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single-crystal aluminum substrates
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ABSTRACT

Ordered porous anodic alumina (PAA) templates are of great interest as they facilitate the future development of
nanodevices. The present study focuses on the impact of substrates with different crystallographic orientations

on the template's pore structure.

Characteristics such as pore diameter, interpore distance, pore regularity,

porosity, and circularity are calculated as a function of the anodization potential for three different Al crystal
orientations. The presented experiments reveal that the different crystallographic orientations mainly impact the

pore ordering, while other structural
significantly affected.
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1. Introduction

During the last decades, porous anodic alumina (PAA) templates
have been proposed for a large variety of nanotechnological  applica-
tions due to their ordered honeycomb structure which can be used for
the fabrication of other nanostructures [1-7]. Such nano-templates are
highly versatile since their fabrication process enables precise control of
the pore-cell size by adjusting the parameters involved in the anodi-
zation process [8-10]. The regularity of the pore arrangement, in terms
of their pore ordering and pore size uniformity, is an essential re-
quirement for its application as templates and takes even more re-
levance in certain applications such as interferometric biosensors [11]
and photonic crystals [12]. In order to fabricate large areas PAA tem-
plates with perfect hexagonal arrays, different approaches have been
implemented. However, such procedures generally involve lithography
steps [13, 14], plasma treatments [15, 16], mask fabrications [17, 18],
atomic force microscopy implantation [19,  20], or a combination of
these methods [21]. Most of these procedures carry a high cost, are
time-consuming and presenting serious scaling limitations.

The simplest and most straightforward procedure to obtain self-or-
ganized PAA arrays is by using the two-step anodization procedure
[22]. The methodology consists in the formation of a first PAA layer,
followed by its subsequent removal and further re-anodization of the
remaining aluminum. The dissolution of the vertically oriented cy-
lindrical pores, created during a first anodization step, leads to a hex-
agonally ordered patterned aluminum surface consisting of nano-con-
cave structure that serves as nucleation sites for the second anodization
step. The pores generated during the second anodization step occurs at

* Corresponding author.
E-mail address: leandro.sacco@polytechnique.edu (L. Sacco).

https://doi.org/10.1016/j.tsf.2018.06.015

the bottom of each concave nucleation site due to a favored dielectric
breakdown characterized by a relatively thin native oxide. Here the
electric field is the highest and the resistance is the lowest [23, 24]. The
chosen anodization conditions are critical parameters for achieving a
PAA surface with a perfect order [25].  Nevertheless, the local crystal
orientation of the Al substrate, the impurity concentrations, as well as
the aluminum grains sizes [26, 27] also play a role and must be con-
sidered during the fabrication process. To this account, the “perfect”
hexagonal pattern for the nanopores could only be achieved in domains
dependent on these grains size that typically have a lateral distension
from 100 nm up to several pm [28]. In orderto get a better under-
standing of the pore's formation and the regularity of the pores that can
be obtained, previous studies have focused on the influence of  the
aluminum substrate over the porous structure of the as-fabricated PAA
templates [29, 30]. In particular, studies regarding the influence of the
aluminum substrate's crystal orientation have been realized [31-34],
but these studies were mainly devoted to the investigation of the single
crystal aluminum orientation's impact upon the periodicity of the pores
without considering their morphological characteristics.

The main objective of the present workistofill  the lack of in-
formation regarding the pore's morphological characteristics, such as
the pore diameter and the interpore distance, = when the anodization
process is carried out on single crystal aluminum substrates. Herein, we
perform a detailed characterization of the pore features of PAA layers
formed via two-step anodization process in a 0.3 M oxalic acid solution,
for three different single-crystal orientations. The main structural
parameters are analyzed for PAA layers obtained in a voltage range
from 20 to 60 V. These parameters are: the pore diameter, the interpore



250 Jcs
200+
= ]
3 190
—
1004
50+
20 0 20 40 60 80 100 120 140

X (nm)

Fig. 1. Calculation of NSOP value to quantitatively determine the pore ordering degree of the PAA layers.
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distance, the porosity, circularity and regularity degree of  the pores.
The present work highlights a complete correlation between the alu-
minum substrate crystal orientation and the resulting pore character-
istics in terms of their regularity, position and shape.

2. Materials and methods
2.1. PAA fabrication

High-purity (99.999%) aluminum monocrystals (Diameter: 12 mm,
Length: 50 mm) purchased from Goodfellows, with three different or-
ientations (100), (110) and (111) were used as substrates for the PAA
templates preparation. Firstly, the aluminum substrates were cleaned
with acetone followed by isopropanol, both in an ultra-sonic bath
during 15 min. Subsequently, the substrates were electropolished for
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6 min while applying 20 V potential in a bath containing a mixture
solution of 1:4 HCIO 4:C,Hs0H at 17.5 °C.

The two-step anodization process was performed in a two-electrode
system. A graphite electrode was used as a cathode. The distance be-
tween the two electrodes was kept at 2 cm.  In order to maintain the
electrolyte's temperature constant, all anodization procedures were
carried out in a double-walled electrochemical  cell combined with a
refrigerated circulating system. The anodization processes was carried
out in a 0.3 M oxalic acid solution at 17.5 °C applying a potential in the
range of 20 V to 60 V. The first anodization steps were executed for a
duration time of 2 h. Subsequently, the as-formed PAA was selectively
removed in a solution containing 0.2 M CrO 3 and 0.6 M H3PO, at 60 °C.
Then a second anodization step was executed under the same condi-
tions as the first one.
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2.2. Sample characterization

PAA surface imaging was carried out with a field-emission scanning
electron microscope (FE-SEM, HITACHI S4800) after drying the sam-
ples at room temperature. In order to avoid any charge effects the ac-
celeration voltage was set at 10kV, under a vacuum level of
5x 10 ~* Pa. The main pore characteristics of the PAA templates, such
as the pore area (Ap), the pore diameter (D) and perimeter of the pores
(P) are derived directly from the SEM micrographs using image treat-
ment through the open-source “ImageJ” software [35].  Accessing the
pore's characteristics enables deducing global characteristics such as
the porosity (a), the interpore distance (D ) and the circularity of the
pores (C). The porosity is defined as the ratio between the summed area
of each pore (Ap;) with respect to the whole substrate surface area (A),
as expressed the following equation:

_ z,'APi
A M

a

Assuming that every single pore is a perfect circle within a structure
presenting hexagonally arranged cells, Eq. (1) can be further developed
to provide an expression for the interpore distance in terms of the
porosity and the pore diameter:

| a
D, = Dp. Zf 2

A deviation of the pore's shape from an ideal circle can be described
by a circularity coefficient (C), defined as:

C=am. £7
©2) (©)]

The circularity value of 1.0 indicates that the pore's shape is ideally
circular, while values close to 0.0 indicate the presence of a deformed
irregular shape that would correspond more to a polygon.

In order to determine a quantitative value of the regularity of the
pores, a self-correlation function (SCF) was applied to the PAA's top
surface images using the freeware software “WSxM4.0” [36], through a
procedure previously introduced by Minguez-Bacho et  al. [37]. This
approach takes into consideration large surface areas and self-corre-
lated images (SCI), presenting an alternative procedure to Fast Fourier
Transform (FFT) and Pair Distribution Function analyses. The resulting
self-correlated image is a mathematical image in real space that gives
information of how an image correlates with itself =~ under conditions
where the initial image is displayed in all possible directions.

The quantitative value of  the pores periodicity can be extracted
from the Normalized Spatial Order Parameter (NSOP) which is given by
Eq. (4).

Z6 INN
Nsop= 1 ZMN=1 Py
CS
FWHMCS 4)

The intensity (I) and the full  width at half maximum (FWHM) of
both central spot (CS) and nearest neighbor (NN) of three crossing
center profiles are measured on the self-correlated images (SCI). These
profiles that link the opposite vertex of a hexagon formed by the re-
lative maxima are measured every 60°. Fig. 1 shows the steps involved
to extract the coefficients | nn, FWHMN, lcs, and FWHMcs As an ex-
ample, Fig. 1(a) and (b) illustrates the SEM images corresponding to
PAA layers presenting two different pore order degree, Fig. 1(a) PAA
with a hexagonal pattern, and Fig. 1(b) PAA with several defects. De-
pending on the regularity of the pores the corresponding SCls are ob-
tained. Asit can be observed, Fig. 1(c) presents a well-defined hex-
agonal pattern while Fig. 1(d) SCF leads to a central spot surrounded by
a ring, this is associated with poor order pore distributions. In the cross
profile, the pore regularity is related with the relative intensity of CS
and NN. As shown in Fig. 1(e), when the intensity of the NN of the
central spot is close to the intensity of the CS, the NSOP value is close to
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1, which indicates a highly ordered hexagonally array. On the contrary,
when the CS is surrounded by aring, the intensity of the NN differs
significantly from the intensity of  the CS, reflecting a low pore reg-
ularity, as is displayed in Fig.  1(f). This kind of pattern cannot be
treated by the Self-correlated approach to extract quantitative in-
formation, to analyze such pore distributions more robust and complex
techniques are required as Toccafondi et al. have developed [38].

The pores characteristics, such as pore diameter, interpore distance,
porosity, circularity and NSOP have been calculated at 10 different
spots, in three different samples, for each single crystal orientation.

3. Results and discussion

Itis well known that anodization times between 12 and 24 h are
required for anodization processes performed at temperatures between
0 and 5 °C [39], however at relatively high temperatures (15-30 °C) the
oxide growth rate increases, approximately exponentially, with tem-
perature leading to a faster self-organization. =~ Consequently, the first
anodization time can be meaningfully reduced [40]. In the present
work, the impact of the first anodization step's duration on the pore
regularity was studied. To this end, different first self-organized times
have been used to fabricate PAA templates. Fig. 2 shows SEM images
and their corresponding SCI. The shown results belong to single-crystal
substrates with (111) orientation, however similar results have been
obtained with the other crystals orientations. The NSOP error value in
each case is £ 0.1. Under the implemented anodization conditions (i.e
0.3 M oxalic acid, 40 V, 17.5 °C), the presented experiments reveal that
a 2 h first step anodization duration is enough to achieve the best pore
ordered distribution.

In order to identify the relation between the anodization potential
and the structural parameters of the formed PAA layer, different alu-
minum substrates have been anodized with potentials ranging from
20 V up to 60 V with an increment of 10 V. Fig. 3 shows the typical
evolution of the current density as a function of  time: first current
shutdown, associated with the formation of a highly resistive dielectric
layer, occurs. Then current pick-up followscaused by the propagation of
individual paths (pores precursors) through the barrier layerleading to
the breakdown of the tight barrier film and the creation of the porous
structure., Finallyan equilibrium between the dissolution and formation
of alumina is established as the pore growth pursues at a steady phase
related to a pore straight formation [4 1], shown by the leveling of the
current.

We can observe that for the applied anodization voltages in the
range of 30-60 V, the substrates presenting the (100) crystal orientation
reach the steady-state phase faster than the substrates presenting the
two other crystal orientations. Fig. 3 points out the time where the
anodization current is stabilized for each crystal orientation, the be-
ginning of the steady state regime herein is simply to identy because
correspond with the maximum current density value. These observa-
tions suggest a faster propagation of individual paths (pores precursors)
through the dielectric barrier when a (100) crystal orientation is con-
sidered. On the other hand, we can assume that for the three crystal
orientations there are no statistically significant differences of the
current value at the stationary stage for a certain anodization potential.
Curves shown in Fig. 3 correspond to a first anodization process. Pre-
vious reports have established a linear relationship between the pore
diameter (D p) and interpore distance (D ) of the PAA with the applied
potential when a stationary regime is achieved for the pore's growth.
Therefore it is generally accepted that D p and D, can be expressed as a
function of the anodization voltage as in Egs. (5) and (6), where A , and
A, are proportionality constants.

Dp = Ap xUnnod (5)
Dy = A «Uanog (6)

However former studies also confirm that the proportionality
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Fig. 2. SEM images and their corresponding self-correlated image (SCI) of PAA oxide layers after the second step of anodization. Di fferent self-organization times
during the first anodization step have been imposed: (a) 0.15 h, (b) 2 h and (c) 4 h.

constants values are directly dependent on the anodization conditions
and the substrate characteristics. Thus it has been shown that the Aand
A, can vary from 0.47 nm/V [42] to 1.38 nm/V [43] and from 2.00 nm/

V [44] to 2.81 nm/V [9], respectively.

In our case, as summarized in Table 1, we calculated A p and A, for
the fabricated PAA templates for the three crystal ~ orientation of the
substrate. For instance, in Fig. 4 we show SEM top images  corre-
sponding to PAA structures fabricated on the three different crystal-
lographic orientations of the aluminum substrates using an anodization
voltage of 40 V. Insets show their corresponding SCI that served as
support for the calculation of the pore's structure parameters.

The dependence of the measured pore diameter and the interpore
distance as a function of the anodization potential,  for the three dif-
ferent aluminum substrates orientations, are shown in Fig. 5. Table 1
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summarises the results obtained for A p and A calculated using a linear
fit. The calculation was performed for  the PAA structures obtained
using anodization potential ranging from20Vto 50 V. Asit can be
depicted from Table 1, higher anodization potentials lead to very dis-
ordered pore configuration, consequently, a high dispersion for the pore
diameter and interpore distance was  calculated. The high current
density that is induced under such anodization conditions leads to the
formation of disorder porous structures. This result is in agreement with
previous works which stated that the optimal anodization potential in
such acidic environment corresponds to 40 V [43-45]. In addition, the
results obtained from Table 1 shows that ~ PAA structures, fabricated
with the used single-crystal aluminum substrates, have proportionality
constants values that overlapinthe range: 0.90 <A p<1.10 and
2.35<\A£250. These findings suggest that using substrates
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Fig. 3. Current density as a function of time for three different single crystal
orientations of the aluminum substrates. The anodization potential has been
varied in the range of 20-60 V with an increment of 10 V. For each aluminum
substrate is indicated time value where the anodization current is stabilized for
each crystal orientation.

Table 1

Calculated values for Ap and A, for the PAA templates fabricated using the an-
odization process for the aluminum substrates with the three considered single
crystal orientations.

Aluminum crystal orientation Ap [Nm/V] Ay [nm/V]

[100] 1.10+0.10 2.50 £ 0.25
[110] 0.90 £ 0.10 2.35+0.20
[111] 1.05+0.10 245+0.25

presenting different single-crystallographic orientations does not
nificantly affects the pore diameter and interpore distance.

In order to improve the characterization of the PAA structures, de-
tailed calculation the pores  regularity, porosity, and circularity has
been performed. Fig. 6(a) clearly indicates that for all  the fabricated
porous structures the optimal pore ordering is obtained when an ano-
dized potential of 40 V is used. The self-correlated technique is a fast
and powerful tool to establish the pore regularity for PAA with rela-
tively ordered structure. This is the case of the PAA fabricated with
potentials ranged from 30 V to 50 V where the respective SCI present
hexagonal patterns. However, when the anodization potentials are 20 V
or 60 V, the resulting SCI are characterized by a ring surrounding the
CS, reflecting a poorly order structure, leading to NSOP values that are
close to zero. In order to establish the order degree of arrays that differ
strongly from an ideal pattern, more robust surface processing tools are
required, as Toccafondi et al. have previously reported [38]. Therefore,
we can establish that for PAA layers fabricated within the potential
range 30-50 V, the resulting structures are the most  regular for alu-
minum substrates with (100) crystal orientations, followed by alu-
minum substrate with (111)  orientation and subsequently by (110)
crystal orientation. Such results are in perfect agreement with previous
works which verified that pore ordering depends on the crystal-
lographic orientation of the aluminum substrates [31, 32, 45]. In par-
ticular, Beck and Bretzler have shown that for aluminum anodized in
sulfuric acid solution at a potential of 25 V, also follows the subsequent
rank of ordering quality as a function of the single crystal orientation
(100) > (111) > (110). Our results are complementary to these pre-
vious reports both by providing significant data concerning anodization
in an oxalic acid solution and also by presenting a more extended study
covering the range of anodization potentials from 30 V to 50 V.

The porosity value as a function of the anodization voltage was also

sig-
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Fig. 4. SEM top images of the PAA structures fabricated in 0.3 M oxalic acid
using an anodization potential of 40 V for (a) (100) aluminum single-crystal
orientation, (b) (110) aluminum single-crystal orientation (c) (111) aluminum
single-crystal orientation. With ininset the corresponding self-correlated image
(SCl).

estimated and is plotted in Fig. 6(b). It is interesting to highlight that for
all the three single-crystal aluminum substrates, the porosity reaches
the maximum value when the samples are anodized at 40 V, which also
corresponds to the best pores ordering distribution. In all cases,such
values are around 12 £ 2%. It has been proven by Nielsch etal. [8]
that the best pore hexagonal arrangement is correlated with approxi-
mately 10% porosity. Nevertheless, such a rule is valid for mild ano-
dization processes. To the contrary, for hard anodization processes, the
porosity in the best self-organize regime is 3.3-3.4%. The results ob-
tained in the present work, make us conclude that the anodization
conditions correspond to a mild process.

Finally, the last feature examined is the pores circularity as shown in
Fig. 6(c). As it can be depicted from the figure for all cases, the most
circular pores are obtained when a potential  of 50 V is used for the

Thin Solid Films 660 (2018) 213-220
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anodization step. Such result is quite surprising with respect to previous
ones and gives a clear identification of the best pore distribution that
can be obtained using an anodization potential of 40 V. At this stage of
analysis, the self-correlated method does not strictly calculate the pore
ordering in terms of their relative position. The degree of spatial or-
dering of the PAA structures can be calculated quantitatively by using
the radial distribution function (RDF) approach [32]. However, this
method does not consider the pore shape. On the other hand, the self-
correlated approach takes into account the shape of the pore, as well as
their relative position, providing quantitative information of the pore
regularity. Therefore similar pores lead to a more regular pore dis-
tribution. In order to corroborate these assumptions, a pore widening
process has been performed on a PAA structure. It is well known that
such process etches in an isotropic manner, making the PAA structure
more circular.

Fig. 7 shows a comparison of two PAA structures fabricated under
the same conditions using a single-crystal aluminum substrate with a
(100) crystallographic orientation. The PAA structure without widening
is presented in Fig. 7(a) and the structure submitted to the pore
widening process in a 0.3 M H 3P0y solution during 25 min at 30 °C, is
presented in Fig. 7(b). One can easily observe that after the pore
widening treatment, the pores circularity increases in about 5%,
leading to an increased pore regularity of about 10%, although the
position of the pores remains the same. However, given the errors in-
volved, it should be pointed out that the difference is not statistically
significant to conclude the pore wedding effect on the pore regularity.
Longer pore wedding times should be executed in order to obtain more
conclusive results.

Nevertheless, comparing these findings with those plotted in
Fig. 5(a) and Fig. 5(c) we can conclude that in general, the positions of
the pores are more disorder when the substrates are anodized at 50 V
than at 40 V but by contrast, at 50 V the obtained pores possess a more
circular shape than those obtained through anodization at40 V.  This
can be attributed to a higher local temperature through Joule effect, at
the electrolyte/oxide interface when the applied potential is 50V,

which leads to a more effective field-assisted isotropic dissolution of
aluminum oxide.

4. Conclusions

The present work corroborates several significant pore character-
istics affected by the different crystallographic orientation ((100), (110)
and (111)) of the aluminum substrates when an anodization process is
carried out in oxalic acid with anodization voltages from 30 V to 50 V.
We have shown that the substrate crystallographic orientation impacts
directly on the pores regularity but not in a meaningful way over their
diameter and interpore distance. As previously reported, the rank of
quality in terms of ordering degree depending on the crystallographic
orientation, for all the anodization potentials, verifies that the best
ordering is obtained when (100) aluminum substrates are used for the
synthesis, followed by those with a (111) crystallographic orientation.
The present work also points out that the most disorder structures are
obtained for aluminum substrates with the (110)  orientation. The
highest porosity values are correlated with the most regulars pore's
distributions fabricated at 40 V in accordance with the 10% rule.  In
contrast, the more circular pores are obtained with anodization po-
tentials of 50 V. This can be attributed to the enhancement of a field-
assisted isotropic dissolution of aluminum oxide occurring during an-
odizing in the acidic electrolyte induced by higher local temperatures at
the oxide/electrolyte interface.  First studies have been performed to
prove that isotropic pore widening processes can lead to an improve-
ment of the pore regularity, consequence of a more homogeneous pore
distribution in terms of their shape. However, further studies must be
executed in this direction to obtain conclusive results.
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