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The size-dependent surface properties of low-reflectivity porous alumina thin film on glass substrate produced by two-step self-
organized anodization of aluminum are observed. By electro-polishing the aluminum coating, a minimum roughened surface with
an Rrms of 3.91 nm is obtained. After adjusting the applied potential, an optimum regular structure of anodic aluminum oxide (AAO)
is obtained, corresponding to the pore diameter and density of 23 nm and 8.67×1010 cm−2. In particular, nanoporous AAO with
an air/solid ratio of 58% exhibits a maximum water contact angle of 73.4◦ corresponding to surface energy of 40.1×10−5 N cm−1.
Furthermore, the TM-mode reflection analysis shows a diminishing Brewster angle shifted from 60◦-54◦ with an increasing air/solid
ratio from 37%-58% at 532 nm. The greatly reduced small-angle reflectance and surface energy reveals a nonlinear trend with an
enlarging pore size and air/solid ratio, leading to a minimum surface reflectance and maximum water contact angle at the nanoporous
AAO prepared with 60V.
© 2012 The Electrochemical Society. [DOI: 10.1149/2.009205jes] All rights reserved.
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Nanoporous anodic aluminum oxide (AAO) membranes have a
potential for technological interest in industry.1–3 Notably, AAO tem-
plates with a large-range tunable inter-pore distance and pore size
controlled by anodization conditions have attracted considerable at-
tention when constructing numerous nanostructure devices, such as
solar cells, batteries and sensors, due to their simple process, good
thermal stability and mechanical strength.3–6 Most researchers have
focused almost exclusively on controlling and realizing the anodizing
behavior of AAO.7–9 Although it is well known that electrochemical
behavior of ion migration (Al3+ and O2−) for porous AAO formation
can conventionally be distinguished by controlling the current-time
curve, the effects of geometric scale dependent reflectance on the
optical properties of AAO itself have not been emphasized until re-
cent years.2 In particular, the alternative approach to simplifying anti-
reflection film evaporation with lower production costs is an important
key for obtaining cost-effective solar cells. More than 30% of incident
light is actually reflected back from the surface of solar cells, which
will decay the conversion efficiency of the solar cell.10 Not long ago,
Huang et al. reported an asymmetric light reflectance phenomenon
for AAO films fabricated on glass substrate.11 They found that the ge-
ometric asymmetry of the nanoscale aluminum networks is strongly
dependent on the asymmetric light reflectance effect. Simultaneously,
they indicated that such a geometric asymmetrical structure would
probably induce asymmetric absorption or scattering of light from dif-
ferent orientations. Nevertheless, the dependence of anti-reflectance
at different incident angles on the characterization of AAO has never
been discussed in previous works. It is well known that self-cleaning
technology is another indispensable topic that could improve water
repellency as well as assist in developing multi-functional electro-
optical devices, such as cover glass for solar cells or light emitting
diodes. According to the literature, Tadanaga et al. show a super-water-
repellent porous Al2O3 gel coating film created by a combination of
geometric and chemical approaches.12 Although the porous Al2O3 gel
films provide an improved hydrophobic coating with a surface rough-
ness different from that of the original substrate, the relationships be-
tween surface tension and porosity as well as optical properties have
not yet been addressed. This study demonstrates nanoporous AAO
thin films with ultra-low reflectivity and hydrophobicity on glass sub-
strate produced by two-step anodization at room temperature. The
effects of various electrochemical conditions on their geometric scale
and the reflectance at different incident angles are characterized. In
particular, the surface energy related hydrophobicity, as well as the
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geometric scale of the electrochemical synthesized nanoporous AAO
film, is investigated and elucidated.

Experimental

The experimental parameters for fabricating nanoporousAAOfilm
are listed below, which include glass substrate cleaning, aluminum
thin-film deposition and nanoporous AAO film formation. At first, the
plasma cleaning of glass substrate was performed to remove the dusty
particles from the reactive-ion etcher (Trion Phantom III) at a working
pressure of 3×10−2 Torr andworking power of 50watts underArmass
flow of 40 sccm. After that, the high-purity aluminum (4N) with a film
thickness of 500 nm was deposited on glass substrate by employing a
thermal evaporation coat under a working pressure of 1×10−3 Torr for
15min. Before anodization, the aluminum coated on glass substrate
with working area of 1 cm2 was initially immersed in a mixed solution
of phosphoric acid (85 wt%), sulfuric acid (96wt%) and D. I. water
with an electrolyte mixed volumetric ratio of 1.2:1.2:1. Simultane-
ously, the electro-polishing process with an operation current range
from 0.1 to 0.4 mA cm−2 was used to polish the rough surface for
comparison. A minimum roughened surface of aluminum coated on
glass substrate was employed in fabrication of the nanoporous AAO
films. After reducing the surface irregularities of the aluminum film by
fine-tuning polishing conditions, the high-purity aluminum film was
treated with a two-step anodization process in a homemade anodiza-
tion cell to generate ordered nanoporous AAO films. In more detail,
the two-step anodization process first involved anodic oxidation and
etching, and second used anodic oxidation for nanoporous AAO film
formation. At the first anodic oxidation, the pretreated aluminum was
immersed in 0.5 M oxalic acid solution under constant cell potential
of 40 V at room temperature (25◦C)13 to produce an early porous-
alumina layer (or irregular-alumina layer). In order to improve the
irregular or unusual alumina layer, the early alumina layer was etched
in 0.5 M phosphoric acid at 25◦C. The second anodic oxidation was
then employed for uniform pore size generation. Note, that the sec-
ond anodic oxidation process with four samples (A, B, C and D) was
performed in 0.5 M oxalic acid solution under the cell potential of 30,
40, 50 and 60 V at 25◦C, respectively.
The effect between surface roughness and applied potential of the

electro-polishing process were estimated by atomic force microscopy
(Gatan model 691). The surface morphologies and geometric scale
of nanoporous AAO samples were characterized by field-emission
scanning electron microscopy (FE-SEM, JEOL 6700F). The size and
uniformity of EM images analysis are demonstrated by using re-
lated software (Digital Micrograph 3.3.1 and Origin R7.0 SRO). The
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measurement of the water contact angle was accomplished by the
sessile-drop method using a contact angle system FTA 200 (ACIL
& First Ten Angstroms Inc.) and observing 15 μl water droplets on
the nanoporous AAO surface. The measurement of advancing and
receding contact angles were also performed by the camera-capturing
feature, simultaneously, the surface contact angle was averaged by
three times and fitted with combined polynomial function. The an-
gular dependent reflectance spectra of nanoporous AAO thin-film
measured by a 532 nm laser were analyzed using a TM polarizer
and a power detector. Finally, the nanoporous AAO anti-reflection
coating glass for replacing traditional AR layers was fabricated upon
semi-manufactured solar cells. The electric properties (short-circuit
photocurrent and open-circuit voltage) of nanoporous AAO based so-
lar cell were measured using a Keithley model 2400 source measure
unit under standard conditions of AM1.5 spectra from a 500W xenon
lamp.

Results and Discussion

To realize the effect of electro-polishing conditions as well as the
smooth surface morphology, surface roughness with varying applied
currents from 0.4 to 0.1 mA cm−2 are shown in Figure 1. Obviously,
the root-mean-square roughness (Rrms) of polished aluminum film,
with applied currents changing from 0.4–0.1 mA cm−2, decrease from
36.9–3.91 nm. It is speculated that with the reduction of the polishing
current, the metal ions dissolve from the anode into the medium more
slowly and randomly, thus, diminishing the mass transport effect to
obtain a smooth aluminum. Although the removal rate of electro-
polishing is greatly dependent on the electrochemical potential for the
metal ions to dissolve from the anode into the medium, the surface
roughness still is limited bymass transport stability,14 since the degree
of anisotropic etching is sensitive to metal ion migration.
Figure 2 shows the relationship between the morphological evo-

lutions and process conditions of nanoporous AAO thin film. As the
applied potential increases from 30 to 60 V, the initial current is en-
hanced from 0.19–0.65 mA cm−2, and with the reaction time increas-
ing to 8 min, the reaction current for all samples slightly decreases
with a slope varying from 0.05–0.01 mA min−1, corresponding to the
synthesized AAO for samples D to A, respectively. According to the
literature, the slope decline of current-time curves signified that in a
sample there exists an oxide barrier layer between the aluminum host
and the bottom of the pore, which resists chemical contact and current
flow between the electrolyte and the conducting aluminum substrate,
simultaneously blocking the metals in the nanopores when anodizing
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Figure 1. The root-mean-square roughnesses of polished aluminum film
formed under anodization currents varying of (a) 0.1, (b) 0.19, (c) 0.27 and
(d) 0.4 mA cm−2. (Inset: Topographical 3D AFM image of polished aluminum
film.)
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Figure 2. The current-time curves of nanoporous AAO thin-film formed in
0.5 M oxalic acid solution under the cell potential of 30 (for sample A), 40(for
sample B), 50 (for sample C) and 60 V (for sample D), respectively. (Inset: the
SEM images of various cell potential formed AAO.)

the aluminum.15 Furthermore, the various reaction potentials demon-
strate the influence of the AAO structure on the surface morphology,
as shown in the Figure 2 inset. In particular, nanoporous AAO using a
preparation of 40 V obtains an optimal regular array as compared by
using the corresponding fast Fourier TransformAnalysis. The size dis-
tribution of nanoporous AAO is quantified by statistically analyzing
with a previously reported method,16 as shown in Figure 3. When op-
erating at a cell potential of 30 V, the sparse AAO pore microstructure
for Sample A shows an irregular pattern; the diameter and pore den-
sity are 15 nm and 7.7×1010 cm−2, respectively. As the anodization
potential increases up to 40 V, the pore density reaches its maximum,
corresponding to a pore diameter of 23 nm. However, the pore density
decreases and diameter increases with varied cell potential from 40V
to 60V, ascribing severe anodizing to the aluminum to lead to a com-
bination of adjacent pores; this is quite similar to the phenomenon
observed by Virk.17 Na et al. also indicated that the cell potential was
an important factor in controlling the size and the regularity of the
nanoporous AAO array, which is dependent on the diffusion of both
O2− and Al3+ ions.18

To realize the relationship between the hydrophobicity and surface
morphology, a water contact angle analysis was employed. Contact
angle “θ” is defined geometrically as the angle formed by a liquid
at the three phase boundary (a liquid, gas and solid intersect). At
equilibrium, the chemical potential in the three phases should be
equal. The equation can be rewritten as the Young equation:

γlg cos θc = γsg − γsl [1]

where the θC is the equilibrium contact angle, γsg, γsl and γlg denote
the solid–vapor, solid–liquid and liquid–vapor interfacial energy, re-
spectively. Among them, the equilibrium θc can be determined from
advancing contact angle and receding contact angle, which can be
written as:19,20

cos θc = (γA cos θA + γR cos θR)/(γA + γR) [2]

where the γA is [sin3θA/(2–3cosθA+cos3θA)]1/3and γR is[sin3θR/
(2–3cosθR+cos3θR)]1/3.
In Figure 4, with the preparation of nanoporousAAO at applied po-

tentials varying from 30 to 60 V, it is observed that the water contact
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Figure 3. (a) Pore density and air/solid ratio
as a function of the nanoporous AAO thin-film
formed in 0.5 M oxalic acid solution under
the cell potential of 30 (for sample A), 40(for
sample B), 50 (for sample C) and 60 V (for
sample D), respectively. (b) Statistical analysis
of AAO pore diameter.

angle obviously increases from 53.13◦–73.4◦, corresponding to the
variation in the air/solid ratio from 37%–58%. Note that a water drop
is easily suspended on the surface with either individual hydropho-
bic material coating or surface-roughening structure. Although the
nanoporous AAO, prepared with 40 V, provides a maximum pore
density, this result is not fully efficient and results in hydrophobic
properties, whereas the water contact angle of nanoporous AAO pre-
pared with 60 V exhibits the maximum value of 73.4◦. Apparently,
the air/solid ratio of nanoporous AAO plays a more important role in
dominating the hydrophobicity than the two-dimensional density of
the nanopore, since a surface with high roughness and dense struc-
ture is a relatively trivial effect to create to promote water contact.
The surface energy shown in Figure 4 was calculated by using Chi-
bowski’s Formula.21 The lower surface energy (40.1×10−5 N cm−1)
with a higher contact angle (73.4o) is obtained after anodizing using
60 V; whereas the higher surface energy (52.7×10−5 N cm−1) leads
to the lowest contact angle (53.1o) after decreasing the cell potential
to 30 V. Shortening the applied potential results in a low air/solid ratio
and low pore density in nanoporous AAO on a glass surface; it leads
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Figure 4. Contact angle and surface energy as a function of the nanoporous
AAO thin-film formed in 0.5 M oxalic acid solution under the cell potential of
30 (for sample A), 40(for sample B), 50 (for sample C) and 60 V (for sample
D), respectively. (Inset: Photo image of the water contact angle analysis.)

to higher surface energy much closer to that of a plain Al2O3 surface
(54.2×10−5 N cm−1).
The optical transmission of nanoporous AAO with applied poten-

tials varying from 30 to 60 V is characterized, as shown in Figure 5.
The average optical transmission of all samples is over 80% in the
visible range (400–700 nm). Among them, the nanoporous AAO with
40 V applied exhibits the highest optical transmission of 90% due
to a relatively regular pattern. Lin et al. indicated that inhomoge-
neous material, with a roughened surface, enables the depolarization
of the incident light at all angles of incidence, which leads to multiple
scattering.22 Therefore, appropriate control on structural regularity is
mandatory for obtaining high optical transmission. The incident angle-
dependent reflectance spectra of nanoporous AAO measured under a
TM polarized incident light at 532 nm is shown in the Figure 5 inset.
After sculpturing the nanoporous AAO with pore diameters enlarging
from15–30 nm, theTMmode reflectance at small incident angles is re-
duced from10%-2.4%. In particular, with the formation of nanoporous
AAO, the Brewster angle shifts from 60◦-54◦ as the air/solid ratio of
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Figure 5. Transmission spectra of nanoporous AAO formed under the cell
potential of 30 (for sample A), 40(for sample B), 50 (for sample C) and 60
V (for sample D), respectively. (Inset: the plots of reflectance versus incident
angle.)
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Figure 6. I-V curves of nanoporous AAO anti-reflection coating glass for Si
based solar cells.

nanoporous AAO increases from 37%-58%, which is mainly con-
tributed to by the combining effects of air/Al2O3 mixed structures.
The results also indicate that the air/solid ratio is an important factor
for determining the minimum reflectance at arbitrary angles.
Based on above results, the wettability of a nanoporous AAO struc-

ture can be changed by adjusting of the surface energy of the solid
surface. In present work, extending the applied potential results in a
high air/solid ratio and low pore density in nanoporous AAO; it leads
to lower surface energy since the water drop is then partially sitting
on air. In addition, the irregular AAO networks also cause the asym-
metric light reflectance effect, which induces asymmetric scattering
or absorption of light from different orientations. This means that the
air/solid ratio is great enough to give a water-repellent surface, while
the nanoporous structure is too small to scatter visible light.
To investigate whether a self-organized AAO coating could im-

prove the reflectance and the power efficiency for the solar cells,
the nanoporous AAO anti-reflection coating glass were fabricated
and measured upon semi-manufactured solar cells, as shown in
Figure 6. From this results, the Jsc and Voc of the nanoporous AAO
anti-reflection coating glass covered semi-manufactured solar cells
increase (from 1.89 mA/cm2 and 0.59V to 2.26 mA/cm2 and 0.617V)
with the decrease of reflectance from 10% to 5%. Furthermore, it is
indicated that the Jsc and Voc slightly drop as irregular AAO networks
formation. This can be explained the asymmetric light reflectance ef-
fect, which induces asymmetric scattering or absorption of light from
different orientations. The optimum η (1.13%) of the nanoporous
AAO coating glass covered semi-manufactured solar cell is obtained
by the nanoporous AAO prepared with cell potential of 40V.

Conclusions

The low-reflectivity porous alumina thin-filmonglass substrate has
demonstrated by two-step self-organized anodization of aluminum.By

controlling the applied current down to 0.1 mA cm−2, the minimum
roughness of aluminumfilmwith Rrms of 3.91 nm is obtained.With the
preparation of nanoporous AAO at applied potentials changing from
30 to 60 V, it is found a nonlinear variation of the generated sizes with
the applied potential, indicating that the size of nanoporous AAO is
effectively extended between 15, 23, 25 and 30 nm, corresponding
to the air/solid ratio of 37%, 48%, 50% and 58%, respectively. The
water contact angle of nanoporous AAO with 60V prepared exhibits
the maximum value of 73.4o corresponding to the surface energy
of 40.1×10−5 N cm−1. On the other hand, the nanoporous AAO with
applied potential of 40Vprepared exhibits highest optical transmission
of 90% due to a relatively regular pattern to relax the light scatting.
The TM mode reflectance of the nanoporous AAO with average pore
size of 23 nm at small incident angles decrease by 80% as compared
to that of the aluminum substrate, which further decay to 2.4% of its
original reflectance as the porous alumina with pore size increases
to 30 nm. Furthermore, an optimum power efficiency of 1.13% is
obtained in the nanoporous AAO anti-reflection coating glass covered
semi-manufactured solar cell.
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