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Abstract. Advancements in micro/nanofabrication have enabled the realization of practical micro/nanoscale
photonic devices such as absorbers, solar cells, metalenses, and metaholograms. Although the performance
of these photonic devices has been improved by enhancing the design flexibility of structural materials through
advanced fabrication methods, achieving large-area and high-throughput fabrication of tiny structural materials
remains a challenge. In this aspect, various technologies have been investigated for realizing the mass
production of practical devices consisting of micro/nanostructural materials. This review describes the
recent advancements in soft lithography, colloidal self-assembly, and block copolymer self-assembly,
which are promising methods suitable for commercialization of photonic applications. In addition, we
introduce low-cost and large-scale techniques realizing micro/nano devices with specific examples such
as display technology and sensors. The inferences presented in this review are expected to function as a
guide for promising methods of accelerating the mass production of various sub-wavelength-scale
photonic devices.
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1 Introduction
Micro/nanofabrication techniques have attracted considerable
attention for use in system miniaturization and weight reduction
of devices. Miniaturized functional systems have been investi-
gated for applications in energy harvesting/storage[1–3], bio/
chemical sensing[4,5], solar cells[6,7], lighting sources[8], etc. For
instance, atomic layer deposition has been used to fabricate
100 million transistors on a 6.45 cm2 wafer, and complementary
metal–oxide–semiconductor technology has been used to inte-
grate them with complex circuits, thereby improving the tran-
sistor density and performance[9,10]. A resonator composed of
three-dimensional (3D) metamaterials was designed using fo-
cused ion beam (FIB) systems with a folding method, resulting
in a broadband response peak range of 8 to 14 μm through the
spatial orientation of the structures without increasing structure

size[11]. Furthermore, a human-sweat-based wearable biosensor
was developed using photolithography for determining glucose
concentrations[12]. Thus, micro/nanotechnologies should exhibit
high precision to achieve high performance.

However, certain challenges remain to be addressed in the
manufacturing of large-area uniform submicrometer structures
using conventional methods such as FIB milling[13,14], electron
beam lithography (EBL)[15,16], scanning-electron-beam lithogra-
phy[17,18], and X-ray lithography[19,20]. These techniques are lim-
ited by the high production costs incurred in the fabrication of
complex submicrometer structures. In addition, techniques that
directly form patterns by irradiating light produce errors owing
to the diffraction or scattering of light. For instance, the photo-
lithography process induces inevitable errors because of the dif-
fraction of light when it is projected through masks, thereby
limiting the precise fabrication of sub-wavelength structures[21].
Furthermore, EBL produces a proximity effect owing to scatter-
ing in the electron beam resist, which influences the ex-
posure resolution of EBL[22]. To overcome the resolution limit,
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techniques have been developed with advanced light sources
such as deep ultraviolet (DUV). Although these techniques have
been widely used, they still have limitations of high equipment
cost (DUV, etc.) and time-consuming processes. To resolve
these challenges, many studies have introduced the advantages
of unconventional fabrication methods and their applications.
Nanofabrication associated with photonic structures has re-
cently been covered in many review papers, especially focused
on photolithography and EBL[23–25]. In addition, while there
are many papers emphasizing the method mainly using poly-
mers[26–28], we concentrate on state-of-the-art progress in existing
technology with various materials such as metal and glass as
well as polymers, and promising photonic applications using
them. We explain how large-area fabrication techniques realize
practical optical devices with recent research. Also, this review
covers developments in the photonic/manufacturing field, pre-
senting applications through the use of various materials and
state-of-the-art progress in existing technology. We briefly pro-
vide sub-microfabrication methods and materials used for better
optical application and bring readers up-to-date with the latest
developments in the photonic/manufacturing fields.

This review examines unconventional micro/nanofabrication
methods that satisfy low-cost and high-throughput requirements
and highlights their ability to fabricate large-area submicrometer
structures uniformly (Fig. 1). First, we describe soft lithography
and its types, along with the characteristics of each method. In
addition, based on the advantages of soft lithography, the high-
throughput production of practical photonic devices is dis-
cussed. Specifically, soft lithography achieves high throughput
and scalability through simple processes using stamps. Further,
colloidal photonic crystals and block copolymer (BCP) self-
assembly approaches using the assembly of small molecules
are classified in terms of various types of self-assembly methods
based on their fundamental principles. In addition, their poten-
tial for use in large-area fabrication as well as controlling the
shape and dimensions of structures using different assembly
methods is discussed. Finally, we present limitations of each
method and an outlook on the future direction and potential
of nanofabrication.

2 Soft Lithography
Micro/nanofabrication techniques have been extensively used
to engrave nanopatterns for constructing photonic devices.
However, conventional micro/nanofabrication techniques such
as FIB lithography, EBL, and scanning probe lithography
(SPL)[29,30] are time consuming and expensive. Furthermore,
EBL and SPL require complex proximity-correction processes
to compensate for light distortion for the case where the desired
patterns are smaller than the wavelength scale of the photons.
Thus, these challenges need to be addressed to facilitate the
use of these techniques in applications related to sub-wave-
length nanostructures, such as large-area patterning and curved
surfaces[31,32].

Soft lithography has emerged as a novel technology owing to
its capability of patterning on flexible large-area substrates. It
can fabricate or replicate submicrometer structures using elas-
tomeric stamps, most notably polydimethylsiloxane (PDMS). It
facilitates high-throughput manufacturing as it involves simple
processes (molding, stamping, etc.) and low-cost organic/
polymeric materials, and the stamps can be reused. This section
discusses various types of soft lithography techniques and dem-
onstrates their potential for practical applications.

2.1 Nanoimprint Lithography

Nanoimprint lithography (NIL) is a low-cost, high-throughput,
and high-resolution patterning method that involves the use of a
soft stamp. It has been actively researched by using various ma-
terials[33–37] and combining with different fabrication methods[38].
In NIL processes, a stamp consisting of inverse patterns repli-
cates the desired patterns on a substrate by curing the resist with
ultraviolet (UV) or heat. This technique can be classified based
on two aspects: (i) resist curing and (ii) contact type.

2.1.1 NIL variants based on resist curing

NIL is categorized as thermal NIL and UV NIL, depending on
the triggers of resist curing. UV NIL involves the use of a photo-
polymer resist, whose curing trigger is UV light [Fig. 2(a), i]. A
typical UV NIL process is described as follows. A resist is spin-
coated onto a substrate, and a stamp with an inverse shape of
master mold patterns is created using PDMS. Owing to the
stamp being in contact with the resist, it is filled with the resist
under the desired pressure and time. Subsequently, the resist is
hardened via UV exposure at room temperature. Consequently,
the stamp is released, and the patterns are transferred to the sub-
strate. UV NIL offers certain advantages over thermal NIL in
terms of productivity because it can be performed at room tem-
perature and in low-pressure conditions.

Thermal NIL, known as hot embossing, uses a thermoplastic
polymer resist that softens when heated [Fig. 2(a), ii][39,40]. A
thermal NIL process is conducted at a stamp temperature higher
than the substrate transition temperature of the resist. The
elevated temperature and sufficient pressure provide fluidity
for the resist, which facilitates its entry between the patterns
of the stamp. Thereafter, before detaching the stamp, the im-
printing temperature is lowered below the resist temperature
to allow its solidification, which leads to pattern transfer.

Fig. 1 Large-area, low-cost fabrication methods are introduced
as follows: nanoimprint lithography, transfer printing, capillary
force lithography, block copolymer self-assembly, and colloidal
photonic crystal self-assembly.
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2.1.2 NIL variants based on contact types

NIL can be categorized based on imprint-contact types. Three
contact types for the NIL process are possible: plate-to-plate
(P2P), roll-to-roll (R2R), and roll-to-plate (R2P) NIL. In this

paper, we describe these methods, including their overall con-
figurations and applications.

In P2P NIL, imprinting proceeds through contact between
the flat stamp and the substrate [Fig. 2(b), i][41]. Recently, a study

Fig. 2 Types of nanoimprint lithography (NIL) depending on curing stimuli and contact types.
(a) NIL variants based on resist curing. (i) NIL processes using a photopolymer resist, whose cur-
ing trigger is UV light. (ii) NIL processes using a thermoplastic polymer resist, whose curing trigger
is heat. (b) NIL variants based on imprint contact types. (i) P2P NIL processes through contact
between flat stamp and substrate. Reprinted with permission from Ref. [41], copyright 2021,
American Chemical Society. (ii) R2R NIL processes using a pattern roller. Reprinted with permis-
sion from Ref. [45], copyright 2015, American Vacuum Society. (iii) R2P NIL processes through
contact between rollers and flat substrate. Reprinted with permission from Ref. [47], copyright
2022, Multidisciplinary Digital Publishing Institute.
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realized 30 nm features using the P2P method, thereby indicat-
ing the potential of high-resolution patterning in NIL[42]. This
method is independent of the size of the contact area because
it enables the use of a stamp having the same area as the total
pattern area of large-area micro/nanostructures. However, some
force is required to increase the imprint pressure as the contact
area expands. In addition, if the resist is deposited using the drop
method (instead of spin-coating), which results in direct absorp-
tion of the resist into the stamp, air is readily trapped between
the stamp and substrate. This leads to defects in the imprinted
outcome. Hiroshima et al. demonstrated a solution to these
bubble defects using pentafluoropropane based on gas conden-
sation[43,44]. They proposed two methods, namely, resin squeez-
ing, which discharges bubbles from the mold, and gas
condensation, which significantly decreases the volume of the
bubbles.

R2R NIL uses a pattern roller consisting of inverse patterns
to imprint patterns onto a flexible substrate on support rollers
[Fig. 2(b), ii][45]. Considering the factors of high speed and large
area, roller-based imprinting processes capable of continuous
production have been proposed. R2R NIL differs from P2P
NIL, which has difficulties in applying uniform pressure to
the mold and ensuring uniformity in the residual layer of the
resist owing to the large contact area. The contact area between
the rollers and substrates on the support rollers is smaller than
that of the P2P NIL. This results in a reduced imprinting force
and allows to realize a continuous process, thereby facilitating
large-area patterning. In addition, because the process continu-
ously patterns a large area by spinning reusable rollers, R2R
NIL is a cost-effective technology for the mass production of
nanostructures[46].

R2P NIL follows a process similar to that of R2R NIL, except
that the patterning roller transfers the patterns to the substrate
[Fig. 2(b), iii][47]. Roller-based methods have realized sub-
100 nm features; however, the fabrication of sub-50 nm nano-
structures is challenging because of the requirement of precise
contact angle control between the resist and substrate[48]. These
methods also use the continuous resist coating mechanism
rather than the spin-coating of the resist, which is mainly used
in P2P NIL. However, the mechanism is more complicated and
requires uniform control.

2.1.3 Applications of NIL

NIL can be used to fabricate uniform nanopatterns on any flex-
ible substrates through a single-step process. This technology
has also been investigated for use in realizing industrial-scale
applications that require mass production with low-cost materi-
als, mask-free processes, low manufacturing cost, and high pro-
duction speed[49,50]. The polymers mainly used in NIL have
wide applicability in optical/electronic devices such as 3D im-
aging[51], solar cells[52,53], light-emitting diodes (LEDs)[54], and
polarizers[55,56] because of their ease of manufacturing, low cost,
and low reactivity. In addition, NIL has been researched for
fabricating metasurfaces using metals such as gold (Au)[57].
Thus, the feasibility of various materials in NIL has been
expanded to other application fields. We confirmed the charac-
teristics of NIL in terms of high resolution, scalability, produc-
tivity, and facileness via antireflective films[58], polarizers[59],
solar cells[60], and metaholograms[61].

The scalable fabrication of antireflective flexible films has
been realized via thermal R2R NIL, and processing parameters
(e.g., web speed and temperature) have been investigated[62].

Jacobo-Martín et al. achieved the desired optical performance
covering ranges of 400–700 nm by realizing sub-wavelength
scale moth-eye structures via R2R NIL [Fig. 3(a), i and ii][58].
The processes are carried out at pressure set to a value of
0.2–0.3 MPa and temperatures ranging from 80°C up to 140°C.
Furthermore, they defined a correlation between the process
parameters with the optical and mechanical properties of the
films, proving the optimization of thermal R2R NIL. Also,
Ok et al. showed a dual-band infrared (IR) filter covering ranges
of 6–8 and 10–12 μm by patterning a sub-wavelength scale
metal disk array via UV R2R NIL. They demonstrated that
R2R NIL continuously fabricates large-area micro/nanostruc-
tures on flexible substrates at high speed and low cost.

With polarization imaging and spectral analysis, IR polar-
izers have attracted attention in IR optics and nanofabrication.
Conventional IR polarizers are mainly made by depositing
nanometallic wires on IR-transparent materials such as KRS-5
and CaF2. However, these materials are brittle and hygroscopic,
built on hard substrates, and are less compatible with curved
compositions. Therefore, a flexible polarizer brings significant
progress for applications including displays, monitors, etc.
Kang et al. realized flexible 4-inch (1 inch = 2.54 cm) polarizers
using thermal NIL [Fig. 3(b), i and iii][59]. They demonstrated the
polarization characteristics, showing TM transmittance greater
than 70% in wavelength ranges of 4.70–5.69 and 5.75–
6.59 μm [Fig. 3(b), ii]. Also, an extinction ratio of more than
20 dB in the wavelength range of 3.6–6.7 μm is exhibited, im-
plying great polarization characteristics. Furthermore, they em-
phasized functionality of the flexible IR nanowire grid polarizer
due to applicability in the fields of curved surface monitoring
equipment and polarized imaging equipment.

There has been growing interest in solar energy as an ideal
green energy source. However, its low power generation effi-
ciency and high cost are significant obstacles in photovoltaic
technology. Gu et al. fabricated Si solar cells using vibration-
assisted UV NIL [Fig. 3(c), i and iii][60]. They developed NIL by
applying vibration to the conventional method of imprinting,
which can improve the filling rate of photoresists by 25%
and give higher pattern accuracy. Through this method, they
realized periodic nanogratings, showing power conversion effi-
ciency (PCE) increased by 25% when compared to bare Si solar
cells [Fig. 3(c), ii]. Also, textured surfaces enhance light collec-
tion, realizing efficient light modulation including reflection
control and light trapping properties[63]. This modulation has
been investigated to enhance the efficiency of a solar cell by
texturing at the front of the solar cell or using pre-textured solar
cell substrates[64,65]. Amalathas et al. fabricated periodic inverted
nanopyramid structures in monocrystalline Si solar cells[66].
They realized nanostructures uniformly over a large area of
10mm × 10mm through two UV imprint processes. This im-
plies that NIL is a scalable and low-cost fabrication method that
eliminates defect generatability due to etching. Thereafter, em-
ploying such structures, an improved PCE of 11.73% is
achieved by reducing Fresnel reflection and trapping incident
light into the solar cells.

Metasurfaces comprising periodic sub-wavelength nanoan-
tennas have overcome the miniaturization limitation. Also, vari-
ous materials such as TiO2

[67], perovskite[68], and silicon[69] have
been studied for metasurfaces to realize various functions, and
many manufacturing methods are being developed to reach
nanoscale feature sizes and high resolution. Consequently, they
have been applied to metalenses[70], metaholograms[71], and color
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Fig. 3 Various applications using the NIL. (a) (i) Thermal R2R NIL for an antireflective film. The
processes go on under a certain range of pressure (P) and temperature (T). (ii) Measured total
reflection spectrum. (iii) Scanning electron microscope (SEM) image of imprinted moth-eye struc-
tures at 140°C. Inset: 3D reconstructions of atomic force microscope (AFM) images of imprinted
areas. Reprinted with permission from Ref. [58], copyright 2021, Springer Nature. (b) (i) P2P NIL
for an infrared nanowire grid polarizer. (ii) TM and TE transmittance spectrum. (iii) Photograph of
the polarizer with 4-inch area. Reprinted with permission from Ref. [59], copyright 2018, Optica.
(c) (i) Schematic of the P2P NIL for solar cells with grating structures. (ii) Power–voltage graph of
solar cells with/without grating structures. (iii) Side view of the SEM image of grating structures via
imprinting with vibration. Reprinted with permission from Ref. [60], copyright 2022, Elsevier.
(d) (i) P2P NIL using particle-embedded resist (PER) for metasurfaces. (ii) Calculated hologram
efficiency. (iii) Simulated/generated holographic images of metasurfaces. Reprinted with permis-
sion from Ref. [61], copyright 2019, American Chemical Society.
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printing[72]. However, the use of EBL and holographic lithogra-
phy to realize large-area metasurfaces has led to high manufac-
turing costs and optical diffraction limit problems such as a
proximity effect[73]. Kim et al. proposed UV NIL as a one-step
printable platform without secondary operations (e.g., etching
and deposition), demonstrating the feasibility of NIL for the
mass production of optical metamaterials [Fig. 3(d), i][61].
This one-step process facilitates high productivity and low cost
in the fabrication of optical devices. In addition, using a UV-cur-
able particle-embedded resist, the refractive index of the resist
itself is increased, which enables the use of the patterned resist
as a metasurface. The fabricated metaholograms exhibit a con-
version efficiency of 46% for λ � 532 nm, which is comparable
to that of low-loss dielectric metasurfaces [Fig. 3(d), ii and iii].

Palladium (Pd)-based H2 sensors have the potential for
reversible gas-sensing capabilities and sensor mechanisms
owing to their light weight and mechanical durability[74,75].
However, as Pd structures become smaller and the surface area
becomes larger, high resolution is required. Lim et al. demon-
strated scalable UV NIL fabrication processes with a polycar-
bonate (PC) film through the fabrication of flexible and
durable gas sensors[76]. In addition, they showed that sensors
with a size of 3 cm × 2 cm maintain sensing performance with
a response time of 57 s at 50 ppm (parts per million) H2 con-
centration and achieve 3500 ppm ofH2 with a fast response time
of 18 s.

2.2 Transfer Printing

Transfer printing is an emerging technique for deterministic
assembly of nanomaterials into functional arrangements. It in-
volves transferring patterns onto a target surface from a donor
via a stamp. The typical process comprises peeling-off and
printing steps. Desired structures on the donor substrate are first
picked up onto a stamp, which is then transferred onto the target
substrate after the stamp contacts the target substrate. The stamp
used in both the pickup and printing steps is crucial for the suc-
cessful implementation of the transfer printing process with high
fidelity and easy control. This method is primarily dependent on
the interfacial adhesion between the donor substrate/film, film/
stamp, and film/target substrate. Therefore, the adhesion
strength and peeling velocity are important variables in the
transfer printing process. This method exhibits the properties
of uniformity, reproducibility, and scalability. Consequently,
it has been used in the fabrication of high-quality stretchable
devices such as wearable bio-integrated electronics[77,78] and
chemical sensors[79] compatible with various materials of a print-
able layer, demonstrating its potential for high-throughput and
practical use. We introduce three modified types of existing
printing processes among various types of transfer printing
methods: intaglio, laser-driven, and direct roll transfer printing.

2.2.1 Intaglio transfer printing

Intaglio transfer printing uses an intaglio trench, which is a plate
engraved in the shape of the desired patterns, to transfer the pat-
terns onto the target substrates. Previous printing methods
exhibit discrepancies between the original designs and trans-
ferred patterns owing to interfacial adhesion. Although existing
transfer printing can be compatible with various materials, it
fails to offer high-resolution/quality patterning. Kim et al. pro-
posed a novel reverse-offset printing technology by patterning
sub-10 μm copper nanowire (CuNW) transparent conducting

electrodes[80]. The intaglio trench allows only the desired pattern
to remain on the stamp, without any morphological changes
[Fig. 4(a)]. In addition, the method ensures high-resolution
aligned pixels through multiple transfer printings, thus realizing
that the sheet resistance of the CuNW micropatterns decreased
to 31.6Ω sq−1 as the irradiation energy increased to 3.32 J cm−2.
The ability to transfer patterns on various substrates regardless
of the size, shape, and arrangement of pixels results in high-per-
formance operation and miniaturization of the devices, coupled
with several application possibilities[81]. Also, Choi et al. pro-
posed an intaglio transfer process integrated with quantum dots
(QDs) to create high-resolution full-color RGB QD LED
(QLED) arrays, realizing a high electroluminescence perfor-
mance of 14,000 cd m−2 at 7 V[82].

2.2.2 Laser-driven transfer printing

In transfer printing, the transferred patterns are significantly in-
fluenced by the interfacial adhesion strength, which is domi-
nated by van der Waals interactions. The key role in the
transfer process is to regulate interfacial adhesion states between
strong for pick-up and weak for printing in a repeatable manner.
Conventional pick-up and transfer processes proceed in vacuum
chunks, but the size of the structure is sub-100 μm, and the limit
to reduction of the vacuum system still remains a great chal-
lenge. Luo et al. presented an advanced transfer printing tech-
nique based on thermally controlled tunable adhesives[83]. The
thermally controlled tunable adhesive provides desired adhesion
states in transfer processes [Fig. 4(b)]. The inks successfully at-
tached to the adhesive of the stamp are selectively heated via a
laser beam. This process causes interfacial delamination to form
patterns on a target substrate owing to the strong thrust strength.
By changing 100°C temperature, suction strength of 25.5 kPa
and thrust strength of 32.8 kPa are offered. They demonstrated
that the thermally induced air pressure change in the cavity fa-
cilitates interface bonding/debonding.

In addition to the thermal control method, a way to change
the adhesion state through the unique structure of the stamp was
also proposed[84]. Kim et al. studied pressure-modulated adhe-
sion using a stamp with four features of pyramidal relief. The
structures control the adhesion strength such that the strength is
reversibly switched when the stamp peels off the ink from the
donor and transfers the ink to the target substrate. Here, a
method using surface relief structures, developed to control
the modes of adhesion and observed in geckos, is discussed.
When an object is brought from the donor, the adhesion strength
is maximized by increasing the contact area through the collapse
of the regions between microchips. Subsequently, the elastic re-
storing force causes the stamp to return to its original shape,
gripping the object only at the sharp points of the microtips.
Consequently, the adhesion strength is minimized, and a high
peeling-off velocity is promoted when transferring objects from
the stamp to the target substrate. These characteristics enable
rapid, reliable, and repeatable transfer printing, which indicates
high productivity and potential for application.

2.2.3 Direct roll transfer printing

Many advances in transport printing have been made for large-
scale implementation of high-quality nanostructures. Zumeit
et al. proposed the direct roll transfer printing as a single-step
process without using any elastomer stamp [Fig. 4(c)][85].
Conventional transfer printing has difficulties in controlling
mechanisms of viscoelastic PDMS stamps for transferring
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sub-100 nm thick structures. Direct roll printing avoids the use
of PDMS stamps, thus reducing the complexity of processes. Si
nanoribbons (NRs) are brought into direct contact with semi-
cured polyimide (PI) thin film, which enhances the adhesion
between NRs and receiver substrates during imprint. Also,
lower process steps, shorter printing time, enhanced printing
yield, and lower fabrication cost are realized compared with
the conventional approach. They demonstrated the high transfer
yield of ∼95% with perfect registration, showing the possibility
of printing ultrathin micro/nanostructures based on other high-
mobility materials. The printed Si NRs were used as channel
materials to obtain high-performance transistors, showing great
mobility [>630 cm2/(V·s)], current on/off ratio (∼106), and
robustness after 100 cycles of bending.

2.2.4 Water-assisted transfer printing

The transfer of nanodevices onto diverse substrates such as pa-
pers, plastics, and glass has not been easily achievable before.
As properties such as flexibility, transparency, biocompatibility,
and conductivity of the substrates are required for diverse
applications such as flexible displays[86] and transistors[87], tech-
nological developments have become necessary. Here, water-
assisted transfer printing methods have been proposed to
overcome the difficulty in transferring multiple layers onto un-
conventional substrates. In addition, the method proceeds with
each layer aligned at approximately 100% while maintaining the
measured efficiency of the transferred devices. Peeling-off
proceeds in a water bath at room temperature based on the

phenomenon of water penetrating the interface between the
peeling layer and donor[88]. This process occurs in 3–4 s, follow-
ing which the nanowire electronics are transferred to the target
substrate. The transfer of a 4-inch wafer-scale area of micro-
electrodes is demonstrated, implying the scalability of transfer
printing. In addition, this method offers certain advantages,
such as insensitivity to mechanical and thermal stresses on
the target substrate and the feasibility of diverse nonconven-
tional substrates.

2.2.5 Applications of transfer printing

Flexible electronic systems, including wearable devices, have
been actively investigated because they can be bent, folded,
and stretched without degrading their electrical performance
and reliability. Here, transfer printing has been extensively stud-
ied as a technology for integrating functional devices with flex-
ible substrates[89,90]. Wide-ranging applications have emerged
owing to the ability of the transfer printing method in enabling
the assembly of functional devices onto flexible or specific-
shape (e.g., curved) substrates such as polyethylene terephtha-
late films and PI substrates[91,92]. The demonstrated functional
components include transistors[93,94], capacitors[95], LEDs[96,97],
energy-harvesting devices[98], and various sensors[99].

Stretchable solar cells have been employed as wearable
power generators because of their robust mechanical properties,
which are vital for portable electronic devices[100]. However, so-
lar cells are unsuitable for stretchable systems because of their
intrinsic rigidity and brittleness. To overcome these constraints,

Fig. 4 Mechanisms of different transfer printing methods. (a) Transfer printing processes using an
intaglio trench, which allows only the desired pattern to remain on the stamp without any morpho-
logical changes. Reprinted with permission from Ref. [80], copyright 2022, American Chemical
Society. (b) Laser-driven transfer printing processes. Selectively heating the inks via laser induces
strong thrust between stamp and inks, forming a pattern on receiver. Reprinted with permission
from Ref. [83], copyright 2021, John Wiley and Sons. (c) Direct roll transfer printing processes. Si
nanoribbons (NRs) are released by undercut etching of the buried oxide (box) (scale bar 10 μm,
red line), and then brought into direct contact with semi-cured polyimide (PI) thin film (scale bar
25 μm, black line). Reprinted with permission from Ref. [85], copyright 2021, Springer Nature.
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transfer printing is required, which involves arranging an inor-
ganic semiconductor from a donor to a stretchable substrate.
However, the transfer printing of inorganic amorphous thin-film
semiconductors is challenging owing to the absence of a suitable
sacrificial layer. Nam et al. developed a novel approach using a
water-soluble GeO2 sacrificial layer[100]. Stretchable inorganic
amorphous thin-film solar cells were fabricated via transfer print-
ing with a sacrificial layer, which is placed on the donor and pat-
terned upon. When peeling off the pattern using a stamp, the
sacrificial layer weakens adhesion, thereby allowing successful
transfer. Owing to the layer requiring mild etching conditions,
compatibility with high process temperatures, and mechanical
stability, the transfer printing of the solar cells over a large area
was realized. A comparison of the performances of the solar cells
before and after transfer printing revealed that the etching or
transfer printing process has no effect on their performance, as
shown by the current density–voltage characteristics. This dem-
onstration of stretchable solar cells with inorganic amorphous
thin-film semiconductors significantly broadens the applications
of solar cells as well as the capabilities of transfer printing.

Metallic nanogaps have many applications in nanoscale pho-
tonics and electronics. Nanostructures with metallic nanogaps
can confine the electromagnetic field within the deep-sub-wave-
length region of the gap and control/enhance the fluorescence
emission. This enhancement is suited for optical systems such
as surface enhanced Raman scattering (SERS) and IR sensing.
Chen et al. enabled the fabrication of multiscale metallic nano-
gaps with reduced gap size (∼5 nm)[101]. They overcome the res-
olution limitations of direct lithography approaches by
transferring Au ink onto PDMS [Fig. 5(a), i]. After transferring
the Au ink with large gap size of 120 nm to the pre-stretched
PDMS, retrieving the PDMS reduces the gap size to 5 nm. They
evaluated the photoluminescence (PL) enhancement by transfer-
ring again onto MoS2 flakes. Compared to the PL of MoS2
flakes decorated with a 120 nm gap (orange line), the post-as-
sembled metallic nanogaps led to enhanced PL emission (red
line) [Fig. 5(a), ii]. By realizing sub-10 nm metallic nanogaps
in two transfer printings, they showed a wide variety of appli-
cability including sensing, imaging, and energy applications.

LEDs have the potential to efficiently use energy for appli-
cations in flexible electronic devices. Recently, gallium nitride
(GaN)-based LED devices, which have been used in liquid crys-
tal displays, lighting devices, etc., have been studied for high-
efficiency and high-quality light sources[102–104]. Blue InGaN
LEDs are used as alternatives for the existing infrastructure
under general illumination[105]. Kim et al. fabricated a thin, flex-
ible, and white-light module by fabricating the phosphor in
PDMS and laminating it via tape to a matching array of micro-
scale inorganic LEDs (μ-ILEDs). Transfer printing demon-
strated that the assembly of LEDs could be easily attached to
plastic or glass substrates at room temperature while maintain-
ing performance, such as emission intensity.

To effectively modulate the phase and wavefronts of light,
metasurfaces comprising periodic sub-wavelength nanostruc-
tures have been exploited as holograms, lenses, color filters, re-
flectors, etc.[106–108]. Specifically, in color filters, several colors are
obtained by tailoring the structural parameters associated with
the nanostructures. Moreover, the incoming light can be filtered
into distinct colors according to the structural parameters
of the nanostructures. Liu et al. demonstrated the scalability
of the transfer printing process through the fabrication of
300 μm × 500 μm “windmill”ZnOpatterns includingmore than

300,000 nanorod units on PC film [Fig. 5(b), i and iii][109].
Further, to overcome the adhesion strength between the struc-
tures and target substrates, poly(methyl methacrylate) (PMMA)
was chosen as the protection and transfer layer because of its high
Young’s modulus (∼5GPa) in the solidified PMMA polymer.
Although there was a variation in the GaN layer interference
on the substrate before and after the transfer, measured spectra
showed that themajor peaks of the spectrum curves are redshifted
with the increase in the diameter of the nanorods [Fig. 5(b), ii]. In
particular, for the transferred arrays, the lowest transmittance
constantly decreases with the change in the diameter of the nano-
rods, implying a high color filter efficiency. In addition,
they demonstrated that the presented color pallets indicate full
coverage of the color gamut, indicating successful transfer
printing.

2.3 Capillary Force Lithography

Capillary force lithography (CFL) is a novel technology that im-
proves productivity through process simplification and process
time/cost reduction. Owing to the use of complex nanostructures
in photonic devices and electronics, many patterning techniques
are required to produce scalable, uniform structures in a facile
and reproducible manner. Further, techniques such as EBL, ion-
beam lithography, dip-pen lithography, BCP lithography, and
CFL[110,111] have been developed to overcome the limitations
of large-area fabrication of submicrometer structures.

If the polymer film is thin and the interaction between films
and substrates is weak, the polymer fills the void space of the
stamp without any applied pressure. Consequently, the existing
force (e.g., pressure) used for molding the polymer is changed to
a capillary force; the patterning technique using this force is re-
ferred to as CFL. This section briefly classifies the different
types of developed CFL and demonstrates the applicability of
CFL, introducing its various practical applications.

2.3.1 Light-controlled CFL

Recently, many studies have been conducted to spatially modulate
the nanopixel’s height[112,113]. To enhance functionality through
this, grayscale photolithography and scanned beam lithography
are used for fabrication of nanostructures. However, the methods
have high production cost due to complex processes. Li et al. re-
ported that height-controlled CFL is possible with certain photo-
polymers[114]. Since it is difficult to control the polymer’s capillary
rise to realize a grayscale nanopixel with conventional CFL by
itself, they introduced light-controlled CFL [Fig. 6(a)]. The photo-
polymer spread to the substrate is irradiated with different UV
doses to adjust the thickness of the polymer layer. At this step,
the polymer layer’s top portion cures partially, forming an ultra-
thin liquid-phase polymer layer on the solidified bulk. An increase
(decrease) in UV dose leads to a decrease (increase) in the liquid
layer thickness. Then, the elastomeric nanocavity array and the
partially cured polymer are contacted, generating a capillary force.
Consequently, the capillary rise occurs until the liquid-phase layer
has been solidified completely, enabling to control the height of
nanoposts in the range of 5–8 nm. This mechanism shows signifi-
cant potential for high-resolution, 2D patterned grayscale CFL due
to the nature of light.

2.3.2 Two-step UV-assisted CFL

Micro/nanoscale hierarchical structures aid in the advancement
of diverse photonic[115,116], electronic/optoelectronic devices[117,118]
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as multiscale structures improve structural functionalities
compared to single-scale structures. Soft lithography approaches
offer an efficient solution for the fabrication of high-quality
micro/nanoscale hierarchical structures[119,120].

Jeong et al. proposed a two-step UV-assisted CFL for fab-
ricating monolithic micro/nanoscale structures over a large area
(≈5 cm × 5 cm)[121]. They found that a partially cured micro-
structure can be further molded by sequential nanopatterning,
which results in a monolithic hierarchical structure that enhan-
ces mechanical strength and chemical stability. As the fluidity of
the upper part of the polymer must be adjusted well during the
first molding, the appropriate curing time in the two-step UV-
assisted CFL is an important factor. Later, for high fluidity, they

described an improved version of CFL that involves partial cur-
ing and vacuum-assisted hydraulic filling for fabricating mono-
lithic bridge structures[122]. In small-scale structures, capillary
forces are dominant, causing fluid flow along the wall of the
stamp. However, for a partially cured polymer, capillary forces
are not sufficiently high to facilitate polymer movement through
the long channels connecting the structures because of the low
fluidity of the polymer. They addressed this issue by moving the
polymer into the channels while decreasing the hydraulic pres-
sure through a vacuum, forming bridge structures.

Lee et al. reported continuous partial curing and tip-
shaped modification approaches with microscale mushroom-
shaped structures [Fig. 6(b)][123]. Typical methods with

Fig. 5 Various applications of transfer printing. (a) (i) Transfer printing integrated with post-
assembly to fabricate the sub-10 nm nanogap. A gold nanodimer with 120 nm gap size is trans-
ferred onto pre-stretched polydimethylsiloxane (PDMS) substrate, which then is released. After
releasing the substrate, the large gap in dimer is shrunk (∼5 nm). (ii) Photoluminescence (PL)
spectra of MoS2 flake with the post-assembled nanodimer (red line) and initial nanodimer (orange
line). (iii) SEM images of gold nanodimer before and after releasing the stress. Reprinted with
permission from Ref. [101], copyright 2020, John Wiley and Sons. (b) (i) Synthesizing and transfer
printing processes of ZnO nanostructures on a polycarbonate (PC) substrate. (ii) Transmittance
spectra of A series and B series. A series represents as-grown nanorod arrays, and the corre-
sponding transferred nanorod arrays with 60 s O2 treatment are represented as B series.
Inset: SEM images of transferred nanorod arrays. Reprinted with permission from
Ref. [109], copyright 2022, John Wiley and Sons.
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mushroom-shaped structures are limited owing to the failure of
tips during demolding. To solve this problem, they used two-
step UV-assisted CFL, which includes partial curing and tip
widening. Also, by integrating with the R2R process, a continu-
ous process is realized to increase productivity without any de-
fects. In addition, the shape and size of the structures can be
tuned by changing the geometries of the molds. This facile
molding technique can serve as an alternative for fabricating
dual-scale polymer micro/nanoscale structures. Consequently,
the versatility of CFL, such as partial curing of two-step CFL,
has broadened the range of applications to nanoscale structures
of different shapes.

2.3.3 Solvent-assisted CFL

A typical CFL process utilizes the capillary filling phenomenon
of a molten polymer within the cavity of a stamp pattern at high

temperatures to melt the polymer. Yu et al. proposed a solvent-
assisted CFL[124]. This method uses a solvent to soften the
polymer at room temperature. The PDMS stamp functions as
a solvent tank; when it comes into contact with the polymer,
the stored solvent diffuses into the polymer, causing it to dis-
solve. Subsequently, the capillary force drives pattern formation.
They tuned highly regular and reproducible micro/nanoscale
polymer patterns with stamps by modulating the experimental
conditions. Moreover, owing to the fast and large-area pattern-
ing ability, complex patterns also are easily fabricated using this
method. In addition, this method enables the cross-patterning of
polymer and organic devices without degradation.

2.3.4 Applications of CFL

The versatility of CFL has facilitated its applications in opti-
cal research[125,126]. In particular, remarkable features such as

Fig. 6 Developments in capillary force lithography (CFL) methods. (a) Optically height-controlled
CFL processes. A UV-curable polymer, NOA73, is precured by UV irradiation with different UV
doses for each of the four division areas. This leads to thickness difference of the liquid-phase
photopolymer layer (scale bar 1 μm). Reprinted with permission from Ref. [114], copyright 2020,
American Chemical Society. (b) Continuous fabrication processes via two-step CFL. Polyurethane
acrylate (PUA) resin is partially cured by UV irradiation, and top portion of the resin is completely
cured with pressure.
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reusability of stamps, compatibility with various large-area sub-
strates, and facile molding have realized complex structures.
Using these structures, practical applications such as delivery
systems[127] and SERS[128] have been demonstrated.

With the evolution of displays to ultrahigh definition (UHD),
the number of pixels per inch has increased, requiring high tech-
nologies such as high density of pixels and high precision in
fabrication. Conventional methods render the fabrication of
μ-LEDs for compact UHD displays challenging because of their
high fabrication cost/time and complicated processes. In par-
ticular, patterning processes with secondary operations, such
as etching and deposition, cause system complexity. Here,
we discuss CFL capable of achieving the controlled surface pat-
tern with high precision and morphology of organic materials.
Kim et al. fabricated micro-perovskite LEDs (μ-PeLEDs) for
low-cost and large-area μ-LED applications, as perovskites
are managed via simple processes at low temperatures
[Fig. 7(a), i][129]. PeLEDs are suitable for display applications
because they exhibit greater luminescence efficiency than con-
ventional LEDs[130]. However, due to the long diffusion length of
excitons, PeLEDs have low external quantum efficiency (EQE).
To solve this problem, the pixel size should be reduced by using
a micro-patterning approach having fewer defects. They dem-
onstrated that CFL reduces the pixel size on a 10 μm scale.
They also realized μ-PeLEDs, which exhibit an EQE of 5.9%

at 4 V by forming uniform pattern arrays and confirmed the per-
formance of devices based on poly(ethylene oxide) concentra-
tions [Fig. 7(a), ii and iii].

As flexible strain sensors are used to monitor kinetic motions
and act as on-skin electronics, high flexibility, response/recov-
ery speed, and durability of sensors are important key factors.
Also, an electrode material used on capacitive strain sensors
should be chosen properly. Ag nanowire networks (AgNWs)
are considered as one of the most promising materials for de-
formable electrodes. Lift-off lithography and laser printing are
mainly used to pattern AgNWs; however, these methods have
drawbacks such as limited patterning shapes and high produc-
tion cost. To solve them, Kim et al. proposed patterned AgNWs
using CFL as an alternative patterning technique[131]. They pro-
gressed the CFL using the AgNW solution and embedded it in
PDMS to complete the capacitive strain sensor [Fig. 7(b), i and
iii]. AgNW solution is spin-coated on the glass substrate, and
then annealed. After annealing and cooling, AgNWs are
patterned using a PDMS stamp by CFL. The UV-curable hydro-
gel solution is dropped at the edge of the PDMS stamp, infil-
trating space between the AgNW film and PDMS stamp. After
a curing hydrogel, the cured hydrogel patterns on the AgNWs
are washed off in the ethanol bath. Consequently, a pattern
of hydrogel-free AgNWs remains. As a result of applying
tensile force through the completed sensor, they proved that

Fig. 7 Various applications of CFL. (a) (i) Perovskite patterning method using CFL. (ii) External
quantum efficiency (EQE) spectra of micro-PeLEDs with 0.06%, 0.08%, 0.10%, and 0.12% (mass
fractions) poly(ethylene oxide) (PEO). (iii) Light-emitting images of the micro-PeLEDs with 0.06%
and 0.10% PEO. Reprinted with permission from Ref. [129], copyright 2022, Elsevier. (b) (i) Ag
nanowire (AgNW) solution patterning using CFL. Hydrogel infiltrated at the edge of the PDMS
stamp is cured on the patterned AgNWs by UV irradiation, and then washed off by ethanol.
After ethanol washing, hydrogel-free AgNWs remain. (ii) Gauge factor as a function of applied
tensile strain. (iii) Field emission SEM image of the patterned AgNWs on glass. Reprinted with
permission from Ref. [131], copyright 2017, American Chemical Society.
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capacitance decreased as the tensile increased, showing a gauge
factor of −2.0, which is larger than the gauge factor limit of one
for the typical parallel-plate capacitive strain sensor [Fig. 7(b),
ii]. The gauge factor is defined as GF = ΔC/C0ε (C, capacitance;
ε, strain). They showed the development of the elastomeric sub-
strate with elastic deformation as well as an improvement in
electrical conductivity of AgNWanodes while maintaining high
optical transparency.

Hydrogen gas sensors and hydrogen gas have been actively
investigated as promising clean energy alternatives[132,133].
Specifically, the absorption of hydrogen on Pd has been studied
in terms of changes in mass, volume, and electrical/optical prop-
erties[134,135]. These changes occur during the diffusion of hydro-
gen into Pd via the formation of a Pd hydride, which can be
utilized in gas sensors to detect hydrogen. Pd-based sensors
have been proven to exhibit high detection speed and high sen-
sitivity[136]. Zou et al. demonstrated that CFL in combination
with a polymer “grafting to” approach facilitates derivation
of linear assembles of Pd nanocubes for large-area sensors[137].
In addition, the performance test of the sensor showed that the
resistance increases at hydrogen gas concentrations between
0.3% and 3%, below which no response is observed, thereby
demonstrating high sensitivity. This allows easy access to a
self-assembly platform when fabricating large-area micropat-
terns. Moreover, these results indicate the possibility of fabricat-
ing nanodevices and commercializing the fabrication of devices
using CFL.

3 Colloidal Self-Assembly
Photonic crystals are materials composed of periodic dielectric,
metallo-dielectric, or even superconductor structures. By con-
trolling certain parameters of the photonic crystal, such as perio-
dicity, shape, and size, light with a certain wavelength range can
be blocked. In addition, the refractive index in each direction
can be varied depending on the periodicity of the photonic crys-
tals in the spatial direction. Many photonic applications have
been proposed such as waveguides[138,139], metasurfaces[140,141],
displays[142], optical fibers[143], and sensors[144,145]. Sub-wave-
length photonic crystals can be fabricated over a large area
via colloidal self-assembly. In this section, we introduce colloi-
dal self-assembly, various self-assembly methods, and their
applications.

3.1 Colloidal Particles

Colloidal particles are solid particles suspended in a fluid
and used to create a well-arranged structure on a substrate.
Colloidal particles are synthesized via several methods, such as
emulsion[146], dispersion[147], suspension[148], and the Stöber
method[149]. These methods have facilitated precise synthesis
of monodispersed colloidal particles such as silica[150],
PMMA[151,152], polystyrene (PS)[153], Au[154], and silver (Ag)[155,156].
Moreover, these colloidal particles are able to form sub-
wavelength photonic crystals.

3.2 Methods of Colloidal Self-Assembly

Nanoscale hexagonal close-packed (HCP) monolayer or multi-
layer structures are spontaneously established when the suspen-
sion is thermodynamically stable[157]. This implies that removal
of the suspension induces packing of the colloidal particles[158].
The HCP self-assembled structure is used for photonic

applications because of its sub-wavelength crystal size and
periodicity[159,160]. For example, colloidal photonic crystals are
formed via spin-coating[161]. Spin-coating is widely used in
nanofabrication processes such as semiconductors[162,163] and
metamaterial fabrication[164] owing to its rapid and easy-to-use
characteristics. In the case of colloidal self-assembly, the rela-
tion between spin speed and thickness of wafer-scale monodis-
perse silica colloidal crystals[165] and the optimal conditions
for the self-assembly of PS nanoparticles have been demon-
strated[166]. In addition, various methods have been proposed
such as convective self-assembly[167], the Langmuir–Blodgett
(LB) method[168,169], the Marangoni effect[170], the template-
assisted method[171–173], and the field-assisted method[174].

3.2.1 Fluid-assisted method

Fluid-assisted methods exploit the characteristics of fluids, such
as surface tension, to induce capillary force[175] and the
Marangoni effect[170,176]. Convective self-assembly involves a
fluid-assisted process. Upon the movement of an upper blade
coupled with the existence of a colloidal suspension, colloidal
particles are self-assembled [Fig. 8(a)][177]. After a suspension is
spread into the space between the blade and the substrate, the
blade is withdrawn. Because the solvent evaporation induces a
convective flow, the colloidal particles form arrays owing to the
capillary force acting between them. For example, confined con-
vective assembly has been demonstrated[167]. The colloidal sus-
pension is positioned between the substrate and the blade that
are connected to a machine, which controls the lift-up rate.
When the blade moves, a meniscus is formed at the edge.
Hot air is blown to evaporate water. The well-arranged particles
are then fixed on the glass plate. Consequently, varying the lift-
up rates and colloidal suspension concentration results in the
formation of 2D or 3D structures.

Another fluid-assisted method is the LBmethod. An LB film,
which is fabricated via the LB method, is an ultrathin film
comprising arranged colloidal particles on a water surface
[Fig. 8(b)]. Colloidal particles could form a densely packed thin
film by compressing the barriers. When barrier compression oc-
curs, a monolayer is produced and vertical/horizontal deposition
occurs as the substrate is vertically/horizontally aligned. For ex-
ample, well-arranged binary colloidal monolayers have been
demonstrated[168]. The first step involves placing the wafer under
water at a small angle to the horizontal plane. Colloidal particles
then form well-arranged arrays at the air–water interface using a
diluted ethanol solution. Monolayer structures of various shapes
have been fabricated depending on the diameter ratio of the col-
loidal particles and the potential of the hydrogen (pH) value.
The pH affects the contact angle between particles of different
sizes, and high crystallization is achieved. Subsequently, various
self-assembled structures are transferred to the target substrate
through surface lowering. In addition, the LB method can in-
duce colloidal self-assembly on the curved substrate such as
flexible foil, bulbs, and optical cables with a simple process[169].
600 nm silica nanoparticles are used as colloidal particles.
Surface pressure depending on the area is investigated in iso-
therm conditions at each type of substrate. Also, the differences
in the effective refractive index and transmission spectrum are
observed between bare and PMMA composite films.

Although the LB method offers the advantage of manufac-
turing colloidal photonic crystals over a large area, it exhibits
low mechanical instability. The Marangoni effect has been used
to solve this problem[178]. It uses the movement of a liquid from a
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place with a low surface tension to a place with a high surface
tension according to changes in the surface tension (the force
that causes the surface of the liquid to contract itself to occupy
as small an area as possible), which induces self-assembly.

Nanoparticles/ethanol suspension is spread into a thin layer
on the glass substrate, and then exposed to a stream of wet
N2, which induces evaporation of ethanol and condensation
of water [Fig. 8(c)][179]. This leads to a concentration gradient

Fig. 8 Types of colloidal self-assembly techniques. (a) Fluid-assisted convective self-assembly.
As the solvent evaporation induces a convective flow, the colloidal particles form arrays owing to
the capillary force acting between them. (b) Colloidal self-assembly by using Langmuir–Blodgett
method. By compressing the barrier, the monolayer is produced and then deposited on the ver-
tically/horizontally positioned substrate. (c) Colloidal self-assembly by using Marangoni effect.
Exposing a nanoparticle (NP)/ethanol (EH) suspension to a wet nitrogen (N2) stream induces
the evaporation of EH and the condensation of water (H2O). This leads to the surface tension
gradient [EH �γ � 22mN∕m� and H2O �γ � 72mN∕m�], driving the NPs/H2O toward the receding
contact line. (d) Template-assisted self-assembly for plasmonic nanoarray. Photoresist is spread
onto the antireflection coated (ARC) Si, and then imprinted to form a PDMS template. The template
is used to align the colloidal plasmonic nanoparticles in a 2D square lattice. Right: SEM images of
the fabricated master mold, PDMS nanohole arrays, and 2D plasmonic lattice. Reprinted with per-
mission from Ref. [182], copyright 2019, American Chemistry Society.
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and the difference between the surface tensions of ethanol and
water, driving the nanoparticles/water toward the receding con-
tact line. Also, a Marangoni flow of ethanol carrying nanopar-
ticles is induced toward the contact line and into the water. As
the condensed water dries, the ordered nanoparticle array forms
on the substrate. For example, large-area self-assembled nano-
sphere structures have been demonstrated[176]. The micro-pro-
pulsive injection method is used to create HCP structures.
Subsequently, ethanol is added to the colloidal suspension to
induce a surface tension gradient. When colloidal suspension
is dropped on the air–fluid interface, surface tension induces the
Marangoni force, and colloidal particles move until the entire
surface area is covered by nanoparticle arrays. Consequently,
high throughput is achieved, and the rapid fabrication rate
and simple process facilitate its application to a large area
and in various substrates such as rigid, flexible, and complex
structures. In addition, a way to enhance the quality of colloidal
self-assembly is demonstrated[180]. The conventional method
uses sodium dodecyl sulfate (SDS) after emulsion is introduced
at the air–water interface. SDS induces a lower surface tension
gradient to reduce the defects of the structure. In contrast, the
proposed method uses SDS pre-saturating water before intro-
ducing colloidal solution. Through the proposed method, a fab-
ricated structure with fewer defects is observed.

3.2.2 Template-assisted method

Tailored substrates are fabricated via various lithography tech-
nologies. When colloidal particles slip on a tailored substrate,
they are located on the patterned region by physical force.
The tailored substrate used for this purpose is a template.
Template-assisted methods contribute to further utilization of
colloidal self-assembly by increasing design diversity. For ex-
ample, template-assisted methods using physical and capillary
forces have been demonstrated[181]. First, small holes are pat-
terned via photolithography. Subsequently, a polymer bead
dispersion is added between the top and bottom of the glass sub-
strate. When the rear end of the bead dispersion is moved, capil-
lary force is applied to the beads, and these move continuously
unless confined in the holes. Various structures, such as mono-
mers, dimers, triangles, squares, pentagons, hexagons, and dou-
ble-layered structures, are achieved by controlling the ratio of
the patterned hole diameter, depth, and bead diameter.

Template-assisted methods for plasmonic nanostructures
have also been demonstrated [Fig. 8(d)][182]. The master mold
and soft mold are fabricated based on laser interference lithog-
raphy and UV-curable PDMS, respectively. The soft mold is
used as the template. The colloidal Au nanoparticles are con-
fined to the template by a guiding plate. The soft mold is used
to align the colloidal plasmonic particles in a 2D square lattice.
Consequently, the surface lattice resonance and localized sur-
face plasmon resonance (LSPR) wavelengths are blueshifted
when the strain increases (0% to 40%).

3.2.3 Field-assisted method

External electric or magnetic fields induce colloidal self-
assembly by electromagnetic force[183–185]. During self-assembly,
a uniform driving force minimizes defects. Although this
method requires additional equipment setups, well-arranged
self-assembly structures are formed with a uniform driving
force. In the case of the electric-field-assisted method, 2D tun-
able self-assembled structures have been demonstrated[174].
Eight planar electrodes with the same height are used. For a

uniform electric field, the gap between the electrodes and the
substrate is controlled by varying the substrate thickness.
Further, in the case of the magnetic-field-assisted method,
self-assembly using the non-magnetic template method has been
demonstrated[185]. The existing magnetic field-assisted method is
not able to facilitate the arrangement of particles in the desired
shape owing to the magnetic properties of the target substrate.
This problem has been solved via the use of ferrofluids. The
target patterned substrate is immersed in ferrofluid and modu-
lated by magnetic-field-induced electromagnetic force.

3.2.4 3D structure method

Colloidal self-assembly also induces the formation of multi-
ple layers or other complex structures. The layer-by-layer
scooping transfer method has been demonstrated for multilayer
structures[186]. A monolayer is formed at the air–water interface
by floating colloidal particles. Consequently, a multilayer is real-
ized by repeating the monolayer transfer process onto the target
substrate. Similarly, multilayer structures with different particles
have also been demonstrated[187]. The monolayer is first self-
assembled on a hydrophilic petri dish. Following toluene vapor
annealing, a mechanically stable monolayer is formed. If the
same process is repeated for different particles, multilayer struc-
tures are formed, realizing complex shapes. For example, specific
directional bonding structures have been demonstrated[188]. The
structures are fabricated with deoxyribonucleic acid (DNA)-
patched particles using a previously described method[158].
Patched DNA docks with other patched particles, and designed
structures are formed. Subsequently, various bonding shapes,
such as hybridized atomic orbitals, have been achieved.

3.3 Applications of Colloidal Self-Assembly

In the last decade, owing to advancements in colloidal self-
assembly methods, many applications have been proposed, such
as SERS[189,190], display[191], lithography technology[192,193], encryp-
tions[194,195], sensors[190,196], and metamaterials[197,198]. In this section,
we introduce various applications of colloidal self-assembly.

Through an analysis of the wavelength distribution of Raman
scattering, the composition or bonding of a material can be de-
termined[199,200]. When the Raman signal is intensified, material or
bonding that is originally difficult to observe is seen; this inten-
sifying method is SERS. Plasmonic nanostructures confine far-
field light to a small volume[201,202]. If a small gap exists between
plasmonic nanostructures, a highly concentrated electric field re-
gion occurs, which is referred to as a hotspot. The target should be
positioned near the hotspot to intensify the Raman signal. Thus,
SERS is widely used in molecular detectors[203,204], chemical tech-
nology[205,206], biomedical technology[207], and sensing[208,209].

Light is easily confined in a small volume with high-aspect-
ratio nanostructures[210,211]. To exploit this advantage, scalable
Au-attached silicon nanorods have been demonstrated[212].
After PS self-assembly, reactive-ion etching (RIE), and metal-
assisted chemical etching are performed for the nanorod struc-
tures. The Raman signal of the target is significantly intensified
by this SERS substrate. Even though nanostructures do not have
a high aspect ratio, the Raman signal can be significantly inten-
sified. For example, the SERS substrate is fabricated using the
in situ patterning method [Fig. 9(a)][213]. Following the self-
assembly of the colloidal monolayer on the substrate, RIE
and Au deposition are performed to create a thin hole film.
These nanostructures are then immersed in a Ag nitrate/sodium
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citrate solution and irradiated by LEDs. During irradiation, Ag
particles are attached near the edge of the holes by the surface
plasmons of the Au film. When the irradiation time is increased,
the Ag area in the nanohole is enlarged. After taping out the Au
film, the Ag nanostructures are fabricated [Fig. 9(a), i]. This
substrate achieved a low concentration of various materials.

Moreover, the Raman peak is varied depending on the LED il-
lumination time (30, 60, 90, and 120 min) [Fig. 9(a), ii]. In
addition, other large-area SERS substrates are demonstrated
such as Ag, amorphous silicon multiple-layer-deposited struc-
tures[189], and 3D sunflower structure[214], which consists of
Ag deposited silica and PS spheres.

Fig. 9 Various applications of colloidal self-assembly structures. (a) (i) In situ chemical patterning
processes for surface-enhanced Raman scattering (SERS) substrate. (ii) Raman spectra under dif-
ferent LED illumination times (30, 60, 90, and 120 min). Right: SEM images of the Ag nanoparticle
array (scale bar 100 nm). Reprinted with permission fromRef. [213], copyright 2022, JohnWiley and
Sons. (b) (i) Multiple-patterning for a ring-shaped absorber. Right: SEM images after second poly-
styrene (PS) size reduction and PS removal. (ii) Absorption contributions of each TiN layer. Total
power dissipation density of top ring-shaped TiN nanostructure (red line), bottom TiN layer (blue
line), and the summation of two densities (black line). Reprinted with permission from Ref.
[221], copyright 2021, Springer Nature. (c) (i) Colloidal self-assembly processes for anisotropic
Janus structural color particles (SCPs) by phase separation and cardiomyocyte monitoring platform.
(ii) Reflective peaks and reflection images of five different anisotropic Janus SCPs. (iii) SEM images
of whole (black line, scale bar 100 μm), colorful hemispherical section (yellow line, scale bar 1 μm),
and black oblate section (red line, scale bar 2 μm) of anisotropic Janus SCPs. Reprinted with per-
mission from Ref. [225], copyright 2020, American Association for the Advancement of Science.
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The refractive index and extinction coefficient are crucial fac-
tors affecting the efficiency of metamaterials[215]. For example,
when a device has a high refractive index, it provides various
sets of phase-dispersion space[216]. Although the refractive index
is an important factor for modifying optical properties, it is lim-
ited in nature, ranging from one to three in the visible range[217].
Refractive-index-tunable metasurfaces have been demonstrated
to overcome this limitation[197]. Au nanoparticles are self-as-
sembled on a water surface. For well-arranged self-assembly,
a proper volume ratio of hexane and toluene and an evaporation
container are used. The self-assembled Au structures are then
transferred to the PDMS substrate. The tunable refractive index
and extinction coefficient are observed depending on the strains
of the PDMS substrate in the visible and IR regions. In addition,
other metasurfaces fabricated based on colloidal self-assembly
with other materials such as silicon[218], selenium colloids[219],
and titanium oxide (TiO2)

[220] have been demonstrated.
Colloidal self-assembly contributes to anti-reflective coat-

ings owing to its low-cost and scalable properties. For example,
3D hierarchical nanotowers have been demonstrated[198].
Nanotower structures are fabricated using colloidal particles
and silicon substrate etching. Depending on the diameter,
height, level, and material composition of the nanotower, the
wavelength with near zero reflection is tunable. However, de-
spite its tunability and near-zero reflection, the deviation of
the reflection according to the wavelength is large. For a broad-
band range, scalable manufacturing of a near-perfect absorber
has been demonstrated [Fig. 9(b)][221]. Most absorbers are com-
posed of dielectric materials and metals that are used as gaps and
reflectors, respectively. However, these materials are unsuitable
for large-scale fabrication because of their high cost. Refractory
metals have been used to solve this problem with their low cost
and excellent mechanical and chemical properties. The fabri-
cated structures are composed of top TiN rings and bottom
TiN layers [Fig. 9(b), i]; therefore, the summation of the ring
and layer absorption is the total absorption [Fig. 9(b), ii],
and a result similar to that of the simulation is observed. The
experimental results indicate significant absorption in the broad-
band region, visible to near IR.

In terms of easily creating 3D structures, colloidal self-
assembly is able to contribute to structural color applications.
Owing to their fadeless properties, structurally colored fibers
have attracted attention[222]. The existing method of fabricating
colored fibers has disadvantages because of the complicated
processes and low controllability, but this problem is solved
via colloidal self-assembly. For example, the facile fabrication
of structurally colored fibers has been demonstrated[223]. The
fabrication process involves lifting bare fibers from colloidal
dispersion. The optical properties of the structurally colored fi-
ber vary with the number of layers, which is controllable by the
lift-up rate, size of the bare fibers, structural defects, and view-
ing angle.

Janus particles are patchy particles with different surface
properties. Various Janus particles fabricated via colloidal
self-assembly have been proposed. For example, transformable
suprastructures have been demonstrated[224]. Poly(tert-butyl
acrylate)-poly(3-triethoxysilyl)propyl-methacrylate is used to
form Janus particles. Structure diversity is realized by separating
self-assembly conditions, such as concentration, temperature,
and sonication time. Due to structures of Janus particles, various
structure colors can be achieved. The structure color resulting
from phase separation has been demonstrated [Fig. 9(c)][225].

When co-assembled graphene oxide (GO) and silica colloidal
particles are mixed and dropped, Janus particles are formed
[Fig. 9(c), i]. These Janus particles have different optical proper-
ties depending on the colloidal particle diameters, which are
caused by prohibition of certain wavelength light from total re-
flection or scattering [Fig. 9(c), ii]. In addition, owing to its
anisotropic structure [Fig. 9(c), iii], when it flows in a fluidic
channel, different moving distances are observed owing to
the friction force difference between the Janus particles and
nanosphere particles. These results indicate that Janus particles
should be used in broader applications with flat substrates. Also,
inverse opal structure fabricated by the proposed Janus particle
can be used as a monitoring platform for target material.

Self-assembled colloidal structures have a photonic bandgap
owing to the periodically arranged nanoparticles. Various struc-
ture color applications for displays have been proposed to ex-
ploit the advantages of colloidal self-assembly. For example, an
inkjet printing patterning method for PS photonic crystal domes
has been demonstrated[226]. The coffee-ring effect, which is a
problem for the inkjet printing method, is solved by controlling
the sliding three-phase contact line, which induces a high-as-
pect-ratio structure. When fluorescent molecules are inserted
into the droplet, the fluorescence intensity is significantly inten-
sified and a wide viewing angle is achieved. Moreover, these
processes are compatible with PDMS substrates. Thus, the dem-
onstrated structures should contribute to displaying pixels and
flexible displays.

For high-efficiency displays, power enhancement using the
layer-by-layer method has been demonstrated[193], where the
floating layer is first self-assembled on the hydrophilic petri
dish. After placing the substrate in the vessel, toluene vapor
annealing is performed for mechanical stability. After repeating
these processes, colloidal layers of different sizes are stacked.
These layer-by-layer structures exhibit a high and wide band
reflectivity property; therefore, it is used as a back reflector.
Furthermore, the efficiency of the reflector-added LEDs is sig-
nificantly enhanced compared with those of conventional LEDs.

4 Block Copolymer Self-Assembly

4.1 Block Copolymer

BCP consists of two or more polymers connected via linear co-
valent bonds. BCP spontaneously forms specific nanostructures
through mutual attraction between blocks. Consequently, it has
attracted much attention as an alternative to nanopatterning tech-
nology. For example, BCP self-assembly applications for semi-
conductor fabrication and inorganic (e.g., dielectric and metal)
patterning have been proposed[227].

BCP is classified into diblock and triblock copolymers, de-
pending on the number of blocks. Owing to the composition and
bonding characteristics of BCP, phase separation occurs at spe-
cific temperatures and pressures. Upon the occurrence of phase
separation, the shape of the BCP nanostructures changes de-
pending on some parameters, such as the volume fraction (fA)
and length of each polymer segment [Fig. 10(a)][228]. With in-
creasing fA, the structures change from spheres to lamellae.
Furthermore, triblock copolymers form various shapes depend-
ing on the volume fraction and other environmental conditions.
An ABC of triblock copolymers has potential for complex and
various material designs. Using the BCPs, the structures range
from analogs of diblock morphologies to core–shell structures
[Fig. 10(b), i][229]. Also, the micellar structures are presented
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using an ABA of triblock copolymers in a B-selective solvent
[Fig. 10(b), ii][230]. Through BCP self-assembly, a flower-shaped
structure is produced, showing the applicability of various shape
designs.

In addition to BCP morphology, other shapes, such as 3D
structures, can be formed. For example, nanomesh structures
have been demonstrated[231]. To align the BCP cylinders on
the substrate, a laser is used to induce a thermal gradient for
substrate expansion. The BCP cylinders are then aligned in
the laser’s moving direction. After repeating these processes
vertically, nanomesh structures are obtained. Another nanomesh
fabrication method has also been demonstrated [Fig. 10(c)][232].

After a cylinder-shaped BCP is formed, RIE is performed to
remove the air surface layer of PDMS and the PS domain, pro-
ducing oxidized PDMS cylinders. After the same processes are
repeated, nanomesh structures are fabricated because the oxi-
dized layer is not removed after the thermal annealing step.
In addition, both vertical and aligned structures have been dem-
onstrated [Fig. 10(d)][233]. Prechemical-treated substrates and
different BCPs are prepared. The structural shape varies depend-
ing on the thickness of the top layer and the volume fraction of
BCP. These types of 3D structures are powerful tools because
they can provide additional degrees of freedom for photonic ap-
plications, while serving as 3D templates[234].

Fig. 10 Morphology of block copolymer (BCP) self-assembly structure. (a) Different phases
formed by diblock copolymer self-assembly depending on fA (fA, volume fraction of block A).
Reprinted with permission from Ref. [228], copyright 2006, American Chemical Society.
(b) (i) Morphology of ABC triblock copolymer. (ii) Structure of ABA triblock copolymer based
on B-selective solvent. Reprinted with permission from Ref. [230], copyright 2015, Elsevier.
(c) Orthogonal self-assembly processes for multilayer structure. Reprinted with permission from
Ref. [232], copyright 2016, Springer Nature. (d) Self-directed self-assembly processes of aligned
multilayer structure. Right: cross section of the multilayer structure after self-assembly in the dis-
sipative particle dynamics (DPD) simulation. Reprinted with permission from Ref. [233], copyright
2020, American Chemical Society.
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4.2 Methods of Block Copolymer Self-Assembly

Self-assembled BCP structures are useful because of their con-
trollable shape and dimensions. For example, lamellae and
cylindrical shapes have been proposed[235,236]. However, certain
applications require other designed structures beyond the BCP
morphology. In addition, other material properties, such as the
LSPR of metals, are not able to be exploited using pure BCP. In
this section, we introduce patterning methods beyond the mor-
phology of BCP and combine them with the inorganic material
method. Representative methods include pre-processing and
post-processing methods.

4.2.1 Pre-processing method

Pre-processing involves additional steps before BCP self-
assembly. Pre-synthesized particles are used to utilize the
properties of materials that are not prevalent in BCP. The
pre-synthesized particles are added to the BCP solution, and
the same process with pure BCP self-assembly is followed
[Fig. 11(a), i]. In addition, it is possible to selectively choose
a polymer domain that interacts with pre-synthesized particles.
Owing to entropic interactions, which are related to block selec-
tivity, and relative particle size, which is related to particle po-
sitioning, various types of metal and dielectric particles are
combined with BCP. Particle-combined BCP self-assembly
structures are achieved when the structures are thermodynami-
cally stable[237]. Consequently, various structures are fabricated
by modulating the length of the polymer and the variety and size
of inorganic materials. For example, structures with different
pre-synthesized nanoparticles have been demonstrated by using
BCP self-assembly[238]. Pre-synthesized Ag particles and poly
(styrene-blockvinylpyridine) (PS-b-PVP) have been used. The
Ag nanoparticles selectively interact with the PS matrix.
Subsequently, pre-synthesized Au, platinum, or Pd particles
are added to the PVP matrix. Finally, two different nanoparticles
with localized BCP self-assembled structures are formed. In ad-
dition, depending on the molecular weight of BCP, a different
coated pre-synthesized nanoparticle structure is observed[239].
This proposed method uses 7 nm PbS nanoparticles as pre-
synthesized particles.

Another pre-processing method is using a pre-patterned sub-
strate. Various pre-patterned substrates are prepared to enhance
design variety of BCP structures[240–244]. For example, the
topologically defined silicon substrate method has been demon-
strated[245]. Substrates with various shapes, such as rectangular
channels, triangular trenches, and circles, have been fabricated
via EBL. BCP is then spin-coated onto the prepared substrates.
When these templates are immersed in a mixed solution, various
Pt nanostructures are fabricated. In addition to patterned sub-
strates, other treated substrates can induce different self-
assembled structures [Fig. 11(a), ii][246]. Depending on the types
of pre-patterned substrates such as a chemical pattern, neutral
surface, and topographic pattern, various self-assembled BCP
structures are observed.

4.2.2 Post-processing method

The post-processing method involves additional steps after BCP
self-assembly. Inorganic materials have been exploited with
BCP using a post-processing method. The simplest method is
the deposition method. For example, secondary sputtering
has been demonstrated. Au is deposited on the substrate via

evaporation. PS-b-PMMA is spin-coated onto the Au-deposited
substrate. After annealing, the PMMA domain is selectively
etched by RIE. Thereafter, Ar-ion sputtering is used to deposit
pre-deposited Au on the PS polymer sidewall. After removing
the PS polymer domain, a high-aspect-ratio Au nanostructure is
formed [Fig. 11(b), i][247].

Another post-processing method is sequential infiltration
synthesis (SIS). The SIS method uses atomic layer deposition
to fabricate thin films by selectively reacting with certain poly-
mer domains [Fig. 11(b), ii]. For example, sub-10 nm patterning
based on SIS has been demonstrated[248]. A BCP pre-patterned
substrate is prepared using EBL. Subsequently, another BCP
layer is spin-coated on this substrate. The topcoat is then depos-
ited on the upper BCP via initiated chemical vapor deposition
(iCVD). Consequently, a quarter of the pre-patterned periodicity
Al2O3 sub-10 nm structure is fabricated after RIE. Owing to the
scalability of iCVD, sub-10 nm scale patterns can be fabricated
over a large area.

4.3 Applications of Block Copolymer Self-Assembly

Block copolymer self-assembly has been widely used in many
research fields, such as SERS[249,250], metamaterials[251–253],
sensors[254,255], electrical devices[256,257], and QDs[258,259]. In this
section, we introduce certain applications of the BCP
self-assembly.

To achieve high throughput, the fabricated substrate should
be highly uniform. Various studies have been conducted on
SERS substrates with high uniformity. For example, a highly
uniform hierarchical nanohoodoo SERS substrate has been
demonstrated[249]. Nanohoodoos are fabricated on a 2-inch wafer
based on BCP self-assembly. Au is deposited on the nanohoo-
doos using evaporation. When the fabricated substrate is in an-
alyte solution, the analyte is attached to the Au surface.
Following the evaporation of the solvent, Au particles are ag-
gregated, and the analyte is positioned at the hotspot.
Subsequently, the Raman signal of the analyte is significantly
intensified.

Thereafter, a simpler evaporation method for SERS was dem-
onstrated [Fig. 12(a), i][260]. A hexagonal PS cylinder array en-
closed by the PMMA on random copolymer-grafted neutral
surfaces, which induce similar surface energy, is obtained by
BCP self-assembly. Then, a PS post array is formed by selec-
tively etching PMMA throughO2 plasma. Then, Au is deposited
by an evaporation approach. Using this method, the Raman
spectrum of the target, thiophenol, is successfully demonstrated,
showing signal enhancement [Fig. 12(a), ii]. The spectrum ex-
hibits four intensity peaks at 690, 999, 1021, and 1073 cm−1,
which depend on peak intensity on the Au nanogap. In addition,
high uniformity of the nanogap distance and nanoparticle
diameter with respect to the Au film thickness is observed
[Fig. 12(a), iii]. In addition to the Au attached SERS substrate,
other materials such as Ag[261], TiO2

[262], aluminum oxide[263] are
demonstrated to use for a BCP self-assembly-based SERS
substrate.

BCP is able to contribute to the metamaterial field by pro-
viding various patterning options with diverse types of BCP
and controllable periodicity. Owing to the importance of the re-
fractive index in photonic applications, many studies have been
conducted to achieve a controllable refractive index. For exam-
ple, metasurfaces with tunable refractive indices up to 5.1 have
been demonstrated[217]. Cylindrical BCP structures are used as a
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template, followed by metal deposition and lift-off process.
Subsequently, the Au pattern is transferred to the shrinkage film.
Here, the diameter of the metal structures varies depending on

thermal shrinkage of the film, which induces modification of the
refractive index in the broadband range of wavelengths, includ-
ing the visible.

Fig. 11 Various methods for patterning substrate with BCP self-assembly. (a) BCP pre-processing
method. (i) Using pre-synthesized particles to combine BCP and inorganic particles. (ii) Self-as-
sembled BCP on pre-patterned substrate. The substrates with particular chemical patterns lead
BCP to perfectly replicate the pattern. Reprinted with permission from Ref. [246], copyright 2018,
John Wiley and Sons. Right-top: SEM images of angled lamellae using chemical surface patterns.
Reprinted with permission from Ref. [240], copyright 2005, American Association for the
Advancement of Science. The topographic substrate can induce a perfect alignment of lamellae.
Reprinted with permission from Ref. [244], copyright 2008, John Wiley and Sons. Right-bottom:
SEM images of (left-top) spherical BCPs aligned along the rows of spheres, which are parallel to
the confining edges of the topography; reprinted with permission from Ref. [243], copyright 2002,
AIP Publishing; (right-top) parallel cylinders aligned along the edges of the topography, (left-bottom)
perpendicular cylinders aligned along the packed rows, which are parallel to the confining edges of
the topography; reprinted with permission from Ref. [241], copyright 2004, IEEE; (right-bottom) la-
mellar domains oriented perpendicular to both the trench bottom and the sidewalls; reprinted with
permission from Ref. [242], copyright 2007, John Wiley and Sons. (b) BCP post-processing method.
(i) Deposition of gold by sputtering on the sidewall of BCP self-assembly structure. Reprinted with
permission fromRef. [247], copyright 2016, JohnWiley and Sons. (ii) Process of sequential infiltration
synthesis (SIS) method. Certain materials selectively deposited by SIS remain after selective etching.

Kang et al.: Emerging low-cost, large-scale photonic platforms with soft lithography and self-assembly

Photonics Insights R04-19 2023 • Vol. 2(2)



BCP can contribute to overcoming the time- and cost-con-
suming properties of conventional metasurface fabrication proc-
esses owing to their facile and scalable fabrication. For example,
scalable plasmonic metasurfaces have been demonstrated[264].
The proposed fabrication processes involve only three steps:
BCP spin-coating, development, and metal deposition. This
method offers the advantage of various metamaterial
fabrications depending on the purpose. For example, by control-
ling the dimensions of nano-scatterers, high-purity color is
achieved. In addition, angle-independent nano-scatterers are
fabricated with aluminum using these processes.

Another application is an antireflective coating. The signifi-
cantly high-efficiency antireflective coating is achieved
with BCP self-assembly. For example, a broadband flexible
optical absorber is demonstrated. After etching a BCP cylinder

structure and Au deposition on a silicon substrate, a patterned
nanodome structure is transferred to a flexible substrate due to
poor adhesion between the Au and silicon substrate. Also, BCP-
based ultrathin near-perfect absorbers based on Au and Al2O3

have been demonstrated [Fig. 12(b)][265]. In this method, most of
the fabrication steps are compatible with conventional nanoma-
nufacturing processes such as etching, evaporation, and lift-off.
Consequently, significantly high absorption is achieved in the
visible range. In addition, the proposed absorbers require a small
volume of metal and are tunable depending on film thickness
[Fig. 12(b), ii].

The possibility of scalable fabrication is an important
factor for high-throughput electrical devices[266]. Due to the sim-
ple fabrication process and scalability of BCP, it can contribute
to this aspect. For example, unipolar devices have been

Fig. 12 Various applications of BCP self-assembly structures. (a) (i) BCP self-assembly and
evaporating deposition of gold processes for SERS. (ii) Raman spectra of thiophenol at gold nano-
gap arrays with various nanogap distances. (iii) Vertical SEM image of the SERS. Reprinted with
permission from Ref. [260], copyright 2018, American Chemical Society. (b) (i) BCP patterning
processes for an ultrathin gold nanoresonator. (ii) Maximum absorption value in the range
550–750 nm depending on Au nanostructure height and Al2O3 thickness. (iii) Cross-sectional
scanning transmission electron microscope (STEM) image of the resonator. Reprinted with per-
mission from Ref. [265], copyright 2022, Elsevier. (c) (i) BCP patterning processes for phase
change memory (PCM). (ii) Resistance-current curves with different BCP pattern geometries.
Right: SEM images of different BCP patterns. Reprinted with permission from Ref. [268], copyright
2021, John Wiley and Sons.
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demonstrated[267]. Three BCPs with different polymer ratios are
used, and metallic, insulating, and memory features are ob-
served, depending on the BCP composition. Another nonvola-
tile memory, resistive switching is achieved with a conductive
atomic force microscopy (AFM) tip[256]. BCP is used as the tem-
plate for the electrode and switching material. The device has a
well-arranged shape. Moreover, owing to its high initial con-
ductance, the conductive AFM tip scans the initial nanostruc-
tures. In addition, the initial conductance can be suppressed
through the application of a negative voltage. Thus, the nano-
structures will not be scanned owing to resistive switching.
In addition, phase change memory, which is a next-generation
device, is realized based on BCP self-assembly. Si-containing
BCPs are self-assembled by a solvothermal vapor annealing
process that uses annealing to enhance the rate of self-assembly
[Fig. 12(c), i][268]. Depending on the shape of the BCP structure,
different resistance–current curves are observed [Fig. 12(c), ii].
Also, a dot-in-hole nanostructure has high performance such as
1/20 power reduction compared to conventional devices.

5 Conclusion
We discussed several micro/nanofabrication methods for a
broad range of submicrometer structures, photoelectric devices,
and metasurfaces. This review focused on the recent advance-
ments in soft lithography and self-assembly techniques to
satisfy the demands of photonic devices with complex submi-
crometer structures and flexible substrates.

Soft lithography enables patterning on flexible large-area
substrates and facilitates high-throughput manufacturing, as it
involves simple processes using reusable stamps. Colloidal par-
ticles synthesized by several methods are used as photonic crys-
tals, realizing submicrometer structures through self-assembly.
Its low-cost and scalable properties show capability for mass
production. BCP assembled through mutual attraction between
blocks has the characteristics of controllable shape and dimen-
sion, exhibiting facile and scalable fabrication. These micro/
nanofabrication technologies have enabled the effective modu-
lation of light (i.e., amplitude, phase, and polarization) through
devices, particularly enhancing the driving efficiency of solar
cells, metaholograms, and LEDs. Furthermore, this has also

been proven in integrated circuits and microelectromechanical
systems (MEMS)[269,270]. Nanotechnology combined with
MEMS has been widely used in optical devices[271,272], portable
electronic devices[273], and energy[274,275], leading to the develop-
ment of new devices such as zero-power sensors.

Soft lithography mainly utilizes polymer-based resin to build
various devices. However, due to limitations such as the low re-
fractive index of polymers, enormous progress has been made in
soft lithography with research using resin integrated with par-
ticles, various materials such as metal/glass at high temperatures,
TiO2, and perovskite (Table 1). For NIL, it is common to use
polymer resins in most cases, as heat and UV are used as curing
triggers. However, in optical devices such as metaholograms/met-
alenses, low efficiency has been exhibited due to the low refrac-
tive index of the resin, and research has proceeded to incorporate
particles into the resin. Moreover, it showed a high material uti-
lization by directly imprinting on glass at a high temperature of
690°C. In addition, research has been investigated for fabricating
LEDs, solar cells, transistors, etc., via transfer printing of various
metals including Cu, Au, and perovskite and CFL of nafion, mes-
oporous TiO2. Moreover, the diverse targeted substrate size
proves the scalability of the technology. For colloidal self-
assembly, various colloidal particles can be synthesized, and fab-
rication methods based on colloidal self-assembly enhance design
variety. Many studies using particles such as Au/Ag with a shell
structure, Si, and TiO2 have been investigated (Table 2).
Furthermore, the substrate’s flexibility and scalability have been
demonstrated by inducing colloidal self-assembly on fiber-type
glass/polyethylene terephthalate (PET) as well as PDMS. In
the case of BCP self-assembly, by controlling the environmental
conditions, many structures are induced. In addition, inorganic
materials can be attached to or replaced with a certain polymer
domain by pre-processing and post-processing methods, which
can vary the design diversity. BCP self-assembly is comparable
to the conventional nanomanufacturing process, and many appli-
cations such as tunable refractive indices, absorbers, SERS and
memory devices have been demonstrated with various materials
(Table 2).

Soft lithography and self-assembly techniques have attracted
much attention as ways to commercialize nanophotonic devices,

Table 1 Various Materials/Applications of Soft Lithography

Method Material Feature Size Targeted Substrate Application Area Size Reference

NIL TiO2 900 nm PC, PP film, curved glass Metahologram 4 cm2 Ref. [108]

ZrO2 700 nm Fused SiO2 Polarization beam
splitter

4 cm2 Ref. [276]

Nafion 400 nm Proton exchange
membrane

Fuel cell 1800 cm2 Ref. [277]

Glass Sub-500 nm Glass SERS 12.25 cm2 Ref. [278]

Transfer
printing

Cu 500 μm Ecoflex substrate LED 16 cm2 Ref. [279]

Au 19 nm WS2∕Ag Solar cell – Ref. [280]

Ag, Pt, Ti, Ni, etc. Sub-100 nm SiO2, graphene, MoS2 Transistor 78.54 cm2 Ref. [281]

Halide perovskite Sub-100 nm Poly-TPD/ITO LED 2.25 cm2 Ref. [282]

CFL Nafion Sub-20 μm Nafion membrane Fuel cell 1 cm2 Ref. [283]

Organic molecular ink 10 μm Si Transistor 64 cm2 Ref. [284]

Mesoporous TiO2 500 nm FTO/Glass Perovskite solar cell 4 cm2 Ref. [285]
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since they enable low-cost production and high-throughput pro-
ductivity, which are difficult to achieve with EBL and FIB.
However, soft lithography and self-assembly still have several
challenges to realize commercial photonic platforms. One of the
main challenges lies in limited material choices. Soft lithogra-
phy mainly uses polymer, so fabricated structures can be de-
formed/attached, and colloidal self-assembly has limited
feature sizes, which are constrained by the nanoparticle diam-
eter/shape. Since BCP self-assembly relies on the template
shape, feature shape and available monomers for polymer syn-
thesis are quite limited. In addition, the techniques are sensitive
to processing environmental conditions such as temperature
and humidity, which affect the reproducibility of results. This
means that the low productivity makes a lower yielding rate
when those fabrication methods are used for commercial appli-
cations. Engineering optical materials, process optimization/
standardization including molding/curing of elastomeric
stamps, and precise temperature control can facilitate their

integration into commercial works in various industries.
Regardless of those challenges, the potential benefits of the
techniques are significant. Through the good prospects of each
method, they impose the potential for commercialization of pho-
tonic devices.

To realize the potential for fabrication of integrated photonic
devices, researchers working in these fields should focus on
(i) the use of materials with intrinsic absorption by light–matter
interaction at optical frequencies to reach high efficiency; (ii) the
accuracy of technologies for fabricating nanostructures, which
is an important factor affecting the optical response such as res-
onance peak, transmission, and reflectance; and (iii) structures
consisting of multilayer stacks, which leads to extensive losses
and challenges in fabrication.
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Table 2 Various Materials/Applications of Colloidal and BCP Self-Assembly

Method Material Feature Size
Targeted
Substrate Application Area Size Reference

Colloidal self-
assembly

Spherical Au
nanoparticles and

Ag shelled
nanocubes

Edge length for Ag
nanocubes:

69.7� 2.9 nm;
AuAg nanocubes:
71.9� 3.1 nm

– Electrical field
enhancement

– Ref. [286]

Au Particle radius:
11.5� 1.2 nm

PDMS Optical sensor
(reflectance
change)

4 cm2 Ref. [197]

Si Particle diameter:
132 nm

SiO2, Au Light scatter – Ref. [218]

pc-Se Particle diameter:
280–810 nm

Glass Mie resonator 4 cm2 Ref. [219]

TiO2 Particle diameter:
330 nm

Glass Reflector (diffuse
reflectance

enhancement)

– Ref. [220]

PS Particle diameter:
1 μm

Si, SiO2,
PDMS

Resonator 4 cm2 Ref. [198]

PS Particle diameter:
273–185 nm

Glass fiber Structural
color fiber

Length:
2.7 mm

Ref. [223]

P (St-BA-AA)
polymer

Particle diameter:
208 nm

PET fiber Structural
color fiber

6 cm2

BCP self-assembly Pt, Au, Pd, etc.
(PS-b-P2VP)

15 nm Si – 1 cm2 Ref. [245]

Si (PS-b-PDMS) 200 nm Si SERS 19.6 cm2 Ref. [249]

Ag (PS-b-PEO) Sub-100 nm Si SERS – Ref. [261]

Ag, TiO2 PS-b-PLLA Sub-100 nm Glass SERS 1 cm2 Ref. [262]

Au, Ag (PS-b-
PMMA)

Sub-40 nm PMMA film Tunable refractive
index

4 cm2 Ref. [217]

Al (PS-b-PMMA) Sub-300 nm Glass,
PMMA film

Nanoscatter,
SERS

4 cm2 Ref. [264]

Au (PS-b-PEO) Sub-100 nm Si SERS – Ref. [287]

Pt/Ti (PS-b-PMMA) 28 nm Si Resistive switching
memory device

– Ref. [256]
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