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Abstract−A simplified anodized aluminum oxide (AAO) nano-template fabrication process was developed in this
study, which can be suited for the large area device applications. The pores of various sizes and depths were realized
from the thin (less than 1 µm) aluminum film deposited on the sapphire substrate. The optimum morphological structure
was obtained by adjusting the applied voltage, types of acid solution, its concentration and temperature which has evolved
after two phases of anodization followed by chemical etching. The Ar plasma pre-treatment method was developed and
applied to improve the surface roughness of thin aluminum film without severely sacrificing the deposited layer thickness.
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INTRODUCTION

The anodic aluminum oxide (AAO) nano-template is a promis-
ing alternative for the fabrication of one-dimensional nano-struc-
tured materials because of its structural regularity and high pore
density [1-4]. Nano-scale structures have attracted much attention
in the field of fabrication of display and semiconductor devices due
to their superior optical properties and unique electronic, magnetic
properties suited for such novel devices [5-7].

The AAO nano-templating technology is regarded as one of the
important tools in nano-technology to fabricate nano-structured tem-
plates owing to its relatively easy synthetic method and productiv-
ity, thus it can be successfully applied in many industrial fields. For
example, it can be used as a template for nano-wire structure growth
to realize large area LED modules and can also be used as an anode
for large area thin film ordered organic bulk hetero-junction solar
cells. Additionally, the AAO nano-template can be used as a nano-
mask after removing resistance layer [8-11]. It is prospected that
the AAO nano-templating technology will take an absolutely impor-
tant role in various fields where nano-patterning is required.

The AAO nano-templating technology developed in this study
has some key advantages in both process adaptability and cost effec-
tiveness, and it is used to form bulk orderly arranged nanometer-
sized pores on large area substrates. The developed technique elimi-
nates the electro-polishing steps frequently involved in the conven-
tional AAO process where thick (greater than 10µm) aluminum
film or foil is typically employed. Thick film or foil of aluminum
makes the applicability of AAO process to large area, economic
applications difficult, and process optimization and scale-up to mass
production difficult.

In this study, these disadvantages were overcome by incorporat-

ing thin (less than 1µm) aluminum film deposited uniformly on
large area substrates such as sapphire or ITO-coated glass. The Ar
plasma pre-treatment was used to improve the surface roughness
of the thin aluminum film instead of electro-polishing prior to the
AAO fabrication process.

EXPERIMENTAL

In this work, aluminum films with 600-700 nm thickness was
deposited on cleaned sapphire substrate by the RF sputtering in a
vacuum chamber as shown in Fig. 1. The surface roughness of sput-
tered aluminum was slightly higher than 20 nm, thus smoothing
the surface is required to fabricate AAO nano-templates having uni-
form and ordered structures. The electro-polishing process utilizing
perchloric acid and ethanol mixture (HClO4 : C2H5OH=1 : 4 in vol-
umetric ratio) at 20 oC and 20 V was first attempted to reduce the
surface irregularities of the aluminum film by varying polishing
times and conditions, but it failed to smooth the surface morphol-

Fig. 1. SEM image of 600-700 nm thick Al film on sapphire sub-
strate.
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ogy due to the severe etching of aluminum during polishing. It was
found that the aluminum film peeled off from the substrate for the
entire range of process conditions investigated in this study, lead-
ing to the conclusion that the conventional electro-polishing pro-
cess can only be successfully applied to smooth the aluminum sur-
face when the film thickness is larger than 3 µm. Thus the sputter
etching technique utilizing Ar plasma was developed in this study
and applied to smooth the thin aluminum surface before going into
the AAO fabrication process.

The two-step anodization process was used to prepare an ordered
porous alumina nano-template using a typical anodization method,
of which the details could be found else where [10,11]. The thin
aluminum film on the sapphire substrate was first anodized in a 0.2 M
oxalic acid solution at 15 oC and 40 V, forming irregular pores. After
the first anodization, the formed AAO layer was etched by immers-
ing the specimen in a mixture of 1.8 wt% chromic acid and 6 wt%
phosphoric acid at 50 oC. The second anodization was then per-
formed under the same process conditions as used in the first anod-
ization. Finally the pore-widening process with phosphoric acid (85%)
at 30 oC was applied to enlarge the diameter and depth of the AAO
nano-template structure.

The optimized process steps and conditions developed in this
study are listed in Table 1. At all steps, the solution was constantly
stirred at a settled speed by a magnetic bar. Anodization was carried
out in a 1,000 mL jacketed-beaker designed to keep the tempera-
ture of the contained solution constant by using a thermostat.

The formed AAO structure was observed with Field Emission
Scanning Electron Microscope (FE-SEM, Hitachi S-4100), and the
surface roughness and morphology were investigated by Atomic
Force Microscopy (AFM) and FE-SEM.

RESULTS AND DISCUSSION

The surface roughness of aluminum after the Ar plasma treatment
with varying plasma chamber pressures was shown in Fig. 2, which

was measured by AFM in root mean square (RMS) average. The
reduction in the surface roughness of aluminum with the increase
of plasma chamber pressure was clearly observed. It is speculated
that with the increase of plasma chamber pressure, the ion bombard-
ment to the sample becomes more random thus diminishing the ion
shadowing effect. The decrease in the Al thickness by the Ar plasma
treatment was minimal and stayed within the measurement error
boundary (less than 1 nm). Increase of plasma power and treat-
ment time, however, was found to be ineffective in improving the
surface roughness, since the roughness got worse after the treat-
ment. The controlled use of Ar plasma pre-treatment was found to
be an alternative method to replace the typical surface smoothing
technique (e.g., electro-polishing). It is believed that the Ar ions in
the plasma sputter off the extruded features on uneven Al surfaces
and make them flatter. Increased plasma power, however, degraded
the surface roughness due to the masking effect of extruded struc-
tures at the increased DC bias. The Ar plasma pre-treatment is a
promising technique to remove the surface irregularities without
sacrificing the deposited Al thickness.

The base AAO process conditions were developed from prelim-
inary experiments with the oxalic acid anodizing solution: The acid
concentration of 0.2 M, anodization temperature and voltage of 15 oC
and 40 V were found to be optimum conditions. After the first anod-
ization, the template was etched with the mixture of 1.8 wt% chro-
mic acid and 6 wt% phosphoric acid under 50 oC and 0 V. The sec-
ond anodization was performed under the same operating condi-
tions as in the first (15 oC and 40 V). The pores with a diameter of
approximately 40 nm were typically obtained after the second anod-
ization. Depending on the conditions of synthetic process, pores of
various sizes and depths could be reproducibly formed.

Systematic variation of process parameters (chemical concentra-
tion, voltage, temperature, time, etc.) and characterization of the
results were implemented at each step to realize regular pores with
as high aspect ratio as possible. Determination of the process condi-
tions for optimum morphological structure was made based on the
criteria of 1) smoothness of the Al surface prior to the anodization
and etching process and 2) maximum possible aspect ratio of the
holes developing from the AAO process. Reaching to the bottom
of the Al layer was accomplished by the pore-widening process.
Careful control of pore-widening process parameters was neces-
sary to keep the pore structures from collapsing.

Fig. 3 and 4 show the morphological evolutions and pore-size
variations of AAO nano-template structures with varying process
conditions. As the anodization voltage increases from 40 V to 60 V,
the size of the pores was increased from 30 nm to 130 nm, and with
the temperature increase from 0 oC to 15 oC, the size of the pores
was also increased from 20 nm to 50 nm. The voltage is another
factor in determining the regularity and size of the nanopore arrays.
Virk [12] studied the effect of voltage by using three different anod-

Table 1. The optimized AAO fabrication steps and conditions

First anodization Etching process Second anodization Hole-widening
0.2 M phosphoric acid (99%)
- Sample is anode and curved

aluminum plate is cathode

1.8 wt% chromic acid and 6 wt%
phosphoric acid (85%) mixture
- No voltage is applied during the

etching process

0.2 M oxalic acid dehydrate (99%)
- Sample is anode and curved alu-

minum plate is cathode

0.2 M phosphoric acid (99%)
- No voltage is applied during

the hole-widening process

Fig. 2. Effect of Ar plasma chamber pressure on the Al surface
roughness at the plasma power of 50 W for 10 min treat-
ment time.
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ization voltage values at 30, 40 and 50 V and observed the increase
of pore diameter as voltage increases. Since, the anodization is per-
formed under an applied electric field; pores grow in the direction
perpendicular to the aluminium surface, while equilibrium is estab-
lished between the field-enhanced dissolution of oxide layer at oxide/
electrolyte interface and the growth of oxide layer at the metal/oxide
interface [13]. The porous alumina layer was formed by the elec-
trochemical oxidation of aluminium, which is dependent on the dif-
fusion of both O2− ions and the Al ions. The volume expansion at
the metal/oxide interface generates a mechanical compressive stress,
which leads to the repulsive forces among the growing pores and
pushes the pore walls upwards. Therefore, it can be hypothesized
that reorientation of the O2− and Al3+ ions at the interface coupled

with compressive stresses favors the formation of ordered pores on
the surface of anodic alumina. During oxidation of Al, huge amount
of heat is liberated and this heat generated during anodization may
cause thermal stress in and formation of bigger holes. But the meth-
od of varying voltage and temperature required extremely accurate
and stable control in handling the experiments, because the results
could vary with even a small change in the voltage or temperature
due to the remarkably thin aluminum film. The sensitivity of the
results on the change in the process conditions was too high. Thus
a better way to increase the pore-size with controllable sensitivity
is to use the phosphoric acid pore-widening step under 30 oC tem-
perature and 0 V, and the results are shown in Fig. 5. This method
could provide better AAO morphology by preserving the walls be-

Fig. 3. AAO nano-template formed with different anodization voltages on an Al/sapphire: (a) 40 V, (b) 50 V, (c) 60 V; and AAO nano-
template formed with different anodization temperature on an Al/sapphire: (d) 0 oC, (e) 10 oC, (f) 15 oC.



1788 Y. Na et al.

November, 2009

tween pores relatively intact compared to the morphology obtained
with changing the anodization temperature and voltage.

The increase of anodization time did not affect the size of pores
significantly but caused the increase of pore depth. However since
the starting aluminum thickness was very thin, over-time anodiza-
tion resulted in the decrease of aluminum thickness drastically, re-
sulting in the collapse of the pores.

The electro-polishing steps frequently involved in the conven-
tional AAO technique was eliminated due to its severe etching char-
acteristics of aluminum, and the Ar plasma pre-treatment was in-
volved instead to prepare smoothened surface for the subsequent
anodization and etching processes. The diameter, length and den-
sity of the nano-template pores could be reproducibly controlled
simply by changing the conditions of AAO process (anodization
voltage, types of acid solution and its concentration).

The technique developed in this study is applicable to other large
area substrates such as ITO-coated glass or Si wafer, opening its
usefulness to basically any large area substrates for nano-structure
formation and device applications.

CONCLUSIONS

A two-step anodization process has been developed in this study
to realize highly regular AAO nano-template. The anodization volt-
ages and temperatures affect the pore size, pore depth, which fur-
ther increases by the second anodization time. In addition, reduced
surface roughness of aluminum was observed by Ar plasma treat-
ment. To obtain hexagonally ordered pore arrays in anodic oxide
film, Ar plasma is used to remove the surface irregularities for the

Fig. 4. Variation of AAO nano-template pore size on the conditions
of synthetic process: (a) anodization voltage; (b) anodiza-
tion temperature; (c) pore-widening time.

Fig. 5. (a) AAO nano-template formed with an optimum process conditions developed in this study with anodization voltage of 40 V; (b)
AAO nano-template after the pore-widening process by phosphoric acid at 30 oC.
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remarkably thin aluminum film. The synthesized AAO template
could be successfully used to obtain orderly arranged nanometer-
sized wires for large area device applications.
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