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A straight nanogroove striped pattern can be formed on the surface of NiO thin film by room
temperature epitaxial growth in pulsed laser deposition (PLD) on a 0.2 nm-high regularly stepped
sapphire (a-Al,O; single crystal) (0001) substrate and post annealing of the film. The interval and
depth of each nanogroove were about 80 and 20nm, respectively. Wedge shaped nanogrooves were
observed on the entire film (~ 10 x 10 mm?) and characterized on an atomic scale by high resolu-
tion transmission electron microscope (TEM). Using the nanogrooved NiO thin film or atomically
stepped sapphire substrate as thermal nanoimprint mold for glass, surface nanopatterning of the
silicate glass plate was successfully carried out. The straight nanogroove pattern or sub-nanometer
stepped pattern were inversely transferred onto the glass surface. Growth control of transparent
conducting indium tin oxide (ITO) thin films was then examined on the nanoscale step-patterned
glass plates by PLD. The surface morphology of the obtained ITO thin films reflected the stepped
pattern of the glass plate well. Strongly oriented film growth was achieved on the nanopatterned
glass. The resistivity of ITO thin film deposited on the nanoimprinted glass was lower than that of

the film on the commercial glass.
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1. Introduction

There has been great interest in fabricating nanostruc-
tures with a wide range of applications that include nano-
electrochemical systems, patterned nanostructures for
nanoimprint, etc [1-2]. The development of nanoscale
processing techniques has enabled us to fabricate novel
nanostructures of scientific and applied interest. A variety
of nanoscale fabrication techniques, that include have been
available, e.g. electron-beam lithography, nanoimprint li-
thography and focused ion beam processing, are available
[3-6].

Nanoimprint lithography is a promising technology for
fabricating nanopatterns simply and at a low cost [4].
Thermal nanoimprint replication of nanopatterns can be
performed by a single step hot pressing technique, in which
the nanopatterned mold is pressed onto glassy materials,
such as polymers or oxide glasses, at temperatures near
their glass transition temperatures (Tg) [7-9]. Recently, we
reported the nanoscale modification of silicate glass plates
by applying a thermal nanoimprint technique that used self-
assembled nanopattern molds of oxides, such as NiO or
sapphire (a-Al,O; single crystal) [10-11].

Nanoscale self assembly methods can also be used in
construction of nanopatterns, in which nanostructures are
directly built from migration of separate atoms such as
nanoporous alumina and atomically stepped sapphire [12-
13]. The sapphire substrate used has atomically flat sur-

202

faces with 0.2-nm high atomic steps formed by atom mi-
gration to reduce the surface energy during thermal anneal-
ing [8]. We had previously reported fabrication of the mag-
netic or semiconductor nanowires, nanodots, and
nanogrooves of oxides, such as (MngssZng3sFeq 19)Fe,0s,
Fe;04, and NiO, by the self assembled decoration of atomic
step edges on a sapphire substrate during film growth in
pulsed laser deposition (PLD) [14-20]. NiO is an attractive
p-type semiconductor with a stable wide-band-gap. The
resistivity of NiO can be controlled by injecting lithium-ion
dopant and generating hole carriers. NiO:Li is a promising
material for various applications such as high performance
thermoelectric devices and cathodes of molten carbon fuel
cells [21-23].

On the other hand, indium tin oxide (ITO) has been
widely used as transparent electrode for displays and solar
cells due to its high electric conductivity (~10~* Qcm) and
high transmittance (~90%) in the visible region. In most
optoelectronic applications, a high quality ITO thin film
layer is desired to enhance the performance of a device
system. Epitaxial or polycrystalline growth of ITO thin
films on single crystal yttria stabilized zirconia, glass, and
polymer substrate has been reported [24-27]. These studies
on film growth mostly use the commercial substrates with
mirror-polished or flat surfaces. There have been few stud-
ies on the crystal growth of ITO film using the substrates
with artificial nanopatterned surface. The use of nanoim-
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printed glass plates for ITO thin film deposition is expected
to result in a reduction of the resistivity due to homogeniza-
tion of crystal nucleation sites and aligned grain growth on
the regular nanopatterned glass surface.

In this paper, we present some results on the detailed
formation process of nanogroove patterns formed on a NiO
thin film surface on the atomically stepped sapphire, fabri-
cation of nanopatterned glass using a self assembled oxide
mold, and characterization of ITO thin film deposited on
the nanoimprinted glass plate.

2. Experimental

P-type oxide semiconductor thin films of Li-doped NiO
were grown on atomically stepped sapphire (0001) sub-
strates by PLD using a KrF excimer laser (wave length of
248 nm, pulse duration of 20 ns, repetition of 5 Hz, energy
density of 3.0 J/cm?) and a sintered target of Li 10 mol%-
doped NiO. An atomically stepped sapphire substrate with
atomically flat terrace and periodically aligned straight
atomic steps was obtained by thermal annealing of a mirror
polished sapphire substrate at temperatures from 1000 to
1400 °C for 3 h in air. NiO film deposition was conducted
at room temperature (RT) in a 1 x 10~ Torr O, atmosphere.
Post annealing of an as-deposited NiO film was conducted
in the range of 700 to 900 °C for 3 h in air to obtain the
nanogroove structure on the NiO film surface.

Thermal nanoimprint of a glass plate was performed us-
ing nanogrooved NiO or an atomically stepped sapphire
mold on a silicate glass plate. The glass transition tempera-
ture (Tg) of the silicate glass was 521 °C. The nanopat-
terned mold was put in contact with the surface of the glass
plate and heated at 600 °C and pressed at 3 MPa for a few
minutes in vacuum.

ITO film deposition on the nanoimprinted glass sub-
strate was carried out by PLD using a sintered target of 5
wt% Sn-doped In,O; (ITO). The film deposition was con-
ducted at RT under a 1x 10 Torr O, Pressure. As-
deposited film was then annealed for crystallization in a
vacuum (1 x 107 Torr) at 100 to 300 °C for 3 h.

The crystallinity of the film was examined by in Situ re-
flection high energy electron diffraction (RHEED) and ex
situ x-ray diffraction (XRD). Atomic scale observation of
the surface and cross section were conducted by atomic
force microscopy (AFM) (SII SPI-3700) and a high resolu-
tion transmission electron microscope (HRTEM) (JEM-
2100F, JEOL). The resistivity of the films was determined
by the four probe method.

3. Results and discussion

3.1. Nanogroove formation in NiO thin film grown on
the atomically stepped substrate

Figure 1 (a) shows an AFM surface image of the
stepped sapphire (0001) substrate. The substrate surface is
found to have atomically smooth terraces and straight
atomic steps. The terrace width was about 80 nm and all
the step height was estimated to be 0.22 nm, which corre-
sponded to 1/6 of the length of the c-axis of a sapphire unit
cell with a corundum structure. Straight atomic steps were
observed over the entire substrate surface (~ 10 x 10 mm?).
Figure 1 (b) shows an AFM surface image of the NiO:Li
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film as-deposited. The NiO film has a smooth surface and
the atomic steps were observed on the film reflecting the
atomically stepped substrate surface, which indicates sup-
pression of grain growth and thermal roughening due to the
low temperature deposition. The NiO films were epitaxially
grown on the atomically stepped sapphire substrate with a
NiO (111) // sapphire (0001) relationship at room tempera-
ture, as reported previously [28].

After the deposition, the epitaxial NiO:Li thin film was
annealed at 700 °C for 3 h in air. The post annealed NiO
film maintained the epitaxy. Figure 1 (c) shows an AFM
surface image of the NiO thin film post annealed for 3h.
The straight nanogroove striped pattern was clearly formed
on the surface of the NiO film. The estimated depth and
separation of the nanogrooves were about 20 and 80 nm,
respectively. The depth of the nanogroove was about seven
times deeper than for nondoped NiO thin film. Impurity
doping is considered to generate diffusion and reconstruc-
tion for nanogroove formation during thermal annealing.
The separation of the nanogroove corresponded well with
the separation of atomic steps on the sapphire substrate, as
shown in Fig.1 (a). Straight nanogrooves were formed over
the entire surface of the NiO thin film; however,
nanogrooves were not formed on the NiO film surface
grown on the mirror polished sapphire substrate. This indi-
cates that the atomic steps of the sapphire substrate
strongly affect the formation of nanogrooves on the film.

To examine the nanogroove structure and NiO/sapphire
interface on an atomic scale, a cross sectional lattice and
plan view image of TEM were taken for the annealed
NiO:Li film. Figure 2 (a) shows the cross-sectional TEM
image of the NiO:Li film on the sapphire substrate after
annealing at 900 °C. In this sample, the atomic steps were
aligned parallel to the sapphire [11-20] with an average
interval of about 80 nm. The cross-sectional profile of the
nanogroove was trapezoidal or wedge shaped, and the
channel depth observed by TEM was consistent with the
channel depth estimated by AFM. Grain boundaries normal
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Fig. 1 AFM surface images (1 x 1 pm?) of (a) stepped sapphire
substrate, (b) as-deposited NiO:Li thin film, and (c) NiO:Li thin
film after annealing at 700 °C.
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Fig. 2 TEM images of (a) cross sectional photograph, (b) magni-
fied photogragh of dotted frame in Fig. 2 (a), (c) dark-field im-
age in plan view of the different crystal domains (red: domain A,
green: domain B, blue: domain C) observed for the NiO:Li na-
nopattern on sapphire substrate after annealing at 900 °C.

to the substrate surface were clearly observed; these
boundaries were found to connect with the bottom of the
nanogroove. Figure 2 (b) shows the magnified photograph
of dotted frame in Fig. (a). The displacement of the crystal
lattice corresponding to 1/3 of NiO [111] (about 0.24 nm)
was observed under the bottom of the nanogroove was ob-
served in Fig. 2 (b). This indicates that the stacking se-
quences of NiO across the grain boundaries are
mismatched and the displacement originating from the step
bump (step height of 0.22 nm) of the sapphire substrate.
Figure 2 (b) shows the dark field TEM image in a plan
view of the different crystal domains (red: domain A,
green: domain B, blue: domain C). These domains have
different in-plane orientations and domains A and B are 60°
rotational twins. From Fig. 2 (b), large area of each terrace
is dominated by domain A or domain B and adjacent ter-
race has a different domain, which corresponded to the in-
plane sixfold symmetry of the NiO thin film on the sap-
phire substrate [28-29]. It suggests that the nanogroove
formation of NiO film is related to the displacement of
crystal lattice and the domain structure of NiO.
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3.2.  Nanopatterning of the glass surface by thermal
nanoimprint with nanostructured oxide molds

The atomically stepped sapphire substrate shown in Fig.
1 (a) and the nanogrooved NiO film in Fig. 1 (c) are
thought to be suitable as thermal nanoimprint molds for
oxide glasses, partly because of their high thermal stability
and durability against oxidation and mechanical stress.
Using the NiO:Li thin film with a regular nanogroove array
or stepped sapphire as a nanoimprint mold, nanoimprint of
the silicate glass was carried out. The step height of the
sapphire mold could be controlled by changing the crystal-
lographic surface of the sapphire substrate, as well as step
bunching during high-temperature annealing, while the step
separation could be controlled by changing the miscut an-
gle of the substrate surface.

Figure 3(a) shows an AFM surface image of the nano-
imprinted glass using the NiO mold, as shown in Fig. 1 (c)
(groove depth of about 20 nm and separation of about 80
nm). The straight nanowire pattern was transferred onto the
glass surface from the nanogroove striped mold. The esti-
mated height and separation of the nanowires on the glass
surface were about 20 and 80 nm, respectively. This corre-
sponds well to the distance of the nanogrooves on the NiO
mold shown in Fig. 1 (c).

Figure 3 (b) shows the surface morphology of the sili-
cate glass nanoimprinted using the stepped sapphire mold
(step height of 0.2 nm and step separation of about 80 nm).
The regular atomic steps and terraces were observed on the
glass surface. The step height and separation of the nano-
imprinted surface were about 0.2 and 80 nm, respectively.
It is expected that the present result can lead to morphol-
ogic control of the glass surface on an atomic scale, open-
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Fig. 3 AFM surface images (1 x 1pum?) (upper) and cross sectional
profiles (lower) of (a) nanoimprinted glass with NiO mold and (b)
nanoimprinted glass with stepped sapphire mold.

3.3.  Crystal growth of 1TO thin films on the nanopat-
terned glass plate

Here we examined the fabrication of ITO thin films on
the nanoimprinted glass plates by PLD. Figure 4 (a) shows
the AFM surface image of the nanoimprinted glass with
regular steps and terraces (step height of about 2 nm and
step separation of about 1 pm). The use of nanoimprinted
glass plates for ITO thin film fabrication is expected to
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Fig. 4 AFM surface images (3 x 3um?®) of (a) nanoimprinted
glass substrate and (b) ITO thin film annealed at 300 °C after
deposition on the nanoimprinted glass.
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Fig.5 XRD profiles of ITO film annealed at 300 °C after deposi-
tion on the nanoimprinted glass (upper) and that on the non-
patterned commercial glass (lower).

reduce of the resistivity, probably due to the homogeniza-
tion of crystal nucleation sites and aligned grain growth on
the regular step patterned glass surface. The ITO thin films
were deposited on the nanoimprinted glass as well as non-
patterned commercial glass. Figure 4 (b) shows the surface
morphology of the ITO film (300 nm thick) annealed at
300 °C after being deposited at RT on the nanoimprinted
glass. As expected, the ITO film has a step and terrace
morphology, reflecting the surface morphology of the
nanoimprinted glass substrate, implying that the crystal
nucleation and growth of the ITO film mainly occurred
with reflecting the step edge of the nanoimprinted glass.

Figure 5 shows the XRD pattern of the ITO film an-
nealed at 300 °C after being deposited at RT on the nano-
imprinted and that on the non-patterned commercial glass.
The ITO film found to exhibit strong (111) oriented poly-
crystalline growth on the nanoimprinted glass plate. We
also found that the orientation of the ITO film fabricated on
the nanoimprinted glass was stronger than that on the
commercial glass plate. The preferential orientation of ITO
film growth on the nanoimprinted glass plate is probably
due to homogenization of crystal nucleation sites on the
edge of regularly steps and growth on the flat terrace sur-
face of the nanoinprinted glass.

Table 1 exhibits the resistivity at RT for the ITO film
annealed at 300 °C after deposition at RT on the commer-
cial and nanoimprinted glass plates. A low resistivity of 4.6
x 107* Qcm, was obtained for the ITO thin film deposited
on the nanoimprinted glass after annealing at 300 °C. The
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resistivity of the ITO film deposited on the nanoimprinted
glass is lower than that of the film on the commercial
glasses, as shown in Table 1. We think the stronger crystal-
line orientation of the film under the appropriate conditions
is expected to reduce carrier scattering, i.c., an increase in
carrier mobility for the ITO film on the nanoimprinted
glass. Further experiments should clarify the relationship
between the ITO film crystalline orientation and the resis-
tivity of the film.

Table1l  Resistivity at RT of ITO films annealed at 300°C after
deposition.
Substrate Resistivity (x 107* Qcm)
Commercial glass 5.5
Nanoimprinted glass 4.6

4. Conclusion

A straight nanogroove pattern could be formed on the
surface of epitaxial NiO thin film on a 0.2nm high regu-
larly stepped sapphire substrate. The separation of the
nanogroove corresponded to the separation of atomic steps
on the sapphire substrate. The nanogroove formation of
NiO seems to be related to the displacement of the crystal
latticeand the domain structure of NiO. Using the nanogrooved
NiO thin film of the atomically stepped sapphire substrate
as a thermal nanoimprint mold for glass, straight nanowire
pattern or sub-nanometer stepped pattern was transferred
onto the glass surface. The ITO thin films were deposited
on the nanoimprinted glass with regular steps and terrace.
Preferential crystalline orientation of the ITO thin films
was achieved and the resistivity was lower than that of the
film on the commercial glass.
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