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Abstract: Low refractive index materials (n<1.3) are not common in nature. However, they are essential for
antireflection coatings. In this study porous anodic aluminum oxide (AAO) on glass substrate was fabricated
by electrochemical oxidation and subsequent etching. The pore size was modulated from less than 80 nm to
more than 250 nm. The pore depth was controlled by electrochemical anodization and/or chemical etching
time. It is challenging to effectively quantify the pore structures and the optical properties of such porous
materials. Using spectroscopic ellipsometry, the authors showed that the AAO materials had tunable
refractive index from 1.25 to 1.40, which is ideal for antireflection coating on glass (n=1.54). In addition,
quantitative information on the AAO film porosity, profile structure, film thickness, dielectric constants, and
roughness was also derived from the ellipsometry analysis. It was shown that the as-fabricated AAO film
included trace amount of residual metal aluminum with an effective thickness ~0.28 nm.

1. INTRODUCTION

Reflection occurs when light propagates to an interface of two
media having different refractive indices. More than 4% of
incident light reflects back from a single air — glass interface
[1]. Many important engineering applications, such as solar
panels, require minimizing reflection loss [2-4]. Antireflection
coatings are designed and fabricated for this purpose.
Commonly used antireflection coatings include multiple thin
layers that need precise control of the film thickness and
hence are expensive [5-8].

Fundamental optics indicates that a single layer of thin film
with refractive index ~1.25 on glasses can significantly
reduce reflection [9, 10]. Materials with low refractive index
are not common in nature or usually suffer from poor
mechanical durability (e.g. MgF») [11, 12]. Porous anodic
aluminum oxide (AAO) has the potential to meet these
requirements. AAO is mostly a mixture of air and alumina. By
tuning the materials porosity, the effective refractive index of
AAO film can be adjusted between that of air (1) and alumina
(1.7). Hence porous AAO on glass can serve as low-cost
antireflective coating.

‘Department of Electrical Engineering and Computer Science, South Dakota
State University, Brookings, South Dakota 57007, USA; Tel: 605-688-5910;
E-mail: gihua.fan@sdstate.edu

E-ISSN: 2369-3355/14 © 2014 Lifescience Global

Received on 23-04-2014
Accepted on 17-05-2014
Published on 25-06-2014

Keywords: Anodic aluminum
oxidation, etching,
reflectance, refractive index,
spectroscopic ellipsometry.

DOI: http://dx.doi.org/10.6000/2369-3355.2014.01.01.8

AAO films have been fabricated using different methods, e.g.
imprint, electron beam lithography, hard anodization, two step
anodization, and others [13, 14]. AAO formed by
electrochemical oxidation have been studied for many years
[15-19] and have been demonstrated with promising potential
for nanofabrication, anti-corrosion treatment, coloring,
photonic crystals, organic light emitting diodes and humidity
sensors [16, 20-25]. Also AAO on glass can improve the
performance of solar cells or light emitting diodes [26, 27].
Therefore, research on the optical properties of AAO films
grown on glass has attracted great interest in recent years
[15, 28, 29].

Despite broad studies on AAO in the past years, many
fundamental properties of AAO remain unclear [30]. Different
from AAO formed on bulk aluminum, very little is known
about the composition of AAO thin films formed on glass.
This in turn leads to the difficulty in determining the
equivalent effective refractive index of the AAO films. Lacking
such basic optical parameters imposes fundamental barriers
to designing antireflection coatings. In this work aluminum
thin films on glass were anodized and subsequently etched to
modulate the structure and porosity of AAO. Spectroscopic
elipsometry was used to determine the composition,
microstructure, and effective refractive index of the AAO thin
films.
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2. EXPERIMENTAL DETAILS

The fabrication procedure of porous AAO nanostructures on
glass is shown schematically in Figure 1. Aluminum thin film
of thickness 500 nm was sputtering deposited on glass slide
(7.6x2.6x0.1 cm). The Al thin film coated glass was cut into
small pieces (3.6x1.3 cm), which were ultrasonically cleaned
in Ultrasonicator FS 60D (Fisher Scientific) using DI water,
IPA and acetone for 10 minutes each before anodization.
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Figure 1: Schematic diagram of fabrication procedure of porous
anodic aluminum oxide.

Electrochemical anodization setup is illustrated in Figure 2.
The aluminum thin film coated glass was used as anode and
a graphite rod of ~3 mm diameter was used as cathode.
Mixture of DI water and phosphoric acid was used as the
electrolyte; the solution contained phosphoric acid of 0.05 v%
to 0.55 v%. Anodization was performed in potentiostatic
mode with voltage ranged from 100 V to 160 V. The
electrolyte temperature ranged from 0°C to 50°C. A beaker
containing electrolyte was submerged in ice water to achieve
0°C and higher temperature was achieved by placing the
beaker containing electrolyte on a hotplate. The DC voltage
was controlled by a power supply (PAN 600-2A, Kikusui
Electronics Corp.). The anodization was performed with
continuous stirring. The process was completed once the
current dropped to zero. After anodization, some samples

70

were subject to etching to increase the porosity. Etching was
performed using phosphoric acid at 35°C for 20 and 70
minutes.
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Figure 2: Electrochemical anodization setup.

Surface morphology and cross section of the anodized
samples were analyzed using Hitachi S-3400 N Scanning
Electron Microscope (SEM). Reflectance was measured
using Filmetrics F-20 optical spectrophotometer. In order to
obtain the effective refractive index of the AAO films and to
understand the materials structures, spectroscopic
ellipsometry measurement was performed using J. A.
Woollam M2000 system and the data fitting was completed
using the attached software Complete Ease.

3. RESULTS AND DISCUSSION

The major process parameters in AAO included anodization
voltage, electrolyte concentration, process temperature, and
post etching. First, the as-deposited aluminum thin film on
glass was anodized at three different voltages, 100 V, 130 V
and 160 V. Figure 3 shows the SEM images of the resulted
AAO film surfaces. It was noted that 160 V was close to the
upper limit of a stable AAO process under current conditions;
a higher voltage led to overheating of the electrolyte. Under
current process conditions, the anodization voltage (electric
field) had limited effect on the pore size. The average pore
size was about 80 to 100 nm.

Figure 4 shows the optical reflectance of the AAO films
obtained under different anodization voltages. As expected,
the AAO films became transparent and, as expected, their
reflectance is significantly lower than the aluminum metal
surface. The differences in the interference patterns of the
reflection spectra indicate that the optical thicknesses of the
AAO layers vary with the anodization voltage. Furthermore, it
is noted that the average reflectance increases slightly in the
long wavelength range, which implies that residual aluminum
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Figure 3: SEM images of AAO anodized at (a) 100 V, (b) 130 V and (c) 160 V.

might exist in the AAO, either as an ultra-thin layer or as
localized dots. This will be further discussed in a later section.
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Figure 4: Reflectance of AAO on glass anodized at different
voltages.
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The effects of the electrolyte composition on surface
morphology and reflectance were also studied. Figure 5
shows the SEM images of the AAO film surfaces anodized
with 0.05 v%, 0.3 v% and 0.55 v% phosphoric acid by volume
in the electrolyte. Close observation indicated that slight
change in the pore diameter occurred with different
electrolyte concentration, but was not significant. However
the anodization became faster with higher acid concentration
in the electrolyte. This was due to a lower resistance of the
electrolyte that led to a larger current.

Figure 6 illustrates the effect of electrolyte concentration on
the reflectance of the AAO on glass. Lowest reflectance was
observed for the sample anodized with 0.3 v% of acid.
Significantly higher reflectance (particularly in the long
wavelength range) is obvious for the AAO film created at
higher concentration of acid (e.g. 0.55 v%). The possible
reason was that a high concentration of acid in the electrolyte
led to faster anodization reactions, which would be non-
uniform over the entire Al film, leaving behind some localized
spots that might not be completely oxidized. With lower acid
concentration (0.05 v%), the AAO film reflectance is slightly
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Figure 5: SEM images of AAO anodized with acid (a) 0.05 v%, (b) 0.3 v% and (c) 0.55 v%.

higher than that of 0.3 v% case. Hence, slow anodization did
not benefit uniform oxidation.
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Figure 6: Reflectance of AAO on glass anodized with different
electrolyte concentration.

72

Figure 7 show SEM images of AAO anodized at 0°C, 25°C
and 50°C. Observation showed that the pore size nearly did
not vary with the anodization temperature. But higher
temperature led to faster anodization; the anodization at 50°C
was four times faster than that at room temperature. Figure 8
shows the optical reflection spectra of the AAO obtained at
different temperatures. It can be seen that the room-
temperature fabricated AAO has the lowest reflectance,
implying less residual aluminum after the anodization. It can
be deduced that, at lower or higher temperatures, AAO
occurs preferably or faster at defective locations (e.g. grain
boundary). The AAO process would stop once the reactions
reach to the point that some parts of the Al fiim were
completely oxidized and formed a continuous matrix, while
isolated islands were not fully oxidized yet. Again, further
analysis will be presented in a later part regarding whether or
not residual metal Al exists.

Since the anodization parameters (voltage, electrolyte
concentration, and temperature) had little effect on the pore
size, wet etching was conducted using a phosphoric-acid-
based solution. This etching dissolution process led to
increased pore size and reduced film thickness. Figure 9
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Figure 7: SEM images of AAO anodized at (a) 0°C (b) room temperature and (c) 50°C.

shows SEM images of AAO surfaces before and after etching
for different time. After 20 minutes etching, the average pore
size increases from 90 nm to 150 nm. After 70 minute
etching, the pore size becomes 260 nm. It is clear that the
volume ratio of the pores in the AAO can be easily tuned
using post phosphoric acid etching. This will be important to
control the effective refractive index of the AAO films.

In order to use the AAO for optical coatings on glass, it is
necessary to quantify the film composition, microstructure,
and optical constants. Spectroscopic ellipsometry (SE)
measurement and analysis were performed to obtain these
characteristics. Figure 10 shows the SE measured psi and
delta together with fitting results based on the models
depicted in the figure. For the as-anodized sample (Figure
10a), the modeled film structure includes an AAO layer and
an equivalent metal aluminum layer. This AAO is represented
by two effective medium approximation (EMA) layers; top
layer approximated by Gen-oscillator and void, and next layer
consisting of a dielectric material (e.g. alumina) and air void.
The Gen- oscillator on top layer represents the roughness of
the film. In as- anodized sample the pores are narrower at top
(Figure 9), indicating the pores have inverted V shape. The

Structures and Optical Properties of Anodic Aluminum Oxide

fitting results indicate that the top EMA layer includes 57.7%
void and has a thickness of 43.78 nm. Next bulk EMA layer
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Figure 8: Reflectance of AAO on glass anodized at (a) 0°C (b) room
temperature and (c) 50°C.
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Figure 9: SEM images of AAO (a) as anodized (b) post 20 min etching (c) post 70 min etching.

contains 63.9% void and has a thickness of 1121.55 nm. The
equivalent metal aluminum layer is about 0.28 nm. The mean
square error (MSE) of the fitting is 12.008 (far below the
fitting threshold value of 120), confirming good agreement
between the model and the real AAO structure.

For the AAO sample after etching for 20 minutes (Figure
10b), the modeled film structure also includes an AAO layer
and an equivalent metal aluminum layer. Again AAO is
represented by two EMA layers as before. Again the Gen-
Oscillator on the top layer signifies the roughness of the film
and in this case because of etching for shorter time, pores
widened up slightly compared to as-anodized case (Figure 9).
The fitting results indicate that the top EMA layer has
increased void, 64.8%, and has a thickness of 76.14 nm, and
the second EMA layer includes 66.2% voids and has a
decreased thickness of 1026.11 nm. The equivalent metal
aluminum layer remained the same thickness 0.28 nm. The
MSE of the fitting is 4.972, indicating the model is in good
agreement with the real AAO structure.

For the AAO sample after etching for 70 minutes (Figure
10c), the modeled film structure still includes an AAO layer
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and an equivalent metal aluminum layer. Again the EMA
layer for this AAO has similar composition as before but
much increased air void. Here the Gen- oscillator in the top
layer also represents the wider pore on top. After etching for
longer time, pores widened up greatly (Figure 9), indicating
now the pore shape has transformed to V shape from
inverted V shape in as anodized case. The fitting results
indicate that the top EMA layer includes 87.4% voids and has
a thickness of 220.29 nm and the second EMA layer includes
66.0% void and has a thickness of 676.00. The equivalent
metal aluminum layer is again 0.28 nm, confirming its
presence in deeper layers. This model has MSE of 4.332.

From the spectroscopic ellipsometry analysis, the refractive
index of the AAO layer in the as-fabricated and etched
samples was determined. Figure 11 shows the effective
refractive indices of the AAO films of the bulk layer. It can be
seen that the refractive indices of the AAO films after etching
decrease obviously compared to the as-fabricated sample.
Etching for 70 minutes leads to refractive index n about 1.25
and less in the visible and IR range. Therefore, this AAO
layer has the potential to become an ideal antireflection
coating on glass. Further research on the optical performance
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Figure 10: Spectroscopic ellipsometry measured and fitted psi and delta for (a) as-anodized AAO, (b) AAO after 20 min etching, and (c) AAO

after 70 min etching.

of such AAO films is underway. Furthermore, the optical role
of the residual metal aluminum needs clarification.

4. CONCLUSIONS

The anodization voltage, electrolyte concentration and
temperature do not have significant effect on the pore
structures of anodic aluminum oxide. However, higher

Structures and Optical Properties of Anodic Aluminum Oxide

electrolyte temperature and phosphoric concentration lead to
faster anodization. The as-fabricated AAO has small pore
size about 80 to 100 nm with pore volume about 63%. In
order to use the AAO for antireflection coating on glass, the
pore size should be enlarged to reduce the effective
refractive index. Etching in phosphoric acid can tune the pore
size, leading to effective refractive index about 1.25, suitable
for antireflection coatings on glass.
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Figure 11: Effective refractive indices of AAO films on glass.
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