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bstract

nodic aluminium oxide (AAO) films exhibiting a homogeneous morphology of parallel pores perpendicular to the surface were prepared in a
wo-step anodization process and filled with copper by electrochemical deposition. The optimum growth conditions for the formation of free-
tanding AAO films with hexagonal compact array of cylindrical pores were studied by field emission scanning electron microscopy and small
ngle X-ray scattering. The results show well-defined periodic structures with uniform pores size distribution for films with pore diameters between
0 and 70 nm prepared using different voltages and temperatures during the second anodization step. X-ray photoelectron spectroscopy and X-ray

iffraction analysis of AAO films filled with copper show the formation of nanowires with high structural order, exhibiting a preferential crystalline
rientation along the (2 2 0) axis and only small fraction of copper oxides. The best results for textured Cu nanowires were obtained at a reduction
otential of −300 mV.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The variety of distinct properties of one-dimensional (1D)
anostructured materials based on quantum size effects,1 have
ttracted considerable attention in the field of material science.
arbon nanotubes and metallic nanowires are two typical nanos-

ructures presenting unique physical and chemical properties.2,3

n emerging method to prepare these nanomaterials, desig-
ated “template synthesis”,4 is based on a porous matrix which
efines the dimension and determines the growth direction of the
D nanostructures. Among the ceramic templates, the anodic
luminium oxide (AAO) films presenting an ordered array of
ylindrical pores with nanometric diameter, are most com-
only used due to the simple electrochemical processing of

he self-organized structure.5 AAO films have also been used
s membranes in filtration process,6 2D photonic crystals7 and
hemical biosensors.8 On the other hand, using AAO films,
he electrochemical deposition process is an attractive synthesis

oute for 1D nanostructures, providing a controllable and inex-
ensive method for the preparation of metallic nanowires with
ell-defined geometry.9 The synthesized nanomaterial can be
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uctural properties

sed for various applications such as anisotropic electrical and
hermal conductor in the form of ceramic-nanowire arrays or as
nterconnections in nanoscaled electronic circuits, nanosensors
r electron emitters produced from bundles of nanowires, which
an be obtained by selective dissolution of the ceramic template
n an adequate chemical process.10

Although the AAO films with an amorphous pore structure
an be produced in a quite large parameters range without sub-
tantial change in morphology, the self-organized arrangement
f neighbouring pores in highly regular polycrystalline hexago-
al array occurs only for a quite small processing window. Thus,
n order to achieve control of the structural ordering in the form
f a hexagonal array of close-packed cylindrical pores and of
he grown nanowires it is crucial to identify and to understand
n detail the relationship between preparation parameters and
tructural features of the porous template.

Therefore, this work focuses on the effect of electrolyte tem-
erature and anodization voltage on the structural features of
AO films presenting a polycrystalline hexagonal array of cylin-
rical nanopores with controlled diameter. These films were used
s template to confine the growth of copper nanowires inside

he cylindrical nanopores. Scanning electron microscopy (SEM)
nd small angle X-ray scattering (SAXS) were used to study the
orphology and nanostructure of the AAO films, while X-ray

hotoelectron spectroscopy (XPS) and X-ray powder diffraction

mailto:santilli@iq.unesp.br
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.014
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XPRD) analysis were applied to analyse the composition and
rystalline structure of copper nanowires.

. Experimental

The anodic aluminium oxide membranes were synthesized in
two-step anodization process.11 An aluminium foil (99.99%,
lfa Aesar) of 100 �m thickness was rinsed by acetone, ethanol,
eionized water and dried in air stream. This specimen was used
s anode and a platinum foil with the same circular area as cath-
de (1.5 cm2). The distance between the cathode and the anode
as fixed at 40 mm. A magnetic stirred 0.3 mol L−1 aqueous
xalic acid solution was used as electrolyte. The first anodiza-
ion was performed at different dc voltages (30, 40 and 50 V)
uring 2.5 h, maintaining the electrolyte temperature constant at
, 15 and 25 ◦C. The resulting oxide film was selectively dis-
olved in a mixture of 120.7 g L−1 phosphoric and 18.3 g L−1

hromic acids at 60 ◦C. The second anodization step was per-
ormed at the same conditions for a period of 30 min. Finally
he non-anodized aluminium was removed with a saturated tin
etrachloride aqueous solution, resulting in free-standing AAO
lms with a thickness of about 10 �m.

The electrochemical deposition of copper nanowires was car-
ied out from a 0.2 mol L−1 CuSO4 solution at pH = 4 at room
emperature using a potentiostatic technique. A 200 nm thick-
ess Au film deposited by sputtering on the backside of the
AO film was used as cathode. It was attached to the electro-

hemical cell equipped with two Pt counter electrodes and an
g/AgCl reference electrode. The reduction overpotential was
aried between −100 and −300 mV with an increment of 50 mV.

The structural parameters of the AAO films were evaluated
y field emission scanning electron microscopy (SEM) using
JEOL, JSM-6330F microscope, and by small angle X-ray

cattering (SAXS) measurements. SAXS experiments were per-
ormed at the SAXS beamline of the National Synchrotron
ight Laboratory (LNLS, Campinas, Brazil). The beamline is
quipped with an asymmetrically cut and bent silicon (1 1 1)
onochromator that yields a monochromatic and focused beam

λ = 1.488 Å). A bi-dimensional position-sensitive X-ray detec-
or was used to record the scattering intensity, I(q), as a function
f the modulus of scattering vector q = (4π/λ)sin θ, θ being half
he scattering angle. The AAO film was oriented perpendicularly
o the incident beam, so that the mean pore axis was parallel to
he beam axis.

The morphology, nature of crystalline phases and compo-
ition of the nanowires were investigated as a function of
he reduction potential by SEM, X-ray powder diffraction
XRPD), using the Cu K� radiation selected by a curved graphite
onochromator (Siemens D5000), and X-ray photoelectron

pectroscopy (UNI-SPECS UHV). The XPS analysis was car-
ied out at the backside of the membrane after removing the gold
ayer. The Mg K� line was used (hν = 1253.6 eV) and the anal-
ser pass energy was set to 10 eV for the measurement of the

igh resolution Cu 2p, Cu LMM, Al 2p, O 1s and C 1s core level
pectra. The inelastic background of the spectra was subtracted
sing Shirley’s method and the binding energies were corrected
sing the hydrocarbon component of adventitious carbon fixed at

S
p
l
m
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85.0 eV. The composition of the surface layer was determined
rom the ratio of the relative peak areas corrected by sensitivity
actors of the corresponding elements. The spectra were fitted
ithout placing constraints using multiple Voigt profiles.

. Results and discussion

In the two-step anodization process to form AAO membranes,
he pore arrangement is defined by the first anodization step
hile the pore length depends on the duration of the second

nodization process.11 The self-organization of the pores to form
hexagonal array can be explained by a repulsive interaction

etween pores, characterized by a higher local electric field, and
y the chemical dissolution at the oxide/electrolyte interface.12

n this process, the quality of the structure depends strongly on
oth the electrolyte temperature and the anodization voltage.
he effect of these parameters on the porous structure of AAO
lms is displayed in the SEM images of Fig. 1. A compact array
f pores within crystalline domains is verified for all samples.
t low voltages or low temperatures the presence of small pores

orming not only ordered domains with a hexagonal structure is
bserved, but also less ordered regions are clearly visible. Sev-
ral kinds of defects were found in these less ordered domains,
uch as deviation from circular symmetry, pore vacancy and
ocalized absence of walls due to the pore coalescence. At high
oltages or temperatures, a higher regularity of the hexagonal
rray of pores can be observed. The average values of the pore
iameter Dp and of the interpore distance Dint, estimated from
hese images analysis are displayed in columns two and three
f Table 1. In agreement with the results reported for AAO
lms produced at higher voltages (>100 V), both Dp and Dint

ncreased with the anodization potential.13 In contrast, increas-
ng the electrolyte temperature, the interpore distance remains
ssentially unchanged, while the pore diameter increases. These
esults clearly evidence that the anodization potential determines
he value of Dint, while the increase of the electrolyte acidity
ith temperature enhances the dissolution of the pore walls and

onsequently, the growth of the pore diameter.
Considering that the entire volume of the X-ray irradiated

rea is probed in the SAXS measurement, a more representative
tructural description of the AAO films can be obtained from
he scattering pattern displayed in Fig. 2. The bi-dimensional
AXS scattering pattern (insert in Fig. 2(b)) of all samples
xhibits uniform intensities along the rings at a scattering vector
adius equal to qhk (h k is the Miller Index of the bi-dimensional
attice with l = ∞). The observed patterns correspond to scatter-
ng by a polycrystalline system with correlation size of several
attice constant. These isotropic bi-dimensional patterns were
adially averaged to yield one-dimensional I(q) profiles plotted
n Fig. 2(a) and (b) for samples prepared at several electrolyte
emperatures and anodization voltages, respectively. No signifi-
ant changes of the peak positions occur for different anodization
emperatures (Fig. 2(a)). As the Dint ≈ 95 nm, determined by

EM, corresponds to a q10 value equal to 0.076 nm−1 it was not
ossible to probe completely the (1 0) reflection of the hexagonal
attice with the experimental SAXS setup used in this measure-

ent, allowing a minimum q value of 0.08 nm−1. Thus the two
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ig. 1. Top-view SEM images of AAO film synthesized at 40 V and different t
nd (e) 50 V. (f) Cross-section of the AAO film grown at 40 V and 15 ◦C.

ntense peaks observed in the pattern of Fig. 2(a) were indexed as
1 1) and (3 1) reflections, for which the expected q11/q31 = 1/2
atio for a hexagonal lattice is satisfied. Since the Dint is essen-
ially independent of the electrolyte temperature, the position of
he diffraction peaks are equal for all samples. In contrast, the
osition of peaks corresponding to given h k families shifts to
maller wave vector modulus values with increasing anodization
otential (Fig. 2(b)). Note the presence of the (1 0) reflection in
he SAXS profile of sample anodized at 30 V.

The values of the lattice parameter of the hexagonal
ell (ahex), calculated from the reciprocal lattice vectors, qhk
ahk = 4π(h2 + h k + k2)1/2/(q

√
3)) are presented in the column

our of Table 1. The good agreement found between the Dint
nd ahex indicates that the results obtained from the SEM analy-
is of the top surface are representative for the entire volume of
he AAO film. Under this condition the porosity of the hexagonal
tructure can be estimated from the ratio between the pore radius
r) and Dint as P = (2π/

√
3)(r/Dint)2. The columns five and six

f Table 1 compare the porosity values with the crystallite size
LC = 4π/β) calculated from the half maximum broadening (β)
f the (3 1) peak after separation of the (4 0) reflection using two
seudo-Voigt functions. Although the quite different anodiza-
ion conditions result in different Dp and Dint values, larger
rystallites are obtained for samples with about 10% poros-

ty. This finding indicates that P ≈ 10% is the most favourable
ondition for the formation of a ordered hexagonal porous struc-
ure. This observation is in agreement with the predictions of

i
l
a

able 1
tructural parameters of the AAO samples obtained from SEM and SAXS measurem

arameter Dp (nm) Dint

emperature (◦C) 5 17 ± 3 95
15 42 ± 3 94
25 31 ± 3 95

nodization potential (V) 30 28 ± 6 71
40 42 ± 3 94
50 39 ± 6 109
ratures (a) 5 ◦C, (b) 15 ◦C, (c) 25 ◦C, and at 15 ◦C applying (d) 30 V, (b) 40 V

he mechanical stress model for the self-ordered pore growth
f AAO films.14 According to this model, the stress intensity
esulting from the volume expansion involved in the formation
f porous alumina layer determines the intensity of the force
romoting the pore ordering. The linear strain (ξ) resulting from
his expansion is maximum for a non-porous alumina layer and
t decreases with increasing porosity. For P > 10% (ξ < 1.2) the
ompressive stress is too small to promote pore ordering, while
or P < 10% (1.3 < ξ < 2) the stress is high enough to promote the
hrinkage of the initial pore and the densification of the alumina
ayer. Thus only for P ≈ 10%, corresponding to ξ ≈ 1.2, the best
rdered pore structure will grow.

The as-prepared AAO films were used as template to direct
he growth of copper nanowires during the electrochemical
eposition process. A typical SEM cross-section image of cop-
er nanowires deposited at −250 mV inside the pores of the
AO film (Fig. 1(f)) is displayed in Fig. 3. The image shows

hat the individual nanowires are homogenous and continuous.
t should be pointed out that there is no obvious difference in
he nanowire morphology in the range of the applied potential,
he main difference is the varying degree of filling of the pores
ue to competing copper film formation on de upper side of the
AO membrane.
The crystalline structure of the copper nanowires deposited
n the overpotential range from −100 to −300 mV was ana-
yzed by XRPD. For all samples, a mixture of metallic Cu
nd copper oxide was found, with a fraction of Cu2O varying

ents.

(nm) ahex (nm) P ± 3 (%) LC ± 10 (nm)

± 7 105 ± 1 3 360
± 11 105 ± 2 18 370
± 7 105 ± 1 10 450

± 10 80 ± 1 14 285
± 11 105 ± 1 18 370
± 15 128 ± 1 12 480
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tial, indicating a dominating presence of the metallic phase. For
these samples a grain size of about 85 nm was determined from
the half maximum broadening of the (2 2 0) line of Cu0, using
the Scherrer formula.
ig. 2. Small angle X-ray scattering curves for AAO films prepared at different
a) temperatures and (b) anodization voltages.

ith the deposition voltage. For samples prepared at overpo-
entials equal or lower than −150 mV, polycrystalline copper
xides (Cu2O and CuO) were found as predominant phases,
howing intensities and positions of the diffraction peaks in
greement with those expected for randomly oriented polycrys-
alline phases with cubic face-centred structure. On the other
and, higher overpotentials favour the formation of the metallic
u phase. XRPD patterns corresponding to samples prepared at
200, −250 and −300 mV containing different Cu2O amounts

re shown in Fig. 4. The relative intensities of reflections indexed
s (1 1 1), (2 2 0), (2 2 0) and (3 1 1) indicate a preferential ori-
ntation of the metallic Cu phase along the (2 2 0) direction.
Quantitative information concerning the preferential crystal-
ite orientation was obtained from the texture coefficient, TC,
efined as: TC = (Ihkl/IR

hkl)/(1/n
∑

(Ihkl/IR
hkl)), where n is the

umber of the diffraction peaks, Ihkl and IR
hkl denote the inte-

F
C

ig. 3. Representative SEM cross-sectional image of copper nanowires
eposited at −250 mV inside the nanochannels of the AAO film. The observed
ragments were caused by the cutting process.

rated intensities corresponding to (h k l) reflections of samples
ontaining textured and randomly oriented grains, respectively.
he value TC = 1 represents films with randomly oriented crys-

allites, while higher values indicate the abundance of grains
riented in a given (h k l) direction. Considering the four main
eaks (n = 4) of the cubic Cu0 lattice a maximum value of TC = 4
an be reached for a completely textured sample. The TC data
resented in Table 2 show that samples prepared at −250 and
300 mV are almost entirely textured in the (2 2 0) direction.
urthermore, Table 2 shows that the ratio of the integrated peak

ntensities ITot(Cu0)/ITot(Cu2O) increases for higher overpoten-
ig. 4. XRPD patterns of the AAO film showing the presence of highly textured
u and Cu2O phases for nanowires deposited at −200, −250 and −300 mV.
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Table 2
Texture coefficient TC for the Cu (2 2 0) direction and the ratio of the integrated
peak intensities, ITot(Cu)/ITot(Cu2O), as a function of the deposition potential.

Overpotential (mV) TC Cu (2 2 0) ITot(Cu)/ITot(C2O)

−100 – 0.0
−150 1.2 2.0
−200 3.1 1.8
−
−
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250 3.9 4.1
300 3.9 5.4

The quantitative XPS analysis of the surface region of the as-
repared AAO film confirmed the stoichiometry of the Al2O3
hase and the absence of metallic Al (not shown). The existence
f copper oxides in most of the samples was confirmed by the
tructural analysis of the XPS data. A particular attention was
iven to the textured samples deposited at −250 and −300 mV
tudying the core level spectra from data collected at the bottom
ide of the template after Au removal. As shown in the Cu 2p3/2
pectrum displayed in Fig. 5 for nanowires grown at −300 mV,
esides a small fraction of CuO and CuSO4 identified at 935.5
nd 933.7 eV, respectively, the main component at 932.5 eV can
e assigned to the presence of Cu0 (932.7 ± 0.3 eV) and Cu2O
932.5 ± 0.3 eV).15 Due to the difficulty to separate the contribu-
ions of these phases in the photoemission spectrum, the Auger
3M45M45 peak was recorded to determine the Cu0 to Cu2O

atio.
In agreement with the XRPD results, the differentiated Auger

pectra (insert Fig. 5) reveal that the main part of the textured
opper phase deposited at −300 mV is related to metallic Cu,
ith the peak located at a kinetic energy of 918.8 ± 0.2 eV,

bout 1.6 eV higher than that of the Cu2O peak. This attri-

ution is also consistent with the calculated modified Auger
arameter (α′ = EK,LMM + EB,2p 3/2), giving the expected value
f 1851.3 eV for the metallic Cu. On the other hand, at low

ig. 5. XPS Cu 2p3/2 spectrum taken at the bottom side of the AAO film,
fter Au film removal, for copper deposition at −300 mV. The insert shows
he differentiated Auger L2M45M45 spectra for copper deposition at −100 and

300 mV.
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verpotentials (−100 and −150 mV) the polycrystalline Cu2O
xide phase dominates the Auger spectra (insert Fig. 5). For
hese samples also a higher CuO concentration was determined,
hich however never exceeded 3 at.%. This phase and traces of
uSO4 show the well-known strong shake-up lines associated
ith the Cu 2p peak at about 944 eV, observed as small intensity

n Fig. 5.
The formation of mixed phase Cu/Cu2O/CuO nanowires by

lectrochemical deposition into alumina template was reported
n several studies.16–18 Gao et al. pointed out, that for Cu
anowires, prepared by potentiostatic deposition in the range of
150 to −450 mV, smaller negative reduction potentials led to

referential formation of single-crystal structures, avoiding also
he formation of oxide impurities.18 They relate the first effect to
he lower nucleation rate in the nanochannels at low overpoten-
ials and the second, to lower rate of OH− ion production, which
eads to copper hydroxide and subsequent copper oxide forma-
ion. Considering the potential dependence of oxide formation,
ur results do not confirm these data. Compared to the later work
ur results indicate a predominant Cu2O and CuO phase forma-
ion at lower overpotentials, probably due to the high rate of
H− formation at low reduction currents. In contrast, at higher
verpotentials (−250 to −300 mV) a strong decrease of the frac-
ion of oxides and a strong increase of preferential crystalline
rientation along the Cu (2 2 0) direction is observed. However,
t should be noted, that some divergences regarding the synthesis
egime of nanowires with elevated structural order and unifor-
ity might be related to the difference of the electrochemical

onditions controlled by the particular structure and geometri-
al dimensions of the template nanochannels. In our case the
ata indicate that at higher reduction currents (several mA) the
rowth of Cu nanowires with a high degree of order along de
2 2 0) direction is promoted. While the growth of dense cop-
er films with (2 2 0) texture by potentiostatic electrodeposition
s well known,19 to our knowledge, the formation of textured
opper nanowires was not yet reported in the literature.

. Conclusions

Anodic aluminium oxide films with polycrystalline hexago-
al array of pores and thickness of less than 10 �m presenting
anopore diameter and inter-pore spacing finely tuned by the
nodization voltage were prepared. The best ordered periodic
rrangement of cylindrical pores was observed for AAO with
orosity of about 10%, confirming that the repulsive forces
etween the neighbouring pores at the aluminium/oxide inter-
ace promote the self-organization of the hexagonal pore array.

The electrochemical depositions of Cu in the AAO template
esult in the growth of continuous metallic nanowires presenting
referential crystalline orientation along the (2 2 0) direction. X-
ay diffraction and X-ray photoelectron spectroscopy analyses

onfirmed also the presence of oxide phases, which proportion
ecreases strongly at higher overpotentials. The results show that
he growth of metallic Cu nanowires with high texture coefficient
ccurs preferentially in the regime of anodic deposition currents
n the mA range.
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