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Highly ordered TiO2 nano-pore arrays fabricated from
a novel polymethylmethacrylate/polydimethylsiloxane
soft template

P. Zhong and W. X. Que*

A novel soft polymer template containing a double-layer structure, which includes a thin layer of
polymethylmethacrylate (PMMA) wused as a pattern layer and a thicker layer of
polydimethylsiloxane (PDMS) used as a back layer, was fabricated from a replica molding process.
Anodic aluminum oxide (AAO) template was used as the replica mold to be replicated to the
polymethylmethacrylate layer by a thermal infiltration process under a vacuum condition. Results
indicate that PMMA/PDMS soft templates with different sizes could be easily fabricated from the
as-prepared AAO replica mold. The PMMA/PDMS soft templates were then employed to imprint a
TiO; gel for achieving TiO; nano-pore arrays. After the imprinting process, the PDMS layer was
firstly peeled off and the PMMA layer was then removed into acetonitrile, which can avoid any
demolding problems like damages or distortions. The TiO; nano-pore arrays with the crystalline of

anatase could be obtained at a heat treatment temperature of 450°C.
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Since the concept of nanoimprint was first proposed by Chou
and his coworkers [1], this unique way of fabricating micro- and
nanoscale patterns has attracted more and more attentions in
recent years. As compared to conventional lithography methods
of fabricating micro- or nanopatterns, such as electron-beam
lithography [2], X-ray lithography [3], and extreme ultraviolet
lithography [4], nanoimprint has the advantages of high
throughput, high resolution, the simplicity and capability to
replicate nanostructures into various kinds of materials by
dimensional  material
displacement [5]. Among a variety of nanoimprint solutions,

mechanical contact and three
soft lithography technique employs rubber-clastic stamps or
masks with a pattern defined in their surface topography. The
soft technique has the advantages that it can avoid brittle failure
and permanent deformation as compared to hard template
imprinting and the soft template can contact substrate
conformably, that is to say, it can achieve an intimate contact
without voids between the elastomeric stamp and the substrate
[6]. However, up to now, the fabrication of the soft template

still relies on the opposite hard template obtained by the
traditional photolithography ways mentioned above, which are
expensive and low-throughput process. Namely, the fabrication
of the soft template is still limited by conventional micro-nano
fabrication methods. Therefore, it is of great interest and
significance to find a simple and low-cost way to obtain the soft
template for nanoimprinting applications.

Currently, a well-known self-organized material called
anodic aluminum oxide (AAO) has been used to prepare
one-dimension (1-D) nanowires, nanopillars, nanotubes of
different materials for various applications [7-10]. As one
knows, AAO is a mature material, the nano-size of which can
be adjustable by changing the anodization conditions [11-14].
Here, we describe a novel and simple method to fabricate a soft
template for nanoimprinting. The fabricated soft template
contains a double-layer structure, for which a thin layer of
polymethylmethacrylate (PMMA) is used as the nanopattern
layer and a thicker layer of polydimethylsiloxane (PDMS) is
used for the back layer. Anodic aluminum oxide AAO template
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is used as the replica mold to be replicated to the PMMA layer
by a thermal infiltration process under a vacuum condition. It
should be stressed here that the bi-layer structure can make full
use of the advantages of the two different materials [15], which
PMMA can achieve a high resolution since the compression
modulus is as high as 2~3 GPa and PDMS is soft enough to
ensure the conformal contact between the template and the
substrate during the imprinting process. Then, the as-fabricated
novel PMMA/PDMS polymer soft template was employed by a
nanoimprint process to fabricate highly ordered TiO, nano-pore
arrays on substrates, which are potential in applications of
photovoltaic, photo-catalysts and biomedicine [16-19].

Two kinds of AAO templates were fabricated by
employing different acid electrolytes. One was fabricated in 0.3
M oxalic acid, and the other was fabricated in 10 wt%
phosphoric acid. A two-step anodization method was then
employed to fabricate the AAO templates. Namely, the first
anodization lasted 1 h in 0.3 M oxalic acid at an anodization
voltage of 40 V at 5°C or in 10 wt% phosphoric acid at an
anodization voltage of 160 V at 2°C. The second anodization
time was dependent on the pore depth of the AAO template
needed.

PMMA (350 kg/mol, Alfa Aesar) was firstly dissolved in
chlorobenzene and then the obtained solution was carefully
poured onto the surface above-obtained AAO template.
Secondly, the sample was immediately put in a vacuum oven
and heated at a temperature of 200°C for 4 h. Thirdly, a thick
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FIG. 1. Schematic diagram of the preparation procedures of the highly ordered

TiO, nano-pore arrays.
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layer of PDMS (Dowcorning Sylgard 184) was casted onto the
surface of the obtained AAO/PMMA sample and cured at 90°C
for 50 min. Fourthly, the AAO and the aluminum substrate
were completely removed by putting the sample in 10 wt%
NaOH aqueous solution, and subsequently washed in a
sequence of deionized water, HCl aqueous solution and
deionized water, respectively. Finally, the samples were dried at
room temperature and thus the PMMA/PDMS hybrid soft
template was fabricated.

Sol-gel process was employed to obtain the TiO, imprinted
material [20-22]. For the nanoimprint, the fabricated
PMMA/PDMS soft template was used to imprint the TiO, wet
gel against a substrate. After the nanoimprinting process, the
soft PDMS back layer was firstly peeled off and the PMMA
layer was then removed into acetonitrile to dissolve the PMMA
pattern layer directly. Thus, the highly ordered TiO, nano-pore
arrays on a substrate were achieved. Figure 1 shows the
schematic diagram of the fabrication process of the
PMMA/PDMS soft template. A field emission scanning
electron microscopy (JSM-6700F, JEOL Inc., Japan) was used
to observe the morphologies of the AAO template, the
PMMA/PDMS soft template and the TiO, nano-pore arrays. A
D/max 2400 X Series X-ray diffractometer was employed to
characterize the phase structures of the TiO, nano-pore arrays.

Figure 2 shows SEM images of the fabricated AAO
templates, which are anodized in 0.3 M oxalic acid at an
anodization voltage of 40 V at 5°C and in 10 wt% phosphoric
acid at an anodization voltage of 160 V at 2°C, respectively.
The diameter and the inter-pore distance of the AAO template

SEl

FIG. 2. SEM images of the AAO templates obtained: (a) in oxalic acid at an
anodization voltage of 40 V at 5°C; (b) in phosphoric acid at an anodization
voltage of 160 V at 2°C.
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FIG. 3. Top view images of the PMMA nanowires obtained from the AAO template with the second anodization time of 4.5 h with a low magnification (a) and with a

high magnification (b); (c) cross-sectional image of the PMMA nanowires.

obtained from the oxalic acid are about 65 nm and 100 nm as
shown in Fig. 2(a), and those of the AAO template obtained
from phosphoric acid are about 300 nm and 450 nm as shown in
Fig. 2(b), respectively. It should be mentioned here that the
pore depth of the fabricated AAO templates can be adjusted
through varying the second anodization time.

Figure 3(a) shows top view image of the PMMA
nanowires obtained from the AAO template with the second
anodization time of 4.5 h. It can be observed that the obtained
PMMA nanowires not only do not stand up separately, but also
they do an accumulation. It is probably related to that the
PMMA nanowires are too long to stand up separately, which
leads to an accumulation due to the surface tension of the pillars
since the pore depth of the initial AAO template is more than 10
um. Figure 3(b) is the high magnification SEM photo-
graph of the as-prepared PMMA nanowires, and Fig. 3(c) is the
cross-sectional view. In order to achieve an ordered PMMA
nanopillar array, the pore depth of the AAO template has to be
adjusted to a suitable value by controlling the second
anodization conditions, so that the PMMA nanopillars can stand
up separately. Figure 4 shows the SEM images of the PMMA
nanopillars obtained from the AAO template as shown in Fig.
2(b) for different second anodization time. It can be seen from
Fig. 4 that the size of the PMMA nanopillars matches well with
that of the initial AAO template as shown in Fig. 2(b). For the
sample with the second anodization time of 2 min as shown in
Fig. 4(a), the PMMA nanopillars seem all standing up
separately and show the ordered PMMA nanopillar arrays.
However, with increase the second anodization time to 5 min as
shown in Fig. 4(b), the PMMA nanopillars start to appear a bit
of aggregation in some spots. With further increase the second

anodization time to 8 min, the aggregation looks more apparent
as shown in Fig. 4(c). These results indicate that the longer the
second anodization time is, the more obvious the aggregation
takes place. For example, Fig. 3 looks like noodles due to too
long second anodization time.

Figure 5(a) shows the SEM images of the PMMA
nanopillars obtained from the AAO template as shown in Fig.
2(a) for 2-min second anodization time. It can be seen that the
ordered PMMA nanopillar arrays look very regular and the size
of the PMMA nanopillars matches well with that of the initial
AAO template as shown in Fig. 2(a), indicating that the replica
process from AAO to PMMA is successful. It can be also found
that some contamination can be clearly observed on the surface
of the PMMA nanopillar arrays as shown in Fig. 5(b).
Presumably, the observed contamination should be related to
AI(OH); resulted from NaOH solution during removing process
of the AAO template and the aluminum substrate. It is also
noted that the observed contamination can be easily removed by
soaking the contaminated sample into HCI aqueous solution as
shown in Fig. 5(a). In addition, some occasional big holes are
also observed on the surface of the PMMA nanopillar arrays,
which is probably related to the following two reasons. One
possible reason is due to the blocking induced by the
corresponding AAO surface contamination, and the other
possible reason is due to the air bubbles remaining inside the
PMMA solution. In order to avoid these problems, besides the
careful post-treatment of the AAO templates, putting the
PMMA solution in vacuum for some time before being poured
onto the AAO surface is very important and necessary, so that
the remaining air bubbles inside the PMMA can be removed
completely.
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FIG. 4. SEM images of the PMMA nanopillar arrays obtained from the AAO anodized in phosphoric acid at an anodization voltage of 160 V at 2°C and the second

anodization time of: (a) 2 min, (b) 5 min, and (c) 8 min.
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FIG. 5. SEM images of the PMMA nanopillar arrays fabricated (a) from the AAO
template obtained in 0.3 M oxalic acid electrolyte at an anodization voltage of 40
V at 5°C; (b) surface morphology of the PMMA nanopillar arrays with some

contamination.

It should be mentioned here that PMMA is chosen as the
nanopattern layer in this hybrid soft template for nanoimprint
due to the following reasons: (1) PMMA can achieve a high
resolution since it is stiffer than most polymer materials, as
compared the resolution of the common used PDMS (below
100 nm) which makes hard to obtain those complicated patterns
other than simple 1-D gratings. Although we only present the
PMMA nanopillar arrays with pillar diameter of 65 nm
obtained from the oxalic acid electrolyte as shown in Fig. 5, It
is also possible that even a higher resolution with a pillar
diameter of 20~30 nm could be also achieved if the sulfuric
acid electrolyte is used instead of the oxalic acid or phosphoric
acid electrolyte. (2) PMMA is highly processible that it can be
easily dissolved in some organic solvents like chlorobenzene,
and it can be readily filled into the AAO with small pores by
using a heat infiltration method under a vacuum condition. (3)
PMMA is durable in caustic solutions of NaOH or HCI, which
is critical for complete preservation of nanostructure with such
a wet chemical method instead of traditional demolding ways.
(4) PMMA has a high surface energy that it can stick to the
imprinted TiO, nano-structures strongly after the imprinting
pressure is released and the PDMS layer is easily peeled off,
which can protect TiO, nano-structures as compared to the
conventional demolding process. In addition, the thicker PDMS
layer as the back layer is soft enough to ensure a conformal
contact between the soft polymer template and the substrate
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during the nanoimprint process and can be more -easily
manipulated.

Considering that the T < of PMMA is about 105°C, the
imprinting process should be below such a temperature,
otherwise, the PMMA nano-pillar might be softening. In order
to make the imprinted TiO, nano-structure become solid, a
proper imprinting period should be taken corresponding to
different temperatures. In addition, the pressure should be
below the critical value, which the PMMA nano-pillars can bear,
and the concentration of the TiO, sol-gel precursor should be in
a proper range. After plenty of experiments, a group of optimal
variables are carried out in the imprinting process. During the
imprinting process, the PMMA/PDMS soft templates are
employed to imprint a TiO2 gel against a substrate at 80°C for 3
h under a pressure of 3 bars. Figure 6 shows a SEM image of
the imprinted TiO2 nano-pore arrays under present conditions.
It can be seen that a few imperfect spots such as not round
pores still exist, but the imprinted TiO2 nano-pore arrays seem
highly ordered, which resembles the initial AAO pore arrays as
shown in Fig. 2(a). It is also noted that the diameter and the
inter-pore distance of the imprinted TiO2 nano-pore arrays are
almost the same with those of the initial AAO mold, which are
about 65 nm and 100 nm, respectively. Our results indicate that
the TiO2 nano-pore arrays with an anatase crystalline property
can be easily obtained after a heat treatment at 450°C for 30
min as shown in Fig. 7. It should be mentioned here that the
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FIG. 6. SEM image of the imprinted regular TiO, nano-pore arrays on a substrate
by the as-fabricated PMMA/PDMS soft template as shown in Fig. 3(a).
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FIG. 7. XRD result of the imprinted TiO, nano-pore arrays after 450°C

calcination for 30 min.
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TiO2 nano-pore arrays appear a little shrinkage after a heat
treatment of 450°C, which is probably related to the removal of
the solvent and the organic components, as well as the
structural change due to the crystallizing process. It can be
concluded based on above these results that the as-fabricated
PMMA/PDMS soft template has the advantages of
cost-effective, high resolution, large-scale, adjustable
nano-sizes and short processing time, indicating that this unique
way of patterning would be a considerable option for
nanoimprint process. For example, the TiO, sol-gel precursor
can be imprinted against a substrate to form regular TiO,
nano-pore arrays, which are potential applications for clean
energy and environment, as shown in Fig. 6 by using this
PMMA/PDMS soft template. In addition, this method reported
here might be helpful to obtain other functional polymer
nanopillar array applications such as anti-reflection,
luminescence and so on [23-26].

The PMMA/PDMS soft templates for nanoimprint TiO,
nano-pore arrays have been fabricated by the replica molding
process from the AAO mold. This soft template contains a
double layer structure including the PMMA patterning layer
and the PDMS back layer, which takes advantage of the two
different polymer materials. Results indicate that the AAO
molds with different nano-sizes can be easily fabricated by
controlling the anodization conditions and then they can also be
easily replicated to achieve the corresponding PMMA/PDMS
soft templates with different nano-sizes, which were fabricated
by using the thermal infiltration method under a vacuum
environment. At the optimal conditions, highly ordered TiO,
nano-pore arrays have been successfully achieved by
combining the fabricated PMMA/PDMS soft template with a
nanoimprint process. This way of obtaining highly ordered TiO,
nano-structured arrays might be universal, helpful, and potential
in  nanofabrication, nanopatterning and nanostructure
applications of other materials.
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