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The scanning tunneling microscope (STM), operated in an
electrochemical environment, offers a precise and cheap way
to produce small metal clusters on a foreign substrate.
Pioneering work in this area has been performed by Kolb,
Ullmann, and Will,[1] who developed the following procedure
for the deposition of nanosized copper clusters on single-
crystal gold electrodes: The gold electrode is held at a
potential a little positive of the deposition potential for
copper, while the tip potential is set below this value, so that
copper atoms are deposited on the tip surface. The tip is then
pressed against the electrode and withdrawn again. As the tip
separates from the electrode a metal cluster remains, which
typically comprises 20 ± 100 atoms, and is a few monolayers
high. This method also works for the generation of palladium
clusters on Au(111), but not for copper on Ag(111).[1, 2]

The generation of such metal clusters is of great interest,
since they are expected to play a major role in future
nanotechnologies. The deposition of copper clusters on the
Au(111) surface has been investigated most extensively, and is
considered as a prototype for the electrochemical fabrication
of nanoclusters. Recently, this process has attracted further
attention because the copper clusters are stable at a potential
at which bulk copper dissolves. This is surprising because
generally clusters tend to be less stable than the correspond-
ing bulk material. Kolb, Engelmann, and Ziegler[3] have
speculated that this increased stability is caused by quantum
confinement: They propose that the electrons in the cluster
are separated from the bulk of the electrode by a potential
energy barrier, so that the energy levels in the cluster are
discrete and not continuous as in bulk metals. The dissolution
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of a Cu atom to a solvated Cu2� ion would leave two electrons
behind, which would have to be accommodated at a level
above the Fermi energy. This would be energetically less
favorable than the dissolution of bulk copper, for which the
remaining electrons stay at the Fermi level, and would thus
make the clusters more stable. There are, however, some
difficulties with this explanation: There may indeed be a
potential energy barrier separating the electrons in a metal
cluster from the underlying bulk metal; however, such
barriers are small and do not lead to isolated electronic levels
in the cluster, but to resonance levels with a lifetime of the
order of femtoseconds.[4] Copper dissolution occurs on a much
longer timescale, since it involves the solvation of the ion,
which takes picoseconds or longer. Therefore there is plenty
of time for the dissolving atom to exchange electrons with the
substrate. Indeed, the very fact that these clusters can be
imaged with an STM shows that there is rapid electron
exchange between the cluster and the substrate. Thus the
reason for the stability has to lie elsewhere.

To gain further insight into the fabrication and the stability
of these copper clusters we have performed extensive
molecular-dynamics simulations. The approach of an STM
tip to a metal surface in the vacuum has been simulated by the
group of Landman;[5] in the cases investigated, it led to an
exchange of material between tip and substrate, but did not
result in the generation of stable clusters. We have adapted
their method to the problem at hand, which has a peculiarity
that is often not appreciated: At the potential, at which the
copper cluster is formed, the Au(111) surface is already
covered by a monolayer of adsorbed copper atoms, a
phenomenon that is known as underpotential deposition.

Figure 1 shows a series of snapshots of a typical simulation.
The starting configuration (Figure 1a) shows a platinum STM
tip with several layers of deposited copper atoms above the
Au(111) surface, which is covered by a copper monolayer; the

Figure 1. Snapshots of four stages in the fabrication of a metal cluster on
Au(111). Yellow spheres: gold atoms; red spheres: copper atoms; blue
spheres: platinum atoms.

distance between the surface and the nearest Cu atoms was
about 7.6 ä and to the nearest Pt atom about 19.6 ä. The tip
was then moved in steps of 0.6 ä towards the surface; after
each such step the system was allowed to equilibrate for
300 ps. The ™jump-to-contact∫ process, in which the copper
atoms from the tip jump to form a bridge to the substrate,
occurred after the tip had been moved by 3.6 ä. This stage is
depicted in Figure 1b; in this instance the bridge consisted of
five Cu atoms. The tip was then moved further towards the
surface, which began to be deformed. In this particular run the
tip was moved another 8.4 ä towards the surface after the
jump-to-contact; the closest approach is shown in Figure 1c.
Subsequently the tip was withdrawn from the substrate with
the same step size as in the approach. A connective neck
began to form, which contained both Cu and Au atoms. After
the tip and the substrate have separated, a cluster is left
behind on the surface (Figure 1d). In this particular run the
cluster consisted of 26Cu atoms and 11 Au atoms. Thus the
fabricated cluster consists of a mixture of copper and gold,
and not of pure copper. In addition, a fewAu atoms have been
transferred to the tip.

Until now, we have performed 12 such simulations with
various distances of approach. In some simulations the tip was
withdrawn in a steady instead of a stepwise manner. When-
ever a cluster of more than monomolecular height was
formed, it contained both Au and Cu atoms, the gold content
varying between 8 and 40%.

We note in passing that a monolayer of copper deposited on
gold has a tendency to form a surface alloy after several
hours;[6] this is further evidence for the ease with which these
two metals form alloys in an electrochemical environment,
even without the impact of a tip.

As a measure of the hardness with which the tip approaches
the surface we may use the distance over which the tip is
moved towards the surface after the jump-to-contact proc-
ess.[5] This distance was varied between 2.4 to 8.4 ä. The size
of the clusters ranged from 10 to 60 atoms, and their height
between two and four monolayers. There was little systematic
variation between the distance of furthest approach and the
size of the clusters, except that the gentlest approach always
produced the smallest clusters. Experimentally, the height of
the clusters has been found to increase with the distance of
approach,[2] and to reach an average height of about three to
fours layers, the same as in our simulations. The experimen-
tally produced clusters seem to contain more atoms than ours,
typically about one hundred, but this difference can be
attributed to the ideal tip shape in the simulations, and to the
small system size. Overall our simulations reproduce the
cluster heights and sizes of the experiments quite well.

During the formation of the cluster, Au atoms are moved
from the substrate to the cluster and also to the tip. Therefore
the surface shows some damage both in the Cu monolayer and
in the gold substrate (Figure 2), which typically extends over
one to two layers of the substrate. The experimental evidence
for such damage is controversial: While Kolb et al.[3] claim
that the substrate is left intact, others[7] have observed holes
after cluster formation. In any case we would expect such
damage to heal rapidly on the timescale on which the
experiments are performed, which is seconds to minutes,



COMMUNICATIONS

4676 ¹ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4024-4676 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2001, 40, No. 24

Figure 2. Final stage of the cluster formation.

while our simulations last only a few nanoseconds. The
corrugation of the Au(111) surface is small and surface
transport fast.

Copper and gold are known to form stable alloys, so we
expected our clusters to be more stable than pure copper
clusters. To test this hypothesis, we removed the tip from our
system and let the cluster and substrate relax to equilibrium.
We then determined the cluster atom whose removal requires
the least change in energy–obviously, this is always a surface
atom. This atom was removed, and the system was again
equilibrated. This process was repeated till the cluster had
disappeared. This simulation was then repeated for a cluster
in which all the gold atoms have been replaced by copper. The
sequence of energy increments associated with the removal of
the atoms was used along with the master equation for a one-
dimensional single-step process to obtain the number of
atoms and the cluster height as a function of the chemical
potential �. The cohesive energy of bulk copper is Ec�
�3.54 eV, so a pure copper cluster would be completely
dissolved at chemical potentials below this value.

In electrochemistry the (electro)chemical potential of the
copper atoms varies with the electrode potential. Therefore,
the scale of chemical potentials for copper can be converted to
the electrode potential � according to Equation (1) where the
standard equilibrium potential for the copper deposition and
dissolution reaction has been taken as zero; the division by
two is due to the fact that copper dissolves as a divalent ion.

� � (Ec � �)/2 (1)

Figure 3 shows the number of atoms n and the cluster height
h both for a typical copper ± gold cluster and for a pure copper
cluster as a function of the electrode potential. The pure
copper cluster dissolves at a potential below the dissolution
potential for pure cluster, since its large surface area makes it
less stable. In contrast, the copper ± gold cluster has still about
a third of its original size at a potential of �� 0.05 V
(Figure 3a), and only gradually dissolves at higher values.
Interestingly, our simulations reflect the experimental obser-
vation by Kolb et al. that the dissolution of the cluster is layer
by layer.[2]

Thus our simulations suggest that the stability of the
clusters is caused by the formation of a Cu ±Au alloy. This
hypothesis also explains why copper does not form stable
clusters on silver: Copper and silver are immiscible at
temperatures below 600 K, and do therefore not form stable

Figure 3. Number of atoms n (a) and cluster height h (b) as a function of
electrode potential � ; the zero of the potential scale correponds to the
dissolution potential for bulk copper. Full lines: Cu ±Au cluster, broken
line: pure Cu cluster.

Cu ±Ag clusters. Indeed, a few test simulations for the
deposition of copper on Ag(111) that we have performed
never resulted in clusters. In contrast, palladium and gold do
mix at room temperature,[8] so the formation of clusters on
Au(111) when palladium is deposited with an STM is in line
with our arguments; we surmise, that these clusters consist of
both palladium and gold atoms.

Therefore it seems that in general this electrochemical
technique only results in stable clusters if the substrate and the
deposited metal form a stable alloy. Indeed, it is difficult to see
how it could be otherwise: At potentials above the equili-
brium potential of the deposited metal a pure cluster should
either dissolve or relax into an island one monolayer high; at
lower potentials the cluster should continue to grow. Only an
alloy can remain stable above the dissolution potential for the
pure metal.
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