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Abstract. Nano-imprint lithography (NIL) is one of the most promising patterning technologies, in which
nano- and micro-patterns are fabricated on various substrates. NIL provides high throughput and low cost
in fabricating nano-structures due to its simple process and allows resolution below 10 nm without issues of
light diffraction with conventional lithographic techniques. Its patterning mechanism is based on mechanical
deformation of a polymer resist, which is simply done by pressing with a mold. This patterning mechanism
also enables inorganic and organic-inorganic hybrid materials to be directly patterned by NIL. This article
covers the recent progress of NIL-based direct patterning techniques and their applications to devices.
Recently, functional nano- and micro-patterns have been applied to various electronic devices for the
enhancement of overall performance. Fabrication methods of these devices are difficult using conventional
lithographic techniques due to complex processes, high cost and low throughput. Direct NIL technique
using functional resist can simply fabricate functional nano- and micro-structures and thus can be usefully

applied to various industries.

1 Introduction

With recent development in electronic devices in various
fields including printable electronics, light-emitting dio-
des (LEDs), organic LEDs (OLEDs), thin film solar cells,
organic solar cells and organic thin film transistors, the
fabrication of functional nano-structures has become in-
creasingly important to enhance the overall performance
of various devices. In the semiconductor industry, the
capability of fabricating precisely aligned nano-patterns
with high resolution is very significant for producing
highly integrated circuits and smaller transistors. Deep-
UV photolithography [1-3] has been optimized for the
semiconductor industry as a main patterning technology.
However, it is difficult to adopt photolithography for vari-
ous next-generation electronic devices due to its high pro-
cess cost, complex process steps and limitation on the use
of substrates.

Recently, various nano-patterning techniques, such as
laser interference lithography [4-6], nano-sphere lithog-
raphy [7-9], block copolymer lithography [10-12], nano-
imprint lithography (NIL) [13-20], have been developed
in order to fabricate nano-patterns with low process cost.
Conventionally, to fabricate nano-patterns composed of
inorganic functional materials via these indirect pattern-
ing techniques, four common steps are needed, including
deposition of functional materials, formation of polymer
resist patterns on the functional material layer, descum of
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polymer resist patterns and dry or wet etching of func-
tional materials. However, these patterning methods have
some drawbacks, such as complex process, waste of ma-
terials, long process time and substrate damage, induced
by the etch process. To overcome these problems, many
studies on direct nano-patterning techniques of functional
materials have been conducted, such as dip-pen lithogra-
phy [21-23], gravure offset printing [24-26], ink-jet lithog-
raphy [27-29], and so on. These patterning techniques can
directly fabricate nano-patterns composed of functional
materials. However, it is difficult to apply these direct
nano-patterning techniques to various electronic devices
due to their limitations such as low throughput, lack of
capability for large area patterning and low resolution.

NIL has been noted as one of the most promising next-
generation patterning techniques due to its high through-
put, high resolution (sub-10 nm [30,31]) and low cost.
It has the capability to directly fabricate inorganic or
organic-inorganic hybrid nano-patterns because the pat-
terning mechanism of NIL is based on the physical contact
between a mold and a resist. In this paper, we discuss NIL-
based direct patterning processes using various functional
resists and their applications.

2 Principle and types of NIL process

Figure 1a is a schematic diagram of the NIL process which
was initially developed by Chou’s group [13]. A thermo-
plastic polymer resin such as poly(methyl methacrylate)
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Fig. 1. (Color online) Schematic diagrams of (a) NIL and
(b) S-FIL.

(PMMA) is coated on a substrate and is physically pressed
by an imprinting stamp with a protrusion pattern at a
temperature above the glass transition temperature (7,)
of the polymer resin with high pressure (>5x 10° Pa).
After the imprinting process, the stack of the stamp and
the substrate with the coated polymer layer is cooled down
to a temperature below T of the polymer resin and then
the stamp is detached from the polymer resin/substrate.
Through these procedures, the imprinted polymer pattern
with negative phase of the imprinting stamp can be formed
on the substrate. After the imprinting process, the resid-
ual layer is cleared off by reactive ion etching (RIE) and
the imprinted pattern is used as an etching mask of the
substrate or deposition mask for a lift-off process.
Willson’s group developed step-and-flash imprint
lithography (S-FIL), which has the capability to fabricate
nano-patterns at room temperature and at low pressure
(Fig. 1b) [14]. In the S-FIL process, a UV photo-curable
liquid phase resist, based on monomer or oligomer, is used
as the imprinting resin. The liquid phase resist can be eas-
ily filled into the cavity of the stamp during the imprint-
ing because of its low viscosity at a very low imprinting
pressure (<1 x 10° Pa). When holding the pressure, the
imprint resin is exposed to UV light through a transpar-
ent template, and then the imprint resin can be cured
rapidly by the cross-linking of the monomer or oligomer
for polymerization. Due to its capability to form nano-
patterns at room temperature and low pressure, the tem-
plate can be stepped to fabricate nano-patterns on entire
wafers using stepper lithographic equipment. Similar to
S-FIL, thermoset NIL using a monomer- or oligomer-based
resist containing a thermal initiator has been developed by
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Fig. 2. (a) Cross-sectional SEM picture of imprinted resin with
uniform, but thick residual layer. (b) Imprinted resin with near
zero-residual layer. Both are imprinted by the same stamp. Re-
produced with permission from reference [15]. Copyright 2004,
Elsevier.

many research groups. The thermoset NIL process is same
as the UV NIL process, except that the imprint resin is
cured by heat instead of UV.

These NIL processes using monomer- or oligomer-
based resin enable fabrication of near zero-residual imprint
patterns [15,32-38]. Figures 2a and 2b are scanning elec-
tron microscope (SEM) micrographs of the UV-imprinted
patterns made by our group with benzylmethacrylate
monomer at pressures of 5 atm and 20 atm, respec-
tively [15]. In order to achieve uniform patterns with near
zero residue, a sufficient amount of resin with high fluid-
ity should be dispensed on a substrate to ensure no local
deficiency of resin, and a sufficient imprinting pressure is
required to squeeze the excess resin toward the outside of
the substrate, as shown in Figure 2.

3 NIL-based direct patterning processes

3.1 NIL processes using the deformation of inorganic
thin film

In the NIL process, nano-sized patterns are fabricated by
physical contact between the stamp and the imprinting
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resist. This patterning mechanism of NIL, which is dif-
ferent from those of other lithographic techniques such
as photolithography, e-beam lithography and laser inter-
ference lithography, allows direct fabrication of inorganic
material-based nano-structures through a single-step im-
printing process and reduces the process cost and the
consumption of materials. Several studies related to di-
rect NIL of inorganic materials have been presented. In
these studies, inorganic layers were patterned by the de-
formation of the inorganic layer at high pressure or local
melting of the surface of the inorganic layer. Representa-
tive NIL processes of inorganic layers include laser-assisted
direct imprint (LADI) and room temperature (RT)-NIL.
LADI, proposed by Prof. Chou et al., is a direct imprinting
process of Si using a quartz mold and excimer laser [39].
Figure 3a is a schematic diagram of the LADI process. At
first, a quartz master mold is put on the Si wafer substrate.
Then, an excimer laser is irradiated onto the surface of the
Si wafer substrate through the quartz mold. The excimer
laser locally melts the surface of the Si wafer substrate,
and the melted Si is moved into the cavity of the quartz
mold by mechanical pressing. After the LADI process, the
quartz mold is detached from the substrate and the Si
nano-patterns are formed on the surface of the Si wafer,
as shown in Figure 3b.

RT-NIL is a technique to fabricate functional material-
based nano-structures by a simple pressing process at high
pressure. RT-NIL technique is based on the deformation of
the imprinted thin film by pressurization with the imprint-
ing mold. Because most inorganic thin films have little flu-
idity, a high imprinting pressure above 1 x 107 Pa and an
imprinting mold more rigid than the imprinted thin films
are needed for the RT-NIL process. Figures 4a and 4b
show SEM micrographs of aluminum patterns demons-
trated by our group [40], and copper patterns demon-
strated by Taniguchi et al. [41], respectively. As shown in
Figure 4, metal layers with a high ductility like Al and Cu
were directly patterned using this RT-NIL technique. In
these NIL processes, high pressure was needed to directly
imprint inorganic materials. However, this harsh condition
generates damage such as crack and contamination on the
mold, and limits the use of various substrates. Moreover,
the cost of fabricating the rigid mold is very expensive.
Therefore, a direct NIL process of functional materials
with low pressure and simple process should be developed
for practical industrial applications.

3.2 Process types of direct NIL using functional resists

In recent years, functional resist-based NIL processes,
including soft-NIL [42-45] and nano-transfer print-
ing [46-50] and nano-contact printing [51-55], have been
developed to directly fabricate nano-structures consisting
of inorganic or organic-inorganic hybrid materials. The
NIL-based direct patterning process also has advantages
such as high throughput, high resolution and low cost. In
addition, it can fabricate inorganic or organic-inorganic
hybrid nano-patterns on various substrates and thus can
be applied to diverse electronic devices to enhance the
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Fig. 3. (Color online) (a) Schematic diagram of the laser-
assisted direct imprint (LADI) process. (b) Directly formed Si
nano-patterns from the LADI process. Reproduced with per-
mission from reference [39]. Copyright 2002, Nature Publishing
Group.

performance. Nano-patterns consisting of functional ma-
terials can be directly fabricated by NIL using functional
resist.

Soft-NIL is a kind of NIL technique using a polymeric
mold instead of a conventional rigid material-based mold,
such as quartz, Si, nickel, and so on, as shown in
Figure 5a. Various types of polymeric molds can be fab-
ricated from a master template by replication process,
such as hot-embossing, nano- and micro-molding [56-60].
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Fig. 4. SEM micrographs of directly imprinted metal pat-
terns: (a) Aluminum pattern. Reprinted with permission from
reference [40]. Copyright 2011, Springer. (b) Copper pattern.
Reprinted with permission from reference [41]. Copyright 2002,
Institute of Physics.

Among them, a soft polymer mold such as a poly
(dimethylsiloxane) (PDMS) is very useful in the NIL
process using functional resists containing organic solvents
due to its high gas permeability and the capability of ab-
sorbing an organic solvent. Most of the functional resist,
such as sol-gel solution [61-66], nanoparticle-dispersed so-
lution [67-73], metal nano-ink [74-78], spin-on-glass
(SOG) resist [79-82], are formulated by mixing precursors
or nanoparticles in an organic solvent. To fabricate nano-
structures consisting of functional materials by NIL, the
solvent in the functional resist and gas products generated
from hydrolysis-condensation reaction [83-86] should be
removed during the NIL process. Also, the surface energy
of the mold should be small enough for easy detachment
between the mold and the functional resist. The mold
should also be soft enough to achieve conformal contact
with the substrate. According to these requirements, an
elastomeric PDMS mold has been most commonly used for
NIL-based patterning of functional resist. The PDMS has
high permeability [87-89], so the solvent and the gas prod-
uct can be removed through the PDMS mold during the
NIL process. Additionally, the low surface energy [90,91]
of the PDMS mold promotes uniform transferring of func-
tional nano-patterns from the PDMS mold to the sub-
strate without problems related to resist sticking to the
mold.

Nano-printing is also one kind of NIL technique that
has high throughput patterning due to its short process
time and simplicity. The nano-printing process has a dif-
ferent patterning mechanism from conventional NIL. Since
pattern transferring in the nano-printing process is con-
ducted by the difference in the surface energy between the
mold and the substrate, high pressure and high tempera-
ture are not needed for pattern transferring, and
various functional resists, such as conductive polymer,
nano-composite, metal ink and organic monomer resist,
can be patterned, as well as conventional polymer resin.
In the nano-printing process, the mold plays the most
important role for pattern transferring. Conventionally,
PDMS is most commonly used for mold materials due to
its low surface energy (~21.6 dyn/cm) [90,91] and inert-
ness to most chemicals. If the surface energy of the mold is
high and the mold material is chemically unstable, pattern

transferring is very difficult because of the adhesive force
between the mold and the functional resist.

The nano-printing process is divided into nano-transfer
printing (reverse imprint [92-94]) and nano-contact print-
ing. Figure 5b shows the overall process of nano-transfer
printing. A functional resist is firstly coated on the mold
surface. During the coating of the resist on the mold, the
resist fills the protrusion pattern of the mold.
After the resist coating, the resist-coated mold is pressed
down on the substrate and the patterned resist layer is
transferred by difference in the surface energy between
the mold and the substrate, and strong adhesion between
the resist and the substrate. Since defining the pattern is
achieved by a simple coating process on the mold, high
pressure is not required in nano-transfer printing, unlike
the conventional NIL process, but controlling the residual
layer is difficult. The mechanism of nano-contact printing
is shown in Figure 5c. Nano-contact printing is very use-
ful to form functional material-based nano-patterns with-
out a residual layer. Firstly, functional molecules or inks
are deposited on the surface of the mold. Secondly, the
functional molecules or the inks-coated mold is placed in
contact with the substrate at very low pressure and at
room temperature. Only the functional molecules or the
inks on the protrusion of the mold are in contact with the
substrate and transferred to the substrate after detach-
ing the mold. Although nano-contact printing allows the
fabrication of zero-residual nano-patterns, it is difficult to
achieve uniform pattern transferring on a large area.

3.3 NIL processes using sol-gel solutions

Currently, diverse inorganic materials including ZnO, in-
dium tin oxide (ITO), TiO2, SiOs, SnO,, Al-doped ZnO,
and so on can be fabricated by sol-gel process [61-66].
In comparison to other film deposition methods, such as
sputtering, chemical vapor deposition or pulsed laser de-
position, the sol-gel process has distinguishing advantages
including low process cost, good compositional control and
large area production. The sol-gel process can be used to
fabricate inorganic materials from sol-containing inorganic
or organic precursors. A sol is coated on the substrate by
dip coating or spin-coating and then solid-state gel film
is formed by a drying process which evaporates the sol-
vent in the sol. Afterwards, the gel film is converted to
polycrystalline inorganic film by an annealing process that
promotes densification and grain growth. In recent years,
sol-gel NIL has been developed to directly fabricate func-
tional nano-patterns consisting of inorganic or organic-
inorganic hybrid materials.

Li et al. [95] reported a direct nano-imprinting process
of Si02-TiO4 gel film for fabricating waveguide gratings.
Si02-TiO2 hybrid gel film was formed on Si substrate by
spin-coating a sol mixed with a tetraethoxysilane (TEOS)
solution and a titanium tetrabutoxide solution and im-
printing with an SiOs-based hard mold at 200 °C. After
the imprinting process, the imprinted gel film on the Si
substrate was converted into patterned inorganic film con-
sisting of gratings with 300 nm pitch and 80 nm line width
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printing using a functional resist.

by an annealing process. In their work, a functional nano-
scaled pattern consisting of inorganic materials could be
directly fabricated, but high imprinting pressure (645 psi)
was required to imprint the high viscosity gel film.

To imprint a sol-based functional resin at a low pres-
sure, the sol should be directly pressed with a mold be-
fore the gelation of the sol. The mold should also have
high permeability to absorb the solvent in the sol during
the imprinting process and low surface energy to prevent
sticking of the sol to the mold. In the NIL process using
a sol as an imprint resist, the sol solution is first coated
on the substrate and then is imprinted with a mold with
a high permeability. During the imprinting process, the
cavity of the mold is filled with the sol, and extra solvent
and gas products generated from hydrolysis-condensation
reaction are removed by absorption into the mold. After
detaching the mold from the substrate, the imprinted gel
pattern can be converted to a patterned inorganic layer
by annealing.

In our previous work, low pressure direct NIL using
a PDMS mold and a sol containing an oxide precursor
was established [96]. The procedure of the NIL process
using a sol is described in Figure 6a. An ethanol-based
TiO5-sol containing tetrabutylorthotitanate precursor was
spin-coated onto an oxidized Si substrate, and a PDMS
mold previously replicated from an Si master template
was immediately placed on the TiO2 sol/Si substrate. Af-
terwards, 5 atm of pressure was applied to press the PDMS
mold down on the sol/Si substrate at 200 °C while vacuum
was maintained over the imprint chamber to remove air
bubbles and promote spreading of the sol. During the NIL
process, the TiOs sol filled the cavity of the protrusion of
the PDMS mold and the solvent in the TiO5 sol was moved
into the PDMS mold and removed. Sequentially, the TiO,

sol was converted into the gel layer through thermal im-
printing, and the patterned gel layer was formed. To trans-
form the gel layer into an inorganic TiO4 layer, oxidized Si
substrate with the patterned TiO4 gel layer was annealed
between 400 °C and 700 °C for 1 h in air. As a result,
the patterned TiOs gel layer was changed to an anatase
TiOg crystalline layer between 400 °C and 600 °C, and
a rutile TiOy crystalline layer at 700 °C. In Figure 6b,
SEM micrographs of the surface patterns of the Si mas-
ter template, the imprinted TiO5 gel patterns and the
polycrystalline TiOs patterns after annealing are shown.
Inorganic TiOy material could be directly patterned to
sub-micron size through the sol-gel NIL process. As shown
in Figure 6b, the dimension of the crystalline TiO4 pattern
was inevitably reduced by the gelation and final annealing,
due to the sol-gel transition of TiO9, evaporation of the
solvent, removal of organic compound and close packing
at high temperature.

Although the PDMS mold has been diversely used
for various soft-NIL processes, the resolution of the im-
printed pattern with PDMS mold has been limited to
>100 nm due to its relatively low modulus (~2 MPa) [97].
To achieve about 50 nm resolution, hard PDMS (h-PDMS)
with a modulus of ~9 MPa was developed [98]. Our group
fabricated various ZnO patterns using the h-PDMS-based
sol-gel NIL process [99]. The h-PDMS mold was fabricated
by two steps which include formation of thin
h-PDMS layer on the master template and formation of
normal PDMS support layer on the h-PDMS layer. First,
toluene-based h-PDMS solution containing vinyl PDMS
prepolymer, platinum divinyltetramethyldisiloxane, 2,4,
6,8-tetramethyltetravinylcyclotetrasiloxane and hydro-
silane prepolymer was spin-coated on the master
template and was baked at 60 °C for 1 h. Next, the
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Fig. 6. (Color online) (a) A schematic diagram of TiO»
sol-based nano-imprint lithography process. (b) SEM micro-
graphs of the Si master, the TiO2 gel pattern and the TiO2
polycrystalline pattern. Reproduced with permission from
reference [96]. Copyright 2009, Elsevier.

normal PDMS solution was spin-coated on the surface
of the h-PDMS layer and was baked at 80 °C for 1 h.
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Fig. 7. SEM micrographs of (a) the ZnO pattern with 200 nm
diameter. (b) The ZnO pattern with 50 nm line width on the
Si substrate after the sol-gel NIL process and final annealing.
Reproduced with permission from reference [99]. Copyright
2009, Elsevier.

Afterwards, N,N-dimethylformamide (DMF)-based ZnO-
sol containing zinc acetate 2-hydrate (Zn(CH3COO)sq -
2H,0) was spin-coated on the Si wafer substrate and ther-
mal NIL with the h-PDMS mold was followed at 200 °C
while 5 atm of pressure was maintained. Through the NIL
process, the imprinted ZnO gel layer was formed on the
Si substrate and the ZnO gel pattern was converted to
pure inorganic ZnO pattern by annealing at 650 °C for
1 h in air ambient. This NIL process is almost the same
as the TiO5 sol-gel-based NIL process mentioned above.
Figures 7a and 7b show the ZnO pattern with 200 nm di-
ameter, and the ZnO pattern with 50 nm line width on the
Si substrate after the sol-gel NIL process and final anneal-
ing, respectively. As shown in Figure 7, a 50-nm-sized ZnO
pattern as well as a sub-micron-sized ZnO pattern could
be directly fabricated from simple NIL, and the defects
related to the low modulus of the mold, such as paring of
pattern, did not occur during the NIL process due to the
use of high modulus h-PDMS mold.

Reverse NIL [92-94] is a patterning technique to trans-
fer patterned two-dimensional layers and to form stacks of
micro- and nano-patterned layers on a substrate. Huang
et al. [94] developed a reverse NIL process using a hard
mold and a PMMA resist. In the reverse NIL process,
a polymer resist fills up the trenches of surface protru-
sions while the polymer resist is spin-coated onto a mold.
After curing the polymer film on the mold, the polymer
film can be transferred from the mold to the substrate
by pressing the mold with the coated polymer film onto
the substrate at a temperature around the glass tran-
sition temperature (Tj). The replication of the pattern
of the mold is simply achieved by spin-coating the re-
sist on the mold in the reverse NIL process. Reverse NIL
can also fabricate nano-patterns with functional materi-
als directly by using a soft mold and a functional resist.
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Our group developed a reverse NIL process using a
h-PDMS and TiOs sol to fabricate 50-nm-sized nano-
patterns [100]. An ethanol-based TiO4 sol was synthesized
by mixing tetrabutylorthotitanate precursor and
diethanolamine in ethanol. As shown in Figure 8a, the
TiO5 sol was spin-coated on the h-PDMS mold and was
transferred to the Si wafer substrate by reverse NIL at
5 atm and 200 °C. Finally, the imprinted TiO2 gel pat-
tern on the Si substrate was annealed at 400-700 °C in
air ambient and converted to a pure inorganic TiOy pat-
tern. Figure 8b shows SEM micrographs of the PDMS
mold, the imprinted TiOs-gel patterned layer and poly-
crystalline TiO4 patterned layer after annealing at 700 °C.
Similar to the sol-gel NIL process, the dimension of the
TiOy gel pattern and the polycrystalline TiOy pattern
were shrunk compared to the PDMS pattern due to re-
moval of the solvent during the NIL process and close
packing during the annealing process.

Although the h-PDMS has higher modulus than the
normal PDMS; its modulus is not enough to fabricate sub-
50-nm-sized pattern with high density and high aspect
ratio in the sol-gel NIL process. To overcome this limi-
tation, a harder mold with low surface energy and high
permeability should be wused in the NIL process.
McGehee group developed a reverse NIL process using
a TiOg sol and a hard polymer mold made from anodic
alumina (AAQO) templates in order to achieve sub-50-nm-
sized patterns with high aspect ratio [101]. In their work,
PMMA with high modulus (~2-3 GPa) was used as a
mold material. PMMA solution was spin-coated onto AAO
template with pore diameter of 35-65 nm. After the spin-
coating and baking of the PMMA solution, PDMS as the
backing layer for the mold was coated on the PMMA layer

m— 5() nm 25 nm i o m “‘§
Fig. 9. SEM images of (a) typical initial AAO template,
(b) typical embossed TiO2 structures after PMMA removal
with acetonitrile, the average pore diameter is 45 nm, (¢) em-
bossed TiO2 structures on fluorine-doped tin oxide substrate
after calcinations (cross-section), the average pore diameter is
larger because the initial template used has larger pore diame-
ter, (d) smaller-diameter pores with one showing 30 nm diame-
ter and (e) embossed TiOs at a larger scale showing uniformity
of the replication. The insets in (a) and (b) are respectively
images at a higher magnification; the scale bar corresponds
to 50 nm. Reproduced with permission from reference [101].
Copyright 2005, American Chemical Society.

and cured. Finally, the AAO template was removed by wet
etching. They investigated paring of the mold pattern ac-
cording to mold modulus and interspacing of the mold
pattern and demonstrated that high modulus PMMA was
more suitable to molding on the AAO template with sub-
50-nm-sized pores than the h-PDMS, because paring and
aggregation of the pattern occurred in the h-PDMS mold
and not in the PMMA mold. Next, they performed re-
verse NIL using the PMMA mold and TiOy sol mixed
with TiOs, HCI and 2-propanol, rather than an emboss-
ing process, to prevent air trapping between the TiOs sol
and the mold interface. After the reverse NIL process, the
TiOs gel pattern was converted into the crystalline TiO5
pattern by annealing at 600 °C. In Figure 9, SEM micro-
graphs of the AAO template and TiOs nano-structures
are shown.

NIL or reverse NIL using a sol-gel solution containing
an organic solvent requires a temperature over the boil-
ing point of the solvent during imprinting for evaporating
and removing the solvent. Thus, heating and cooling cy-
cles are essential. Ganesan et al. developed an advanced
UV NIL process called step-and-flash imprint lithogra-
phy (S-FIL) using a sol-gel solution that did not contain
an organic solvent [102]. They formulated acrylate-based
S-FIL resist consisting of an allyl-functionalized titanium
complex mixed with reactive diluents. Similar to the con-
ventional S-FIL process, the TiO resist was deposited on
an Si wafer substrate not by spin-coating but drop dis-
pensing. Next, the quartz template with 100 nm grating
was pressed down on the resist at a pressure of 500 mbar
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Fig. 10. (Color online) Composite SEM images of as-imprinted and heat-treated structures of TiOs. The insets show the
gratings at higher magnification. The AFM line traces of the corresponding heat-treated imprinted structures are shown on the
right. Cross-sectional SEM image of the gratings before and after the heat treatment shows the presence of a slight trapezoidal
cross-section. Differences in the residual layer thickness within an imprint may arise from slight variations in the degree of
flatness of the wafer and/or inaccuracies in template alignment. Reprinted with permission from reference [102]. Copyright

2012, American Chemical Society.

Fig. 11. (Color online) Nano-imprinted gold nanofeatures. Optical dark field images of (a) nanodots and (c) nanowires (inset
scale bar corresponds to 5 pum). AFM topography images of (b) nanodots, (d(i-iv)) straight nanowires and (d(v)) serpentine
nanowires. Reproduced with permission from reference [112]. Copyright 2007, American Chemical Society.

for 120 s to fill the protrusion of the template. After-
wards, broadband UV light was irradiated through the
quartz template to photo-polymerize the imprinted resist
for 120 s. After the imprinting process, the imprinted TiO2
gel patterns were annealed at 450 °C for 1 h in air am-
bient to remove the organic components and drive the

transformation of TiOs gel to anatase TiOy. During the
imprinting process, volume shrinkage of the imprinted pat-
tern inevitably occurred due to the photo-polymerization
of the acrylate-based monomer. After the annealing pro-
cess, the imprinted TiO, gel patterns were shrunk again
due to the removal of the organics and close packing
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induced by crystallization. Figure 10 shows the imprinted
TiO4 gel patterns and TiOy patterns as small as 30 nm
width after the annealing.

3.4 NIL processes using nanoparticle-based solutions

Currently, metal, dielectric and semiconductor-based
nanoparticles have been used in various fields such as bio-
medical applications, gas sensors, solar cells, field
effect transistors, printed electronics and light-emitting
devices. Nanomaterials including nanoparticles show sig-
nificant distinguishing properties from their large surface
area to volume ratio, spatial confinement and large
surface energy compared to bulk materials. Especially, or-
ganic solvent-based nanoparticle solutions have been uti-
lized for useful processing in diverse applications. Various
direct patterning processes such as micro-contact print-
ing (uCP) [103-105], ink-jet printing [106—-108] and screen
printing [109-111] have been developed to fabricate
nano- and micro-structures using nanoparticle solutions.
However, these processes have limitations of resolution,
throughput and cost efficiency for mass production of
functional nano-structures. In recent years, NIL processes
based on nanoparticle solutions containing metal, metal
oxide and semiconductor materials have been developed
to fabricate functional nano-structures directly. Low vis-
cosity of nanoparticle solutions enables nanoparticles to
fill the cavity of the imprint mold at low pressure and low
melting temperature of nanoparticles according to their
spatial effect. Similar to sol-gel NIL, nanoparticle solu-
tions can be formed into the patterned solid-state layer
through the NIL process, and the imprinted nanoparticle
layer can be converted into a continuous patterned layer
through annealing, which promotes solid bridging and
close packing.

Ko et al. [112] developed an NIL process using a gold
nanoparticle solution. In their work, a-terpineol-based
gold nanoparticle solution containing 2-3-nm-sized gold
nanoparticles was used in the thermal NIL process using
a PDMS mold on an SiOs/Si wafer substrate at 80 °C
and 5 psi. During the NIL process, the nanoparticle so-
lution filled the protrusion of the mold, and the solvent
was evaporated and removed through the PDMS mold.
After the NIL process, the imprinted sample was heated
on a hot plate at 140 °C to achieve a continuous gold film
from the imprinted gold nanoparticle film. Compared
to the melting temperature of bulk gold (1063 °C),
2-3-nm-sized gold nanoparticles used in their work had
very low melting temperature (130-140 °C). Thus, con-
tinuous and patterned gold film could be fabricated by
annealing at 140 °C. In Figure 11, optical dark field images
and atomic force microscope (AFM) topography images of
imprinted gold nanodots and nanowires are shown. Due to
low viscosity and surface wetting of the gold nanoparticle
solution, nano-patterns could be formed on the substrate
with negligible residual layer.

Our group developed a direct NIL process using
an ITO nanoparticle solution for optoelectronic applica-
tions [113]. In this work, isopropyl alcohol (IPA)-based

Fig. 12. (a) SEM and (b) AFM images of the ITO nanopat-
terns on the ITO-coated glass after final annealing. Repro-
duced with permission from reference [113]. Copyright 2009,
American Institute of Physics.

solution containing 20 wt.% ITO nanoparticles with a di-
ameter of 50 nm was purchased from Advanced Nano-
Products and diluted by adding DMF to a 10 wt.% ITO
nanoparticle solution to achieve a high-resolution ITO
nano-pattern and prevent easy evaporation of IPA dur-
ing spin-coating. The diluted ITO nanoparticle solution
was spin-coated onto ITO-coated glass, and thermal NIL
was done using a PDMS mold at 5 x 10° Pa and 100 °C
for 1 h. During the NIL process, the I'TO nanoparticle so-
lution filled the cavity of the PDMS mold and heating at
100 °C promoted the removal of organic solvents in the
ITO nanoparticle solution by absorption into the PDMS
mold. After the NIL process, the imprinted sample was
annealed at 500 °C for 2 h at air ambient in order to ho-
mogenize the ITO nanoparticle pattern and increase the
conductivity of the patterned ITO layer. To achieve a high
fidelity nano-pattern by NIL, sufficient fluidity of the im-
print resist should be guaranteed for complete filling of
the cavity of the mold. In this work, the DMF solvent
decreased the viscosity of the ITO nanoparticle solution
and maintained the residual solvent after the spin-coating.
Thus, an ITO nano-pattern could be uniformly formed.
Figures 12a and 12b exhibit SEM and AFM images of
the ITO nano-patterns on the ITO-coated glass after fi-
nal annealing. The patterned I'TO-coated glass with ITO
nanoparticles showed higher transmittance in the visible
wavelength regions than the pre-annealed ITO glass due
to reduction of reflections on the ITO surface by the ITO
nanoparticle pattern. Also, the sheet resistance of the ITO
nanoparticle patterns on the ITO-coated glass was mea-
sured to 305.2 /0, which is similar to that of the sput-
tered ITO glass.

Hampton et al. [114] fabricated cadmium selenide
(CdSe) array using NIL (named print technique by them)
with a soft mold and CdSe quantum dot (QD) solution in
order to build photovoltaic devices. The solution of CdSe
QDs in 4-picoline was used as an imprint resist. To satisfy
the need for a mold with chemical inertness to QD solu-
tion, high gas permeability and low surface energy, perflu-
oropolyether (PFPE) elastomeric mold was used instead
of a PDMS mold in the NIL process. To fabricate the QD
array, the CdSe QD solution was coated on ITO-coated
glass, and the PFPE mold was placed on the CdSe QD
solution film. Then thermal NIL was performed at 85 °C
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Fig. 13. SEM images of patterned CdSe QDs from a diffraction
grating with (a) and (b) a 150 nm pitch and 45 nm height and
(c) and (d) a 180 nm pitch and 90 nm height. Reproduced with
permission from reference [114]. Copyright 2010, American
Chemical Society.

for 10 min. During the NIL process, gas product and extra
organic solvent were removed through the PFPE mold,
and the remaining solution with high QD concentration
filled the cavity of the mold by capillary action. As a re-
sult, nano-patterns could be formed on the substrate as
shown in Figure 13. However, a thick residual layer re-
mained after the NIL process, thus, control of initial QD
concentration in the solution and pressure for applying
extra solution is needed to reduce the thickness of the
residual layer.

Most direct NIL processes using a sol-gel solution and
a nanoparticle solution require thermal cycling to eva-
porate and remove a solvent in a solution during the
imprinting step. This is critical to fabricate uniform and
defect-free nano-structures and inevitably needed to
induce sol-gel reaction and cross-link nanoparticles. To
evaporate the solvent during the NIL process, a highly
permeable polymer mold such as PDMS and PFPE molds
must be used. Although solvent evaporation can be solved
by using a PDMS mold, large pattern shrinkage inevitably
occurs during the NIL process by the volume reduction
from solvent evaporation. And, the resolution is limited
to 100 nm due to use of low modulus polymer mold [115].
To overcome these limitations, some studies have been re-
cently established to fabricate functional nano-structures
by NIL using nanoparticle-dispersed resin [116-120]. In
these studies, a monomer-based resin containing nanopar-
ticles was used as an imprint resist. During the NIL
process, the monomer is cross-linked by a photo- or a ther-
mal initiator and converted into the patterned polymer
layer. After the NIL process, nanoparticle networks ex-
ist in the polymer matrix. Since an organic solvent is not
contained in the resist, a rigid mold, such as Si, quartz
and nickel molds, which give high resolution (<10 nm),
can be used in the direct NIL process instead of a soft
polymer mold.

Lim et al. [116] developed direct TiOy NIL process
using a titanium methacrylate-based resin. They formu-
lated thermally curable imprint resin mixed with a tita-
nium methacrylate monomer, a cross-linker and thermal
initiator. Since the imprint resin did not contain an or-
ganic solvent, a conventional Si mold could be used in the
NIL process. In their work, titanium methacrylate can be
dissolved in the low viscosity monomer having high fluid-
ity, and thus, the NIL process can be done at low pressure
(<10 bar). Prior to the NIL process, the resin was de-
posited on an Si substrate by spin-coating. Afterwards,
the resin layer was firstly imprinted with the Si mold at
room temperature and 10 bar to completely fill the cavity
of the Si mold with the resin. Secondly, the stack of the
mold/resin/Si substrate was heated to 110 °C for 180 s,
while maintaining the pressure, in order to generate the
polymerization of the resin. By using the monomer-based
TiO5 resin, this process could be performed in the mecha-
nism of a conventional thermoset NIL process using ther-
mally curable monomer-based resin. After the imprinting,
the dimension of the imprinted pattern was slightly de-
creased compared with that of the Si master mold due to
polymerization-induced shrinkage. Similar to sol-gel NIL,
the imprinted pattern could be converted into pure inor-
ganic pattern by annealing over 400 °C. Figure 14 shows
SEM micrographs and AFM images of the imprinted pat-
tern and TiO4 pattern after annealing.

As a similar approach, NIL using a metal nano-
particle-dispersed UV-curable resin was developed by
Choi et al. [118]. In their work, Ag colloids were mixed
with UV-curable resin with hydroxyl methacrylate and a
photo-initiator. Because Ag nano-powders were not
directly dispersed into the UV-curable resin, but Ag
dispersion solution was mixed in the UV-curable resin,
dispersant solvents were contained in the Ag-dispersed
UV resin. To minimize the amount of solvent in the Ag-
dispersed resin, high concentration Ag colloids (70 wt.%)
were applied to the UV-curable resin. Thus, most of the
solvents could be evaporated with vacuum assistance, prior
to the NIL process. After resin dispensing on a glass sub-
strate, UV NIL was performed using an Si mold containing
various electrode line patterns under a pressure of 20 bar.
After the imprinting, the imprinted Ag-dispersed resin
was thermally annealed for sintering of Ag nanoparticles
and complete curing of the resin. To remove the residue
of the imprinted electrode pattern, wet etching followed.
Figures 15a—15¢ show SEM micrographs of the imprinted,
sintered and wet-etched electrode pattern, respectively.
They investigated the shrinkage rate of the imprinted pat-
tern with Ag concentration and confirmed that the resis-
tivity of the imprinted Ag resin pattern was in the range
of 40-80 nQ? m. This is a meaningful result indicating
that conductive patterns can be fabricated with a simple
process and low cost.

Wang et al. [119] developed an NIL process using a
conductive UV-curable resin mixed with Ag nanoparti-
cles growing on modified multi-walled carbon nanotubes
(MMWNTSs). Carbon nanotube (CNT) has been well
known to have high mechanical strength and high
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14. (Color online) Composite SEM images of various as-imprinted and heat-treated structures using different molds. The

insets show the structures at higher magnification. The AFM line trace of the corresponding heat-treated imprinted structures
is shown in the right. Reprinted with permission from reference [116]. Copyright 2010, Institute of Physics.

conductivity. MWNT, layers of CNT wrapped together,
has larger electrical conductivity than CNT. However, due
to difficulty of processing, application of CNT has been
limited so far. Wang and coworkers established useful
NIL processing to fabricate MWNT-based conductive pat-
terns. Firstly, they formulated the Ag/MMWNT com-
posite by mixing MWNT treated with an HoSO,/HNO3
mixture with AgNOj in ethylene glycol solution in an
ultrasonic bath. Ag mnanoparticles were synthesized in
an MWNT structure to achieve higher conductivity. Sec-
ondly, the Ag/MMWNT composite was dispersed homo-
geneously in an acrylic resin containing a photo-initiator.
They confirmed that the average size of Ag nanoparti-
cles grown on the MWNT was 30 nm and Ag/MMWNT
in acrylic resin was homogeneously mixed. The minimal
of 5 wt.% Ag/MMWNT resin was 42 Q cm, and Ag/
MMWNT resin showed resistivity two orders of magni-
tude lower than that of MMWNT resin. They explained
this high conductivity of Ag/MMWNT resin by the in-
corporation of Ag nanoparticles, which reduced the con-
tact resistance and tunneling resistance between the two
MWNTs. By UV NIL using a PDMS mold, various micro-

scaled Ag/MMWNT resin patterns were formed on a poly-
ethylene terephthalate substrate as shown in Figure 16.
In comparison to other direct NIL processes, a conduc-
tive pattern could be fabricated by only one step of NIL
without post annealing.

3.5 NIL processes using SOG resists

Spin-on-glass has been investigated as an imprint resist
due to its higher plasma-etch resistance compared to a
conventional imprint resin and the usefulness of convert-
ing to SiO5 by thermal annealing. Many researchers have
demonstrated NIL using a SOG resist [121-127]. Matsui
and his coworkers have investigated RT-NIL using SOG
resist intensively to avoid change of pattern accuracy with
thermal cycling in conventional NIL [121-124]. In their
early research, a SOG resist which contains organosilica
(Si(OH)4 + R1ICOOR2) solution in alcohol was used as
an imprint resist [121]. The SOG resist was spin-coated
on an Si substrate and an Si mold was immediately pressed
on the SOG-coated Si substrate without baking to
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Fig. 15. (Color online) Pattern shrinkage accumulated at
each process step: (a) after imprint, (b) after sintering and
(c) after wet-chemical etch. Reproduced with permission from
reference [118]. Copyright 2009, The Japan Society of Applied
Physics.

20 pm

Fig. 16. (Color online) Images of Ag/MMWNT-resin nano-
composite NIL patterns. (a) SEM image and (b) AFM image
of the square grating pattern with Ag/MMWNT nanofillers
at loading rate of 5 wt.%, (c) SEM images of rectangle grat-
ing pattern with line-width transits from 4 to 1 pm and
(d) multiplex patterns with Ag/MMWNT nanofillers at
loading rate of 5 wt.%. Reprinted with permission from
reference [119]. Copyright 2009, American Chemical Society.

prevent drying of the SOG layer at 2.5 MPa for 10 min.
As a result, SOG patterns with 200 nm line widths were
fabricated on the Si substrate at room temperature. Al-
though the SOG resist could be used in RT-NIL, it had a
technical limitation in that SOG hardens gradually due to
reaction with water in the ambient air. And organic sol-
vent in the SOG is an obstacle to uniform patterning on

(@)

Fig. 17. SEM micrographs of patterns with 50 nm linewidth
and 200 nm pitch replicated in HSQ using RT-NIL. Reprinted
with permission from reference [122]. Copyright 2002, The
Japan Society of Applied Physics.

large areas because of the evaporation of the solvent dur-
ing the imprinting. To overcome this technical limitation,
Matsui group developed NIL using hydrogen silsequiox-
ane (HSQ), one kind of SOG [122]. In their work, HSQ
solution was spin-coated on an Si substrate and prebaked
to evaporate organic solvent and to have moderate fluid-
ity for physical deformation with a mold. Next, imprint-
ing with an Si mold was performed on the HSQ-coated
Si substrate at room temperature. Prebaked HSQ layer
has higher viscosity than a conventional monomer-based
resin. Thus, high pressure was applied during the imprint-
ing process. Through this RT-NIL process, 50-nm-scaled
patterns were fabricated as shown in Figure 17. In this
process, the modulus and the viscosity of the prebaked
HSQ layer are important to achieve a high fidelity pat-
tern. The HSQ layer prebaked at 50-150 °C could be im-
printed at a pressure of above 1 MPa, but the HSQ layer
prebaked at 200 °C was difficult to be imprinted due to
its high hardness.

In the case of using spin-coated HSQ layer, a high
pressure is required to define a pattern during an im-
printing, and a residual layer inevitably remains due to
high viscosity of the HSQ. To solve these problems,
Matsui group proposed the NIL process using a liquid
phase HSQ and a PDMS mold [123]. Since the PDMS
can absorb an organic solvent easily and has high gas per-
meability, the solvent can be absorbed into the PDMS
mold during the imprinting and removed by evaporating
by diffusion through the PDMS mold. In the process which
Matsui group developed, the HSQ was dispensed on a sub-
strate by direct dropping and was immediately imprinted
with the PDMS mold at room temperature. According to
the modulus of the PDMS mold, including normal PDMS
and h-PDMS, and the amount of dispensed HSQ), residual
layers of micro-scaled line patterns could be minimized at
moderate imprint pressure of 0.2-10 MPa.

Our group has further upgraded the NIL process us-
ing a liquid phase HSQ and a PDMS mold in order to
minimize pattern shrinkage caused by solvent evapora-
tion, and achieve high fidelity pattern transferring [127].
In the NIL process using an organic solvent-based resist
and a PDMS mold, severe pattern shrinkage inevitably
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Fig. 18. (Color online) SEM micrographs of the HSQ nanopat-
terns with different shapes. (a) The 50-nm-sized HSQ patterns.
(b), (c) The micro-sized HSQ patterns. (d) The HSQ pat-
terns with dense, meandering line shape. (e) Photographs and
SEM micrographs of the HSQ nano-structures on the curved
substrate. Reproduced with permission from reference [127].
Copyright 2011, American Institute of Physics.

occurs during imprinting due to the large volume reduc-
tion with solvent evaporation into the PDMS when the
resist is directly imprinted with the PDMS mold without
prebaking. To avoid severe pattern shrinkage, an HSQ re-
sist was spin-coated on a patterned PDMS mold and then
was transferred onto a substrate by imprinting. When the
HSQ resist was spin-coated on the PDMS mold, most of
the organic solvent in the HSQ was evaporated due to its
high volatility, and some of the organic solvent was ab-
sorbed into the PDMS mold. By spin-coating the HSQ
resist on the PDMS mold, the protrusion pattern of the
PDMS mold could be simply replicated with the HSQ
layer including little organic solvent. After the spin-
coating, the HSQ layer on the PDMS mold was trans-
ferred on the Si substrate by imprinting at 0.5 MPa and
room temperature for 30 s under vacuum. Figures 18a—
18d show the SEM micrographs of various HSQ patterns,
including 50 nm line-width pattern, micro-sized dot pat-
tern and sub-micron line-width pattern, formed by the
NIL process. In this process, the remaining organic sol-
vent in the HSQ layer is critical for transferring the pat-
terned HSQ layer on a substrate. The mechanism of the
HSQ transferring can be explained by “solid bridging” at

the interface between the HSQ layer and the substrate.
When the HSQ-coated PDMS mold is in contact with the
substrate, the dissolved HSQ is extracted and acts as a
glue layer to adhere with the substrate while the remain-
ing solvent evaporates. On the other hand, the absorbed
solvent in the PDMS mold is discharged into the interface
between the PDMS and the HSQ layer during the imprint-
ing. Thus, solid bridging phenomenon does not occur due
to increase in the amount of the solvent at the interface
between the PDMS and the HSQ layer. Moreover, since
PDMS has lower surface energy than the Si substrate, the
adhesive force at the HSQ/substrate is stronger than the
adhesive force at the HSQ/PDMS. Thus, the HSQ layer
on the PDMS mold can be easily transferred to the sub-
strate. Through this NIL process, HSQ pattern could be
also transferred on the curved quartz substrate as shown
in Figure 18e.

4 Applications

NIL technology has been applied to diverse electronic,
magnetic, bio- and optical devices which require nano- and
micro-sized structures due to its high resolution and high
throughput, large area capability and non-limitation of
substrate. Moreover, a flexible substrate and a curved sub-
strate can be patterned by NIL process [128-133]. These
application fields include organic and inorganic thin film
transistors (TFTs) [134-139], optical elements and film
for various displays [140-142], light-emitting devices in-
cluding LEDs and OLEDs [143-152], patterned magnetic
media [153,154], next-generation random access memory
(RAM) devices including resistive RAM and phase-
change RAM [155-163], and organic and thin film solar
cells [164-168]. Various types of nano- and micro-
structures including one-, two- and three-dimensional
structures have been fabricated by NIL and have been
applied to diverse devices to enhance the overall perfor-
mance. In this section, we would like to discuss briefly sev-
eral applications, including LED, OLED and solar cells,
related to NIL-based direct patterning.

4.1 Applications for light-emitting devices

Direct NIL using a functional resist can be applied to light-
emitting devices for enhancing the light extraction since
it can directly fabricate inorganic or organic-inorganic hy-
brid nano- and micro-structures with desirable optical
properties such as high refractive index and high trans-
mittance. In LED and OLED devices, the light generated
from active layer is mostly trapped inside the device by
total internal reflection at the interface between the de-
vice and air. Total internal reflection is caused by a large
difference in refractive index between the device mate-
rials and air. In the case of GaN-based LED, the criti-
cal angle for the photon to escape from the GaN to air
is about 24° at its emitting region. Except for the es-
cape cone region, most of the photons are internally re-
flected and converted to heat inside the device. Simply,
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Fig. 19. Various patterns on LED structures, fabricated
by NIL-based direct patterning processes: (a) polycrystalline
sol-gel TiO2 pattern. Reproduced with permission from
reference [180]. Copyright 2010, Elsevier. (b) Polycrystalline
sol-gel ZnO pattern. Reproduced with permission from ref-
erence [181]. Copyright 2011, Elsevier. (¢) ITO nanoparticle
pattern. Reproduced by permission of The Electrochemical
Society [182]. (d) TiO2-rich polymeric pattern on the ITO elec-
trode. Reproduced from Cho et al. [183], licensee Springer.

the textured top surface, intermediate layer and bottom
substrate of the LED or OLED suppress the total in-
ternal reflection by scattering the light emitted from the
active layer outward. To fabricate textured structures,
various patterning processes, such as nanosphere lithogra-
phy [169,170], nanorod growth [171-173], e-beam lithogra-
phy [174,175], laser interference lithography [176,177] and
wet etching [178,179], have been investigated. In nano-
sphere lithography, photolithography, e-beam lithography
and laser interference lithography, resist pattern is firstly
formed on the device and then plasma etching is followed
to fabricate the textured surface including roughened sur-
face and photonic crystals on the light-emitting devices.
However, plasma etching induces the degradation of elec-
trical properties of the devices. And the patterning proce-
dure of these techniques is complex and requires high cost.
In nanorod growth and wet-etching methods, the fabrica-
tion of the optimized textured structure for light-emitting
devices is difficult due to the limitation of controlling pat-
tern dimension. Therefore, direct NIL processes using a
functional resist, which can fabricate directly functional
nano-patterns without plasma etching, have been recen-
tly investigated to enhance the light extraction of light-
emitting devices without the degradation of electrical
properties. We will discuss direct NIL process for LEDs
and OLEDs mainly by introducing our own results.

Our group has tried to introduce nano-structures into
LEDs using the NIL process with various functional re-
sists. As a first attempt, pure inorganic TiOs sub-micron
patterns were formed on the ITO electrode of GaN-based
blue LED wafer by TiO2 sol-gel NIL using a PDMS
mold followed by annealing at 600 °C as shown in
Figure 19a [180]. We investigated the effect on photolu-

minescence (PL) intensity with the existence of the resid-
ual layer of the TiOs pattern. When the TiOs pattern
was formed on the ITO surface without TiOs residual
layer, large increase of PL intensity was observed. This
result can be explained by the effective refractive index of
the ITO layer being modulated locally by the TiO5 pat-
terns, and total internal reflection was suppressed by the
light scattering at the TiOs pattern on the ITO electrode.
When a 50-nm-thick residual layer of the TiOy pattern
existed on the ITO surface, the PL intensity of the TiO»-
patterned LED was weaker than the LED without TiO9
pattern due to low transmittance of TiOo and absorption
of the He-Cd laser and the light emitted from the active
layer. In similar work, we applied ZnO sol-gel NIL to LED
devices [181]. In Figure 19b, an SEM micrograph of the
inorganic ZnO sub-micron pattern is shown. This ZnO
pattern was fabricated on the ITO electrode of the GaN-
based LED by imprinting of ZnO sol with a PDMS mold
and annealing at 500 °C in air ambient. LED devices with
patterned sapphire substrate (PSS) and without PSS were
used in this work. The PSS has micro-sized patterns for
the growth of GaN epitaxial layer with decreased disloca-
tion density, and it helps to increase light extraction by
light scattering at the micro-sized pattern. By the ZnO
pattern, the electroluminescence (EL) intensities of PSS-
LED and nonPSS-LED were increased up to 19% and 20%
compared to that of the LED without the ZnO pattern at
20 mA, respectively. When the GaN LED was grown on
the PSS, light extraction efficiency has already increased
by the surface pattern of PSS. Then, EL intensity was fur-
ther increased by 19%. The electrical performance of the
LED device with the ZnO pattern was not degraded com-
pared to the LED device without the ZnO pattern in IV
characteristics, since ZnO sol-gel NIL could directly fab-
ricate the ZnO pattern without plasma etching, which in-
duces electrical degradation with plasma damage in GaN
and ITO layers. We also applied the nano-printing process
using ITO nanoparticle solution and a PDMS mold to the
LED structure [182]. The ITO solution with 50 nm aver-
age diameter ITO nanoparticles in IPA was spin-coated
on the PDMS mold, which has a nanopillar array with
a diameter of 300 nm, a pitch of 700 nm and a height of
220 nm. The thickness of the ITO layer could be controlled
by adjusting spin speed, and spin-coating was performed
at 5000 rpm for 30 s in order to minimize the residual layer
of the ITO pattern. Then the ITO-coated PDMS mold
was pressed on the ITO surface of the GaN-based LED at
5 bar and 100 °C for 10 min. After detaching the PDMS
mold from the LED substrate, the sample was annealed at
500 °C for 2 h in vacuum ambient in order to enhance the
conductivity of the ITO nanoparticle layer. As shown in
Figure 19¢, the ITO nanoparticle pattern with nanohole
array was formed on the ITO electrode of the GaN-based
LED and was used as a current spreading layer. Similar to
the result of ZnO sol-gel patterning on the LED, the EL
intensity of the LED with the ITO pattern was increased
by 28% compared to that of the LED without the ITO
pattern at 20 mA by light scattering at the ITO surface
pattern and decrease of total internal reflection. The elec-
trical property of the LED device with ITO nanoparticle
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pattern was similarly maintained with that of the LED de-
vices without the ITO nanoparticle pattern. Figure 19d is
an SEM micrograph of the TiOs-rich polymer pattern on
the GaN-based LED structure, fabricated by thermal NIL
using a PDMS mold and a TiOs nanoparticle-dispersed
resin [183]. In this work, randomly distributed nano- and
micro- (RDNM) patterns were formed on a sapphire sub-
strate by photoelectrochemical etching, and the PDMS
mold was replicated from the RDNM pattern on the sap-
phire substrate by PDMS molding. The resin was spin-
coated on the LED device and thermal NIL was done.
The RDNM pattern was fabricated on the ITO electrode
layer of GaN-based LED. Since the TiOs resin had a high
refractive index (2.08) and high transmittance (>90%) in
the blue LED emission wavelength region, the RDNM pat-
tern could modulate and extract the light emitted from
the active layer directly. By simple one-step imprinting, a
highly refractive pattern which is helpful to enhance the
light extraction efficiency of the LED could be formed on
the LED device. Through this NIL process, the LED de-
vice with the RDNM pattern exhibited 13% stronger EL
intensity than that of the LED device without the RDNM
pattern, while the electrical properties of the LED device
with RDNM were not degraded.

Our group fabricated a silica-based moth-eye pattern
with high mechanical strength on a green OLED device
using a nano-printing process with a PDMS mold and a
HSQ solution [184]. The HSQ solution was spin-coated
on the PDMS mold with the moth-eye pattern, then the
HSQ layer was transferred on the glass substrate by nano-
printing at 5 bar and room temperature for 1 min. After
that, the HSQ-based moth-eye pattern was converted into
a silica-based moth-eye pattern by UV ozone treatment
and annealing at 450 °C for 1 h as shown in the AFM
image of Figure 20a. The moth-eye pattern is well known
to reduce the total internal reflection of the light by its
gradual change of the average refractive index of the me-
dia. When the silica-based moth-eye pattern was formed
on the glass substrate by the nano-printing with the HSQ
solution, the transmittance of the glass substrate was in-
creased up to 3-4% at wavelengths above 350 nm. Thus,
the silica-based moth-eye pattern was formed on the en-
capsulation glass of the OLED device. The EL measure-
ment result of Figure 20b shows that the presence of the
moth-eye patterns on the OLED devices resulted in the
enhancement of EL intensity by up to 9.29% at 525 nm.
The light emitted from the active layer of the OLED de-
vice proceeds toward random directions. Thus, the light
at the interface between the device and air has various in-
cident angles. According to Snell’s law, the critical angle
of total internal reflection is around 48° at the top en-
capsulation glass/air interface. The photons with a higher
incident angle than the critical angle are mostly reflected
inside the device. Thus, the light extraction efficiency of
the OLED is very low, similar to that of the LED. In
our work, the total internal reflection at the encapsula-
tion glass/air interface was suppressed by the presence
of the silica-based moth-eye pattern on the capsulation
glass. Thus, light output of the OLED with the moth-eye
pattern could be increased.

— : OLED with moth-eye pattern
~— : OLED W/O moth-eye pattern
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Fig. 20. (Color online) (a) AFM micrographs of the silica
moth-eye patterns on the glass substrate. (b) EL spectra of
OLED devices with and without the silica moth-eye patterns
at a dc current density of 5.0 x 10> mA/cm?. Reproduced by
permission of The Electrochemical Society [184].

4.2 Applications for solar cells

Recently, many studies for achieving high efficiency of so-
lar cells have been intensively studied with an increase
in requirements of developing renewable electricity. Var-
ious types of solar cells including inorganic solar cells,
dye-sensitized solar cells and organic solar cells have been
developed. Apart from the study on the materials for so-
lar cells, the study on nano- and micro-structures for so-
lar cells has been greatly noticed since novel nano- and
micro-structures are very useful to enhance the efficiency
of solar cells. There are two approaches for utilizing nano-
and micro-structures to enhance the efficiency of solar
cells. One is reducing the reflection of incident light at
the interface between a solar cell and air. Another one
is increasing the light trapping inside a solar cell. Espe-
cially, trapping the light inside the solar cell is largely
important to enhance the light absorption in thin film so-
lar cell structures. Both approaches focus the elevation
of absorbing and harvesting the light of the Sun inside a
solar cell. Our group has developed the fabrication process
of anti-reflection nano-structure for solar cells using
NIL [185-192]. The polymer-based moth-eye structures
were formed on the protective layer of a thin film so-
lar cell and on the top surface of a GaAs solar cell by
UV NIL. The SEM micrograph of Figure 21a shows the
moth-eye pattern on the glass substrate [188]. Solar cells
are usually exposed to external shock, heat, UV irradia-
tion and corrosive acidic rain, since they are installed out-
doors in order to absorb the light of the sun. Thus, protec-
tion layers which are mainly made of glass cover the solar
cells to protect from harsh outdoor conditions. However,
the conversion efficiency of the solar cell is limited due
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to the reflection of incident light on the protective layer.
In our works, the total conversion efficiencies of all solar
cells with the moth-eye pattern were increased, since the
moth-eye patterns reduced the reflection of the light at the
protective layer/air interface and top solar cell layer/air
interface. Recently, we developed moth-eye patterned pro-
tection glass which has high mechanical strength and low
surface energy as well as high transmittance [189]. High
mechanical strength of the anti-reflection layer is needed
to endure physical and chemical shock, and low surface
energy of the anti-reflection layer is also needed for self-
cleaning of dust and dirt by rain. In this work, the
mixture of methacryloxypropyl-terminated polydimethy-
siloxane (M-PDMS) and a photo-initiator is used as a UV
imprint resist. The moth-eye pattern was fabricated on
the protection glass by UV NIL with a flexible polymer
mold and M-PDMS-based resin. The hardness and mod-
ulus of M-PDMS were several hundred times greater than
commercially available resist (NIP-K28™) and the glass
with the moth-eye pattern showed higher transmittance
than that of the glass without the moth-eye patterns. To
achieve the low surface energy of M-PDMS-based moth-
eye pattern, the surface of the M-PDMS pattern was break
exposed to oxygen plasma to generate OH for stable co-
valent bonding with the hydrophobic SAM layer. Then
a heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane-
based SAM was directly formed on the M-PDMS moth-
eye pattern. As a result, the contact angle of a DI water
droplet on the M-PDMS moth-eye pattern was
above 130°. Figure 21b shows the charge capacity of bat-
teries connected to the solar cells with/without the moth-
eye patterns, placed outdoors. We confirmed that the solar
cells with the moth-eye patterned protection glass gener-
ated more electricity than the solar cells without moth-eye
patterned protection glass by the improved transmittance
and the low surface energy of the patterned protection
glass.

NIL has been recently employed to fabricate light-
trapping structures in solar cells. Bessonov et al. devel-
oped a thin film Si solar cell having randomly textured
front glass by UV NIL [193]. They first fabricated mater
templates having randomly distributed pyramidal features
with typical lateral sizes of around 400 nm and 1100 nm
by natural growth of ZnO:B on a glass substrate using low
pressure chemical vapor deposition. Then the features of
the mater templates were transferred on the front glass of
the solar cell by UV imprinting using a urethane acrylate-
based resin. To smooth the features on the glass substrate
for preventing the generation of cracks on the solar cell
structure, they repeatedly replicated the patterned glass
substrate using pre-replicated patterned glass. Based on
the patterned and unpatterned glass substrates, micro-
morph tandem thin film Si solar cells were fabricated.
They confirmed that the highest efficiency was obtained
when the smoothly patterned glass was used in the solar
cell as the front glass. Escarré et al. [194] also developed
similar work. They fabricated the patterned front glass for
the n-#-p thin film solar cell and the patterned back glass
of the p-in thin film glass with micron scale using UV
NIL. Solar cells with the patterned glass substrates showed
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Fig. 21. (Color online) (a) The imprinted moth-eye pat-

tern on the glass substrate. Reproduced with permission from
reference [188]. Copyright 2011, The Japan Society of Applied
Physics. (b) Charge capacity of batteries connected to pho-
tovoltaic systems with/without moth-eye patterns. Reprinted
with permission from reference [189]. Copyright 2010, John
Wiley and Sons.

higher conversion efficiency than solar cells without pat-
terned glass substrate. However, polymeric materials with
low modulus and low thermal stability were used as a
light trapping layer for the solar cells. In recent years,
Ferry et al. [195] developed a direct NIL process using
a silica sol for fabricating the back glass substrate with
light trapping structures. In their work, the silica sol was
coated on the glass substrate and was imprinted with the
PDMS mold at room temperature. During the imprint-
ing process, the silica sol-gel layer was solidified by form-
ing a silica network while sol-gel reaction products were
absorbed and diffused into the PDMS mold. Afterwards,
the glass substrate with silica sol-gel pattern was cured at
200 °C. Next, they fabricated Si thin film solar cells on the
patterned glass substrates which included a periodic array
of sub-micron dots randomly distributed sub-micron dots,
and Asahi U-type texture which is commercially available
for solar cells. Figures 22a and 22b show the schematic
diagram and tilted SEM micrograph of the thin film solar
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Fig. 22. (Color online) Current density-voltage measurements of nano-patterned cells. The cells are conformally deposited
over the patterned substrate, as shown schematically in (a) and in SEM cross-section (5° angle) in (b). The maximum particle
diameter in the backpattern was chosen so that nano-structures in the ITO top layer would touch without overlap. (c) Current
density-voltage measurements for the best-efficiency cells on the substrate with 90 nm intrinsic layers. The optimized periodic
pattern and the pseudorandom pattern have efficiencies of 9.6% and 9.4%, respectively. Reproduced with permission from

reference [195]. Copyright 2011, American Chemical Society.

cell structure on the patterned glass substrate. As shown
in the current density-voltage measurements of Figure 22c,
they confirmed that the solar cell with the optimized pe-
riodic patterned and the pseudorandom patterned glass
substrates had higher efficiency than the solar cell with
Asahi U-type texture. This is a greatly meaningful re-
sult which demonstrates the usefulness of the direct NIL
process for solar cells.

In recent years, many studies to increase the efficiency
of organic solar cells by NIL have been conducted. In these
studies, the active layer of the organic solar cell was di-
rectly patterned with various nano- and micro-structures
by NIL. In organic solar cells, electrons and holes are gen-
erated at the interface between the donor layer and the
acceptor layer, and they move into respective electrodes.
However, the diffusion length of the electrons is limited
to ~10 nm before decaying to the ground state in the
conjugated polymer of organic solar cell structure [196].
Therefore, increasing the donor/acceptor interfacial area
and reducing the active layer morphology are significantly
important to achieve high efficiency. Nano-patterned ac-
tive layers of organic solar cells fulfill these requirements
for achieving high efficiency. Since the active layer of an
organic solar cell is mostly polymeric material, it can be
patterned with nano-structures by NIL. Cheyns et al. [197]
demonstrated high efficiency organic solar cell with
an imprinted poly(3-hexylthiophene) (P3HT) layer.
He et al. [198] fabricated double-imprinted heterojunc-
tion organic solar cells. In their work, the anode layer for
P3HT:[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
devices and the cathode layer for poly((9,9-dioctyl-
fluorene),2,7-diyl-alt-[4,7-bis(3-hexylthien-5-y1)2,1,3-ben-
zothiadiazole]-2',2"-diyl) (F8TBT):PCBM were firstly
imprinted with an Si mold, and the imprinted layers were
used as a mold to imprint the second film, resulting in
a double-imprinted solar cell. Chen et al. [199] also de-
veloped an organic solar cell with imprinted P3HT an-

ode layer. To achieve nano-scaled structure on the P3HT
layer, an AAO was used to fabricate the P3HT nanopillar
in a thermal imprinting process. As a result, they con-
firmed that the P3HT nanopillar structures increased the
interfacial area of the P3HT/PCBM heterojunction and
enhanced the efficiency to around 2.4%.

5 Conclusion and summary

NIL is an efficient nano-patterning technology that can
fabricate various micro- and nano-structures with high
throughput, high resolution and low cost. Conventional
NIL technology is an indirect patterning process simi-
lar to photolithography which requires deposition, for-
mation of resist pattern and substrate etching or lift-off.
Therefore, the throughput on the fabrication of functional
materials is limited by multi-process steps. To overcome
this limitation, several direct patterning processes have
been proposed. Among them, NIL-based direct patterning
technology has attracted great interest due to its capabil-
ity for mass production and usefulness of various appli-
cations. Recent progress on direct NIL using functional
resins, such as sol-gel solutions, nanoparticles solution,
nanoparticle-dispersed resins and SOG, has enabled direct
fabrication of functional micro- and nano-structures which
consist of inorganic and organic-inorganic hybrid materi-
als with simple process steps and without harsh process
conditions. According to these advantages, NIL-based di-
rect patterning processes have been applied to diverse
devices for the enhancement of their performance. Fur-
thermore, NIL-based direct patterning process can be
combined with bottom-up nano-fabrication techniques,
such as block copolymer lithography [200-203] and nano-
rod growth [204-207], to overcome size limitation that is
determined with the minimum feature size of the mas-
ter imprint stamp. We suggest the bottom-up hybrid NIL
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process as one of the future nano-fabrication technologies
for realizing next-generation nano-devices which need sub-
20 nm functional nano-structures, such as nanochannel-
based field effect transistor, nanophotonic devices,
nano-optical sensor, nanorod-based optoelectronic devi-
ces. In this review, we introduced that the overall effi-
ciency of organic and inorganic-based electronic devices
including LEDs, OLEDs and solar cells was enhanced by
inserting nano- and micro-structures into the devices. We
expect that the application fields of NIL will continue to
grow, and that the NIL-based direct patterning process
is one of the most promising patterning technologies to
enhance the performance of various devices.
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