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Fabrication of Nanoporous Alumina and Their Structural
Characteristics Study Using SEM Image Processing and
Analysis
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Nanoporous anodic aluminum oxide (AAO) membranes were
fabricated by a two-step anodization process. Quantitative struc-
tural characterization was carried out using scanning electron mi-
croscopy images of the fabricated anodized alumina. An algorithm
based on mathematical morphology was developed to extract pore
size distribution with average, minimum, and maximum pore di-
ameter of the nanoporous alumina. This technique of obtaining
quantitative data based on image analysis could be an efficient,
unbiased, and reliable method and can be used to control the fab-
rication parameters of anodization process.

Keywords anodic aluminum oxide, anodization, mathematical mor-
phology analysis, scanning electron microscopy

INTRODUCTION
In recent years there has been tremendous growth in the field

of nanoscience and nanotechnology. One-dimensional nanoma-
terials have gained popularity due to their unique properties and
potential applications in several fields such as magnetic memo-
ries,[1,2] optoelectronic devices,[2] light-emitting devices, chem-
ical sensors, microresistors, and electrolytic capacitors.[3] It is
well known that the properties of nanomaterials are strongly
dependent on their size and shape; hence their growth with a
good and precise control is one of the crucial requirements for
the researchers working in the field of nanoscience and nan-
otechnology.[4–6] Anodic aluminum oxide (AAO) membrane is
widely used in nanotechnology applications and has drawn a
great scientific and technological interest in the nanoworld due
to its special properties such as high pore density, ideal cylin-
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drical shapes of the pores, controllable pore diameter and pe-
riodicity, and a very narrow distribution of pore sizes.[7] These
unique properties besides its significant hardness and high ther-
mal and chemical resistance make the AAO membrane suitable
for chemical and biochemical separation and also for nano-
materials synthesis[8] comprising nanodots, nanowires[9–11] and
nanotubes[10,12,13] of high aspect ratios, and different materials
including metals,[1] semiconductors,[14,15] and conducting poly-
mers,[8,16,17] Moreover, an additional advantage with the AAO
is that the pore dimensions such as diameter, length, and density
can be controlled by varying the process parameters during the
anodization.

In order to spread further the applications of AAO mem-
branes a profound knowledge of their physical properties is
vital to understand the results and improve the performance
of the devices formed thereby. As it is known that various
properties of AAO membranes depend on the pore size it
is necessary to adjust the pore size.[18–21] The most widely
used tool for pore size measurements is scanning electron
microscopy (SEM).[1,22] TEM,[23] XRS,[24,25] and AFM[18] also
have been used as other methods. Although majority of the
methods are destructive and material property dependent, only
few are non-destructive. The sample has to be conductive in
case of measurement using SEM, and has to be destroyed for
TEM measurements.[18] Image analysis has also been used in
many cases for estimation of pore size distributions.[24,26,27]

Commercially available image processing software suffer few
drawbacks such as the uncertainty in the manual delineation
made by an expert and small sampling of pore measurements as
explained by Raimundo et al.[24] Hence an accurate, efficient,
relatively faster, unbiased, and automated method is highly
desirable in the nanostructure fabrication process.

In the present work the SEM images of AAO membranes
were used for an automated mathematical morphological anal-
ysis to obtain quantitative information on pore size distribu-
tion. The algorithm used in the method was implemented in
MATLAB (The Mathworks, Natick, Massachusetts, USA). The
automated measurement of pore size in an SEM image is a
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challenging task due to the variations present in the resolution,
contrast, and brightness of the images and hence the identifica-
tion of the pore itself is non-trivial. While carrying out the pore
segmentation the discrepancy caused due to the noise or the
calibration errors of the instrument can affect the core segmen-
tation process adversely. Another obstacle in the segmentation
process is the foreground-background similarity. The method
given by Raimundo et al.[24] used morphological methods to
segment the image but the morphological operators may fail
when the image is of less contrast, especially in the case of
gray-level images, so finding the threshold will be a tough job.
Apart from contrast some spurious pores also will enter into
the segmented image affecting the pore size detection. In an-
other method proposed by Davidescu et al.,[28] determination
of grain size in HVOF MCrAA1Y coatings was carried out by
using the number of pixels that constitutes one grain and pore
size measurement was based on the area. This method is use-
ful when all the pores are of similar shape and possess close
resemblance to the shape of a disk. In this study we propose
a technique addressing some of the issues pertaining segmen-
tation and diameter calculation process. Here we make use of
Otsu’s segmentation method[29,30] to segment the image and cal-
culate the diameter based on the centroid detected by using the
morphological operators,[31] hence the diameter measurement is
accurate in comparison with the other available methods. This
method can calculate diameter even if the pores are not of cir-
cular shape. Our approach is capable of addressing most of the
problems arising due to the contrast variance and spurious pores
intervention. This automated and unbiased algorithm provides
a means for accurate measurements of pore properties of the
nanoporous anodic aluminum oxides.

EXPERIMENTAL
The experimental procedure comprises the fabrication of

AAO membranes, characterization using SEM, and image anal-
ysis using mathematical morphology.

Fabrication of AAO
In the fabrication part, before anodization experiments were

performed, high-purity aluminum foils (thickness 0.3 mm) were
degreased in acetone for 1 h followed by 20 min of ultrasonic
cleaning. Then, the samples were annealed at 500◦C for 5 h in
vacuum. The samples were rinsed with double-distilled water
and etched in 2.0 mol/L NaOH at 50◦C for 5 min to remove
the natural oxide present on the surface. The samples were then
dipped in 1.5 mol/L nitric acid for ∼3 min to counteract the
remnant lye. After rinsing with double-distilled water again, the
specimens were electrochemically polished individually at 200
mA/cm2 in a mixture of concentrated chromic and phosphoric
acids (2:8) for 8 min, rinsed in running double-distilled water
and finally dried in the warm air stream. The anodization process
was carried out in 0.3 M oxalic acid solution. The temperature of
the solution was about 5◦C. A two-electrode configuration was
used with the electropolished aluminum sample as anode and a

cleaned aluminum sheet, of the same area as that of the anode,
as cathode. A constant stirring of the electrolyte was maintained
throughout the experiments. The duration of the first stage an-
odization was 2 h. The formed AAO layer was then removed by
immersing the specimen in a mixture of 1.8 wt% chromic acid
and 6 wt% phosphoric acid at 60◦C for 2 h. Subsequent steps of
second stage anodization were carried out under the same con-
dition as in the first step, with the 2 h duration. During the first
step anodization process, the pores usually nucleate at random
positions, and hence the pores on the surface occur randomly
and have a broad distribution as can be seen in Figure 1. The
substrate, after removing the disordered pore structure using
wet chemical etching, appears as shown in Figure 1. However,
after the second step of anodization well-ordered and hexago-
nally arranged pores were obtained (Figure 1). Pore widening is
usually performed after the second anodization step using phos-
phoric acid solution for desired time period and hence required
pore dimensions can be achieved. However in this work no pore
widening has been performed. After fabrication, samples ob-
tained by the second anodization step were used for SEM and
the acquired images were used for pore analysis.

Image Processing and Analysis
The next part of the experimental procedure is to carry out im-

age processing and analysis on the SEM images. The proposed
method used in this work mainly concentrates on extracting the
pores and calculating the size of the pores based on the centroid
point calculated for each pore. The outline of the procedure is
discussed subsequently and the detailed explanation is given in
the subsequent sections.

1. Find the threshold for segmenting the image into foreground
and background. Segment the image based on this threshold
value.

2. On the resultant image obtained from step (1) apply the mor-
phological operation-erosion repeatedly with the increasing
size of the structuring element (in each iteration) to remove
the noises (which will form small pore-like structures) and
unnecessary pore connections.

3. The erosion operator might reduce the size of the pores, so
apply dilation operator on the image obtained from the step
(2) repeatedly with the same structuring elements that are
used during erosion. This will provide a regain in the shape
without much reduction in the size of the pores.

4. Use the connected component analysis to label all the pores
in the image.

5. Calculate the centroid point for each pore using erosion.
6. Calculate the distance of the boundaries from the centroid

point for each pore. Here eight different directions will be
taken for traversal and the diameters will be calculated.

7. Calculate the average diameter for each pore, from the diam-
eters obtained in step (6). Iterate until all the labeled compo-
nents are enumerated.
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FIG. 1. SEM images of AAO obtained by anodization in 0.3 M oxalic acid, at 40 V, duration 2 h, and at temperature of ∼ 5◦C, (a) view of the surface after
first-stage anodization, (b) substrate surface after removal of the disordered pore structure, and (c) regular pore structure after second-stage anodization.

Finding the threshold value for segmentation is the major
task in this process. The threshold value highly reflects the
segmentation process. Here we are using the Advanced Otsu’s
method[30,32] for finding the threshold. The method is described
subsequently:

In this method we are searching for a threshold that minimizes
the intraclass variance as defined subsequently:

σ 2
w(t) = w1(t) × σ 2

1 (t) + w2(t) × σ 2
2 (t) [1]

The weight’s wi s are the probabilities of the two classes
separated by the threshold t and σ 2

i is the variance of the classes.
And it can be concluded that the minimization of the intraclass
variances is same as maximizing the intraclass variances.[30]

Also,

σ 2
b (t) = w1(t) × w2(t) [µ1(t) − µ2(t)]2 [2]

where wi s are the class probabilities and µi s are the class
means. The method starts by calculating the probabilities of
each intensity level step through all the thresholds from 1 to
maximum gray level to find out the maximum value of σ 2

b (t)
and t corresponding to this value will be the threshold. Then
the image is segmented using this threshold (see Figure 2).
The threshold image is a binary or bilevel image containing
only intensity values 0 and 1. Then the morphological oper-
ators are used to remove the unwanted interpore connections
and undesired pores detected due to the noises. The morpho-
logical operators used here are erosion and dilation, instead of
this, an opening (a composite operator consisting of erosion



372 K. S. CHOUDHARI ET AL.

FIG. 2. (a) The segmented image of the original image of Figure 1. (a) A bilevel image, (b) the resultant image after applying repeated erosion to the image of
Figure 2(a). (c) The resultant image after applying repeated dilation (the size is regained and the unwanted pores are removed). (d) The centroid points detected
are shown in this figure (The size of this image has been slightly increased for the sake of visibility).

and dilation) operator can also be used which can be given as
subsequently:

O(A,B) = A ◦ B = (A�B) ⊗ B [3]

Here O(A, B) stands for opening of A with structuring element
B. The dilation and erosion operations are defined by Eq. 4 and
5, respectively:

D(A,B) = A ⊗ B = ∪
β∈B

(A + β) [4]

E(A,B) = A�(−B) = ∩
β∈B

(A − β) [5]

Here D(A, B) is dilation of A with structuring element B and
E(A, B) is erosion of A with the structuring element B. One of
the challenging tasks is to deal with small pore-like noises that
contribute toward the calculation of the pore sizes. These noises
are to be removed without affecting the existing pore struc-
tures; we use erosion and dilation repeatedly to remove these
unwanted pore-like noises.[28] First, we use erosion repeatedly
with structural elements of different sizes (disks with varying

diameters are used) such that the size of the structuring element
is increased in each iteration so as to remove majority of these
noise components. But erosion will reduce the size of the pores
as well. For addressing this problem we carry out dilation re-
peatedly with the same kind of structural elements that were
used for erosion (in the same size sequence). This will regain
the size. Figure 2 shows the results using repeated erosion and
dilation. So these repeated operations will result in the image
formation with less noise and removal of all the unwanted pore
connections, which would adversely affect the image-labeling
process.

RESULTS AND DISCUSSION
The image of Figure 1 was supplied as an input image. The

threshold was obtained as 74 and the image was segmented
with this value. All the background pixels were made as dark
and the foreground ones (pores) were made white. The resulting
image is shown in Figure 2. In this figure the protuberances
are visible in the boundaries of the pores and some undesired
connections among pores are also evident, so we remove all
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FIG. 3. The histograms showing (a) average, (b) small, and (c) large diameter distributions. (d) Image showing the pore traversal in four different directions to
find the average diameter of the pores (only few pores are shown in an enlarged view).

these discrepancies using the repeated dilation and erosion with
the structuring element of varying sizes. In this work we used
disk as the structuring element and the size of the disk was
varied from 1 to 3, the upper limit was detected dynamically. The
results obtained after applying erosion and dilation are shown in
Figure 2. Here we can see that all unwanted pore-like structures
(noises) and unwanted pore connections are eliminated. The
resultant image was taken through a labeling process in which
all the components were labeled. In this particular case there
were 500–600 labeled components, which were used to separate
out the pores.

The next step was to determine the centroid of the pores; this
was done using erosion. Erosion with the structuring element
(disk) of different sizes was applied on each of the pores obtained
after the labeling process, and the image just before getting fully
blacked out gave the centroid of the pores. From this centroid

information the sizes of the pores were calculated based on the
traversal procedure explained, as follows.

In the traversal procedure we adopted a method to tra-
verse from the centroid to the edge of the pores in different
directions—horizontal, vertical, and diagonal (along both the
diagonals). The algorithm traverses in these directions until the
edge of the pore or image is reached. Here we get four different
diameters, one along horizontal direction, one along vertical,
and one each along two diagonals and the average diameter
values are obtained from these. The pore traversal is shown in
Figure 3. The spread in the small and large pore distribution
highlights the center point detection as well as the shape of the
pores. If the pores are close to the shape of a circle then the
spread in the distributions will be very less. On the other hand,
if the pores are of irregular shapes or the segmentation was
not able to segment the pores properly then the spread will be
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more pronounced in the distributions. If the spread exceeds the
threshold then the quality of the image will have poor contrast
and the noises will not have been eliminated fully in the image.
Thus the images are to be preprocessed before segmentation.

The large pore distribution indicates the number of pores that
are joined together in the segmented image, and the small pore
distribution quantifies the number of false pores that are con-
tributing toward the diameter detection process. In Figure 3 it
can be seen that the majority of the small pores are concentrated
toward the size range of 40–60 nm, so very less spurious pores
are identified to be contributing toward the diameter detection
process. And in case of large pore distribution majority of the
pores are also within the range of 50–80 nm and fewer pores are
joined together to form a single pore during the segmentation
process. Most of the pores are observed to have the average
diameter in the range of 60–70 nm. These values are in agree-
ment with the data obtained by manual diameter measurements
performed on SEM images. Hence these pore size distribution
results obtained from the mathematical morphological analysis
carried out on the SEM images of the porous alumina struc-
tures, as demonstrated previously, serves as a valuable tool in
the field of nanomaterial research helping in efficient, accurate,
automated, and unbiased control of the process parameters of
the nanomaterial fabrication procedure.

The presented algorithm can be used on the images with any
pore sizes. There is no constraint on the pore sizes as far as the
algorithm is concerned. The case of nanoporous alumina pre-
pared in 0.3 M oxalic acid, used here, is for illustration purpose
only. Generally, any SEM/FESEM image with reasonably good
contrast can be comfortably dealt with using the present algo-
rithm. In case of noisy figures with somewhat low contrast the
denoising (pre-processing) step can handle the situation with-
out much intricacy. However, if the pores in the image are very
small and the size of the pores is comparable to few pixels then
the chance of counting any artifact in the image of such small
size range as pores would be slightly higher. But this would be
a rare case as a typical SEM/FESEM image would usually have
significant clarity and contrast rendering the algorithm work ef-
ficiently without any problem. The algorithm can handle images
with any magnification without any specific limit on the lower
value of the magnification. It would a good idea to use the im-
ages with the lower magnification SEM images for the analysis
as large areas of the sample surface can be accommodated giv-
ing better results on the pore-size distribution provided the pores
in the image are free from indistinctness. Also magnifying the
pores beyond a limit can weaken the edges present in the images
and this may affect the proper threshold selection for segmen-
tation of the pores. Considering these two facts which are not
serious limitations though, a proper analysis can be carried out
without any difficulty.

CONCLUSION
AAO nanostructures have been prepared by a two-step an-

odization process. In this work a new method has been intro-

duced based on morphological operators for the determination
of the pore size distributions of AAO. The method utilizes the
concept of finding the centroid of each pore used for calcula-
tion of pore diameters. The method is also capable of handling
the discrepancies caused due to the noisy data, which usually
form false pores in the threshold image during analysis. The
presented procedure has been tested with the SEM images of
various samples with different magnification, resolution, and
pore sizes of AAO; it has provided good estimate of the quanti-
tative data on pore diameter in all the cases. The method that we
have presented here can be used with little or no modification in
the algorithm for various nanostructure dimension determina-
tion and quantitative data acquisition tasks enabling an efficient,
unbiased, and reliable control of the process parameters in the
fabrication process of nanostructures.
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