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The role of metal interlayers in maintaining adhesion during the direct fabrication of anodic aluminum oxide �AAO� with
high-aspect ratio pores on tin-doped indium oxide �ITO� is studied. Chromium and titanium interlayers can maintain adhesion
while anodization is conducted in either sulfuric, oxalic, or phosphoric acid solutions. However, the ability to form high-aspect
ratio pores is dependent on the interlayer and aluminum thickness, the method of aluminum deposition, and possibly the cleaning/
surface treatment of ITO prior to aluminum deposition. AAO films approximately 2 �m thick were prepared in oxalic and
phosphoric acids, yielding high-aspect ratio pores with length to diameter ratios of 47 and 14, respectively. The distinct stages of
pore formation are also correlated with the time-resolved current response of the anodization cell, which provides in situ infor-
mation about the anodization process so that adhesion can be maintained throughout pore formation. The direct fabrication of
AAO on ITO/glass substrates from a single-step evaporation of thick aluminum films enables the formation of smooth and
continuous gold nanowires, which have potential applications in photonics.
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Fabrication of anodized aluminum is a common and widespread
industrial practice. Anodic aluminum oxide �AAO� membranes,
with cylindrical submicrometer pore diameters, are readily produced
in the laboratory and are also commercially available.1-6 Typically,
AAO is fabricated from aluminum foil or sheets7 and the excess
aluminum after anodization can be dissolved, leaving a freestanding
membrane.1 The high pore density and surface area of AAO mem-
branes are being used for a variety of research applications, includ-
ing catalyst supports,8 nanoscale filters, hierarchical molecular
sieves,9 and photonics.10

Competitive development of more powerful integrated circuits
requires cost effective methods of increasing the device density.11

The ordered structures, controllable pore diameters, and high density
of pores in AAO membranes have led several researchers to use
them for the fabrication of nanostructures.12-22 While device fabri-
cation using AAO is still in its infancy, this templated structure can
provide a uniform and ordered architecture to facilitate the con-
trolled growth of devices for applications, such as photovoltaic
cells,23 superconductivity, optical spectroscopy, and catalytic con-
version of chemical to mechanical energy,24 as well as core/shell
nanostructures for ultrafast charge collection.25 The incorporation of
these structures onto a substrate is particularly important when con-
sidering AAO-templated nanostructure fabrication. Preparing arrays
of nanostructures, such as nanowires, on varying substrates is a rap-
idly growing area of interest in fabricating functional, high-aspect
and high surface-area devices. Whether electrical, mechanical, or
optical functionality is required of the nanostructure array, both the
nanostructure and substrate composition are defining parameters of
device operation.

Early approaches in preparing vertical nanostructures through
AAO templates were done by either directly mounting the mem-
brane on the substrate16,26 or blocking the pores on one side of the
membrane prior to inclusion.27,28 These approaches can give rise to
device contamination from chemicals used to bond the AAO to the
substrate and can lead to unwanted side reactions if electrochemistry
is performed.29 Furthermore, the planar interface between the
bonded template and the support may not be conformal, leading to
gaps between the substrate and the template. These gaps either pre-
vent the fabrication of nanostructured devices on the support
through the AAO template or hinder their performance.

Directly fabricating AAO onto a substrate eliminates the need to
bond a freestanding template.30-32 An important aspect unique to
direct AAO/substrate formation is controlling the interface between
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the substrate and the anodized film. In addition to maintaining con-
tact between the porous template and substrate, the pores must be
completely anodized and the remaining aluminum oxide barrier
layer must be removed if device contact characteristics are to be
controlled or if freestanding nanostructure arrays are desired. The
difficulty with fabricating AAO directly on a substrate, other than
native aluminum, is the volume expansion of aluminum when oxi-
dized during anodization. The volume of the film increases by 40%,2

creating adhesion problems that can arise at any time during the
anodization process. Delamination of either the Al or AAO from the
substrate prevents the pores from forming or destroys the template
because of localized electrochemical reactions.

Despite these problems, many researchers have directly fabri-
cated AAO on Si supports without33-38 and with differing inter- and
sublayers.39-45 Researchers have then used these AAO templated
structures for the fabrication of nanowires.33,40,45 A majority of the
work has focused on the use of thin � � 2 �m� Al films �see Ref.
46, for example�. Xu and co-workers are one of the few researchers
to use film thickness greater than 2 �m to construct AAO; however,
they needed to construct an ultrahigh vacuum electron beam �E-
beam� evaporation system.38 The system was capable of Al film
thicknesses of 50 �m, enabling the use of a two-step anodization
procedure,47 which enhances AAO pore ordering by sacrificing a
portion of the Al layer. An interesting feature of anodizing Al on
silicon supports is that the pore diameter is often less than what is
obtained during anodization of Al foils. It has been postulated that
this could be due to either differences in grain structure of the
evaporated Al film34 or strain propagation through the Al film due to
lattice mismatch with the underlying substrate.39,44,48

While direct fabrication of AAO on Si substrates has been well
established, many photonic applications require nanowire arrays on
transparent conductive substrates. Unfortunately, adhesion problems
during the anodization process are further exacerbated because tin-
doped indium oxide �ITO� is not electrochemically inert to the an-
odizing solution.30-32,49 The first example of direct fabrication of
AAO on ITO was demonstrated by Chu et al.49 They reported the
successful fabrication of AAO in phosphoric acid from 2 �m thick
aluminum films deposited by radio frequency �rf� sputtering, result-
ing in large diameter AAO pores.30,49 A loose correlation between
the time-resolved current response of Al/ITO anodization and alu-
minum foils was observed. One significant deviation they observed
from the anodization of aluminum foil was that kinks and voids
were observed in the AAO pores. This arose from the fact that the
aluminum was deposited in two steps, creating an aluminum/
aluminum film junction. In addition, the Al/ITO anodization suf-
fered end-of-anodization sparking and gas evolution that frequently
destroyed the film and increased the resistivity of the ITO.49 Gas
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evolution and sparking could be mitigated by monitoring the time-
resolved current response and ceasing anodization at the appropriate
time. However, the current response between the complete anodiza-
tion region and the initial stages of gas evolution and sparking is not
well defined, making it difficult to control the process. Cho et al.32

independently corroborated this work by following the same proce-
dure.

Foong et al. recently enhanced the adhesion of AAO on ITO
through the use of titanium interlayers during anodization of 200 nm
aluminum films in either sulfuric, oxalic, or phosphoric acid
solutions.31 These three different anodizing solutions provide the
ability to fabricate a wide range of pore diameters. Specifically,
phosphoric acid typically produces pore diameters 100 nm and
higher, while oxalic acid produces pore diameters between 25 and
75 nm and sulfuric acid produces pore diameters on the order of
10 nm.2

The ability to directly fabricate AAO pores on ITO with varying
pore depth and diameter is a crucial step toward the fabrication of
nanostructures with a wide variety of tunable aspect ratios for pho-
tonic applications where a transparent and conductive substrate is
required. Foong et al. have demonstrated that the use of titanium
adhesion layers prevents delamination during anodization for thin
aluminum films on ITO.31 However, the aim of this study is to
fabricate thick AAO films directly on a transparent conductive sup-
port with deep pores and adjustable pore diameter. This is an impor-
tant step toward fabricating nanostructures with tunable aspect ra-
tios. It is shown in this study that both interlayers of Ti and Cr can
be used as adhesion layers during the anodization of aluminum on
ITO. However, only certain combinations of anodization solution,
interlayer thickness and composition, and aluminum thickness are
found to successfully fabricate AAO on ITO/glass substrates. In ad-
dition, we find that seemingly minor deviations during film deposi-
tion can change the anodization process.

Experimental

Deposition of aluminum and interlayers.— Porous AAO films
were fabricated on transparent conductive substrates via the electro-
chemical oxidation of evaporated or rf-sputtered aluminum films.
The transparent conductive substrate was composed of ITO on
0.11 cm thick glass substrates, which were obtained precut �Thin
Film Devices, Inc.� with dimensions of 1.25 � 5 cm, an ITO film
thickness of 450 � 15 nm, and a sheet resistance �5 �/cm2. Prior
to metal deposition, the substrates were carefully degreased by soni-
cation for 20 min each in soapy deionized water, acetone, ethanol,
and then deionized water. The substrates were then placed in either
a Kurt J. Lesker CMS-18 sputter deposition or a custom E-beam
evaporation chamber capable of moderate vacuum pressures. For
sputtered films, the substrates were vacuumed to 2 � 10−8 Torr and
aluminum was deposited at 1.8 Å/s to the desired thickness. E-beam
evaporation was carried out at 5 � 10−6 Torr. Chromium or tita-
nium interlayers were deposited at 0.5 � 2 Å/s �monitored and
shut-off controlled by a quartz crystal microbalance �QCM�� to a
thickness of 0.3, 1, or 10 nm. Based on the time to close the QCM-
controlled shutter, it is estimated that the error in final thickness is
one-tenth of the deposition rate. Immediately following interlayer
deposition and without breaking chamber vacuum, 99.999% pure
aluminum was evaporated at a rate of 10 or 200–300 nm/s to a
thickness of either 0.2 or 2.2 �m, respectively. In some cases, the
E-beam evaporated films were thermally oxidized in a muffle fur-
nace �Barnstead� at 450°C for 30 min to form a thick oxide layer on
the surface prior to anodization.

In all the cases, a portion of the substrate was then covered with
an aluminum foil to expose a 1 � 1.25 cm strip, where a 10 �m
layer of silica was evaporated at a rate of 100–200 nm/s. This silica
strip is used to provide electrical insulation to prevent anodization of
the aluminum film at the interface between air and the anodizing
solution. Otherwise, electrochemical oxidation of the films occurs
too rapidly at this interface and electrical contact with the sub-
ownloaded 29 Dec 2010 to 159.226.100.225. Redistribution subject to E
merged portion of the film is cut off due to the destruction of the
ITO on the glass substrate at the air–solution interface.50

Anodization and pore widening.— Following film deposition,
the substrates were placed in either 1.3 M phosphoric acid �7°C�,
0.3 M oxalic acid �2°C�, or 0.2 M sulfuric acid �2°C� solutions
held at temperature in a jacketed beaker by a recirculating chiller.
The solution was stirred at a rate of 450 rpm. The substrate was
inserted, so the fluid flow impinged normal to the aluminum film
and the silica strip bridged the air–solution interface. A carbon
counter-electrode was used for all anodization processes. Aluminum
films with interlayers were anodized at a constant voltage of 35, 60,
or 130 V using a Lambda Gen 300-5 power supply for sulfuric,
oxalic, and phosphoric acid solutions, respectively. Aluminum films
anodized without interlayers were anodized at a constant voltage of
80 V in phosphoric acid. The potential was increased at a rate of
4 V/s to the final voltage, and the current was monitored with a
Laurels amp-meter and a custom-made LABVIEW control program.
Upon complete anodization of the AAO on ITO substrates, the alu-
mina barrier layer was etched with 5 wt % phosphoric acid for
330 s to open the bottom of the pore.

Electrochemical nanowire synthesis.— Gold nanowires were
synthesized by electrochemically depositing gold from solution
�Technigold 25 ES, Technic Inc.� onto the exposed ITO layer within
the pores of the AAO template. The solution was held at 60°C and
deposition was performed potentiostatically �Versastat V3, Princeton
Applied Research� against a carbon counter-electrode at −0.5 V ver-
sus a saturated calomel electrode. The deposition current was moni-
tored closely so that gold deposition was ceased once the current
began to rise dramatically, resulting in completely filled AAO tem-
plate pores.51 In some cases, the template was removed using a
newly developed method that prevents aggregation of the
nanowires.52

Characterization.— Field emission scanning electron micros-
copy �FESEM� micrographs were obtained on a JEOL JSM 6400.
Aluminum films that appeared to have undergone oxidation during
deposition, especially sputtered aluminum, were analyzed by
FESEM as well as XPS �Perkin-Elmer PHI 5100 ESCA system� to
quantify the degree and type of oxidation. Sheet resistance was mea-
sured with a Princeton Applied Research VersaSTAT 3 potentiostat
and tungsten probes. Light transmittance was collected with a
Perkin-Elmer Lambda 9 UV/Vis/NIR spectrophotometer.

Results

Various film thicknesses and anodization conditions are used to
fabricate high-aspect AAO pores on ITO. Table I summarizes the
anodization results for each combination of anodization solution,
interlayer material and thickness, as well as the final AAO film layer
thickness. Details of the results are discussed further below. Each
condition presented in Table I was repeated a minimum of six times
to ensure the accuracy of the results. Although not all diameter/
length combinations were successful, aspect ratios of approximately
1.4, 8.3, 14, 18, and 47 were obtained. These aspect ratios of AAO
on ITO expand those obtained by Foong et al.,31 accomplishing the
primary goal of high-aspect ratio pores.

Prepore formation and postpore formation failures listed in Table
I refer to the point during the process at which anodization failed.
Prepore formation failure generally occurred due to either a higher
selectivity of the interlayer to electrochemical reaction than the alu-
minum film or immediate electrical discharge across the film. Post-
pore formation failure occurred because the interlayer dissolved,
removing the anodized layer from the substrate, or because arcing
and gas evolution locally destroyed the film, leaving only a small
fraction of the AAO film intact. A more detailed description of these
failures is outlined in the supplementary information.50

Direct fabrication of AAO on ITO without interlayers.—
Aluminum was rf-sputtered in a single deposition step to thicknesses
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greater than 1 �m on bare ITO. Single-step deposition was used to
avoid the kinks and voids observed previously at the interfaces of
multilayer Al films.49 The rf-sputtered aluminum was then anodized
in phosphoric acid at 80 V. Anodization occurred without failure for
sputtered aluminum films thinner than 1.1 �m, although a small
amount of delamination is observed at the side of the substrate.
Above this thickness, the anodization resulted in the continuous oxi-
dation and dissolution of the aluminum oxide. These films never
appeared to form pores based on the time-resolved current response,
and there was no film left on the substrate after the anodization was
complete. E-beam evaporation was also used to prepare aluminum
films directly on ITO. However, anodization of E-beam evaporated
aluminum films of any thickness resulted in significant delamination
of the film.

Direct fabrication of AAO on ITO using interlayers.— Given
the limited success of the direct fabrication of AAO on ITO, inter-
layers were used in an approach similar to that of Foong et al.31 The
authors used Ti interlayers to fabricate thin �0.2 �m� AAO on ITO,
observing the best results when the Ti interlayer thickness was
0.3 nm. However, our attempts to anodize films with Ti interlayer
thicknesses of either 0.3 or 1 nm were unreliable. Therefore, a
thicker titanium interlayer of 10 nm was used during all anodization
experiments described below. The FESEM image in Fig. 1a con-
firms that anodization of 0.2 �m Al on Ti/ITO is successful at main-
taining adhesion during anodization in sulfuric acid. As seen in the
titanium interlayer where AAO was scratched away, anodization
also reacts with the titanium layer, resulting in dimples that expose
the underlying ITO. The size of the dimples is approximately 20 nm,
matching the pore diameter of the AAO pore. On the other hand, the
anodization of 0.2 �m Al on Ti/ITO in oxalic and phosphoric acids
failed, contrary to the prior work of Foong et al.31

Interestingly, different anodization results are obtained when
thicker Al films of 2.2 �m are used with Ti interlayers. As shown in
Table I, anodization fails again in phosphoric acid; however, both
oxalic and sulfuric acids have reversed outcomes when compared to
thinner Al films. These thicker Al layers now result in failure for
sulfuric acid while anodization in oxalic acid is now successful. The
FESEM image in Fig. 1b is a side-view image of the AAO film
obtained for the anodization of 2.2 �m Al on Ti/ITO in oxalic acid.
This image clearly shows the high degree of adhesion between the
AAO and the substrate, yielding a dense array of �45 nm diameter
pores directly fabricated on the ITO substrate. Interestingly, this
pore diameter is much lower than expected for the same anodization
conditions conducted with only an aluminum foil. This phenomenon
has been observed in the anodization of Al on Si substrates. These
differences in pore size have been attributed to grain structure34 or
the propagation of lattice mismatch strain.39,44,48 Lattice strain

Table I. Anodization results in various acids for aluminum films of
Note: the aspect ratio (L/D) for successful anodizations are reporte
thickness.

Interlayer

Aluminum film
thickness

��m� Sulfuric ac

no interlayera 1 —
2.2 —

10 nm Ti 0.2 D = 21 nm; L/D
2.2 Failured

10 nm Cr 0.2 Failurec

2.2 Failurec

a RF-sputter deposition �anodized at 80 V in phosphoric acid�.
b No pore formation.
c Postpore formation failure.
d Prepore formation failure.
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propagation seems likely in our experiments since delamination oc-
curred prior to pore formation when anodizing Al directly on ITO.

In a further attempt to broaden the range of pore diameters and
lengths obtained for AAO films on ITO, anodization experiments
were also conducted for 10 nm Cr interlayers in each acid solution.
As shown in Table I, the anodization was successful in phosphoric
acid for both 0.2 and 2.2 �m aluminum films. The FESEM images
in Fig. 1c show the 2.2 �m aluminum films anodized in phosphoric
acid. The barrier layer for these AAO films is on the same order of
thickness as the diameter of the pore. The side-view image shows
that this anodization also maintained a high degree of adherence to
the Cr/ITO substrate, yielding a directly fabricated AAO film with a
dense array of �145 nm diameter pores. Again, the pore diameter is
smaller than expected for the equivalent anodization of aluminum
films.

The image of the AAO/interlayer/ITO substrate in Fig. 1d shows
that thick AAO films on ITO maintain high transmittance and that
adhesion is uniform over the entire substrate with few defects. The
optical transmittance �%T� spectra for films anodized in different
acid solutions are shown in Fig. 1e. The spectra show oscillations
that have a specific frequency, which are due to interference patterns
from the ordered AAO structure.53 AAO films anodized in sulfuric,
oxalic, and phosphoric acids have approximate transmittance values
of 75%, 70%, and 65% at 900 nm, respectively. As expected, thinner
AAO films �sulfuric acid, curve 1� have higher transmittance than
the thicker AAO films. The transmittance for the thin AAO remains
relatively constant at all wavelengths; however, the transmittance for
thicker AAO films tends to decrease in transmittance at lower wave-
lengths. The anodization conditions also control the pore diameter
�see Table I�. Therefore, these decreases could be due to photon
scattering from the AAO, which would be dependent on the pore
diameter and periodicity. Indeed, larger pore diameters show more
significant decreases in transmittance at lower wavelengths.

After barrier layer removal and pore widening, the tops of the
pores are observed more clearly. As shown in the top-down SEM
image in Fig. 1f, the pores in these thicker AAO films have high
density. The pores do not exhibit uniform diameters or spacing;
however, this may possibly be improved with surface modification
prior to anodization3,4,47 or two-step anodization.47

Successfully anodized substrates were placed in 25 wt % phos-
phoric acid for 2 h to completely remove the AAO template and
evaluate the sheet resistance of the ITO substrate to determine if the
anodization process altered the transparent conductive layer. The
initial ITO on glass had a sheet resistance of 5 �/cm2. Regardless of
the conditions of anodization, there was only a small increase in
substrate sheet resistance to �9 �/cm2. This minor increase in re-
sistance should not significantly effect the electrodeposition of ma-
terials into the pores.

g thickness on ITO using either titanium or chromium interlayers.
ed on the actual AAO film thickness, not the initial aluminum film

Oxalic acid Phosphoric acid

— D = 55 nm; L/D = 18
— Failureb

3 Failurec Failured

D = 45 nm; L/D = 47 Failured

Failured D = 145 nm; L/D = 1.4
Failured D = 145 nm; L/D = 14
varyin
d bas

id

= 8.
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Nanowire arrays are readily fabricated within the AAO on these
conductive substrates. To demonstrate this, gold was electrochemi-
cally deposited into the AAO/ITO/glass substrate to form a gold
nanowire array. Figure 2 shows FESEM images of the gold nano-
wire arrays obtained from the templates after dissolving the template
�see Fig. 2a� or applying a simple method to prevent nanowire array
aggregation during template removal �see Fig. 2b�.52 As can be seen
in Fig. 2a, the gold nanowires are smooth and continuous along their
length.

Discussion

Time-resolved current response during anodization of aluminum
on ITO.— The time-resolved current response of the electrochemi-
cal cell provides detailed information concerning the processes that
are occurring within the aluminum film during anodization. Once
the changes in the current output are correlated to the processes
occurring during anodization, time-resolved current data can serve
as an active “litmus test” indicating whether the anodization is pro-
ceeding successfully.

Although the mechanism of AAO pore formation on substrates
was previously outlined by Chu et al.,49 it is more clearly depicted in
the time-resolved current response when interlayers are used to
maintain adhesion to the ITO substrate, as shown in Fig. 3. The
shape of the current output shows four distinct processes occurring
during the anodization of the aluminum film on ITO. The first three
processes are similar to those observed for anodization of Al foils.
The initial drop in current density is due to a negative current drift
associated with the linear voltage ramp to the set-point voltage and
is not one of these processes. In stage I, a planar surface oxide forms
on the aluminum film. The resistance of the electrode increases as
the surface oxide layer continues to grow, causing a dramatic de-
crease in the current density. This surface oxide layer can prevent
further electrochemical oxidation of the aluminum; however, a large
interfacial electric field forces the surface morphology to change
from a planar film to a dimpled array, which is the onset of stage II.6

This change in surface morphology allows the surface oxide thick-
ness at the bottom of the pores to remain relatively constant, so the
diffusion of aluminum and oxygen through the oxide layer can still
be driven by the electric field, allowing the electrochemical oxida-
tion of aluminum to continue.

Once the dimples form in the surface layer, the electrochemical
reaction preferentially occurs at these sites. As these dimples con-
tinue to bore into the aluminum and grow into a fully formed pore
�stage II�, the active surface area increases substantially. This in-
crease in electrode surface area gives rise to the increase in current
density shown in Fig. 3 since the current density is relative to the
initial planar electrode surface area. Shortly after pore initiation, the
continued growth of the pores does not cause any increase in active
electrode surface area �stage III�. During this stage, the pores bore
toward the substrate and the current remains constant because there

Figure 2. FESEM images of gold nanowires fabricated within the pores of
AAO on ITO �a� after dissolving the template and �b� after using electric
fields to prevent aggregation of the nanowires. The template was prepared by
anodization of 2.2 �m Al on 10 nm Cr/ITO/glass substrates in phosphoric
acid. Note that the nanowires are smooth and continuous.
Figure 1. �Color online� Side-view FESEM images of �a� 0.2 �m Al/10 nm
Ti/ITO anodized in sulfuric acid, �b� 2.2 �m Al/10 nm Ti/ITO anodized in
oxalic acid, and �c� 2.2 �m Al/10 nm Cr/ITO anodized in phosphoric acid.
The arrow pointing to the barrier layer shows that the barrier layer thickness
is on the same order as the respective pore diameter. �d� The optical image
shows that adhesion is maintained over the entire substrate. The transmit-
tance of each film �e� shows that the substrates retain a high degree of
transparency for films 1, 2, and 3 corresponding to the FESEM images in �a�,
�b�, and �c�, respectively. �f� FESEM image after pore widening shows that
the AAO film has a high density of pores.
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is no change to electrode surface area. This constant current is simi-
lar to the pore growth stage in Al foils, which was not observed by
Chu et al.49 because of the use of multilayer Al deposition. Finally,
as anodization nears completion �stage IV�, the current falls off rap-
idly. This drop is due to the diminishing amount of aluminum re-
maining in the film as it is thinned, which increases the sheet resis-
tance. The remaining aluminum is oxidized, leaving behind a barrier
layer. At this point, film arcing and gas evolution can occur, as
observed by Chu et al.49 In the absence of an interlayer, this arcing
can be observed in stage III, causing severe damage to the overall
film by the end of stage IV. However, the presence of an interlayer
delays the arcing and gas evolution until the end of stage IV or
beyond. Thus, this detrimental behavior is more easily averted by
monitoring the current output and stopping the process before the
current begins to increase at the end of stage IV.

When successful anodization occurs, the characteristic features
depicted in Fig. 3 are independent of the anodization acid solution,
applied voltage, interlayer material, and aluminum film thickness.
These time-resolved current features are observed in all successful
anodization scenarios because it involves processes occurring within
the aluminum oxide/aluminum film. Deviations to the anodization
acid solution, applied voltage, and aluminum film thickness only
alter the overall anodization time and magnitude of the current den-
sity. For example, Fig. 4a depicts the time-resolved current response
of the successful anodization of 2.2 �m aluminum films in oxalic
and phosphoric acids with titanium and chromium interlayers, re-
spectively. These time-resolved current responses are qualitatively
equivalent, indicating that the overall mechanism for AAO forma-
tion on ITO in the presence of an interlayer is independent of the
interlayer composition, anodization voltage, and acid solution.

While the qualitative features of the time-resolved current re-
sponse are similar, the rate of current changes is likely indicative of
the uniformity in pore initiation and growth across the entire sub-
strate. The changes in current density in Fig. 4a associated with
stage II surface reconstruction and stage IV barrier layer formation
�see Fig. 3� have different slopes for different anodization condi-
tions. The AAO formed in oxalic acid has sharp transitions between
each stage, while the AAO formed in phosphoric acid shows gradual
transitions between each stage in the pore formation process. The

Figure 3. �Color online� A typical chronoamperometric response of a thick
aluminum/interlayer film on ITO �shown here for 2.2 �m Al/10 nm Cr/ITO
in phosphoric acid�. This response depicts the overall mechanism that occurs
during anodization: �I� current drop due to oxide growth and increasing
substrate resistance to charge transfer; �II� pore initiation resulting in a dra-
matic increase in film surface area; �III� uniform pore growth; and �IV�
current decrease due to increased resistivity from depletion of Al between the
substrate and electrolyte. Note that drawings are not to scale.
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fast rate of pore formation �large positive slope in stage II� in oxalic
acid indicates that all pores form at approximately the same time
and at the same rate. Since all the pores start at the same time and
grow at the same rate, the anodization process also reaches the sub-
strate at the same time, resulting in a sharp decrease in current
density. The gradual transitions associated with anodization in phos-
phoric acid indicate that not all pores are reaching the substrate at
the same time. These differences could be important in maintaining
adhesion since film arcing and delamination can start to occur once
the anodization process reaches the substrate locally.

The primary differences in the time-resolved current responses
observed in Fig. 3 and 4a from prior work30,31,49 are in the pore
initiation and uniform pore growth stage. Chu et al.49 observed two
peaks in current at the midpoint of stage III in aluminum films
without an interlayer. These features are likely related to the lateral
defects in the pores caused by the two-step Al deposition. In this
study, a continual increase in current is observed shortly after the
anodization process begins when thicker aluminum films are rf-
sputtered in a single step without an interlayer. This continual in-

Figure 4. �Color online� The chronoamperometric response for anodization
of �a� 2.2 �m Al on either 10 nm Cr or Ti interlayers in phosphoric or oxalic
acid, respectively. The general trend is independent of interlayer composition
and anodization conditions, indicating that the response is primarily due to
internal aluminum film/pore growth processes. �b� 0.2 �m and 2.2 �m Al on
10 nm Ti interlayers anodized in sulfuric or oxalic acid, respectively. These
results show how stages �II� and �IV�, depicted in Fig. 2, can overlap and
cancel one another out to obtain results similar to Foong et al.31
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crease in current is likely the cause or the result of film delamina-
tion, exposing both sides of the deposited aluminum film as well as
additional current from continual film delamination.

Foong et al.31 did not observe a clear time-resolved current re-
sponse associated with pore initiation and growth �stages II and III�
likely because the aluminum films being anodized were only
0.2 �m thick. Thus, the increase in current from pore initiation and
decrease in current due to barrier layer formation essentially cancel
one another, keeping the current from rising. Figure 4b depicts this
behavior when the time-resolved current responses of the 0.2 and
2.2 �m films are compared. As can be seen for the 0.2 �m in Fig.
4b, stages II and IV overlap and the galvanostatic region that is
observed for the thicker film is not present.

Avoiding failure during anodization.— It was observed in this
study that minor deviations create difficulties in repeating some of
the prior work in the field, which highlights the importance of ITO
surface treatment in the direct fabrication of AAO. As described
below, different deposition methods �sputtering versus E-beam�, alu-
minum thickness, or surface treatments prior to Al film deposition
give different results.

While sputtered aluminum films may provide enhanced adhesion
due to the high energy impact of the film deposition process,31 the
low deposition rate gives rise to significant substrate heating that
may cause oxide formation when depositing more than 1.1 �m of
aluminum. Although not explicitly stated, this may be the reason
that prior aluminum films prepared on ITO by sputtering were de-
posited in 1 �m steps.13,30,32,49 Indeed, the 5 �m Al film shown in
Fig. 5a is white, indicating that a high degree of oxidation has oc-
curred during the sputter deposition process. On the other hand, the
500 nm Al film shown in Fig. 5b is highly reflective, indicating that
very little aluminum oxide is present. Several different thicknesses
of aluminum were sputtered, which showed that film thicknesses
greater than 1.1 �m no longer appear pristine or reflective. This is
supported by the FESEM image in Fig. 5c of a sputtered, 1.1 �m
aluminum film showing grains of aluminum, aluminum oxide, and
possibly mixed aluminum/aluminum oxide. The presence of alumi-
num and aluminum oxide in the film was also confirmed with XPS.

Figure 5. �Color online� Sputtered aluminum films deposited continuously
up to thicknesses of �a� 5 �m and �b� 0.5 �m. The 5 �m film shows that a
significant amount of oxidation has occurred as a result of the sputter depo-
sition, which is not present with the thinner 0.5 �m film. FESEM imaging
�c� shows at film thicknesses greater than 1.1 �m that aluminum oxide
grains are dispersed throughout the film, which hinders anodization. How-
ever, the side-view FESEM image in �d� shows that surface oxidation
�30 min, 450°C� of E-beam deposited Al films can be successfully anodized.
ownloaded 29 Dec 2010 to 159.226.100.225. Redistribution subject to E
Anodization of sputtered aluminum films thicker than 1.1 �m
began to show delamination problems. At thicknesses greater than
1.5 �m, anodization was unsuccessful. Given that aluminum oxide
began to form when film thickness exceeded 1.1 �m, it is believed
that anodization failure for sputtered films is a result of random
mechanical stresses imposed by the aluminum oxide grains dis-
persed within the bulk of the film �see Fig. 5c�. To support this
conclusion, pristine E-beam evaporated 2.2 �m Al on Cr films were
thermally oxidized to produce a thick aluminum oxide film on the
surface before anodization. These substrates appeared white from
aluminum oxide and were similar in appearance to those in Fig. 5a.
However, Fig. 5d shows that these substrates were successfully an-
odized in phosphoric acid, following the thermal growth of a thick
surface aluminum oxide. Thus, thick surface oxides do not prevent
AAO formation, indicating that the anodization failure observed for
sputtered aluminum films is due to aluminum oxide grains dispersed
within the bulk film.

While the requirement of film homogeneity could have been an-
ticipated, the sensitivity of anodization to the thickness of the Al
film was unexpected. These changes to anodization with thickness
may be due to changes in the additional electrochemical resistance
�i.e., potential drop� along the length of the pore. This electrochemi-
cal resistance increases with either decreasing pore diameter or in-
creasing pore length. Anodization in sulfuric acid yields very small
pores, resulting in large potential drops. The large potential drop
could possibly slow down the electrochemical diffusion/reaction, re-
sulting in charge buildup. This effect would not be problematic for
Al foils but could lead to electrical discharge �prepore formation
failure� when interlayers are used. Similarly, changes in electro-
chemical resistance may also explain the different behavior ob-
served during anodization in oxalic acid. In this case, larger pores
are formed in oxalic acid than in sulfuric acid. At the same Al
thickness, oxalic acid would have less resistance. Therefore, at the
end of pore formation, there is a greater driving force for electro-
chemical diffusion/reaction in oxalic acid. This increased driving
force can cause arcing and gas evolution �postpore formation fail-
ure�. Increasing the thickness of the aluminum reduces the driving
force at the end of pore formation, minimizing the damage from
these effects. These results suggest that there may be thickness re-
gimes for successful anodization or that the electrochemical reac-
tions need to be carefully controlled.

Finally, the inability to reproduce all of the work of Foong et al.
for 0.2 �m Al films may be due to the difference in ITO degreasing
and surface treatments.31 The degreasing procedure used here was
benign in comparison to the plasma surface treatment used by Foong
et al. This high energy cleaning method may be the reason why they
could maintain adhesion with titanium interlayers in all three anod-
ization acid solutions.

Conclusion

This study demonstrates the dependence of interlayer composi-
tion and the thickness of the aluminum layer on the adhesion of
AAO directly fabricated on ITO/glass substrates. Chromium inter-
layers provide excellent adhesion during anodization in phosphoric
acid solutions but fail in oxalic and sulfuric acids. On the other
hand, titanium interlayers fail during anodization in phosphoric acid
and succeed in either oxalic or phosphoric acids. However, these
anodization processes are dependent on not only the acid solution
but also the thickness of the aluminum. For example, anodization of
0.2 �m Al films in oxalic acid fails while thicker Al films are suc-
cessful. Despite these difficulties, longer pores have been formed on
ITO without delamination of AAO. The highest aspect ratio of pores
was obtained when anodized in oxalic acid. The differences between
this study and prior work could also highlight the importance of
surface treatment/cleaning in this process. The adhesion of AAO on
ITO appears to be extremely sensitive to the surface treatment of the
ITO, regardless of the adhesion layer used.
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