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i micropillar arrays with high
aspect ratios using anodic porous alumina template
and their application to molds for imprinting

Takashi Yanagishita, *a Tomohiro Hayakawa,a Toshiaki Kondob and Hideki Masudaa

Anodic porous alumina templates with controlled microscale geometrical structures were prepared by

a process combining mask formation and subsequent selective etching of the alumina layer. In this

process, the anisotropic etching of anodic porous alumina allows the preparation of anodic porous

alumina with microhole array patterns having high aspect ratios. The electrodeposition of Ni using the

obtained alumina templates generated an array of Ni micropillars with high aspect ratios. The height of

Ni micropillars could also be controlled by adjusting the thickness of the anodic porous alumina. The

obtained Ni micropillar array with a high aspect ratio was applied as a mold for imprinting. The ordered

microstructures of TiO2 with high aspect ratios were prepared by imprinting using the Ni mold.
Introduction

Micro- or nanoimprinting, which respectively generates micro-
or nanopatterns on the surfaces of substrates using molds, has
attracted increasing interest as a high-throughput process for
preparing various functional devices such as solar cells,
sensors, and displays.1–9 In this process, the pattern formed on
the surface is determined by the structure of the mold. There-
fore, the process of preparing the molds is essential from the
viewpoint of total performance. Although there are various
methods for the preparation of molds for micro- or nano-
imprinting, the preparation of molds with high-aspect-ratio
patterns is challenging subject. In general, molds for
imprinting are prepared by a process combining photo- or
electron-beam writing and subsequent dry etching.10–13 In this
process, the preparation of molds with high aspect ratios is not
easy owing to the difficulty in precisely etching deep patterns.
Although one possible approach to preparing molds with high
aspect ratios is the so-called LIGA process based on X-ray
lithography using synchrotron radiation, it has a high cost
owing to the use of large-scale equipment.14

We previously reported the preparation of metal molds with
high aspect ratios using anodic porous alumina templates.15

Anodic porous alumina, which is formed by the anodization of
Al in an acidic electrolyte, is a promising template for metal
molds for nanoimprinting owing to its unique geometrical
structures, i.e., ne and high-aspect-ratio features.16 By depos-
iting metals into the nanoholes of anodic porous alumina,
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metal molds composed of nanopillar arrays usable for nano-
imprinting can be obtained. A problem in this process using an
anodic porous alumina template is the difficulty in preparing
molds with the desired geometrical structures. The size and
intervals of the pillars obtained by this process are determined
by the structures of the anodic porous alumina template, which
are limited by the anodization conditions. In the present report,
we describe the preparation of anodic porous alumina
templates with controlled microscale geometrical structures by
a process combining mask formation and the subsequent
selective etching of the alumina layer, and its application to the
preparation of metal (Ni) molds. For the preparation of anodic
porous alumina with patterned structures, selective etching
using a thin polymer mask formed on the surface of anodic
porous alumina and subsequent selective etching were
employed.17 In this process, the anisotropic etching of the
porous structures of anodic porous alumina allows the forma-
tion of ne patterns with high aspect ratios. For the electrode-
position of a metal (Ni) into the concaves of the patterned
alumina templates, the native oxide layer of Al at the bottom
should be removed to ensure sufficient conductivity for elec-
trodeposition. For this purpose, a process involving the simul-
taneous removal of the native oxide layer of an Al in alkaline
environment and the electroless deposition of Zn was adopted.
This process allows uniform metal deposition into the deep
cavities of the template owing to the sufficient conductivity for
the electrodeposition of Ni. The feature of this process is that
the various patterns with high aspect ratios, including hole
array, pillar array, and line and space, can be obtained by
changing the resist mask formed on the surface of anodic
porous alumina template. The aspect ratio of this pattern can
also be controlled by adjusting the thickness of the anodic
porous alumina. We also demonstrate the results of applying Ni
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic drawing of the process of preparing a Ni micropillar
array with high aspect ratios using anodic porous alumina as
a template: (a) anodic porous alumina formed by the anodization of Al,
(b) preparation of a resist pattern on the anodic porous alumina by
printing using a PDMS stamp, (c) etching of the sample, (d) microhole
array obtained by the selective dissolution of the oxide layer at resist
openings, (e) formation of a Pt conductive layer through ion beam
sputtering, (f) formation of Zn deposits through electroless deposition,
(g) electrodeposition of Ni, and (h) Ni micropillar array mold obtained
by removing the alumina template.
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molds to imprinting for the preparation of microstructures of
a metal oxide (TiO2). The imprinting of a composite of TiO2 ne
powder and a polymer and subsequent sintering generated TiO2

microhole arrays with high aspect ratios. The obtained TiO2

microhole arrays with high aspect ratios are expected to be used
in various applications that require high-aspect-ratio patterns.

Experimental

Fig. 1 shows a schematic of the process of preparing a Ni
micropillar array using anodic porous alumina as a template.
An Al substrate was electropolished in a mixture of perchloric
acid and ethanol (1 : 4 volume ratio). To form anodic porous
alumina with a thickness of 50 mm on the surface of the Al
substrate, the electropolished Al was anodized at a constant
voltage of 40 V in 0.3 M oxalic acid at 16 �C for 7.5 h. The resist
mask on the surface of anodic porous alumina was formed
through a printing process using a polydimethylsiloxane
(PDMS) stamp with an ordered concave array on its surface.17,18

The PDMS stamp was obtained through a molding process
using a master pattern formed via electron beam lithography.
The diameter and interval of concaves were 2 and 5 mm,
respectively. A polychloroprene thin lm, which acted as a resist
mask, was coated on the PDMS stamp by dip coating using
a toluene solution containing 0.75 wt% polychloroprene. The
polychloroprene thin lm coated on the surface of the PDMS
stamp was transferred to the surface of anodic porous alumina
by pressing the stamp. Aer forming the resist mask with
a microhole array pattern, the sample was annealed at 250 �C
for 3 min to evaporate toluene completely. An alumina micro-
cavity array with high aspect ratios was formed by the selective
dissolution of the oxide layer at resist openings in 10 wt%
phosphoric acid at 30 �C for 90 min.

A Ni micropillar array was prepared by the electrodeposition
of Ni using microstructured anodic porous alumina as
a template. Aer the selective etching of the oxide layer, the Al
substrate was exposed at the bottom of alumina microcavities.
However, because an insulating natural oxide lm is formed on
the Al surface, it is difficult to perform Ni electrodeposition
using Al as an electrode. To perform Ni electrodeposition on
microcavities, it is necessary to form a conductive electrode on
the surface of the template. Herein, the formation of an elec-
trode for Ni electrodeposition was examined using two
methods. The rst method is to use ion beam sputtering to form
a thin layer of Ni that acts as an electrode during Ni electrode-
position (Fig. 1(e)). The other method is to perform the elec-
troless deposition of Zn at the bottom of alumina microcavities
(Fig. 1(f)). Zn electroless deposition was performed in a plating
solution containing 0.7 wt% ZnO and 3 wt% NaOH. Ni was
electrodeposited in 330 g L�1 Ni(H2NSO3)2$4H2O, 30 g L�1

NiCl2$6H2O, 0.9 g L�1 NiCO3, 30 g L�1 H3BO3, and 0.3 g L�1

CH3(CH3)10CH2SO3Na at room temperature under a constant
voltage of �1.4 V. Aer electrodeposition, the alumina template
was selectively dissolved in 30 wt% NaOH at 80 �C for 1 h. Prior
to nanoimprinting, the surface of the Ni micropillar array mold
was modied in a release agent (Optool DSX, Daikin Co.). To
prepare the TiO2 microhole array by nanoimprinting, an
© 2021 The Author(s). Published by the Royal Society of Chemistry
aqueous solution containing 25 wt% acrylamide, 4 wt% N,N0-
methylenebisacrylamide, 0.08 wt% 2,20-azobis [2-(2-imidazolin-
2-yl)propane] dihydrochloride, and 25 wt% TiO2 nanopowder
(particle size <25 nm, Sigma-Aldrich) was used as the precursor
solution for nanoimprinting. The precursor solution was
applied to the Ni mold surface and solidied through heat
RSC Adv., 2021, 11, 2096–2102 | 2097
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treatment at 55 �C for 3 h. Microhole array patterns were
produced by detaching the mold from the solidied precursor.
The obtained microhole arrays, which comprised a composite
of hydrogel and TiO2 nanopowder, was air-dried at 40 �C for
15 h. A TiO2 microhole arrays was obtained by calcining the
sample at 600 �C for 1 h. The obtained samples were charac-
terized by scanning electron microscopy (SEM; JEOL, JSM-
6700F) and X-ray diffraction (XRD; Rigaku, RINT2000).
Results and discussion

Fig. 2(a) and (b) show SEM images of anodic porous alumina
aer the formation of the resist mask on its surface using
a PDMS stamp. The surface image in Fig. 2(a) shows that the
microhole array pattern, in which 2 mm-diameter openings were
arranged tetragonally at 5 mm intervals, was formed by micro-
printing using the PDMS stamp. The thickness of the resist
mask was 100 nm. The cross-sectional SEM image shown in
Fig. 2(b) conrmed that the thickness of anodic porous alumina
Fig. 2 Surface (a) and cross-sectional (b) SEM images of anodic porou
cross-sectional (d) SEM images of the sample after etching.

2098 | RSC Adv., 2021, 11, 2096–2102
was 50 mm. Aer the sample was etched in phosphoric acid, the
oxide layer at resist openings was selectively dissolved, as shown
in Fig. 2(c). The selective dissolution of the oxide layer at the
openings proceeded in the direction of the lm thickness. At the
bottom of the microcavities, the Al substrate was exposed
because the oxide layer at the resist openings was completely
removed by etching. The selective dissolution of the oxide layer
at the resist openings was achieved even in thick samples
because the etching proceeded anisotropically in the thickness
direction without dissolution in the laterally direction owing to
the anisotropic geometrical nanohole array structures of the
anodic porous alumina. Using this process, microhole array
patterns with high aspect ratios were successfully obtained. In
our previous report, we described that the resist mask with
submicron diameter openings could be formed on a surface of
anodic porous alumina by a similar process using a PDMS
stamp.19 Therefore, it will be possible to fabricate a sub-
microcavity array with a controlled interval by the present
method.
s alumina after forming the resist mask on its surface. Surface (c) and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of the sample after the electrodeposition of Ni.
Before electrodeposition, a conductive layer was coated through ion
beam sputtering. Low-magnification (a) and high-magnification (b)
views of the sample.

Fig. 4 SEM images of the bottom of alumina microcavities before (a) and after (b)–(d) the electroless deposition of Zn. Deposition times were 10
(b), 30 (c), and 60 s (d).

Fig. 5 SEM images of Ni micropillar arrays with high aspect ratios.
Low-magnification (a) and high-magnification (b) surface images, and
cross-sectional image (c) of the sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 2096–2102 | 2099
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Fig. 3 shows cross-sectional SEM images of the sample aer
the electrodeposition of Ni. For this sample, the conductive
layer used for the electrodeposition of Ni, which was a thin Pt
layer of 100 nm thickness, was formed by ion beam sputtering.
The low- and high-magnication images respectively shown in
Fig. 3(a) and (b) show that the deposited layers reached a depth
of 8.2 mm from the surface and did not reach the bottom of the
microcavities. This means that a sufficiently thick conductive
layer for the electrodeposition could not be formed on the inner
surfaces of the cavities by ion beam sputtering. Thus, a Ni
micropillar array with high aspect ratios could not be obtained
by the process using a conductive layer formed by ion beam
sputtering.

Fig. 4 shows the result of forming Zn deposits by electroless
deposition, which act as a conductive layer for the
Fig. 6 Surface and cross-sectional SEM images of Ni micropillar arrays w
(c), (d), and 100 mm (e), (f).

2100 | RSC Adv., 2021, 11, 2096–2102
electrodeposition of Ni. Fig. 4(a–d) show cross-sectional SEM
images of the bottom of microcavities before (a) and aer the
electroless deposition of Zn (b)–(d). The periods of electroless
deposition were 10, 30, and 60 s for the samples in (b), (c), and
(d), respectively. The SEM images conrmed that the electroless
deposition of Zn occurred aer 30 s and that the size of Zn
deposits increased from 30 to 60 s. Furthermore, Zn deposits
were observed at the bottom of all microcavities aer
immersing the sample for 60 s.

Fig. 5 shows SEM images of the Ni micropillar array obtained
by Ni electrodeposition. Before the electrodeposition, Zn
deposits were formed at the bottom of the microcavities
through electroless deposition for 60 s. The alumina template
was dissolved in 30 wt% NaOH aer the electrodeposition of Ni.
The SEM image of the low-magnication surface shown in
ith different heights. The heights of the micropillars were 10 (a), (b), 50

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5(a) indicates an ordered arrangement of uniformly sized
micropillars without any defects. A defect-free micropillar array
could not be obtained when the electroless deposition was not
adopted prior to the Ni electrodeposition. This means that the
electroless deposition of Zn for 60 s allowed the deposition of
small Zn particles at the bottom of all microcavities. The high-
magnication SEM image shown in Fig. 5(b) indicates that 2
mm-diameter micropillars were arranged at 5 mm intervals,
consistent with the alumina template pattern. The cross-
sectional SEM images shown in Fig. 5(c) revealed that upright
micropillars were arranged at uniform intervals. Several tilted
pillars observed in Fig. 5(c) were considered to be formed in
a fraction of the sample fabricated for SEM observation. The
height of the obtained Ni micropillars was 50 mm, which was
consistent with the thickness of the anodic porous alumina
used for the template.

The height of Ni micropillars can be controlled by adjusting
the thickness of the anodic porous alumina template. Fig. 6
shows SEM images of Ni micropillar arrays obtained using
anodic porous alumina with thicknesses of 10, 50, and 100 mm.
The SEM images in Fig. 6(a–f) show that this process formed Ni
pillar arrays with heights corresponding to the thicknesses of
the templates. However, in the case of the sample with a height
of 100 mm, the vertical pillar array structures could not be
maintained aer removing the alumina template owing to
deformation by the lateral capillary force during drying.

Fig. 7 shows SEM images of a microhole array prepared by
imprinting using the Ni micropillar array mold. For the
imprinting, the aqueous solution containing monomer and
TiO2 nanopowder was used as a precursor. The diameter,
height, and interval of the pillars in the Ni mold used for
nanoimprinting were 2, 5, and 30 mm, respectively. From the
surface SEM image shown in Fig. 7(a), a tetragonally arranged
array of uniformly sized holes over the entire sample was
Fig. 7 SEM images of microhole arrays obtained by nanoimprinting.
Surface (a) and cross-sectional (b) views of the sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry
observed. Fig. 7(b) shows that microholes with high aspect
ratios were formed at a uniform interval, although there was
a partially collapsed part originating from the fraction of the
sample fabricated for SEM observation. The diameter, interval,
and depth of the microholes were 2, 5, and 23 mm, respectively.
The depth of the microholes was smaller than the pillar height
of the mold used for nanoimprinting. This difference was
caused by the volume shrinkage of the composite during drying.

Fig. 8(a) and (b) show SEM images of the TiO2 microhole
array aer heat treatment performed at 600 �C to remove the
polymer and sinter the TiO2. The thermal analysis of the sample
conrmed that the polymer component in the composite,
polyacrylamide, completely disappeared aer the heat treat-
ment at temperature above 550 �C. The SEM images show that
the ordered-hole array structures prepared by nanoimprinting
were maintained even aer the heat treatment. The diameter,
interval, and depth of the microholes in the sample were 2, 4,
and 15 mm, respectively. The decreases in these values
compared with those for the pillars in the Ni mold were caused
by the composite volume shrinkage due to the burning of the
polymer during the heat treatment. Fig. 8(c) shows the XRD
pattern of the sample aer the heat treatment. The diffraction
peaks in Fig. 8(c) correspond to the crystal form of anatase. The
obtained TiO2 microhole arrays with high aspect ratios can be
Fig. 8 Surface (a) and cross-sectional (b) SEM images of the TiO2

microhole array after heat treatment at 600 �C. (c) XRD pattern of the
TiO2 microhole array.

RSC Adv., 2021, 11, 2096–2102 | 2101
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applied to various functional devices, such as catalysts, sensors,
and solar cells. Using this process, microhole arrays of various
metal oxides can be obtained through pattern formation by
imprinting composites containing metal oxides.

Conclusions

Microhole array structures with high aspect ratios were formed
by the selective etching of anodic porous alumina using a resist
mask on the surface. The obtained microstructured porous
alumina can be used as a template to prepare a Ni micropillar
array with a high aspect ratio. Zn deposits formed by electroless
deposition at the bottom of microcavities acted effectively as
a conductive layer for the electrodeposition of Ni. The obtained
Ni micropillar array could be used as a mold for imprinting to
generate microstructures with high aspect ratios. The
imprinting of the composite consisting of TiO2 and a polymer
using the Ni micropillar array generated a TiO2 microhole array
with high aspect ratios. The present process using a metal mold
with high aspect ratios is expected to be used to prepare various
functional devices that require ordered microstructures with
high-aspect-ratio features.
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