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Abstract: The morphology of the surface of thin nanoporous anodic aluminum oxide films on SiO,/Si substrates
formed in oxalic, sulfamic and malonic acid at 20 V was studied by means of SEM. SEM images were processed
with ImagelJ allowed to calculate the parameters of the nanoporous structure. It is shown that for the studied anodic
films, the inter-pore distance (cell size) was independent of the anodizing acid. The obtained results indicate that
mechanical stress in anodic films, which is occuring during anodizing, is due to large volume expansion control of

growth of the nanoporous structure.
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1. Introduction

The current stage in the development of
science is characterized by a rapid progress of
nanotechnologies, aimed at systemic studies of
nanoscale objects and production of new
nanomaterials with improved properties. It is well
known that properties of nanomaterials depend on
the size of nanoparticles. Therefore, obtaining
nanomaterials with precise control and analysis of
size distribution of nanoparticles is one of the vital
tasks in nanotechnology. Morphology analysis of
the surface of nanomaterials is used to control and
determine nanosizes. The purpose of such an
analysis is statistical processing of data obtained
from measurements, plotting graphical
dependencies to visualize the analysis process and
determining the average values of the measured
characteristics. Currently, nanoporous aluminium
oxide films are considered as a promising material
for numerous nanotechnology applications
because of their suitability being a template in
many of them. Films of amorphous anodic
alumina with highly ordered cell-porous structure
are formed on the surface of aluminum, when
anodizing takes place in aqueous solutions of
acids, such as sulfuric, oxalic or phosphoric acid
[1]. High reproducibility of oxide parameters (pore
and cell diameters, pore density) allows applying
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nanoporous alumina films in magnetic recording,
electronic and electro-optical devices [2-5].

Major properties of anodic alumina films are
defined by such a structural parameter as the pore
diameter. Statistical methods of analysis allow to
process big arrays of nanosized pores and design
algorithms for studying peculiarities of their
morphology. Investigations of nanoporous
structure are therefore of a significant practical
importance.

The aim of this work was to analyze the
formation of the surface morphology of
nanostructured anodic aluminum oxide films,
obtained by electrochemical anodizing of
aluminium in three electrolytes: oxalic, sulfamic
and malonic acid at the same voltage. The reason
for choice of such types of the electrolytes was the
necessity to obtain porous anodic alumina films
with different surface morphology. SEM surface
images of nanoporous alumina films were used for
analysis of morphology using the ImageJ software
and obtaining quantitative information on the
distribution of pore sizes and inter-pore distances.

2. Experimental

Aluminium films of about 100 nm in thickness
were obtained on SiO»/Si substrates by vacuum
thermal evaporation. Pieces of 2 x 2 cm? were cut
and anodized at a constant voltage of 20 V in a
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0.3 M oxalic acid, 1.5 M sulfamic acid and 0.8 M
malonic one. The anodizing area of ca. 0.22 cm?
was set out by a Viton o-ring. The process was
carried out in two electrode
polytetrafluoroethylene cell at a constant
temperature of (20 +0.1) °C.

A scanning electron microscope (SEM) model
DSM 982 (Zeiss) was used for investigating the
surface morphology of the thin anodic alumina
films. SEM images were processed by Imagel
(Figure 1). The results were used to determine the
mean diameter (dpore) of the pores. The curves of
the pore size distribution were fitted by Gaussian
curves.

‘ Tmage Processing in ImageJ |

‘ Choosing a scale 2D image
Setting the
measurement

Selection of
investigated objects

Threshold ‘

convertor

‘ Binary image

Pore diameter Calculation of the
determination. area of
investigated

Figure 1. Scheme of the processing of surface
morphology images of nanoporous anodic aluminium
oxide films in Image].

According to the initial pore size distribution it
was assumed to involve both incipient pores of a
small diameter and major pores of a large
diameter. Incipient pores were excluded from
calculations, as only data on the major pores are of
practical importance and the presence of the
incipient pores misrepresents the results of the
analysis. At the same time, for proper Gaussian
fitting of the curve to present the pore size
distribution, one point before the maximum was
used for the analysis. The maximum in the pore
size distribution curve corresponded to the dyore.

3. Results and discussion

In nanoporous anodic alumina films formed in
oxalic acid on the SiO»/Si substrate, the pore

diameter was 15.3 nm (Figure 2) and the value of
the inter-pore distance was 62.5 nm (Table).

Table The inter-pore distance (Diner), pore diameter
(dpore) and wall thickness per volt for porous anodic
alumina films formed in various anodizing electrolytes

at 20 V.
Electrolyte 03M 1.5M 0.8M
oxalic acid | sulfamic acid | malonic acid
dpore, NM 15.3 16.5 16.3
Dinter, N 62.5 62.3 63.0
Wall thickness
per volt (nm V1) 1.18 1.15 1.17
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Figure 2. SEM image of the surface of porous alumina
film on Si0O,/Si substrate formed in oxalic acid solution
at 20 V (a). The distribution of pore diameter
calculated by ImageJ (black) and Gauss fitting (red) are
represented on the right (b).

Data on the parameters of the microstructure of
porous anodic aluminum oxide films obtained in
oxalic acid at 20 V in our work are in agreement
with the results in [7]. In case of nanoporous
alumina films obtained in sulfamic acid on the
Si0/Si substrate, the dpore Was equal to 16.5 nm
(Figure 3) and the Diner value stood at 62.3 nm
(Table).
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Figure 3. SEM image of the surface of porous alumina
film on Si0O-/Si substrate formed in sulfamic acid
solution at 20 V (a). The distribution of pore diameter
calculated by ImagelJ (black) and Gauss fitting (red) are
represented on the right (b).

Films of nanoporous alumina formed in
malonic acid on the SiO2/Si substrate were
characterized by the value of dpore amounting to
16.3 nm (Figure 4) and the Diner value of 63.0 nm
(Table).
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Figure 4. SEM image of the surface of porous alumina
film on SiO»/Si substrate formed in a malonic acid
solution at 20 V (a). The distribution of pore diameter
calculated by Imagel (black) and Gauss fitting (red) are
represented on the right (b).

It is generally accepted that the geometric
microstructure of the formed films of porous
anodic aluminium oxide is determined by such
parameters of the anodizing process as the type of
anodizing acid and anodizing voltage applied. An
important characteristic of the microstructure of
the anodic film in the electrolyte-dependent
anodizing is the thickness of a pore wall per 1 V
voltage. The thickness of pore wall (W) of anodic
films can be determined using the equation:
W=(Dinter - Dporc)/2. The values of wall thickness
of pores per 1V calculated for oxalic, sulfamic,
and malonic acids are represented in the Table. It
should be noted that the results obtained are in
good agreement with the data in [1].

The obtained results show that the inter-pore
distance (cell size) of the anodic alumina films
does not depend on the anodizing acid. At the
same time, anodic films obtained in these
electrolytes had different pore diameters. We
assume that in addition to the anode potential,
mechanical stresses may be a common factor for
forming anode films. In this case, the mechanical
stresses in anodic films, which are occurring
during anodizing due to large volume expansion
do control the growth of the nanoporous structure,
regardless of the anodizing acid. According to [8],
significant volume expansion is taking place
during growth of porous anodic alumina. The ratio
of the oxide thickness formed to the aluminum
thickness consumed reached 1.22 for anodizing in
oxalic acid at 20 V, which indicates a large extent
of volume expansion. This is in agreement with
stress-driven transport in the ordered porous
anodic films, where AI’* and O ions are
transported by means of electrical migration and
viscous flow [9]. As it was shown by tracer

experiments [10] and simulations in [9], oxide is
flowing from the thin layer at the pore bottoms
outwards to the space between pores.

4. Conclusions

The pore diameter distribution and the mean
pore diameter of the nanoporous alumina films
were calculated from the SEM images using
ImagelJ software. The processed results allowed us
to calculate the value of the mean pore diameter of
anodic alumina films obtained in oxalic, sulfamic
and malonic acids. It was shown that statistical
methods are simple and very informative methods
for studying the nanoporous structure of anodic
alumina films.

It was demonstrated that inter-pore distance
(cell size) in porous anodic alumina films is
independent of the anodizing acid. At the same
time, the anodic films formed in different
electrolytes had different pore diameters. Based on
the obtained results, it was concluded that
mechanical stresses in anodic films, which are
occurring during anodizing, are due to a large
volume expansion, controlling the growth of the
nanoporous structure regardless of the anodic acid.
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