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Abstract

Anodic aluminum oxide (AAO) film has recently attracted much attention as a key material for the fabrication
of various nanostructures. A control of anodizing voltage (U) was employed to render different anodic alu-
minum oxide (AAO) nanostructures with pore diameter (D,) and interpore distance (D;,) in oxalic acid. In
this work, we study the effect of stepwise modulation of anodizing voltages on the shape and dimension
of porous structures along the vertical direction and demonstrate the fabrication of hierarchical layers of sys-
tematically controlled three-dimensional (3D) pore profile.

Keywords : Three-dimensional (3D) AAO nanostructures, Modulafing voltage, Hierarchical alumina nanosfructures

1. Introduction

Recently, an anodic alumina oxide (AAQO) films
with hexagonally packed pore arrays in nano-scale
have attracted considerable attention in the
nanotechnology field [1] although the AAO films
formed by electrochemical anodization of aluminum
in acid electrolytes has been extensively studied for
70 years [2]. Since the highly ordered AAO was
developed by the two-step anodization process for
fabricating self-ordered porous alumina templates, and
these AAO films with desired pore size (Dp) and
interpore distance (Dint) through anodization is the
fundamental step that dominates the feasibility of the
successive fabrication and the properties of resultant
nanostructures [3,4]. The parameters of AAO films
such as Dp and Dint will directly influence their
performance in all these applications which has been
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applied to various functional nano-materials such as
solar cells [5], chemical sensors [6], photonic nano-
devices [7], metallic nano-wires [8,9], anti-corrosion
[10] and etc. It is also possible to fabricate porous
anodic alumina templates with a self-ordered hexagonal
and periodic pore arrangement in a more cost-effective
way than with other methods such as nanoidentation
[11] and electron beam lithography [12]. However, it
should be noted that most of the anodization methods
were developed to form a two-dimensional (2D) porous
array with the control of lateral dimensions only [13].
This work focused on the fabrication and structural
control of three-dimensional (3D) AAO shapes. A
control of anodization voltage (Ua) was employed to
render different anodic aluminum oxide (AAO)
nanostructures with pore size (Dp) and interpore distance
(Dint) with in oxalic acid. Furthermore, a stepwise
anodization with modulating voltages in oxalic acid was
created to produce three-dimensional (3D) AAO
nanostructures. The concept of modulating Ua both mild
anodization (MA) at 40 V and hard anodization (HA) at
100 V has approached the stepwise of two different
routes such as MA to HA, HA to MA mode.



428 Chanyoung Jeong 2|/3=%H-338}3] 50 (2017) 427-431

2. Experimental

A highly pure aluminum foils (99.9995%, Good-
fellow Co., 1 cm x 3 cm x 0.05cm) were first
degreased in acetone and ethanol by ultra-sonication
for 10 minutes and rinsed in deionized water.
Subsequently, each specimen was electropolished to
reduce surface irregularities in a mixture of
perchloric acid and ethanol (HCIO,/C,HsOH = 1:4 in
volumetric ratio) under an applied potential of 20 V
for 60 seconds. Aluminum was used as a working
electrode and a platinum was used as a counter
electrode in the anodization process. The two
electrodes were separated at a distance of 5 cm. The
typical anodization was conducted in a 0.3 M oxalic
acid solution at 1°C with appropriate magnetic
stirring (Fig. 1). The mild anodizing was applied at
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Fig. 1. Conventional anodizing set-up system. (a) DC
Power supply, (b) Platinum as counter electrode, (c)
Aluminum as working electrode, (d) Magnetic stirrer.
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40V and the hard anodizing was applied at 100V,
respectively. The condition of AAO film removal is
an aqueous mixture solution of 1.8 wt% chromic
acid and 6 wt% phosphoric acid at 65°C for 10
hours. The cross-section morphology of the porous
AAO films produced under different conditions was
observed with a Scanning Electron Microscopy (Carl
Zeiss). The specimens were cut into small pieces,
mounted on a stage with carbon tape, and coated
with a gold layer for 15 seconds by using sputter in
order to SEM images observation clearly. For the
examination of the cross-section of AAO, the
specimen was bent into 90° to produce cracks
parallel.

3. Results and discussion

3.1. Fabrication approach

Figure 2 shows the fabrication schematic of two-
step anodization process. An aluminum foil is
conducted to electro-polishing in order to both
cleaning the surface and improving the pore
arrangement. Without this step, non-uniform electric
field due to irregular electrolyte/aluminum interface
results in non-uniform pore penetration (Fig. 2a).

The first anodization step typically results in poor
pore arrangement of aluminum oxide (Fig. 2b).
Figure 2¢ shows the removal of the alumina layer
using chemical etching for the second anodization

b. 15t Anodizing

c. CﬁémicarEtchﬁa
(AO removal)

Fig. 2. Schematic of two-step anodization process. (a) Electro-polished aluminum substrate. Electro-polishing
smoothens the surface and improves the pore arrangement. Without this step, non-uniform electric field due to
irregular electrolyte/aluminum interface results in non-uniform pore penetration. (b) First anodization for initial pore
arrangement. The first anodization step typically results in poor pore arrangement. (c) Chemical etching of the
alumina layer for the second anodization step. (d) Well-ordered pore arrangement is obtained by the second
anodization due to the pre-determined surface pattern remained after the chemical etching in the step (c).
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step. The good uniform pattern was made to
aluminum substrate through the removal step. Well-
ordered pore arrangement is obtained by the second
anodization due to the pre-determined surface pattern
remained after the chemical etching in the step (c)
(Fig. 2d). This pore structure is equivalent to
conventional film and the thickness depends on the
duration of the anodization process [14].

3.2. The effect of anodization voltage

The real samples are prepared by the electro-
polishing and alternative anodization process such as
stepwise mild and hard condition (Fig. 3) and the
samples are inspected by SEM.

Figure 4 shows a set of SEM images of the
fabricated MA to HA and HA to MA by one step
anodizing process. For samples MA to HA and HA
to MA, the anodization parameters such as the sort
of electrolyte, temperature and concentration are
experimental constant. In case of cross view images,

AAO parameter was observed in terms of pore
diameter (D,) and inter-pore distance (D). The
different pore diameter that results from the applied
anodizing voltage employed was found between the
MA and HA mode. Although it was hard to figure
out the accurate D, and D,,, the parameter shows a
different scale both D, and D, as shown as Fig. 4.
The D, with MA to HA mode is much smaller than
the D, with HA to MA mode. The D,, with MA to
HA mode also is much shorter than the D, with HA
to MA. Outer side of AAO is grown under MA
condition, and inner side of AAO close to substrate
is grown under HA condition.

Figure 5 represents also a set of SEM images of
the fabrication with stepwise anodization voltage
mode such as MA to HA and HA to MA with two
step anodizing process, respectively. The process of
two step anodizing would be obtained a better pore
arrangement because of second time anodization. The
second time anodization makes the pore arrangement

Fig. 4. SEM images of top and cross-sectional morphologies of AAO film with 3D structures formed with different
anodization voltage (formed by one-step anodizing process) and schematic diagram of multi-pore structure (formed
by one-step anodizing process). (a) Mild anodizing to hard anodizing (MA to HA), (b) Hard anodizing to mild

anodizing (HA to MA).
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Fig. 5. SEM images of top and cross-sectional morphologies of AAO film (formed by two-step anodization) and
schematic diagram of multi-pore structure in single alumina capsule. (a) Mild anodizing to hard anodizing, (b) Hard

anodizing to mild anodizing.

to much better uniformity than first time one since
the uniform pattern on aluminum directly was
established for the first time anodization step. The
sample that was conducted by second time
anodization shows a precise the size of D, and Dy
than the mode of first time anodization such as Fig.
4. In case of top view images, the D, of MA to HA
mode is much smaller than that of the mode of HA
to MA as shown as in Fig. 5. Therefore, the major
different of AAO structural parameters between one-
step and two-step anodizing processes is a pore
uniformity. And the surface morphology only reflects
the approach of first time mode (MA or HA)
condition regardless of the following anodizing mode
(HA or MA). Some structural variation of AAO was
induced by modulating voltage, and that can be
observed in cross-sectional images.

4. Conclusion

Here, we show the control of AAO structures not
only D, and D, but also hierarchical three-dimensional
AAO nanostructures by stepwise anodization with
modifying Ua. This work allows one to accomplish a
selective control of the AAO structures during their
growth, aiming for the production of multi-component
nanostructures. In conclusion, the results demonstrate
that the 3D wvertical morphology of the porous
aluminum oxide layer can be systematically modulated
by controlling the anodizing modes (e.g., voltages).
Such hierarchical nanoporous structures with tunable

vertical profiles would benefit many applications with
tailored materials/surface properties and system/device
functionality.
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