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Abstract

The role of the alumina barrier layer thickness (0») on the growth of Ni nanowires
(NWs) in porous anodic alumina (PAA) was revealed. By varying the final anodization
voltage to form dendrites at the bottom of the nanoporous structure, we are able to
optimize J (in the 2 — 16 nm range), allowing us to obtain a Ni pore filling percentage
(f») of almost 100% for o, = 10 nm. However, deviations from this optimal dp-value led
to a strong decrease of f,. Moreover, an increase of the electrodeposition efficiency (EE)
and NW homogeneity was also verified for 8, up to 10 nm. Such increase in nominal J
leads to a consistent growth rate in all pores and consequently a complete and uniform
nanopore filling. On the other hand, the decrease in electrodeposition efficiency visible
for 8, > 10 nm is related with hydrogen evolution and dielectric breakdown of the
insulator layer due to the required high deposition voltages. Non-uniform NW growth is
then visible, with the consequent decrease in f,. The control of the pore filling and length
homogeneity of the fabricated 1D metallic nanostructures, combined with the ability to
adjust the pore dimensions of PAA, can bring novel approaches for the fabrication of
nano-objects and thus exciting new applications.

1. Introduction

In the last years, great advances in nanoscience and nanotechnology have lead to
the development of new platforms where physical properties such as size, porosity,
geometry and surface functionalization can be controlled at the nanoscale. The research
devoted to these fields is being pushed forward by the potential applications offered by
nanostructures in several areas, ranging from optics to nanomedicine [1, 2]. In
particular, high-aspect-ratio inorganic nanoparticles have aroused great interest,
showing many novel potentialities. Among the different approaches for the fabrication
of these nanoparticles, alumina template-based synthesis methods have received
considerable attention as they present unique structural properties, namely a controllable
pore diameter with an extremely narrow pore size distribution, and a highly self-ordered
honeycomb lattice of nanoporous after a two-step anodization process [3, 4]. This



closed-packed array of columnar hexagonal cells contains elongated nanopores normal
to the underlying Al substrate and separated from the metal by an alumina oxide barrier
layer. It is well documented that the porous anodic alumina (PAA) barrier layer
thickness (0b) [Fig. 1] is proportional to the applied potential (Vap) in the anodization
process:

O =kVap (1)
where k = 1.3 nmV~! is a phenomenological constant [5]. Figure 1 illustrates the
alumina barrier layer obtained after the second anodization at 40 V, showing a &, = 52
nm. Only by removing or reducing this barrier layer, metallic nanowires (NWs) can be
grown within PAA. Until now, three different electrodeposition methods have been
developed aiming uniform and complete filling of the template pores: direct current
(DC) [6], alternating current (AC) [7] and pulsed electrodeposition (PED) [8]. PED
usually consists on the application of millisecond DC pulses with square shape.
However, unlike DC, AC deposition and PED can be performed if a thin barrier layer is
still present at the bottom of the pore. Therefore, as the removal of the Al substrate and
of the barrier layer is not required for AC deposition and PED, pore filling becomes
simple and straightforward, allowing the fabrication of NWs with length ranging from
few nanometers to several micrometers [8]. Thus, combined PAA-PED can be a reliable
and industrially compatible alternative method for the growth of nanostructures.

Figure 1. SEM image of the alumina barrier layer for as grown PAA (8, = 52 nm).

To perform PED, the barrier-layer is usually thinned by a non-steady-state
anodization process. An exponential decrease of the anodization potential after the
second anodization [3] leads to a reproducible tree-like branched structure known as
dendrites [9]. The latter results from the new anodization equilibrium state established
at each step of decreasing Vgp, due to the combination between electrical treeing and
mechanical stress. The obtained tree-like nanopores show a specific anodization current,
pore density (number of pores per surface unit) and &y value [10].

The relatively extensive use of PAA for Ni NWs electrodeposition requires the
optimization of the electrolyte, electrodeposition temperature, current density and
reduction of d, [11 - 14]. However, few works have so far reported on the uniform
growth of metallic NWs using PED [8, 14]. Moreover, there is much uncertainty
concerning the optimal & value to achieve an uniform filling of the alumina pores with
metallic materials. The influence of O is still an open issue since the chemical and
structural nature of the barrier-layer is complex and ill-defined, particularly after barrier
layer thinning through dendrites formation. Another important feature includes



inhomogeneities in the thickness and composition of the barrier layer. Such effect is
mainly related with a & distribution around an average value, local defects in the Al
substrate and impurities in the PAA due to the incorporation of electrolyte ions [15, 16].
More detailed studies are therefore required concerning, on the one hand, the pore
structure and fluctuations in the nominal value of &, formed at low potential and, on the
other hand, hydrogen evolution and barrier-layer dielectric-breakdown for high o
values [4, 15, 17]. The controlled electrodeposition of various metals inside pores is the
basic step to grow arrays of multifunctional nanostructures [7, 18], and detailed studies
on the particular role of &, could thus offer new possibilities for the improvement of
branched pore filling in PAA.

In this work we were able to accurately tune &, by controlling the final anodization
voltage. We then observed the direct influence of &, on the deposition behavior, since
the material deposited preferably in those pores exhibiting a thinner (less resistive)
barrier-layer. We provide a systematic study of the electrodeposition behavior in
samples with O, between 2 and 16 nm, leading to the optimization of the PED
conditions within PAA. Furthermore, the pore filling percentage (f,) and the
electrodeposition efficiency (EE) were analyzed to understand the influence of the
barrier layer in the electrodeposition process and thus optimize d. The %f, was found to
vary between 5% and 97%, and both %f, and %EE (~78%) are maximum when &, = 10
nm. Instead, as high deposition potentials are required for larger o, non-homogeneous
pore filling is achieved because competing side-reactions take place (e.g. hydrogen
evolution) inhibiting the NW growth. Nevertheless, we were able to achieve a
considerable inprovement in EE for optimized &, values, as reflected by the highly
uniform filling of PAA.

2. Experimental details

PAA templates were produced by an electrochemical oxidation process in a home-
made set-up. A platinum mesh was used as the cathode, while the sample (placed on top
of a copper contact) worked as the anode during the anodization process. Since low
temperatures reduce the possibility of local dielectric breakdown originated by the high
current densities and consequent heating, the copper base was also used as cooling
plate. To improve organization and reduce surface roughness, the Al surface was treated
prior to the anodization process by an electropolishing optimized process in a
HC104:C2H50H solution (volume ratio 1: 4) at 10° C under an applied voltage of 20 V
for 2 minutes [19]. To obtain nanoporous templates with large organized areas, a two
step anodization process was applied [3]. The first anodization was carried out for 24 h
at 2°C, in 0.3 M (COOH) at 40 V. Afterwards, chemical dissolution of the resulting
nanoporous alumina membrane was performed by submerging the sample in an aqueous
solution of 0.4 M H3PO4 and 0.2 M H,CrO4 at 70" C for 12 h. The second anodization
was then performed using the same conditions as the first for 4 h, leading to a 10 um
thick PAA membrane. Finally, the barrier layer is smoothly thinned by applying an
exponentially decreasing voltage from 40 V down to the potential value corresponding



to the desired & [given by Eq. (1)] [5]. To obtain & from 2 nm to 16 nm, the final
voltages ranged from 1.3 to 14 V.

Ni was then electrodeposited by consecutively applying a cycle with three different
pulses. Initially, the material is deposited by applying a constant current pulse (70
mAcm?) for 8 ms. Then, a second pulse with opposite polarity and constant potential
(corresponding to the final applied potential in the anodization process) is used during 2
ms to discharge the insulator barrier layer capacitance. Finally, the cycle is closed with a
rest pulse of 0.7 s where no current flows to allow the reposition of the ions in the
deposition interface. The pulsed electronic signal was supplied by a SourceMetter
Keithley 2400. The electrolyte used was the so-called Watts bath, composed of 1.14 M
NiSO4.6H20, 0.19M NiCl,.6H20 and 0.73M H3BOs. The pH value of the electrolyte
was maintained at 4.0 — 5.0 and its temperature was kept constant at 40° C. The
percentage of filled pores and the length of the deposited NWs were evaluated by a
QUANTA-FEI high resolution scanning electron microscope (HR-SEM) using cross-
section of as-deposited samples and top views after ion-milling. Cross sections were
prepared by folding the samples until cracks appeared in the alumina surface. To
quantitatively assess pore-filling, the as-deposited samples were milled to remove the
overflown Ni in the surface in addition to 1um of PAA template, therefore exposing the
filled nanopores of the array. Milling of samples was carried out using an 1140 L ion
beam sputter deposition system by Commonwealth Scientific Corporation. The f, was
determined using an open software for image analysis [20]. Finally, magnetic
measurements were performed in a commercial (Quantum Design) superconducting
quantum interference device (SQUID) magnetometer with an applied field up to 2 T.

3. Results and discussion

Figure 2(a) shows the potential (Vgep) evolution during Ni NW electrodeposition on
PAA templates at constant current by PED. Different regimes can be observed in the
Vep(t) curves [21]. First, dendrite filling occurs which is characterized by an increase in
Viaep with time [Fig. 2(a)]. When the dendrites are fully filled, Vdep maximum is reached
and a time (ta) is defined. Then a quasi-constant Vgep behavior is visible corresponding
to pore filling. Finally, when the nanowires start to emerge from the pores, a sudden
decrease in Vgep and increase in noise is observed (not shown). The total
electrodeposition time (including this last regime) to fill the PAA with 10 pm pore
length was 1 h for all samples.
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Figure 2. (a) Voltage-time curves during the filling process of PAA with Ni NWs for samples with
distinct dp; (b) Vi vs Vg and 8p; (¢) (Ve-Vi) as a function of Vg, and 8; (d) dendrites filling time vs Vyp
and .

Another important parameter in the PED process is the initial potential (V;)
measured during the first electrodeposition pulse (8 ms), which corresponds to the
deposition of the first metallic atomic layers at the pore bottom [Fig. 2(b)] [22]. Figure
2(b) also shows the fit of the V; () experimental data to the Simmons equation [23]:

|/ v—— )
Ji o

where Ji. and A are constants [23]. V; as a function of Vg (and &) shows the behavior
predicted by Simmons’ model, indicating the presence of tunneling through the
insulating oxide layer, with a potential barrier height ¢ = 0.13 mV and a barrier-free
(Op= 0) potential Vo = 4.5 V as fitting parameters. The low value obtained for ¢, as
compared to the ones found in the literature for alumina layers with high purity [24], is
likely associated with the nature of our barrier layer which is obtained by anodization,
thus presenting a fair amount of contaminating ions incorporated from the electrolyte
solution. Vo is the barrier-free voltage developed across the work and counter
electrodes, including the voltage drops at the electrolyte and the work-
electrode/electrolyte interface.



After the dendrites filling, V4ep remains almost constant during NW growth (Ve.), as
illustrated in Fig. 2(a). An increase of V. with increasing Vg, (and Jy) is also observed at
this stage, related with the high oxide-layer resistance. Nevertheless, V. encloses
contributions arising from the external electrical contacts, the oxide layer, the
electrolyte, the NWs and their interface with the electrolyte. Taking into account the
geometry of our set-up and a resistivity (p) of the electrolyte of about 10 Q cm [14], the
estimated electrolyte resistance is ~ 13 . Moreover, the estimated resistance for the
barrier layer ranges from 17 Q to 172 Q depending on its thickness. The contributions
from the external circuit, the electrolyte and the barrier layer can be eliminated
subtracting V; from V.. In fact, V. -Vj as a function of V, [Fig. 2 (c)] can be related
with NWs array growth and filling ratio, indicating an inhomogeneous growth with the
majority of the NWs with a small length for 8, < 7 nm and &, > 12 nm. However, given
the metallic nature of Ni (p ~ 10 pQcm), the high values of Ve -V; cannot be associated
only with the NWs resistance and other complex physicochemical processes namely the
increase of the electrolyte resistance should be taken into account. Further research is
needed in order to clarify this point. Moreover, for low 8y, the non-homogeneous NW
growth is also corroborated by the tq dependence on Vg, and & [Fig. 2 (d)]. Here, tq is
defined as the local maximum in the Vgep(t) curves [see Fig. 2(a)] and is significantly
larger for low &y. Samples with J, less than 9 nm (vap 7.2 V) lead to a rapid
electrodeposition into few pores, to a reduced electrodeposition rate in the neighboring
ones, and consequently to higher tq values [Fig. 2 (d)]. In contrast, the high &, samples
yield a rapid transition between dendrite filling and the constant V. regime.

We performed surface and cross-section SEM images for the fabricated samples (2
nm < & < 16 nm). Significative differences in the growth uniformity of the Ni
nanowires can be observed in Figure 3. Noticeably, for &, = 10 nm we observe an
extremely uniform NW array, with only few empty pores located mainly at the
boundary between domains of different orientations. However, even slight 8, deviations
from this optimum value lead to a rapid decrease in the NWs homogeneity and to a low
number of NWs reaching the top surface.




Figure 3. Influence of & on the distribution of the deposited Ni NWs inside the alumina nanopores. SEM
images (a) — (d) show surface views of the samples after lum ion milling and the images (e) — (h) show
the samples cross section view.

Figure 4 displays the f, as a function of  extracted from Fig. 3. One notices that
for PAA with 9 < 3, < 11 nm , f, is over 95%, peaking for 10 nm. However, an abrupt
decrease of % f, is observed outside this interval which confirms the crucial role of d
on electrodeposition uniformity. We can then establish that the optimized d, value for
Ni NWs filling inside PAA membranes is (10 £ 1) nm. It is also rather striking the
resemblance between the graph in Fig. 2 (c) and Fig. 3, thus showing that indeed V.-V;
reflects distribution of the NWs.
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Figure 4. Dependence of f, on V,, and Op.

Moreover the deposition rate directly depends on the deposition current that is
expected to be independent of &,. However, our work shows that, for a constant
electrodeposition current, the deposition rate in fact depends on O, as evidenced in the
plot of the electrodeposition efficiency (EE) as a function of &, [Fig. 5 (a)]. EE was
calculated using the following relation between the expected (m¢) and actual (m,)
amount of deposited metal:

EE="a 3)

Since PED is a faradaic process, the metal reduction reactions are governed by
Faraday’s law [11] and the theoretical amount (for a current efficiency of 100%) of

deposited material can be obtained from:
Ildt =neN, il “4)
0 M

where I is the electrodeposition current, ¢ the deposition time, n is the valence of the
deposited ion, e the electron charge, Na is the Avogadro constant and M the molar mass.
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Figure 5. a) Electrodeposition efficiency as a function of V,, and 8; b) Magnetization behavior of Ni
NWs for fields transverse and parallel to the longitudinal axis of the NWs (hard and easy axis,
respectively).

The actual electrodeposited mass was determined using the magnetic moment
(M) of each sample obtained from SQUID measurements at room temperature. A
representative normalized M versus applied magnetic field (H) curve of a Ni NW array
is shown in Fig. 5 (b). Independently of their length uniformity, the M(H)
measurements showed a highly anisotropic behavior characteristic of single domain-like
particles with dominating shape anisotropy [21]. The coercivities in the parallel and
perpendicular directions were found to be H!' = 1 kOe and H} = 100 Oe, respectively.
Since saturation magnetic moment (M;sa) 1S an extensive property, we were able to
extract the mass of the deposited material by simply comparing with the standard Ma
value of Ni NWs (Mga = 50 emu/g) [25].

The EE shown in Fig. 5 (a) is in agreement with the f, behavior (Fig. 4). The
maximum EE was determined to be about 78 % for &, = 10 nm. Although the current
efficiency in DC electrodeposition using a Watts bath is around 100% [11], the
particular PED conditions used are considerable different, since our working electrode
comprises an insulator oxide layer prior to the usual metallic electrode. Furthermore, the
PED process is always performed above the potential for water electrolyses (1.3 V) and
thus a competition with the metal deposition reaction always occurs. Nevertheless, the
optimization of &, has provided a considerable improvement in the EE of PED, because
the minimization of the competing side reactions was possible.

We found both the best EE and the f, values (about 78% and 97%, respectively) for
well-defined &, range of (10 + 1) nm. However, outside this range, the EE and the f,
decreases abruptly, what was already expected from the electrodeposition global
behavior.

Our overall results, for low dp, can be explained taking to account the porosity and
the anodization regime for low applied potentials that lead to a broader & distribution.
The porosity is related with the number of branched pores (n) which is known to depend

on the applied potential according to Vs = 1/ N Vs, where Vs 1s the potential to

reduce the d, and Vs is the potential used to growth the stem pores [26]. This indicates



that all the samples with 9< 8, <16 nm have the stem pores branched in 16 dendrites,
and thus only &, changes for each sample. However, for 8, lower than 9 nm (i.e. 7.2 V)
the number of dendrites per stem pore increases from 16 to 32, successively increasing
with the decrease of . This increase in the number of the branched pores translates into
an increase in the porosity. For low 8y, the deviation from the self-ordered anodization
regime for anodization potentials below 6 V (8, = 7.8 nm) was also mentioned by Zang
et al. [4]. Such local fluctuations in dy values leads to a rapid electrodeposition into the
pores with smaller J, to a reduced electrodeposition rate in the neighboring ones, and
consequently to a non-homogeneous NWs growth [Fig. 2 (d)]. In this case, because the
current flows mainly through the pores with low 0y, an increase in the local temperature
occurs, leading to an increase in the pH and consequently hydrogen evolution which
inhibits NW growth [27].

On the other hand, for high &y, the required high voltages decrease the EE [as shown
in Fig. 5(a)] due to the hydrogen evolution [28]. This leads to an increase in pH at the
interface between the electrolyte and the deposition surface. The reaction 2H30™ + 2¢” =
2H> +2H>0 then occurs, reducing metal electrodeposition. The high applied potentials
and the J fluctuations lead to high local current densities at the thinner regions of the
barrier, and thus dielectric breakdown [15, 29]. In fact, as shown in Fig. 2 (a), the
sample with &, = 16 nm shows a sharp increase of Vgep followed by an abrupt decrease
after two minutes of electrodeposition indicative of oxide rupture. This clearly confirms
the strong influence of & on the electrodeposition process. Therefore, the proper choice
of & results in a strong improvement of the NWs electrodeposition homogeneity and
efficiency.

Another aspect which should be taken into account concerning the uniform
growth of long NWs is the current density. In fact, increased uniformity can be achieved
by applying relatively high constant current density pulses (70 mAcm™) [8]. A high
current density results in high nucleation rates [13], which are followed by NWs
growth, without significantly affecting structural properties (e.g., grain size around 10
nm).

The optimization of 8, for PED in PAA can also be applied to other materials
such as Fe, Co or Ni-alloys and multilayers of these materials. The optimized method
lead us to fabricate highly uniform arrays of NWs which can be directly used for new
applications such as plasmonic sensors and metamaterials, or dissolved PAA yielding
monodisperse high NWs with promising bioapplications.

4. Conclusions

Pore filling in PAA templates was accurately controlled by varying the thickness of
the alumina barrier layer (d,). We used &, values between 2 and 16 nm, and found
filling rates ranging from almost 5 % to nearly 100 %, with the highest NWs filling
percentage for O, = (10 £ 1) nm. An increase of the electrodeposition efficiency and NW
homogeneity with 8, was also verified from 2 to 10 nm. In this range, the increase in &y
reduces the distribution of its nominal value preventing NW growth only in the low J



samples, leading to a complete and uniform pore filling. The further increase of & (up
to 16 nm) was followed by a decrease of the electrodeposition efficiency and the pore
filling percentage, presumably due to hydrogen evolution and dielectric breakdown of
the insulator layer, which were found to be inevitable due to the required high
deposition voltages. A nearly 100% pores filling percentage for Ni, together with an
electrodeposition efficiency around 80% was found for &y, of 10 nm. This considerable
improvement of EE for PED leads to the growth of NWs with several pym and a
complete PAA template filling.
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