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A characteristic feature of disordered porous anodic film growth at the initial stage of aluminum anodizing was
revealed by varying the electrolyte type and anodizing voltage. The samples were obtained by the electro-
chemical oxidation of thin aluminum films (100 nm thick) on SiO,/Si substrates in a 0.3 M oxalic acid at 10-50 V
and were studied by SEM. The ImageJ analysis of the images revealed the simultaneous development of two large
groups of pores: major pores with a large diameter and minor pores with a smaller diameter. When anodizing in
oxalic acid at 10-50 V, it has been shown that the ratio of the diameters of the major and minor pores remains
constant and is about 1.17. Using a geometric model, we demonstrated that the centers of the minor pores are
located inside the elementary hexagonal cell formed by the centers of the major pores. Moreover, our results are
very close to the theoretical value of 2/ \/ 3. At the initial stage of disordered pore growth, the development of
minor pores rather than major pores is not a random process and is determined by energy-efficient conditions for
the development of pores inside the hexagonal cells formed by the major pores. The increase in compressive

mechanical stress in the anodic film leads to an interruption in the development of such pores.

1. Introduction

Porous anodic alumina films with nanosized pores are promising
materials for applications in catalysis, optics, sensors, and nanotech-
nologies [1-5]. An important step in forming highly ordered porous
structures was the discovery of the two-stage formation of porous
alumina [6,7]. This led to a rapid increase in research into the pecu-
liarities of anodic film growth [8-13] and the properties of porous
anodic alumina with a given pore geometry [14-17]. It is well known
that, immediately after the voltage is applied, the nucleation of pores on
the aluminum surface is random. However, the development of major
pores with large diameters, with the diameter determined by the
anodization voltage, becomes a dominant process [18,19]. If the layer of
the primary porous anodic alumina is removed by selective etching on
the aluminum surface, the surface texture of the porous oxide structure
will remain with the main pores in the form of cavities. During a second
anodization of aluminum at the same voltage, the surface texture on the
aluminum surface will serve as centers for the nucleation of major pores.
Therefore, porous anodic alumina films formed by this method have a
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highly ordered porous structure [1]. At the same time, it can be assumed
that the development of pores at the initial stage of the disordered
porous anodic film growth during aluminum anodization has charac-
teristic features. However, such regularities in the initial development of
pores have been little studied.

The purpose of this work was therefore to study regularities in the
development of porous anodic films at the initial stage of disordered
growth at various anodizing voltages.

2. Materials and methods

Thin aluminum films (about 100 nm) were obtained by aluminum
deposition on silicon substrates with a thin silicon dioxide film (SiOy/
Si wafers) by thermal evaporation in a vacuum. The SiO,/Si substrate
was chosen due to its high thermal conductivity (149 W m! K’l),
which is slightly less than that of aluminum (200 W m? K’l). This was
also connected to the need for a standard aluminum film thickness in
experiments with different anodizing modes. Then, square samples with
an area of no more than 7.2 cm? were cut from the substrates, and were
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then immersed in a 0.3 M aqueous solution of oxalic acid and anodized
under constant voltage and temperature conditions until the aluminum
film was completely anodized. The anodizing voltage (U,) ranged from
10 to 50 V, and the temperature was 20 °C. The times of through-
anodization of the aluminum film for voltages of 10, 15, 20, 30, 40,
and 50 V were 7.5, 5, 3.5, 2, 1.8, and 1.0 min, respectively. To compare
the surface morphologies of the porous alumina obtained in different
electrolytes, one sample was anodized in a 1.8 M aqueous solution of
sulfuric acid at a constant voltage of 16 V (anodizing time was about 60
s). An anodizing area equal to 3.14 cm? was set by Viton-o-ring. The
anodizing process was conducted in a two-electrode fluoroplastic cell,
identical to the one described in [12]. A constant current source PI50 1
was used for the anodizing process. The electrolyte temperature was
kept constant using a cryostat WK 230 (Lauda). A platinum grid was
used as the cathode. The electrolyte was vigorously stirred by a magnetic
stirrer.

Additionally, we formed samples on high-purity Al foil (99.999 %,
250 um, Alfa Aesar) for the two-stage anodizing experiments and ex-
periments on electropolished Al foil to investigate the peculiarities of
the initial growth of the porous anodic alumina on bulk samples. The
preliminary preparations and the process of two-stage anodizing of the
aluminum foil samples are described in [10]. Anodizing was conducted
in a 0.3 M aqueous solution of oxalic acid at 20 °C and 50 V for 30 min.
Electropolishing was carried out in a HC104-Eth-glycerol solution at 5 °C
and 17 V dc for 5 min.

The surface morphology of the porous anodic alumina films was
studied by scanning electron microscopy (SEM) using an electron mi-
croscope (Model Quanta 200F electron microscope (FEI)) with further
computer processing of images in the ImageJ software following the
data processing procedure described in [12]. The determination error
dpore did not exceed 3.5 %.

3. Results and discussions

It can be seen from the SEM studies that the aluminum films on the
Si/SO; substrate were anodized completely, and the final anodic
alumina pores were cylindrical and ordered in the direction perpen-
dicular to the substrate surface (Fig. 1). Porous anodic alumina films
with a highly ordered structure consist of a close-packed, hexagonally-
ordered array of cells with a pore located in the center of each cell. In
this case, the pore diameter is proportional to the anodizing voltage.
Therefore, it is essential to study thin porous anodic films formed at
different anodizing voltages and compare their morphological charac-
teristics. On the surface, the films obtained in 0.3 M oxalic acid at 10-50
V are porous. As shown in Fig. 2, on increasing the anodizing voltage
from 10 to 50 V, the pore diameter increases with a simultaneous
decrease in their number per unit area.

Fig. 1. SEM image of a cross-section of the thin porous anodic alumina film
obtained on the Si/SiO, substrate.
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As can be seen from Fig. 3, the pore distribution by diameter for
oxalic acid porous alumina films has two distinct peaks, at about 17.5
and 20.5 nm. This is characteristic of disordered pore growth at the
initial stage of aluminum anodizing, when two different groups of pores
are developing: pores of a larger diameter (major pores) and pores of a
smaller diameter (minor pores).

We also obtained sulfuric acid anodic alumina films to determine if
the regularities of disordered anodic films at the initial anodization stage
depend on the electrolyte type. From Fig. 3, it can be seen that the pore
distribution by diameter also has two peaks, at around 7.3 and 8.6 nm.

To show how the anodizing voltage and electrolyte affect the ratio of
the diameters of the major and minor pores, we introduced the coeffi-
cient K, which is equal to the ratio of the diameter of major pores (D) to
the diameter of minor pores (d) (Table 1):

K = D/d.

Analysis of the data in Table 1 shows that for oxalic acid anodizing in
the U, range 10-50 V, K does not depend on the U, and is approximately
equal to 1.17. K also does not depend on electrolyte type because, for a
porous anodic alumina film formed in 1.8 M sulfuric acid at 16 V, K is
equal to 1.18. Therefore, we can suggest that the mechanism of pore
formation at the initial stage of oxide growth is the same for different U,
values and electrolyte types.

To explain the development mechanism of minor pores at the initial
stage of anodic film growth, we assumed that such pores develop only
inside hexagonal elemental cells composed of the major pores as a result
of an energetically more efficient mechanism. In this case, the basis for
forming a smaller hexagonal cell consisting of such pores is the major
pore in the center with smaller pores at the tops located in the middle of
the faces of the main cell. Fig. 4 shows a model for the simultaneous
development of major and minor pores based on an elementary hexag-
onal cell composed of major pores.

Based on a geometric model with the arrangement of pores of a
smaller diameter inside an elementary hexagonal cell with major pores
in the center and at the tops, it was found that the ratio of interpore
distances for such groups of pores is equal to 2/ \/ 3. Therefore, K is also
equal to 2/\/3. This agrees with the experimental data presented in
Table 1. Minor deviations of the experimental ratios from the calculated
ratio can be explained by the shape distortion of the real porous cells
from the ideal hexagonal shape.

The presented model shows that the development of minor pores
stops when the anodic film reaches a thickness of about 2-3 diameters of
the interpore distance. The reason for this phenomenon is a rapid in-
crease in the compressive mechanical stresses in aluminum oxide with
an increase in the thickness of the cells due to the growth of porous
anodic alumina film [20,21]. According to the evaluation, the thickness
of the layer with disordered pores for porous anodic alumina film
formed at 40 V in oxalic acid is about 200-300 nm, which agrees with
data in [22-24].

Of great interest is the study and analysis of the surface morphology
of porous anodic alumina for an array of pores containing major and
minor pores.

In Fig. 5, one can see individual pores (marked in blue) with a
diameter smaller than the major pores in places close to the middle of
the faces of the elementary hexagonal cells formed by the major pores
(marked in red). However, it should be noted that the real porous
structure of anodic films can differ significantly from their ideal struc-
ture. Considering this, the observed pore deviations of a smaller diam-
eter from the locations predicted by the theory might be a consequence
of the elemental cell deviation, composed of the major pores, from their
ideal hexagonal shape.

It should also be highlighted that the regularities in the simultaneous
formation of the major and minor pores at the initial stage of aluminum
anodization agree with the pore branching effect, i.e., the possibility of
dividing one pore into several pores with a decrease in voltage during
the anodizing process[1,25,26]. As was shown in [27,28], the
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Fig. 2. SEM images of the surface morphology of porous alumina films on SiO,/Si substrates obtained in oxalic acid at U, values of (a) 10 V, (b) 20 V, (¢) 30 V, and

(d) in sulfuric acid at 16 V.
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Fig. 3. Pore diameter distributions for porous anodic alumina films formed on
a Si0,/Si substrate in 0.3 M oxalic acid at 30 V and 1.8 M sulfuric acid at 16 V.

Table 1
Diameters of the major and minor pores and their ratios for films of porous
anodic alumina on SiO,/Si substrates obtained at 10-50 V in 0.3 M oxalic acid.

U, V. 10 15 20 30 40 50

D, 12.2 + 14.4 + 15.6 + 20.5 + 26.5 + 31.7 +
nm 0.2 0.3 0.5 0.7 0.7 0.7

d, 10.5 + 12,5 + 13.3 + 17.5 + 22.4 + 26.8 +
nm 0.3 0.4 0.4 0.6 0.7 0.7

K 1.16 1.15 1.17 1.17 1.18 1.18

branching of one pore into two parts only occurs when the U, decreases
by \/ 2 times. The model of pore branching with decreasing voltage, as in
our case, is based on an energy-efficient mechanism for the rearrange-
ment of the porous structure. Following this model, the area of two new
hexagonal cells with pores in the center and at the tops should coincide
with the area of one primary hexagonal cell. From geometric consider-
ations, it follows that when the interpore distance differs by \/ 2 times

from the initial value (correspondingly, the voltage value decreases by
/2 times compared to the initial voltage), then the mechanism for
commencing the division of one pore into two will be initiated. Based on
the pore branching laws [29], various approaches were proposed for
manufacturing porous anodic alumina asymmetric matrices.

As seen in Fig. 6, the pore distribution by diameter has only one
maximum at 39.4 nm, indicating the formation of a highly ordered
porous structure at the initial stage of aluminum anodization. The insert
shows that the porous film has a highly ordered structure with hexag-
onal pore arrays.

Therefore, at the initial stage of disordered porous anodic film
growth for the aluminum anodizing process, only two large groups of
pores receive dominant development from all centers of pore nucleation:
the major and minor pores, the diameters of which are 2/\/3 times
smaller than the major pores. The development of smaller pores (in size)
is not random; it occurs in compliance with the possibility of pore
development inside the hexagonal cells formed from the major pores.

4. Conclusions

It was demonstrated that a characteristic feature of disordered
porous anodic film growth at the initial stage of the aluminum anodizing
process is the simultaneous development of two large groups of pores:
major pores and minor pores. For anodizing voltages in the range 10-50
V in oxalic acid, the ratio of the diameters of such pores was approxi-
mately 1.17 or 2/+/3. It was assumed that a group of identical pores with
a smaller diameter than the diameter of the major pores could develop
only at specific points inside the elementary hexagonal cells composed
of the major pores as a result of an energetically more efficient mecha-
nism. Moreover, the basis for forming a smaller hexagonal cell consisting
of such pores is the major pore in the center and smaller pores at the tops
located in the middle of the faces of the main cell.

It can be concluded that the development of an equal pore group
with a smaller diameter is blocked when the anode film reaches a
thickness of about 2-3 diameters of the interpore distance. The reason
for this phenomenon is the increase in compressive mechanical stresses
in aluminum oxide with an increased thickness of the anodic film.

It was shown that the development of minor pores instead of major
pores at the initial stage of the disordered porous anodic film growth is
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Fig. 4. Model for the simultaneous development of the major and minor pores inside an elementary hexagonal cell composed of the major pores.

Fig. 5. SEM image of the surface morphology of a porous anodic alumina film
formed in 0.3 M oxalic acid (40 V, 20 °C) on aluminum foil after electro-
chemical polishing.
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Fig. 6. Pore distribution by diameter for a porous anodic alumina film formed
on aluminum foil by two-stage anodization in oxalic acid at 50 V. Inset is a SEM
image of the surface morphology of a porous anodic alumina film obtained in
this mode.

not random. Rather, it is determined by the energy-efficient conditions
for developing pores inside hexagonal cells formed from the major pores
broken due to the growth of compressive mechanical stresses.
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