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Abstract—Highly ordered pore array in anodic aluminum oxide was fabricated by anodizing pure aluminum. The
order of a pore array was affected by anodizing voltage, electrolyte temperature, and first anodizing time. A regular
pore array with mean diameter of 24 nm and interpore distance of 109 nm could be formed by two-step anodization
at 40V, oxalic acid concentration of 0.3 M and electrolyte temperature °6f. THhe measured interpore distance
showed linearity with anodizing voltage. The diameter of pores was adjusted by pore widening treatment in a 5 wt%
phosphoric acid solution at 30 after two step anodization. The mechanism of self-arrangement of pores could be
explained by the repulsive interaction between the pore walls.
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INTRODUCTION This method is cheaper and easier than the electron beam lithogra-
phy method to obtain a regular array of nano-sized pores. The pores
Nanoscale structures have recently attracted considerable sciehave a uniform pore diameter in the range of 4-300 nm, high pore
tific and commercial attention because of their unique electronicdensity in the range of 200" cn™ and an aspect-ratio of over 100
magnetic, and optical properties. For example, nanochannel arrag easily obtained.
can be applied to a recording medium to achieve recording densi- The formation of AAO film was affected by the anodic voltage,
ties of more than 16 Gbits/érfHorowitz et al., 1991; Nelson et the temperature of electrolyte, and the first anodizing time [Li et
al., 1998]. It can also be used for single-electron devices [Tager al., 1998]. The anodic voltage and the temperature of electrolyte
al., 1997], and optoelectronic devices [Whitney et al., 1993].  affect the growth rate of pores and the interpore distance. Also, first
Aluminum is always covered with a thin oxide film because of anodizing time has a significant effect on the ordering of pore arrays
its high affinity for oxygen. Aluminum oxide film can also be pro- in AAO. The aim of this research is to study the effect of numer-
duced when pure aluminum is used as an anode in an electrolytious parameters and to find the optimum condition for the forma-
cell. This oxide film is called anodic aluminum oxide (AAO) film. tion of an AAO film with perfect hexagonal pore arrangement.
In this case, however, there form two types of oxide fims, a dense
barrier film and a porous film. Type of oxide film mainly depends EXPERIMENTAL
on the nature of the electrolyte solution used in anodization. Bar-
rier-type oxide film which is perfectly insoluble in the electrolyte A pure aluminum sheet (99.999%) of 1 mm thickness was de-
solution is formed in neutral boric acid solution, ammonium borategreased in acetone by ultrasonication. After ultrasonication, the spec-
or tartrate aqueous solutions (pH 5-7), ammonium tetraborate iimens were rinsed several times in ethanol for more than 15 min, and
ethylene glycol, and several organic electrolytes including citric, finally rinsed in deionized water. The specimen was electropolished
malic, and glycolic acids. Porous-type oxide film which is slightly in a mixture of perchloric acid and ethanol (HCIO,H.OH=1:4
soluble in electrolyte solutions is formed in sulfuric, phosphoric, in volumetric ratio) to remove surface irregularities. The specimen
chromic, and oxalic acids at almost any concentration. The thickwas used as an anode while a flat Pt sheet or curved Al sheet was
ness of barrier-type oxide film can only be controlled by anodizingused as a cathode. The distance between the cathode and the anode
voltage, whereas that of porous-type oxide film can be adjusted byvas adjusted to be about 5 cm. A constant voltage of 20 V was ap-
the current density and anodizing time [Diggle et al., 1969].  plied between the cathode and the anode for 60-90 sec and the sol-
Although porous AAO film has been commercially available ution temperature was kept to b¥C7during electropolishing. The
for the last few decades, irregular arrangement of pores is obtaineglectropolishing time was varied with the characteristics of the used
by conventional anodization technique. It is a rather recent develAl specimens such as thickness and surface roughness. A constant
opment that a periodic pore arrangement in a porous AAO film carvoltage was applied by a computer-interffaced power supply
be obtained by two-step anodic oxidation method [Masuda et al(HOBANG, HBPS-1A200V). After electropolishing, the specimen
1995]. After the first anodization is performed, the porous AAO was rinsed several times in ethanol for more than 15 min, then rinsed
layer is stripped out by an acid solution. Then the second anodizan deionized water and finally dried in an air stream. Next, the first-
tion produces a highly-ordered, hexagonal close-packed pore arragtep anodization was carried out in a 0.3 M oxalic acid solution;
the conditions for anodization such as temperature of electrolyte,
*To whom correspondence should be addressed. anodizing voltage and first anodizing time were varied to find an
E-mail: ce20047 @postech.ac.kr optimum. Experimental setup was the same as what was used in
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electropolishing, except that an oxalic acid was used instead of an initial electropolishing step, which removes large surface irregu-
perchloric acid-ethanol solution. larities. To obtain hexagonally ordered pore array in anodic oxide
After the first anodization was completed, AAO layer was re- film, electropolishing is considered as an essential step. It was re-
moved by immersing the specimen in a mixture of 1.8 wt% chro-ported that ordered pore array could not be obtained with speci-
mic acid and 6 wt% phosphoric acid af€3or 1-4 hr. Finally, AAO mens prepared without electropolishing [Jessensky et al., 1998].
film was obtained by the second anodization under the same condrig. 1 shows the effect of electropolishing on the roughness of an
tion as the first one. At all steps, the solution was stirred at a conaluminum specimen. Before electropolishing, the specimen exhib-
stant speed by a magnetic stirring bar. Electropolishing and anodizts surface roughness in m scale, but those large surface irregulari-
ing were all carried out in a 500 mL or 1 L jacketed-beaker, whichties were removed after electropolishing. The specimen had mirror-
was designed to keep the temperature of the contained solution colike surface due to the surface roughness of a scale smaller than the
stant by using a refrigerated circulating bath (VWR Scientific Model wavelength of light. Electropolishing could be explained by the pres-
1157). The structure of AAO films was observed with Field Emis- ence of a viscous layer, composed of an electrolyte, reaction prod-
sion Scanning Electron Microscope (FE-SEM, Hitachis s-4200). Theaucts and dissolved metal ions [Aebersold et al., 1996]. Because vis-
specimens were dried in a dessicator for at least an hour and th@ous film thickness of the peak is thinner, the current density at the
coated with Pt prior to SEM observation. For the examination ofpeak is higher than the current density at the valley. So the peaks
the cross-section of a bulk AAO film, the specimen was bent intoare more quickly dissolved than valleys and the surface is smooth-
V-shape to produce cracks parallel to the unbent edge of the speened due to the preferential attack on the peaks.
imen. Fig. 2 shows the SEM images of the top surfaces after anodiza-
tion at various anodizing voltages and temperatures of electrolyte.
RESULTS AND DISCUSSIONS The first and the second anaodizing times were 12 hours and 20 min,
respectively. The first anodization time mainly affects the pore ar-
An aluminum surface is usually flattened before anodization byrangement, and the second anodization time only influences the pore
length. The temperature of electrolyte was kept constant during each
anodization. Fig. 2 clearly shows that the optimum condition for a
perfect ordering of pores is 40 V at°Chfor oxalic acid solution.
The average pore diameter and the interpore distance are 24 nm
and 109 nm, respectively. The domain size with perfect order was
3-4um and lattice mismatches were observed in a larger scale. Self-
arrangement was observed even when the first anodization was car-
ried out for only 2 hrs, but the ordered domain size was small. It
was previously reported that the ordered domain size depends on
the first anodization time and anodizing voltage [Li et al., 1998].
However, these effects are not so prominent. Although there is some
ordering of pores at 40 V in 3G, they do not have a perfect hex-
agonal arrangement. At high voltages or high temperature, oxide
: dissolution rate at pore bottom may increase because the enhanced
() beforn simciropolishing electrical field and current density shows large fluctuation. There-
fore, local temperature may increase, so that stresses and rates of
heat dissipation become nonuniform at pore bottom. Also, because
the extent of volume expansion of aluminum oxide during anod-
ization was larger, the pore arrangement might be disordered [Li et
al., 1998]. At low voltages or low temperature, though anodization
is very stable, the pore arrangements became very disordered. Be-
cause the repulsive interaction might become smaller, the expan-
sion of volume during oxide formation at the Al®| interface is
smaller. However, regular pore array can be obtained if anodiza-
tion is carried out for a long time.
The advantage of two-step anodization lies in the easy forma-
tion of a regular pore array. As the first anodization proceeds, the
BRAEG4E B.@ kY X2@8.8k 'I.50dA depth of pores increases and the arrangement becomes more regu-
i) alier eleetropalihing lar. It was reported that the improvement of pore arrangement con-
) o ' tinued even after 60 hours of the first anodization [Shingubara et
Fig. 1. Effect of electropolishing on the surface roughness. The

! ; . X ; al., 1997]. The driving force for the self-arrangement of pores is
specimen was electrochemically polished in a mixture of LT . .
perchloric acid and ethanol (HCIQ, : C,H,OH=1: 4 in vol- thought to be the repulsive interaction betvyeen pores during pore
umetric ratio). Applied DC voltage was 20V between cath- ~ 9rowth. In the steady state pore growth period, oxide growth at the
ode and anode. The solution temperature was kept to be  AVAI,O; interface and field-enhanced oxide dissolution at th@,/Al
7°C. electrolyte interface are in equilibrium. The repulsive interaction
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Fig. 2. Effect of anodizing conditions on the formation of pore arrays (top view). The anodizing solution was 0.3 M oxalic acid.

between neighboring pores results from mechanical stress due ®wt% phosphoric acid. After AAO film was removed by wet chem-
the expansion of volume during oxide formation at the ABAI  ical etching, the two-dimensional pattern of a regular array remained
interface. The oxide layer can freely expand only in the vertical di-on the surface of the aluminum specimen. Fig. 3(a) shows the SEM
rection while hexagonal close packing of pores occurs in the laterdmage on the surface of an aluminum specimen after stripping of
direction to adjust the pores to a fixed volume [Jessensky et al., 1998he AAO film formed by the first anodization for 12 hours. This
It was reported that the best ordering of pore array was achievefigure clearly shows a hexagonal pattern on the surface of the al-
for a moderate expansion factor of 1.4, i.e., the relative thicknessiminum specimen. Fig. 3(b)-(d) show the cross-sectional view of the
of the porous AAO layer compared to the consumed aluminumAAO layer after second anodization. It is obvious that pore growth
Table 1 summarizes the conditions for the formation of ordered poretarted from the surface of the aluminum specimen, and the pore
arrays in AAO reported by previous investigators [Masuda et al.,growth progressed following this pattern in the second anodization.
1995, 1996, 1997, 1998; Al-Mawlawi et al., 1991; Li et al., 1998, The growth rate of pores (or equivalently, the etch rate of alumi-
1999, 2000; Jessensky et al., 1998; Zhang et al., 1998]. These inum oxide layer) was a strong function of anodizing voltage and
vestigations only reported ordering conditions, but this study ob-electrolyte temperature. Fig.4 shows the voltage dependence of
served the various effects of anodizing parameters. the growth rate at each temperature. The pore growth rate varied
Because AAO film formed in the first anodization is nonordered from 15 nm/min to um/min depending on anodizing voltage and
at upper part of the AAO film, AAO film should be removed by temperature of electrolyte. The relationship between anodizing volt-
wet chemical etching using a mixture of 1.8 wt% chromic acid andage and growth rate could be expressed by Eqg. (1). This shows that
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Table 1. Summary of previous investigations
. Temp. \oltage Pore Ordered
Group Ordering method Pretreatment Electrolyte C) V) diameter  domain size
Al-Mawalawi  No ordering No 0.23 M Oxalic acid 25 11-20 n.a. No ordering
et al.
Masuda etal.  Long anodization No 0.3 M Oxalic acid 0 40 6716 HA3
2-step anodization No 0.3 M Oxalic acid 17 40 50 n.a.
Long anodization No 0.3 M phosphoric acid 0 195 n.a. >5m
Indentation 400C, 1 hr 0.3 M Oxalic acid 17 40 70 3 mmx3 mm
0.3 M Oxalic acid 17 60 100 3mmx3 mm
0.04 M Oxalic acid 3 80 140 3mmx3 mm
Lietal. Long anodization 40@, 3 hr 0.3 M sulphuric acid 10 25 30 1B
0.3 M Oxalic acid 1 40 70 1-Bm
10 wt% Phosphoric acid 3 160 250-300 8
2-step anodization 40C, 3 h 0.3 M Oxalic acid 5 40 14m
2-step anodization 40C, 3 h HPO, : CH,O -4 195 200 1-5m
H:H,0=1:10:89
Pre-patterning by 400°C, 3 h 0.04 M Oxalic acid 5 85 120
lithography
Jessensky et al. Long anodization 8003 h 0.3 M Oxalic acid 1 30-60 70 ~Um size
best 40
20 wt% Sulphuric acid 18-25 40 Smaller than
best 18.7 that in oxalic
1 acid
Zhang et al. Modified 2-step No 3% Oxalic acid 15 40 n.a. 4m
anodization (3-step)
2-step anodization No 0.3 M Oxalic acid 15 40 n.a. o2

Fig. 3. Formation of regular pore arrays during anodization. (a) Hexagonal pattern on the surface of an aluminum specimen aftgipping
of the AAO layer formed by the first anodization (top view), (b) the AAO layer formed after the 2 anodization for 5 min (side

view); (c) for 10 min; (d) for 20 min.
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Fig. 6. Voltage dependence of interpore distance. The anodization
was carried out under voltage ranges of 20-60 V. The meas-

ured interpore distance, D showed linearity with anodiz-
ing voltage, \l: D,=—5.2+2.75\.
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Fig. 4. Effect of anodizing voltage on the growth rate of pores. The
anodizing solution was 0.3 M oxalic acid.

growth rate quadratically increases as anodizing voltage. Further-

more, growth rate of pores increases very rapidly with anodizing

voltage at higher electrolyte temperature. It is thought that the porever, could not be maintained when the anodization was carried out
growth rate increases due to either the field-enhanced dissolutiofor more than several hours. It is thought that the diffusion of elec-

or the temperature-enhanced dissolution. trolyte solution to the bottom of the pores becomes the rate-deter-

R=5133-3.71V+0095V  (30°C) mining step as the pore length increases.

R=123.43-9.19V,+0.230\¢  (15°C) | =-147.75+125.53t )

R=392.36-26.92V,+0.63\/* (5°C 1 . . . A
? - 6C) @ \oltage dependence of interpore distance is shown in Fig. 6. In-

The length of pores was proportional to the anodizing time. Hereterpore distance was determined as the average of the interpore dis-
extreme uniformity of the pore length should be pointed out. Fig. Stances obtained from SEM images. The specimens anodized under
shows the relationship between pore length and anodizing time. Thigoltage ranges of 20-60 V show pore distances in the range of 50-
linear relationship could be formulated to Eq. (2). Although the datal60 nm. The measured interpore distance shows linearity with an-
was obtained at & and 40V in 0.3 M oxalic acid, a linear re- odizing voltage. The relationship could be expressed by Eq. (3). One
lationship was always valid for other conditions. This linearity, how- interesting observation is that interpore distance only depends upon

anodizing voltage, not upon the temperature of electrolyte. This re-
sult corresponds to the earlier report [Li et al., 1999].

D;=-5.2+2.75\{ (3)

It is possible to control the pore diameter without any change in
pore density: it is frequently referred as pore widening. Pore wi-
dening results from the dissolution of aluminum oxide in the pore
wall in an acidic solution. Fig. 7(a) shows the effect of widening
time on the diameter of pores. This particular sample was prepared
by the two-step anodization at 40 V in a 0.3 M oxalic acid solution
at 15°C, and widening was performed in a 0.1 M phosphoric acid
at 30°C. The mean pore diameter was 24 nm before pore widen-
ing treatment and widened to 74 nm after 50 min of pore widen-
ing. A quadratic relationship was obtained between the pore diameter
and widening time, which could be reduced to Eq. (4).

Pore length (nm)
:

:

0 5 0 15 20 25 D,=24.703-0.116{+0.0221f @)

Anodizing time (min) This results agrees with the earlier reports [Al-Mawlawi et al.,
Fig. 5. Linear relationship between pore length and anodizing time. 1991, 1994]. Fig. 7(b) and () show cross-sectional view of AAO
The anodization was carried out at 40V in a 0.3 M oxalic ~ before and after widening treatment for 50 min &C30espec-
acid solution at 15°C. Pore length,l,, shows linear relation- tively. They clearly demonstrate the increase of pore diameter. Pore
ship with anodizing time, t;: 1,=—147.75+125.53t widening treatment is accompanied with the thinning of the barrier
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Fig. 7. Dependence of pore diameter upon widening time. Anod-
ization was carried out at 40V in a 0.3 M oxalic acid solu-
tion at 15°C and widening was performed in a 0.1 M pho-
sphoric acid, 30°C. (a) Dependence of pore diameter (P
upon widening time (t); (b) cross-sectional view of AAO
before widening treatment, (c) after widening treatment for
50 min at 30°C.

There is every possibility that the inter-pore dimension in an AAO
template can be controlled by the combination of the method shown
in this work with the indentation method [Masuda et al., 1997]. A
pretextured pattern on the surface of an aluminum specimen can
be made by nano-indentation using a mold with a desired inter-pore
dimension of convexes. The obtained concaves of the aluminum
surface act as a pilot holes in the initial pore development during
anodization. If anodization is performed the voltage which pro-
duces the same pore dimension with the mold, AAO template with
desired dimension can be made. An ordered AAO template with
various pore dimensions and diameters can be obtained with addi-
tional pore widening treatment.

CONCLUSIONS

Ordered pore array of nanometer scale can be obtained by an-
odizing pure aluminum specimen in acidic solutions. The order of
pore array is affected by anodizing voltage, electrolyte temperature,
and the first anodizing time. The window for the perfect hexagonal
array is rather narrow. In a 0.3 M oxalic acid solution, a highly or-
dered structure with pore diameter of 24 nm and interpore distance
of 109 nm was obtained by two-step anodization at 40V €15
The growth rate of pores was affected by anodizing voltage and
the temperature of electrolyte. The interpore diameter linearly in-
creased with anodizing voltage. The diameter of pores could be ad-
justed between 24 nm and 74nm without any change in pore den-
sity by pore widening treatment in a 0.1 M phosphoric acid solu-
tion at 30°C after two-step anodization. These results could be used
for making ordered AAO template with various pore dimensions
and diameters.

These nanotemplates can be applied to the various fields, such
as filtration, duplication matrixes, evaporation masks, the high-den-
sity recording media, rechargeable batteries [Mazalev et al., 2001],
optoelectronic devices and template for the growth of metal or se-
miconductor nanowire [Routkevitch et al., 1996]. Also it might be
obtained the ordered nanotemplate with desired pore dimension by
using pre-textured aluminum and suitable anodizing voltage.
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NOMENCLATURE

°

: pore length [nm]

t,  :anodizing time [min]
V, :anodizing voltage [V]
R :growth rate [nm/min]

D, :interpore distance [nm]

layer. Barrier layer thinning is essential for the electroplating of aD,
metal at the pore bottom of AAO film because electrons can tunnd,,
easily through a thinner barrier layer. Barrier layer can be com-

pletely removed to make a membrane. Complete removal of bar- REFERENCES
rier layer can be realized by lowering the anodizing voltage in a small
step [Sui et al., 2001]. Aebersold, J. F,, Stadelmann, P. A. and Matlosz, M., “A Rotating Disk-
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