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energy. It indicates that the self-assembly of a polymer on
an atomically flat substrate could be a new route to frac-
tionating a polydisperse macromolecular solution. The un-
derlying mechanism may also be operating at solid±liquid
interfaces with small inorganic, organic, or biological parti-
cles exhibiting atomically flat surfaces.
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Uniform Nickel Deposition into Ordered
Alumina Pores by Pulsed Electrodeposition**

By Kornelius Nielsch, Frank Müller, An-Ping Li, and
Ulrich Gösele*

The fabrication of nanoscale structures has attracted
much interest recently owing to their potential use in high-
density magnetic memories,[1,2] single-electron devices,[3]

nanoelectrodes for the direct deposition of nanoparticles
from the gas phase,[4] and optical media.[5] A periodic pore

arrangement in porous anodic alumina was first reported
by Masuda et al. in 1995.[6] The production of nanostruc-
tures based on hexagonally arranged porous alumina as a
mask or matrix structure is cheaper than that based on tra-
ditional methods like nanoscaling using electron beam
lithography.[7] To use such an alumina template for new
applications of nanostructures, the pores have to be filled
with a conducting or semiconducting material, for example
via electrochemical deposition. In contrast to other deposi-
tion methods like chemical vapor deposition (CVD), dur-
ing electrochemical deposition the growth of nanowires
starts at the pore tips and continues in the pore direction
from the pore bottom to the pore opening.

The electrochemical deposition of a metallic or semicon-
ducting material on an insulating and rather thick barrier
layer (1±1.2 nm per volt oxidation potential[8]) at the pore
tips is not straightforward. The periodically arranged alumi-
na structures (oxidation potential 20±195 V)[9±14] exhibit a
thick barrier layer unlike the unarranged structures
(10±20 V) used, for example, for solar absorbers.[5] High po-
tentials are required for the tunneling of the electrons
through the barrier layer. Electrodeposition by direct current
(DC) is very unstable and uniform filling of the pores cannot
be achieved. This is due to a cathodic side reaction, which
leads to a partial removal of the barrier oxide, formation of
holes in the barrier layer, and local deposition in single pores.

Until now, two different methods have been developed
to obtain uniform and complete filling of pores by electro-
deposition. In the first method, a direct current is used for
the deposition.[15,16] Therefore, the porous alumina needs
to be detached from the aluminum substrate. Subsequently,
the barrier layer is removed from the matrix structure by a
chemical etching process. As a final pre-treatment step for
the filling process, a metallic contact is sputtered on one
side of the free-standing alumina membrane. The concept
of transferring the alumina membrane is only applicable
for free-standing membranes that are thick (>20 mm) and
stable enough to be handled. For most of the nanostructure
applications mentioned above, a porous alumina thickness
of only a few hundred nanometers is required.

In this work, the second method used for filling the alu-
mina pores was first developed by Caboni.[17±19] This meth-
od has been used for the coloration of anodic alumina in in-
dustry. Porous alumina remains on the aluminum substrate
and the metal is deposited on the barrier layer at the pore
tips by an alternating deposition potential.[1,2,7,19,20] In this
case, the production of ordered and metal-filled alumina
pore structures is not limited by the thickness and size of
the barrier oxide and its rectifying contact allows metal de-
position by an alternating potential. Furthermore, in aque-
ous deposition solutions, the high cathodic potentials cause
some hydrogen evolution, which may inhibit the deposi-
tion.[19,20] Therefore, we have adopted the concept of
pulsed electrodeposition (PED),[21±24] which is reliable for
deposition into high aspect materials and which can com-
pensate for the slow diffusion-driven transport in the pores.
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The method is commonly used for the electrodeposition of
thin metallic films. For the first time, this technique is ap-
plied in combination with a highly ordered nanostructured
template material.

The hexagonally ordered porous alumina membranes
have been prepared via a two-step anodization process,
which is described in detail elsewhere.[13,14] A first long-
duration anodization causes the formation of channel-ar-
rays with a high aspect ratio and a regular pore arrange-
ments via self-organization.[9±14] After complete dissolution
of the oxide structure (Fig. 1a), the surface of the alumi-
num substrate keeps the regular hexagonal texture of the
self-organized pore tips, which act as a self-assembled mask

for a second anodization process. After a second anodiza-
tion for 1 h, an ordered nanopore array (Fig. 1b) is ob-
tained with straight pores from top to bottom and a thick-
ness of typically 1 mm. The parameters are 0.3 M oxalic
acid, Uox = 40 V, and T = 2 �C. The measured anode cur-
rent is plotted in Figure 2. It is almost stable after the for-
mation of the barrier oxide (minimum of the current±time
curve). During the course of anodization, the oxide dis-
solution and formation rate are in equilibrium at the bar-
rier layer, thus the anode current and thickness of the bar-
rier layer remains stable. The measured current is
approximately proportional to the anodization voltage un-
der these equilibrium conditions. The interpore distance
(2.6 nm/V) and the thickness of the barrier layer (1.3 nm/
V) are proportional to the applied cell potential.

By thinning the barrier layer the quality and the homoge-
neity of the deposition process in the pores is significantly
improved. We assume that thickness fluctuations of the
barrier layer are smoothened by this treatment step. The
thinning leads to a considerable decrease in the potential
barrier for the electrons to tunnel through the barrier layer,
when the metal is deposited at the pore tips. Thus, lower
voltages are necessary for the electrochemical filling of the
pores and the pore matrix can be maintained on the alumi-
num substrate.

The barrier layer is thinned by chemical pore widening
and by current limited anodization steps. First, the oxalic
acid is heated up to 30 �C to decrease the thickness of the
barrier layer by chemically widening the pores (Fig. 1c).
After 3 h, the barrier layer decreases to 30 nm and the mean
pore diameter increases to approximately 50 nm, which
could be calculated from the anodizing potential of about
25 V (Fig. 2). Then, the electrolyte is cooled down to 2 �C to
interrupt the widening process. Depending on the required
pore diameter the chemical pore widening can be omitted.

Second, the structure is anodized twice for 15 min using
constant current conditions at 290 and 135 mA/cm2. The
anodization is carried out under non-equilibrium condi-
tions. The thickness of the barrier layer (Fig. 1d) and the
anodizing potential (Fig. 2) both decrease. The formation
rate of the oxide is limited by the applied current. The ratio
of the dissolution rate to the formation rate of the oxide is
higher under these conditions than for anodization under a
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Fig. 1. Schematic diagram describing the fabrication of a highly ordered por-
ous alumina matrix and the preparative steps necessary for the subsequent
filling of the structure. a) The Al substrate was pre-structured by anodizing
for a long period of time and removing the oxide. b) A highly ordered alu-
mina pore structure was obtained in a second anodization step. c) The bar-
rier layer was thinned and the pores were widened by isotropic chemical
etching. d) For further thinning of the barrier layer two current-limited an-
odization steps were used and dendrite pore formation occurred at the bar-
rier layer. e) Pulsed electrodeposition of nickel in the pores.

Fig. 2. Voltage±time and current±time curves for the second anodization
(T = 2 �C), chemical pore widening (T = 30 �C), and the thinning of the bar-
rier layer (T = 2 �C) in 0.3 M oxalic acid.
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constant cell potential, until a new equilibrium of these two
processes is reached and the thickness of the barrier layer
becomes stable. Finally, the anodizing potential reaches a
value of 6±7 V, which corresponds with a barrier oxide
thickness of less than 10 nm. Further reduction of the an-
odizing potential may cause the oxide structure to com-
pletely peel off of the metal substrate during the deposi-
tion.

During the current-limited anodization, the pores branch
out at the formation front because the equilibrium number
of pores per square centimeter is inversely proportional to
the square of the anodizing potential.[8,12] We suppose that
the split-up of the pores in the layer between the ordered
alumina structure and the aluminum substrate favors the
formation of several nucleation sites in each pore at the be-
ginning of the electrodeposition.

The metal is electrodeposited from an aqueous electro-
lyte at the pore tip of our high aspect-ratio porous material
(Fig. 1e). The rectifying properties of the barrier layer al-
low the pores to be filled uniformly by AC or pulsed elec-
trodeposition. Experimental investigations have shown that
using direct current for the deposition fills the pores non-
uniformly.[20] For DC deposition, the applied potentials are
smaller than for pulsed (PED) or AC deposition. The po-
tential of the electrons, which drops across the barrier layer
during the deposition, depends on the thickness of the bar-
rier layer. Therefore a higher proportion of the applied de-
position potential drops across the barrier layer in the case
of DC deposition and thus thickness fluctuations of the bar-
rier layer influence the deposition rate in each pore more
strongly.

The formation of hydrogen can become more dominant
for PED or AC deposition.[20,25] This effect, however, can
be minimized if the deposition interfaces are being sup-
plied sufficiently with metal ions during the course of de-
position. Instead of the frequently used AC deposi-
tion,[1,2,5,7,19,20,25] the PED concept was used for the filling of
porous alumina. In contrast to alternating voltage pulses, in
PED current pulses were applied, which allowed better
control over the deposition parameters, such as deposition
rate and ion concentration at the deposition interface.

While metal is deposited at the pore tips, the metal ions
are exhausted with decreasing ion concentration. Along
each pore the concentration grows, but for the metal ions it
takes time to migrate from the pore opening to the pore
ground via thermal diffusion. The number of metal ions ex-
hausted during one deposition pulse was estimated by a
simple procedure. The following parameters were used for
the calculation: concentration of metal ion cme = 1.33 M,
membrane thickness h = 1 mm, porosity p = 30 %, deposi-
tion current Ipulse = 70 mA/cm2, pulse time tpulse = 8 ms,
and 100 % current efficiency. As a result, in the area at the
pore tip and within 70 nm practically all the metal ions
should be deposited during one pulse. This is about 7 % of
all the metal ions in our membrane structure. Conse-
quently, a relatively long delay time, toff, has been inserted

between two successive deposition pulses, sufficient for the
concentration of metal ions at the pore tips to recover and
for the deposition interfaces to be supplied with ions again,
before the next deposition pulse starts. If the rate of elec-
trodeposition is higher than that of the transport through
the pores, the metal ion concentration decreases at the bot-
tom of the pores. Consequently, hydrogen evolution be-
comes the dominant process, inhibiting the homogeneous
deposition and decreasing the pore filling factor and the
current efficiency.

Using a highly concentrated electrolyte increases further
the concentration of metal ions at the pore tips. Conse-
quently, we use the so-called Watts bath,[26] which is a mix-
ture of 300 g/L NiSO4×6H2O, 45 g/L NiCl2×6H2O, 45 g/L
H3BO3, pH 4.5. The electrolyte temperature is 35 �C. The
mixture is very similar to the less concentrated electrolytes
that were used earlier for the metal electrodeposition into
porous alumina at room temperature.[1,2] The Watts bath
contains boric acid, which is known as an electrolyte to
form very stable oxide layers. As a beneficial effect, discon-
tinuities of the barrier layer could be repaired during posi-
tive polarization.[19]

The deposition was based on modulated pulse signals in
the microsecond range (Fig. 3). During the relatively long
pulse of negative current (8 ms, Ipulse = ±70 mA/cm2) the
metal is deposited on the pore ground. In comparison to
the direct current deposition, relatively high current densi-
ties are applied at the moment of metal deposition, which
should increase the number of deposition centers in each
pore.[21] Figure 3 shows the applied negative current pulse
(a) and the measured signal of the potential (b). After a
short abrupt rise in the negative deposition voltage this
measured absolute value of the signal increases a little
further, which is due to the charging of the capacitance of
the barrier layer and the depletion of metal ions near the
deposition interface. The voltage signal varied between ±8
and ±12 V.

After the deposition pulse, a short pulse of positive po-
larization (2 ms, Upulse = +3 V) (Fig. 3b) follows to dis-
charge the capacitance of the barrier layer and to immedi-
ately interrupt the electric field at the deposition interface.
The current is limited to Imax = ±70 mA/cm2 for both
pulses. Consequently, this measured current signal (Fig. 3a)
deviates slightly from the ideal form of an exponential dis-
charging curve of a capacitor. As mentioned above, the
positive pulse also repairs discontinuities in the barrier
layer.

The delay time, toff, was varied between 10 ms and 5 s.
During this period the ion concentration recovers. Thus,
the concentration of metal ions is high at the bottom of
each pore when the subsequent deposition pulse appears.
The delay time, toff, improves the homogeneity of the de-
position and limits the hydrogen evolution. The deposition
was continued up to the drop in the deposition potential,
which was due to the beginning of nickel deposition on top
of the matrix structure.



The filled alumina samples were examined by scanning
electron microscopy (SEM) to determine the degree of
pore filling and the extension of the nickel nanowires. By
thinning the filled porous alumina from the top, nanowires
ending below the matrix surface became observable for
SEM investigation. Thinning the sample by a focused ion
beam yielded a 100 nm deep and funnel-shaped excavation
in the structure. The depth of the hole is calculated from
the thinning time. As micrographs of the filled pores are
taken at different depths beneath the initial membrane sur-
face, an overview was obtained about the extent of nano-
wires along the pore axis and the length distribution of the
nanowires was evaluated. Before the SEM investigations, a
thin gold film of a few nanometers thickness was sputtered
onto the filled structure to enhance the surface conductiv-
ity for the SEM observations.

Figure 4 shows top view SEM micrographs of a highly or-
dered alumina pore structure filled with nickel. For electro-
deposition in the pores of this sample, a delay time toff =
990 ms was chosen. The measured pore diameter is be-
tween 45 and 55 nm and the pore distance is 110 nm. Fig-
ure 4a shows a region outside the thinned area and in some
pores the nickel nanowires have grown up to the pore
opening. Figure 4b shows a micrograph of an area about
50 nm below the initial surface. Finally, the lowest point of
the excavation is shown (Fig. 4c), where a layer of 100 nm
has been removed from the 1 mm thick membrane.

Almost 100 % of the pores are
filled with nickel (Fig. 4c). Away
from this lowest level, where the
structure was less thinned, metal
filling can be detected in fewer
pores (Fig. 4a). Nevertheless, if
this micrograph (Fig. 4a) is com-
pared with Figure 4c, it can be
seen that almost every pore of
the alumina structure was filled
with nickel. In the black colored
pores in Figure 4a and Figure 4b
the nickel nanowires end beneath
the pore opening. If we take into
account that the thickness of the
structure was only decreased by
about 10 % at the lowest etched
level (Fig. 4c), the lengths of the
nickel nanowires are more than
90 % (900 nm) of the membrane
thickness and fluctuate slightly.
This assumption is also supported
by Fig. 4a, where the gray level
of the filled pores fluctuates
slightly. The different gray levels
are caused by nickel fillings,
which end at (white color) or a
few nanometers below (gray col-
or) the matrix surface.

When the deposition is carried out using a short toff =
10±100 ms, in a few pores the wire growth is particularly
pronounced. To reach a level at which nickel filling can be
observed in most of the pores, the sample thickness had to
be decreased to less than 30 % of the initial value. Close to
the barrier layer, approximately 100 % of the pores are
filled. At the beginning of the deposition process, the split-
ting of the pores at the bottom of the alumina membrane
allows the formation of several nucleation centers in each
pore. Nevertheless, for short toff the growth rate of the met-
al filling fluctuates considerably. Under these deposition
parameters, we also observed the formation of hydrogen
bubbles on the membrane surfaces during the depositions.
This may be due to the depletion of the metal ion concen-
tration at the deposition interface, which leads to an in-
creased evolution of hydrogen in the pores and disturbs the
diffusion of ions in the pores. Therefore, the nickel is pre-
ferentially deposited in a few pores and the lengths of the
wires varies considerably.

A sufficiently long relaxation time toff between the pulse
sequences ensures uniform material transport through the
pores, refreshes the concentration of metal ions at the de-
position interface and leads to uniform wire growth. On
the other hand, when toff is prolonged, the total deposition
time also increases and the pores stay in contact with the
electrolyte for a longer time. For toff > 2 s, a peeling-off of
macroscopic pieces of porous alumina is observed. A chem-
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Fig. 3. Schematic diagram of the filling of porous alumina structure with nickel by pulsed electrodeposition. The
deposition of nickel starts at the thinned barrier layer.
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ical side reaction between the oxide and the electrolyte
seems to be dominant for these long duration depositions.

As a result, we obtained the best nickel filling in the
membranes for toff of about 1 s. The crystallinity of this
sample was further analyzed by X-ray diffraction (XRD).
From the y±2y scan we have made a simple estimate of the
average crystallite size by the Scherrer equation for round
particles. For the Ni (111) peak a particle diameter Dp =
13.7 nm and for the (200) peak Dp = 12.5 nm was calcu-
lated. These values are in good agreement with data re-
ported earlier for the PED of thin nickel films.[22,24]

The method of pulsed electrodeposition can also be ap-
plied to other materials like Fe, Co, and NiFe-alloys, which
are interesting ferromagnetic materials for high-density
magnetic memory. Moreover, it is possible to dissolve the
porous alumina host using a mixture of phosphoric and
chromic acid to set free these monodisperse metal nano-
wires.

In summary, a highly efficient method for deposition of
nickel into ordered nanochannels of porous alumina has
been presented. By thinning the barrier layer homoge-
neously, the porous structure could be kept on the alumi-
num substrate for the whole process. Our approach to the
fabrication of a highly ordered metal nanowire array is in-
expensive and very flexible with respect to the size and

thickness of the pore structure. In addition, the thickness of
the barrier layer and the pore diameter could in principle
be varied independently of each other. The use of pulsed
electrodeposition is well-suited for a uniform deposition in
the pores of porous alumina structures, as demonstrated
for nickel electrodeposition. Nearly 100 % of the pores
were filled with nanocrystalline nickel and only a very
small fluctuation in growth rate of these nanowires was ob-
served. XRD measurement confirmed the crystallinity of
the filling. It is expected that this fabrication process can
also be applied to the deposition of other metals and semi-
conductors for the synthesis of nanowire systems. In partic-
ular Co, Fe, and NiFe are promising filling materials, which
could lead to high-density magnetic memories.
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