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Abstract In this study, thin anodic aluminum oxide (AAO)
templates both on silicon substrates (AAO template/SiO2/Si)
and Ti-coated silicon substrates (AAO template/Ti/SiO2/Si)
were developed for design of magnetic, electronic and opto-
electronic devices, chemical sensors and chip-scale lithium-
ion rechargeable microbatteries. Two types of AAO tem-
plate were prepared by using a two-step anodization proce-
dure. The templates were characterized by scanning electron
microscopy and energy dispersive X-ray spectroscopy. The
obtained thin AAO templates were approximately 50 nm in
diameter and 700 nm in length with 80-nm interpore dis-
tances in a relatively large area of 6 cm2. A barrier layer of
the AAO templates was removed by a cathodic polarization
method in KCl solution for several seconds. The current–
time transient during removing the alumina barrier layer of
the thin AAO template and the mechanism of electrochemi-
cal dissolution of the barrier layer are given in detail.
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1 Introduction

In recent years, a self-assembly anodic aluminum oxide
(AAO) template is one of the most prominent materials that
has attracted much interest for fundamental scientific re-
search and provided to miniaturize magnetic, electronic and
optoelectronic devices and chemical sensors due to the high
aspect ratio, high pore density, high level of ordering and
uniformity [1]. Many studies have demonstrated that AAO is
an excellent template or mask material for the fabrication of
one-dimensional nanostructures [2, 3] and two-dimensional
patterns [4, 5] as well as in the design of various AAO-
based nanodevices. Besides, an AAO template is used for
power sources such as a chip-scale lithium-ion recharge-
able microbattery having high power and capacity. Nowa-
days, a lithium-ion rechargeable microbattery can be real-
ized by fabricating nanowire-based cathodes directly on Si
substrates. These nanowire cathodes provide greater surface
area, thus enhancing power [6].

The first papers in the field are Masuda and Fukuda in
1995 [7] and Jessensky et al. in 1998 [8]. These papers de-
scribe how to fabricate an AAO template on Al foil with
ordered hexagonally parallel nanotubes using a twostep an-
odization technique. The nanotubes are becoming ordered
from the bottom up in the anodization process. To have
them completely ordered all through the template it is nec-
essary to introduce a pre-arranged pattern before anodiza-
tion. They suggested that the anodization should be carried
out in two steps. By controlling the voltage during anodiza-
tion, it is possible to control the interpore distance as well
as the pore diameters. The thickness of the template can be
tailored by controlling the time for the second anodization.
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782 N. Taşaltın et al.

Several previous studies revealed that a self-ordered AAO
template can only be obtained under specific conditions.
For example, structures with pore spacings of 50, 65, 100,
420 and 500 nm are fabricated at 19 and 25 V in sulfuric
acid, at 40 V in oxalic acid and at 160 and 195 V in phos-
phoric acid, respectively [7–9]. Besides, Gösele and cowork-
ers [10–13] reported a new anodization process for an AAO
template on Al foil. This process was a new generation of the
so-called ‘hard anodization’ approach that has been widely
used in industry for high-speed fabrication of mechanically
robust, very thick and low-porosity alumina films. The pore-
formation mechanism for fabrication of an AAO template is
given schematically in regime 4 in Fig. 1 [9].

At the beginning of the anodization, an aluminum oxide
barrier layer, which consists of non-conductive oxide, cov-
ers the entire surface of the aluminum. The electric field is
focused locally on fluctuations of the surface. This leads to
field-enhanced and/or temperature-enhanced dissolution in
the formed aluminum oxide and thus to the growth of pores.
Since some pores begin to stop growing due to competition
among the pores, the current decreases again. Finally, pores
grow in a stable manner [9].

However, there is a main problem that is encountered in
the fabrication of an AAO template. It is well known that
there is a hemispherical alumina barrier layer existing be-
tween the bottom of the nanotubes and the substrate in ap-
plications such as dc electrodeposition of metal nanowires.

Fig. 1 Schematic diagram of the pore-formation mechanism for fab-
rication of AAO template. Regime 1: formation of barrier oxide on the
entire area; regime 2: local field distributions caused by surface fluctu-
ations; regime 3: creation of pores by field-enhanced or/and tempera-
ture-enhanced dissolution; regime 4: stable pore growth [9]

Typically, this insulating barrier layer has a thickness of
2–100 nm [14]. It can block the direct electrical contact be-
tween the nanotubes and the conductive substrate.

In a common practice to overcome these problems, the
barrier layer is removed by the chemical etching of the AAO
template in 5 wt.% H3PO4. This method has two main dis-
advantages. One of them is that it is difficult to handle the
very thin and brittle AAO template. The other one is that this
process induces isotropic chemical etching of the alumina
film; they both inevitably widen the size of the AAO nan-
otubes. With the progressive miniaturization of electronic
devices, there is now a need to study the electrical and struc-
tural properties in systems of thin nanowires (especially for
chemical sensors to obtain nanowires in high surface area).
A high surface area AAO template with size of the AAO
nanotubes as small as a few nanometers could play an im-
portant role if an approach to remove the barrier layer with-
out widening the original nanotube size can be developed.
However, this process leaves an unsupported AAO tem-
plate that is unsuitable for device design. It is therefore of
great interest to develop methods to fabricate a thin AAO
template on a Si substrate for device design by depositing
nanowires or nanotubes directly onto the substrate. For this
purpose, the aluminum oxide barrier layer of the AAO tem-
plate must be removed. Electrodeposition of a metal in an
AAO template on a Si wafer without removing the barrier
layer has been reported, where the deposition of nanowires
was achieved by using an ac method or by utilizing the tiny
conduction paths that may be embedded in the alumina bar-
rier layer. In that case, the higher barrier resistance greatly
adds to the impedance of nanodevices and thus restricts their
applications, such as chemical sensors. Alternatively, some
methods such as the voltage drop or the constant current an-
odization were applied to AAO templates [15–18]. These
techniques can only thin or selectively remove the barrier
layer, but they cannot remove it completely. Currently, Ra-
bin et al. [19] fabricated a 12-μm-thick AAO template on a
Ti-coated Si substrate. The barrier layer was electrochem-
ically etched away by applying cathodic bias to the AAO
template in a dilute KCl aqueous solution for 15–30 min.
Then, Tian et al. [20] proposed the in situ removing of the
barrier layer by reversing the polarity of the voltage in the
KCl solution after anodization of the Al foil. However, few
detailed studies have been done about the removing of the
AAO barrier layer by cathodic polarization; therefore, there
is a lack of knowledge concerning the mechanism of elec-
trochemical dissolution of the barrier layer and this drives
us to investigate alternative approaches to solve the problem
of removing the barrier layer.

In this study, we fabricated both AAO template/SiO2/Si
and AAO template/Ti/SiO2/Si more simply and faster. Ad-
vantages of our study over the past studies are that we inves-
tigate the cathodic polarization method in KCl solution for
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Fig. 2 Schematic diagram for describing the fabrication of well-ordered a AAO template/Ti/SiO2/Si and b AAO template/SiO2/Si

removing the barrier layer of a thin (700 nm) AAO template
and give more details about the electrochemical dissolution
mechanism of the barrier layer for the thin AAO template.

2 Experimental procedure

Two types of AAO template were prepared by using a
two-step anodization procedure. The first type AAO tem-
plate (AAO template/SiO2/Si) was fabricated using the di-
rect anodization of an Al film deposited on an n-type (100)-
oriented oxidized Si substrate and the second type AAO
template (AAO template/Ti/SiO2/Si) was fabricated by an-
odizing an Al film deposited on a Ti/SiO2/Si substrate. First,
a 200-nm-thick Ti film was deposited on a thermally oxi-
dized Si wafer by thermal evaporation in a vacuum cham-
ber. The Al thin film was subsequently thermally evaporated
on the Ti film with a thickness of 700 nm. The anodization
was performed in a 0.3 M oxalic acid (H2C2O4) solution
at 40 V and 15◦C for 20 min. Then, the anodically grown
aluminum oxide films were selectively removed by dipping
the samples into 5 wt.% phosphoric acid (H3PO4) solution
at 30◦C for 20 min. The second anodization was performed
under the same conditions as the first. Thus, we obtained
AAO template/SiO2/Si and AAO template/Ti/SiO2/Si. At
the end of the second anodization process, the alumina bar-
rier layer, which is the bottom of the AAO template, was

removed by a cathodic polarization method. Cathodic polar-
ization was performed in 0.2 M KCl solution by applying–
2 V to the anode for 100 s. This process is necessary to
provide electrochemical deposition of metal nanowires into
the AAO nanotubes for future studies. A schematic dia-
gram for describing the fabrication of well-ordered AAO
template/Ti/SiO2/Si and AAO template/SiO2/Si is given in
Fig. 2.

3 Results and discussion

An anodic aluminum oxide film was grown by two-step
anodization in oxalic acid solution at 40 V. The current
density–time transient during first and second anodizations
of AAO template/Ti/SiO2/Si is given in Fig. 3. The anodic
reaction is given in (1) and (2):

6OH− − 6e− → 3H2O + 3O2−, (1)

2Al + 3O2− → Al2O3 (amorph.). (2)

The cathodic reaction is as follows:

6H+ + 6e− → 3H2 (gas). (3)

The current behaviors arise from the formation of the bar-
rier layer, initiation of nanotube formation and growth of the
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AAO film, for the first and second anodizations showed dif-
ferences. At the beginning of the oxide formation, both tran-
sients had an identical behavior. During the first anodization
process, the barrier-type AAO film was grown; the current
density decayed in a few seconds. After the initial 2 min,
while porous-type aluminum oxide film growth was begin-
ning, the following current density decayed exponentially
and there was an obvious color change to transparent AAO
after the first 2 min. Then, the current decreased as the re-
maining Al was completely anodized. The current increased
at the end of the Al anodization. The rate of increase in cur-
rent depended strongly on the uniformity of the Al film. The
Al was very smooth with few defects; there was a very slow
and slight increase in current and the surface of the Al film
was uniform [21].

For the second anodization, the time for reaching the low-
est and constant current was significantly shorter than for the
first anodization. The minimum current density was higher

Fig. 3 Current density–time transient during first and second anodiza-
tions of the AAO template/Ti/SiO2/Si

for the second anodization than for the first anodization. The
time for AAO nucleation and AAO film growth for the first
anodization was longer than in the second anodization. After
first anodization and selectively etching the initial AAO film,
the surface was patterned with nanopits. The patterned sur-
face remained at the bottom of each curvature, where the re-
sistance was the lowest and the electric field was the highest;
thus, the AAO nucleation was easier on a patterned surface.
In addition, the thermal effects, high electric field and the
change of the diffusion mechanism from planar diffusion to
spherical diffusion accelerated the diffusion rate of protons
to the oxide/solution interface, which resulted in great ac-
celeration of both the AAO barrier layer dissolution and the
growth of tubes. Therefore, the time for reaching a steady
state was shortened. Under a constant potential, high current
density in the second anodization caused the large patterned
surface area.

The morphologies of the fabricated AAO templates were
characterized by scanning electron microscopy (SEM). Fig-
ure 4 shows typical top views of the AAO template after first
and second anodizations. Figure 5 shows a typical top view
and a cross-sectional view of the AAO template/SiO2/Si af-
ter second anodization.

As shown in both Figs. 4 and 5, fabricated hexagonal
straight nanotubes of the AAO templates were observed
approximately 50 nm in diameter and 700 nm in length
with 80-nm interpore distances. The initial pore arrange-
ment was irregular on the aluminum oxide surface, but re-
pulsive forces between neighboring pores during the an-
odization gave rise to self-assembly ordering. Thus, hexago-
nally well-ordered AAO templates were obtained. Nanopits
were observed approximately 28 nm in diameter on the alu-
minum oxide surface after first anodization as shown in

Fig. 4 SEM images of the AAO template/SiO2/Si. a Top view of fabricated porous aluminum oxide film with nanopits after first anodization.
b Top view of fabricated AAO template after second anodization
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Fig. 5 SEM images of the AAO template/SiO2/Si. a Top view of fabricated AAO template. b Cross-sectional view of fabricated AAO template

Fig. 6 Current–time transient during removing the alumina barrier
layer of the AAO template/Ti/SiO2/Si

Fig. 4a. The final pore arrangement has a high regularity af-
ter second anodization under the same conditions as the first
shown in Figs. 4b and 5a.

In order to make electrical contacts to provide deposition
of nanowires into the AAO template and to prevent the de-
tachment of it, we used a titanium film with a thickness of
200 nm as a conducting and adhesion film between the alu-
minum film and the Si substrate. For opening up the blocked
ends of the alumina barrier layer, we applied a negative po-
tential to the AAO template in 0.2 M KCl solution. Figure 6
shows the current–time transient during removing the alu-
mina barrier layer of the AAO template/Ti/SiO2/Si.

After applying a negative voltage to the AAO template,
the alumina barrier layer was charged negatively and pos-
itive ions (H+, K+) of electrolyte present in the template
move to the layer. The H+ take an electron on the surface
of the alumina barrier layer and form H2 gas that causes en-
richment of electrolyte with KOH:

2H+ + 2e− → H2 (gas), (4)

K+ + OH− → KOH. (5)

The formed KOH dissolves the alumina barrier layer accord-
ing to the following reaction:

Al2O3 + 2KOH → 2KAlO2 + H2O. (6)

The titanium layer was oxidized while the Al film was
anodizing, but a low-resistance titanium layer remained un-
derneath this oxide layer. The current curve as a function of
time was increased while KOH was beginning to open up
the blocked ends of the alumina barrier layer; thus, AAO
nanotubes were connected to titanium. We found that the
alumina barrier layer must be removed in 100 s. Otherwise,
if the current value rises to 0.8 mA, the ordered AAO nan-
otubes are broken and have some cracks on the top of the
nanotubes due to the influence of the increasing pH value as
the OH− ions are increasing in the electrolyte. For this rea-
son, we removed the alumina barrier layer until the current
value increased to 0.8 mA. Figure 7 shows cross-sectional
views of the AAO template/Ti/SiO2/Si before and after re-
moving the alumina barrier layer. An energy dispersive
X-ray (EDX) spectrum from the surface of the AAO tem-
plate/Ti/SiO2/Si after removing the alumina barrier layer
confirms the process (Fig. 8).

The EDX spectra show Al signals from the alumina film,
Ti signals from the titanium film, Si signals from the silicon
substrate and O signals from the alumina film, the oxidized
titanium film and the substrate. EDX spectra indicated that
the interface between the Al2O3 and the Si substrate consists
of Ti interconnected openings.

For removing the barrier layer, Rabin et al. [19] etched
away the AAO film in a H3PO4:CrO3 solution for 16 h.
To adjust the pore diameter the alumina film was dipped
in 5 wt.% H3PO4. Then, the barrier layer of the obtained
12-μm-thick AAO/Ti/SiO2/Si structured AAO template was
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Fig. 7 Cross-sectional SEM images of the AAO template/Ti/SiO2/Si. a Before removing the alumina barrier layer. b After removing the alumina
barrier layer

Fig. 8 EDX spectra from the
surface of the AAO
template/Ti/SiO2/Si after
removing the alumina barrier
layer

removed by a cathodic polarization method in a dilute KCl
solution. The barrier layer was electrochemically etched
away by applying a cathodic bias of 2.25 V to the AAO
template in a dilute KCl aqueous solution for 15–30 min.
On the contrary, in this study, the AAO film was selectively
chemical etched in 5 wt.% H3PO4 solution, which is com-
monly called a pore-widening solution for the AAO tem-
plate. We used this solution as it has a significant advan-
tage. This solution widened the nanotube size and thinned
the AAO barrier layer at room temperature for only a few
minutes, while the AAO film is selectively etching away, but
it could not remove the barrier layer completely. Then, the
thinned barrier layer was removed completely in KCl solu-
tion by cathodic polarization for a few seconds. Thus, AAO
templates on Si were obtained with opened ends faster and
more simply. Besides, the advantages of our study over the
past studies are: (1) faster and more simple alumina etch-
ing and removing of the alumina barrier layer; (2) the AAO
template/SiO2/Si enables us to deposit vertical nanowires
directly on Si substrates as nanowire-structured cathodes
which can provide greater power density especially for fab-

rication of a chip-scale lithium (Li)-ion rechargeable micro-
battery; (3) the AAO template/Ti/SiO2/Si enables us to de-
posit nanowires and nanotubes with an electrically conduc-
tive Ti film at the bottom especially for fabrication of chem-
ical sensors and optoelectronic devices.

4 Summary

In summary, hexagonally well-ordered AAO template/
SiO2/Si and AAO template/Ti/SiO2/Si were fabricated ap-
proximately 50 nm in diameter and 700 nm in length with
80-nm interpore distances. A novel process for removing
the AAO barrier layer of both AAO template/SiO2/Si and
AAO template/Ti/SiO2/Si was developed. We first widened
the AAO nanotube size and thinned the AAO barrier layer
at room temperature for only a few minutes and removed
it completely in KCl solution by cathodic polarization for
a few seconds. Thus, AAO templates on Si were obtained
with opened ends faster and more simply. The process for
the removal of the AAO barrier layer was given in detail in
this paper.
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