
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

/1
8/

20
26

 3
:0

7:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tuning of the int
Department of Applied Chemistry, Tokyo Me

Hachioji, Tokyo 192-0397, Japan. E-mail: ko

Cite this: RSC Adv., 2017, 7, 44799

Received 28th July 2017
Accepted 13th September 2017

DOI: 10.1039/c7ra08346g

rsc.li/rsc-advances

This journal is © The Royal Society of C
erval in a nanohole array of anodic
porous alumina through deformation of polymer
templates

T. Kondo, * S. Nagao, H. Miyazaki, T. Yanagishita and H. Masuda

A new type of process for the fabrication of ideally ordered anodic porous alumina with the desired hole

interval based on the deformation of a polymer template and the subsequent formation of a metal mold

is described. In this process, a pattern composed of an ordered array of concave structures is first

prepared on a polymer sheet by imprinting using a starting metal (Ni) mold, and the interval in the

pattern is tuned through the deformation of the polymer sheet. The Ni mold with the pattern having the

tuned interval is formed by the electroplating of Ni using the polymer sheet as a template. Finally, the

pretexturing of Al by imprinting using the obtained Ni mold and subsequent anodization generate ideally

ordered anodic porous alumina with the desired hole interval.
1. Introduction

Anodic porous alumina, which is formed by the anodization of
Al in an acidic electrolyte, has attracted considerable interest
owing to its applicability to a wide range of scientic and
technical elds based on its unique geometrical structures.1,2 To
optimize the performance of the obtained devices, precise
control of the geometrical structures of anodic porous alumina
is an important issue to be resolved.3–13

In our previous reports, we described a process that allows
the formation of anodic porous alumina with an ideally ordered
hole arrangement over the sample.14–19 In this process,
a textured pattern composed of ordered concaves is formed by
nanoimprinting Al using a mold with ordered convexes, and
ideally ordered anodic porous alumina can be obtained by
anodization of the textured Al at an appropriate voltage. Each
concave in the pretextured pattern acts as an initiation site for
hole development at the initial stage of anodization to generate
an ideally ordered hole arrangement. The molds used for pre-
texturing by nanoimprinting are usually prepared by electron
beam lithography (EBL).20 However, this technique has some
drawbacks in the preparation of the molds: in addition to the
requirement of expensive apparatus, it is a time-consuming
process. In particular, in the case of preparing molds with
ne patterns, a relatively long exposure time is required for the
fabrication in addition to the need for precise setting of the
fabrication conditions.

To overcome these problems, a new process for the prepa-
ration of molds for pretexturing is required. In the present
report, we describe a new type of process for the preparation of
tropolitan University, 1-1, Minamiosawa,
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molds with patterns having the desired intervals based on the
deformation of polymer templates and its application to the
formation of ideally ordered anodic porous alumina with the
desired hole interval.

Fig. 1 schematically shows the tuning of the interval in the
pattern on the mold and the hole interval in anodic porous
alumina by the present process. In this process, a pattern
composed of an ordered array of concaves is rst prepared on
a polymer sheet by imprinting using a starting metal (Ni)
mold, and the interval in the pattern is modied through the
Fig. 1 Fabrication scheme for controlling the interval between
nanoholes in anodic porous alumina.
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deformation, i.e., extension or shrinkage, of the polymer sheet.
The metal (Ni) mold with the pattern having the modied
interval is obtained by the electroplating of Ni using the
deformed polymer sheet as a template. The pretexturing of Al
by nanoimprinting using the obtained Ni mold and the
subsequent anodization generate ideally ordered anodic
porous alumina with the modied hole interval. Although this
process for modifying the interval in a nanoimprinted pattern
on a heat shrink polymer has been reported,21 its application
to the preparation of molds using a polymer sheet as
a template has not yet been reported. The present process
allows the fabrication of molds with patterns having desired
intervals, and consequently anodic porous alumina with
desired hole intervals. Therefore, it is expected to contribute to
the high-throughput fabrication of ideally ordered anodic
porous alumina, particularly specimens with reduced hole
intervals.
2. Experimental
2.1 Increase in the hole interval in anodic porous alumina
through extension process

Fig. 2 shows the fabrication process of a Ni mold with a modi-
ed pattern and ideally ordered anodic porous alumina with
a modied hole interval. Fig. 2(a) illustrates the process for
increasing the interval in the pattern on the mold and between
Fig. 2 Fabrication process of ideally ordered anodic porous alumina
with an adjusted hole interval through (a) extension and (b) shrinkage
processes.
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the nanoholes in anodic porous alumina. This process is based
on the deformation of the pattern by stretching a polymer sheet.
A Ni mold prepared by EBL was pressed onto the surface of
a polyethylene terephthalate (PET) sheet using oil-pressing
apparatus equipped with a heater. The imprinting pressure
was 157 MPa and the sheet was heated at 80 �C using a hot plate
during imprinting. Then, the imprinted PET sheet was iso-
tropically stretched mechanically in the planar direction while
being heated at 200 �C using a heated air blower (HG2300EM,
Steinel) during stretching. The PET sheet was stretched by
a factor of 1.4, 1.6, or 2.0. To form an electroconductive layer for
electroplating, a thin Ni layer was formed on the stretched PET
sheet using an ion beam sputtering apparatus (South Bay
Technology, Inc.). The thickness of this conductive layer was
30 nm. Then, Ni was electroplated on the PET sheet.20 By
removing the PET sheet mechanically, the Ni mold was ob-
tained. Next, the obtained Ni mold was pressed onto the surface
of an Al plate by applying a pressure of 157 MPa at 150 �C. The
textured Al plate was then anodized in 0.13 M citric acid solu-
tion at 16 �C for 10 min. The anodizing voltage was controlled
from 280 to 400 V. Aer that, the anodic porous alumina was
immersed in 5 wt% phosphoric acid solution at 30 �C for 1 h to
increase the pore diameter.
2.2 Reduction in the hole interval in anodic porous alumina
through shrinkage process

Fig. 2(b) shows the process used to reduce the interval in the
pattern on the mold and anodic porous alumina. The reduction
was carried out via the contribution of the pattern in the heat
shrink polymer. In this process, the Ni mold was rst pressed
onto the surface of a heat shrink polymer (Grax Shrink Film,
Grax Plastics)21 by applying a pressure of 274 MPa at room
temperature. The imprinted polymer sheet was shrunk by
heating at 200 �C for 3 min using the heated air blower. Ni was
electroplated onto the shrunk polymer sheet to form a Ni mold.
The obtained Ni mold was pressed onto an Al plate by applying
a pressure of 196 MPa at 150 �C. The textured Al plate was
anodized in 0.05 M oxalic acid solution at 16 �C by applying
a voltage of 100 V for 40 s. For pore widening, the anodic porous
alumina was immersed in 5 wt% phosphoric acid solution at
30 �C for 45 min.

Repetition of the process described in Fig. 2(b) allows the
further reduction of the pattern on the mold and in the anodic
porous alumina. For example, a second reduction of the interval
was carried out through the heat shrinkage of the polymer sheet
at 200 �C for 3 min aer imprinting at 274 MPa using the Ni
mold obtained by the rst reduction process. The Ni mold with
the reduced pattern was obtained by electroplating using the
shrunk polymer sheet. The obtained Ni mold was pressed on an
Al plate by applying a pressure of 274 MPa. The anodization of
Al was carried out in 0.05 M oxalic acid at 16 �C at 52 V for 40 s.
The pore diameter was adjusted by dipping the sample in 5 wt%
phosphoric acid at 30 �C for 30 min. The geometrical structures
of the surface of the polymer and the anodic porous
alumina were observed using a scanning electron microscope
(SEM: JSM-6700F, JEOL).
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Ni mold obtained by electroplating Ni on the stretched PET
sheet. (b) Anodic porous alumina obtained by anodizing Al, on which
ordered concaves were formed by the imprinting process using the Ni
mold in Fig. 2(a). The intervals between the convexes and between the
nanoholes were both 700 nm.
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3. Results and discussion
3.1 Increase in the hole interval in anodic porous alumina

Fig. 3 shows a SEM image of a typical Ni mold used as a starting
structure. The interval and diameter of the convexes were
500 and 310 nm, respectively. The relative standard deviation
(RSD) of the interval between the convexes was 1.3%.

The le image of Fig. 4 shows a SEM image of the surface of
the PET sheet aer nanoimprinting using the Ni mold. An
ordered array of concaves in a triangular lattice was observed.
The interval and diameter of the concaves were 500 and 230 nm,
respectively. The right image of Fig. 4 shows a SEM image of the
surface of the PET sheet aer isotropic stretching by a factor of
1.4 in the planar direction. From Fig. 4, it was conrmed that
the textured nanopattern on the polymer sheet was maintained
even aer the stretching. The interval between the concaves was
700 nm, which was 1.4 times larger than the original interval.
The enlargement factor of the interval between the concaves
was in agreement with the degree of stretching of the PET sheet.

Fig. 5(a) shows the Ni mold obtained by the electroplating of
Ni using the stretched PET sheet as a template. The pretexturing
of Al was carried out by using the obtained Ni mold for nano-
imprinting. Then, the anodic porous alumina was obtained by
anodization of the textured Al. Fig. 5(b) show a SEM image of
the obtained anodic porous alumina. An ideally ordered nano-
hole array structure was conrmed. The interval and diameter
Fig. 3 SEM image of the surface of a Ni mold used as a starting
structure. The interval and diameter of the convexes were 500 and
310 nm, respectively.

Fig. 4 Imprinted PET sheet (left) before and (right) after the stretching
process. The intervals between the concaves were 500 and 700 nm,
respectively.

This journal is © The Royal Society of Chemistry 2017
of the nanoholes were 700 and 190 nm, respectively. The RSD of
the hole interval was 2.7%.

The interval of the pattern in the Ni mold and the hole
arrangement in the anodic porous alumina could be adjusted
by varying the enlargement factor in the stretching of the PET
sheet. Fig. 6 demonstrates the variation of the hole interval in
anodic porous alumina obtained by this process. In the case of
the samples in Fig. 6, the hole interval was adjusted to 800 nm
(Fig. 6(a)) and 1000 nm (Fig. 6(b)). These structures were ob-
tained with enlargement factors of the PET sheet of 1.6 and 2.0,
respectively. The RSDs of the hole intervals were 2.2% (Fig. 6(a))
and 5.2% (Fig. 6(b)).
3.2 Reduction in the hole interval in anodic porous alumina

The reduction of the interval in the Ni molds and the hole
interval in the anodic porous alumina was carried out through
Fig. 6 Anodic porous alumina with adjusted intervals between
nanoholes obtained by stretching process. The intervals between the
nanoholes were (a) 800 and (b) 1000 nm.

Fig. 7 SEM images of heat shrink polymer (left) before and (right) after
shrinkage by heat treatment.

RSC Adv., 2017, 7, 44799–44803 | 44801
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the deformation of the pattern in the heat shrink polymer. Fig. 7
shows SEM images of a polymer sheet before and aer
shrinkage by heat treatment. The interval in the starting pattern
was 500 nm, which was formed by imprinting using the Ni mold
shown in Fig. 3. From Fig. 7, it was conrmed that the interval
between the concaves in the polymer sheet was reduced from
500 to 250 nm through the shrinkage. The reduction rate was
50%, in good agreement with the shrinkage rate of the heat
shrink lm.

Using the polymer sheet with the reduced pattern as
a template, a Ni mold with concaves having a reduced interval
was obtained by electroplating (Fig. 8(a)), and anodic porous
alumina with a reduced hole interval was then obtained
(Fig. 8(b)) by using the obtained Ni mold for pretexturing. The
RSD of the hole interval was 5.8%.
3.3 Further reduction in the hole interval in anodic porous
alumina

The repetition of the shrinkage process generated a further
reduced polymer pattern, Ni mold, and anodic porous alumina
with a hole array. Fig. 9(a) shows a SEM image of the polymer
sheet aer the two reduction processes. It was conrmed that
the interval was reduced to 130 nm. This value was 25% of the
initial interval in the starting structure. Fig. 9(b) shows the
anodic porous alumina with the reduced pattern obtained by
pretexturing using the metal mold produced from the polymer
sheet. The RSD of the hole interval was 10%. Ideally ordered
anodic porous alumina with a reduced hole interval was
successfully obtained.
Fig. 8 (a) Ni mold obtained using a shrunk polymer sheet as
a template for electroplating. (b) Anodic porous alumina with reduced
interval.

Fig. 9 (a) Polymer sheet after second reduction process. (b) Anodic
porous alumina with reduced hole interval obtained using the polymer
sheet in (a).

44802 | RSC Adv., 2017, 7, 44799–44803
4. Conclusions

The interval in a pattern on a metal mold used for nano-
imprinting was tuned through the deformation of a polymer
template, and subsequent electroplating generated a metal
mold with a modied pattern. For the modication of the
polymer pattern, enlargement and shrinkage of the polymer
sheet were successfully employed. Using the obtained Ni molds
for the pretexturing of Al, ideally ordered anodic porous
alumina with desired hole intervals was obtained. In addition,
the repetition of the process allowed the further modication of
the pattern. The present process is expected to be used for the
high-throughput fabrication of ideally ordered anodic porous
alumina with desired hole intervals and to contribute to
extending the range of applications of ideally ordered anodic
porous alumina.
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