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a b s t r a c t

A Kinetic Monte Carlo simulation of the nucleation and growth of Pd clusters on a nanostructured alu-
mina substrate is presented. The new Monte Carlo simulation program allows to derive the 3D shape
of the growing clusters without performing a full all atoms simulation. The simulation shows, like in pre-
vious pure 2D simulations, that clusters nucleate exclusively on the defects of the nanostructure in a lim-
ited range of substrate temperature. Around 300 K, the clusters have a compact faceted shape and they
grow, at not too large coverage, layer by layer. These results are in agreement with previous studies of the
nucleation and growth of Pd clusters on an ultrathin alumina film on Ni3Al (1 1 1).

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Metal clusters grown on oxide surfaces are important in several
fields and especially as model catalysts [1–4]. As catalytic proper-
ties depend on the size of the particles [5] and on their shape [6] it
is important to control the nucleation and growth kinetics of metal
clusters on a surface by atom deposition. The nucleation on oxide
substrates is strongly influenced by surfaces defects as on MgO
[7,8] and TiO2 [9]. The nucleation kinetics on point defects is rela-
tively well understood through atomistic theory and mean field
approach of the diffusion problem [7,10]. Another approach is to
use Monte Carlo simulation that treats local variation of the den-
sity of adatoms [11].

In general the point defects are randomly distributed and the
growth rate of the clusters is non-uniform that leads to fairly large
size distributions [2]. A way to obtain sharp size distributions is to
nucleate the clusters on a regular array of defects which allows a
uniform growth rate of the clusters [12]. Such goal has been ob-
tained, until recently, only on metals [13,14]. However since the
discovery of nanopatterned oxide thin films, like alumina on Ni3Al
(1 1 1) [15] or TiOx on Pt (1 1 1) [16], regular arrays of metallic and
bimetallic clusters can be obtained [17–21]. These regular arrays of
metal clusters present a very sharp size distribution decoupled of
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the density of clusters which is fixed by the density of the defects
forming the nanostructure of the substrate. These systems repre-
sent quasi-ideal model catalysts on which intrinsic size effects
can be studied conveniently [22]. However it is important to
understand how nucleation and growth occurs on these systems.

Nucleation and growth kinetics of clusters on a homogeneous
substrate [1,12,23] and on a regular array of clusters have been
studied by Kinetic Monte Carlo simulations [24,25]. However pre-
vious studies concerned irreversible or 2D growth. In this paper we
simulate by a Kinetic Monte Carlo method the nucleation and
growth of Pd clusters on a nanopatterned alumina substrate,
allowing nucleation, 3D growth and ripening.
2. Simulation method

A new simulation code has been developed which is based on
the BKL (Bortz, Kalos, Lebowitz) Monte Carlo algorithm [26]. The
model simulates the nucleation and growth on a hexagonal lattice
which contains a hexagonal lattice of defects. On the defects the
adsorption energy of an adatom is a little larger than on regular
sites. In the model the defects can be really punctual (one atom
large) or extended by a modulation of the adsorption energy which
corresponds more to a periodic deformation of the substrate due to
the strain in the film resulting from the misfit between the oxide
ultrathin film and the metal substrate, as it has been suggested
by atomically resolved AFM images of alumina films on Ni3Al
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(1 1 1) [27]. The main features of the simulation code are the fol-
lowing: periodic boundary conditions, 3D growth, calculation of
the diffusion barriers by a broken bond model, possible reevapora-
tion of adatoms, allowance of the calculation of a GISAXS image
resulting from the cluster spatial distribution [22,28], output of
the cluster density and statistical distributions (size, height, . . .)
which can directly be compared to experimental data.

In the Kinetic Monte Carlo method, all the possible elementary
events and their probability of occurrence are examined at each
calculation step. The evolution probability of the system, at a given
time (i.e. in a particular configuration), corresponds to the sum of
the probabilities of all the possible elementary events. In the case
of the growth on a hexagonal lattice, for each occupied site, eight
events are possible: an adatom can diffuse in six directions, it
can desorb to the gas phase or an atom from the gas phase can
be adsorbed on top of the considered adatom. For the unoccupied
sites the only possibility is the adsorption of an atom.

The activation energies corresponding to individual events like
desorption or diffusion are calculated and the probability pijk (i and
j correspond to the atomic position and k to the considered type of
event) for the event to be realized is calculated.

The global probability Pg:

Pg ¼ Rijkpijk ð1Þ

that a new event happens is inversely proportional to the average
elapsed time for an event to occur. At every calculation step, the
time is incremented by a value 1/Pg and a random number between
0 and Pg is generated to determine the type of event and its location.
The information on the different layer levels is given by the total
number of atoms on the considered site. It is not a true 3D growth
which would involve a 3D lattice of atomic sites but the rather ‘phe-
nomenological’ approach followed here allows to correctly model
the aspect ratio of the clusters (height/lateral size) keeping the
speed of a pure 2D simulation.

To be more precise, a 2D array T(i, j) of integer is used to repre-
sent the state of the system at a given time. Each array element
contains the number of atoms situated on top the site i,j of the sub-
strate. T(i, j) can take any positive value and is equal to 0 when
there is a bare site at the considered place. When considering an
eventual diffusion from an atom at the position i, j, the environ-
ment of the atom in the same layer and in the under and upper lay-
ers are taken into account. In the same layer, the atom at position
i, j interacts with (if they exists) the atoms at positions i, j�1;
i, j + 1; i�1, j; i + 1, j and, to represent correctly an hexagonal array
on a (1 1 1) surface, with atoms at position i + 1, j + 1 and i�1, j�1.

Interactions with neighbouring layers follow the same interac-
tion rules plus interaction at the same position (i.e. i, j) with the
underlayer. An isolated adatom is then in interaction with seven
atoms in the underlayer. This allows to set independently adsorp-
tion energy and diffusion energy.

When having more than one atom at position i, j, (i.e. T(i, j) > 1)
we consider that only the top atom can move.

The energy barrier is calculated taking into account for the
modification (breaking) of considered bounds. We allow every
movement except long jumps (not considered) and crossing up
steps that are higher than one layer high (setting a very high en-
ergy barrier for those events). Fig. 1 illustrates in one-dimension
various kinds of allowed movements and the interactions taken
into account to calculate the energy barrier. As shown in Fig. 1e
and f, an adatom on top of a step will have a huge probability to
diffuse on the terrace because this movement requires to break
very few bonds. This implies that having an adatom on top of a step
is very seldom encountered during calculations. This effect is com-
parable to that we expect when a Schwoebel barrier is considered,
promoting the growth of particles layer per layer. Although the
equilibrium shape of clusters would be a hexagonal truncated pyr-
amid, with the height/diameter ratio determined by the adsorption
energies used in the calculations, in our simulation, growth can ex-
hibit many different behaviours depending on the temperature,
deposition rate, and the energies included in the system (i.e. the
two adsorption energies and the two diffusion energies). However,
as the model is an enhanced 2D model and not a 3D model, it is
impossible to observe contact angles larger than 90�.

An array 2D of float S(i, j) contains the information of the total
binding energy for a metal atom on the substrate at the place i, j.
This array is used only for atoms directly in contact with the
substrate.

The probability of occurrence Po of a given event is obtained by
calculating the probability that the energy of the considered atom,
at a given time, would be higher than the activation energy of this
event. If we assume that the energy distribution of the atoms fol-
lows the Boltzmann law, at a temperature T, the probability to have
a given atom with an energy above a limit E is P = exp(�E/kT). The
atom attempt to move m times per second (this frequency is set to
1013 Hz), thus the probability of occurrence Po for an event requir-
ing Eevent is Po = m � exp(�Eevent/kT).

For the simulation in this work, a 2D grid with 200 � 200 sites
is considered. The energies involved in the simulation which cor-
responds to the breaking of the metal–metal and metal substrate
bonds are adjusted in order that the global metal–metal bond
corresponds to experimental Pd–Pd bond, the adsorption energy
of a Pd atom on a Pd facet is taken equal to 1.086 eV. A DFT cal-
culation gives a value of 1.5 eV [29] and from the cohesion energy
one estimates a value of 0.98 eV. The diffusion energies of Pd/Pd
(1 1 1) facets is set to 0.471 eV. The mean adsorption energy of a
Pd atom on the substrate has been set to 1.146 to correspond to
the experimental value of the adhesion energy of Pd/Al2O3 film
[30].

In fact, it is not clear if the observed organization of the clusters
[17–21] is due to point defects or to a modulation of energies (dif-
fusion or/and adsorption) on the substrate. As it is obvious that we
can get organization with point defects, we have chosen to focus on
the case of a modulation of the metal substrate adsorption energy
instead of point defects. The modulation amplitude is set to 10%
(thus, the diffusion energy of a Pd atom on the substrate varies
from 0.447 to 0.546). In the following, we will call ‘‘defects” the
sites of maximum diffusion energy (Pd-substrate).
3. Results

The calculations have been made in order to simulate the nucle-
ation and growth of Pd clusters on a nanostructured alumina with
an hexagonal lattice of defects separated by 20 atomic sites that
corresponds to the dot structure of the alumina ultrathin films
on Ni3Al (1 1 1) with a distance of 4.1 nm between the defect sites
[27]. The substrate temperature has been varied from 190 K to
400 K and the Pd flux from 0.01 to 10 ML/s. The Pd coverage was
limited to 0.1 ML in almost all simulations.

Fig. 2 presents a series of simulation snapshots corresponding
to increasing deposition times at 300 K and for a deposition rate
of 1 ML/s. We see that the density of clusters increases rapidly
and reaches saturation where the clusters occupy all the nodes
(i.e. the defects) of the nanostructure.

Fig. 3 shows a series of nucleation kinetics at 300 K with
increasing fluxes from 0.01 to 6.67 ML/s. We see that for large
deposition rates, a maximum value of the density of clusters is rap-
idly reached (saturation density) which corresponds, at this tem-
perature, to the density of defects. However, at the smallest
deposition rates the nucleation frequency decreases (slope at the
origin of the nucleation kinetics) and the saturation density of clus-



Fig. 1. Various kinds of possible movements. Dashed lines represent interactions taken into account for the considered movement: (a) diffusion, (b) detachment from a step,
(c) detachment from a 3D edge, (d) crossing a step toward an upper layer, (e) diffusing from an edge to a terrace, (f) falling down from a terrace and (g) desorption.

Fig. 2. Series of simulation snapshots at 300 K and for a deposition rate of 1 ML/s, corresponding to increasing times: 0.006, 0.036, 0.066 and 0.576 s.
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ters is not reached at the maximum coverage (0.1 ML) considered
in the simulation.

Fig. 4 displays the saturation density of the clusters as a func-
tion of the substrate temperature in an Arrhenius plot at a depo-
sition rate of 0.5 ML/s. We see that between 230 and 300 K, all
the defects and only them are occupied by the clusters. This
means that the diffusion length of the adatoms is larger than
the distance between two neighbouring defect sites. At low tem-
perature the diffusion length is shorter and two adatoms can
meet each other before to reach a defect sites, then homogeneous
nucleation occurs in addition to heterogeneous nucleation and
the maximum density of clusters increases with decreasing tem-
perature. In the Arrhenius plot (Fig. 4) this part of the curve is lin-
ear and then an activation energy of 0.210 eV is obtained. From
nucleation theory on defects one expects, for a random distribu-
tion of defects, an activation energy in the low temperature re-
gime equal to 1/3 of the diffusion energy [10,25]. In our
simulation this would corresponds to 0.166 eV. Which is a little
smaller than the measured value.

In the high temperature range a straight line can be also deter-
mined which corresponds to apparent activation energy of
0.118 eV. However the accuracy of this determination is low be-
cause of the limited number of points corresponding to the high
temperature domain due to the prohibitive simulation times.



Fig. 3. Nucleation kinetics for various deposition rates at 300 K. The maximum number of particles (100) corresponds to the number of defects on the simulation grid.

Fig. 4. Arrhenius plot of the saturation density of clusters as a function of the
reciprocal substrate temperature. The errors bars correspond to statistical fluctu-
ations. The coloured straight lines correspond to limiting cases of pure nucleation
on defects (intermediate temperature range), imperfect nucleation on defects (high
temperature) and homogeneous nucleation (low temperature). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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At high temperature all the defects are not filled by clusters.
This is due to the fact that, at these temperatures, adatoms trapped
on the defects can escape and be captured by clusters nucleated on
another defect, the defects are no longer perfect sinks for adatoms.

Fig. 5 displays a series of snapshots corresponding to different
substrate temperatures. At low temperatures the clusters are rami-
fied because the diffusion of Pd atoms at the edge is not sufficiently
fast compared to the arrival rate of adatoms to form compact is-
lands. At 300 K the clusters are thicker and they have a compact
hexagonal shape. A detailed analysis of the evolution of the shape
of the clusters shows that at 300 K, below a coverage of 0.1 ML, the
clusters grow layer by layer (i.e. the n + 1 layer starts to grow when
the n layer is complete).

This result is in agreement with the histograms of height ob-
tained by STM for the growth of Pd clusters on alumina on Ni3Al
(1 1 1) which shows only sharps peaks corresponding to successive
atomic layers [21].

The size distribution is rather sharp and becomes thinner at
higher temperature. Fig. 6 shows a snapshot corresponding to
growth at 300 K and for a flux of 10 ML/s. The size histogram
shows a mean size of 5.3 interatomic distances and a size disper-
sion of 7.3%. The average number of atoms is 39.7 with a dispersion
of 19% which is only 1.44 larger than the smallest possible
dispersion.
4. Discussion

The Kinetic Monte Carlo simulations presented here, show qual-
itatively the same nucleation kinetics as for the growth of metal
clusters on a random distribution of defects like for Pd/MgO
(1 0 0) [7,11] except that the low temperature limit was not
reached in those experiments. In the simulation of the 2D growth
of Co islands on a nanostructured gold surface [25], the three tem-
perature domains, like in Fig. 3, appeared in experiments and in the
simulations. The main advantage of the present simulations is to
have information about the 3D-shape of the clusters.

If we compare the present simulation with the experiments on
the growth of Pd clusters on nanostructured alumina ultrathin
films on Ni3Al (1 1 1) [17,18,21], there is a good agreement. At
room temperature we are in the optimum condition where nucle-
ation occurs only on the defects of the nanostructure that leads to
well organized arrays of clusters. In the case of gold we never cover
all the defects sites at room temperature which probably means
that the Au/alumina interaction is weaker than in the case of Pd,
then gold atoms or tiny clusters can escape from the defects [21].
Our simulations show that in the case of gold, room temperature
probably corresponds to the high temperature region of Fig. 4,
where all clusters are on defect sites but where all defect sites
are not covered. It is important to notice that the domain of perfect
nucleation on defects (all particles are on defects and all defects are
occupied) depends of the considered metal/substrate system. A
way to circumvent this problem is to nucleate a few atom cluster
on each defect and then to grow another metal that normally does
not present perfect nucleation on defects. This has been already
used to grow a lattice of gold [18] and Fe [20] nanoparticles using



Fig. 5. Series of simulation snapshots (part of the images) corresponding to the growth of Pd clusters at increasing substrate temperatures: from left to right 220, 230, 240
and 300 K. The deposition rate and time are 0.1 ML/s and 5 s, respectively.

Fig. 6. Part of a simulation snapshot corresponding to the growth of Pd clusters at 300 K for a deposition rate of 10 ML/s and a deposition time of 0.01 s of deposition (Same
colour code than Fig. 5). On the right the distributions of number of atoms per clusters and of the cluster size are represented.

408 G. Sitja et al. / Surface Science 604 (2010) 404–408
Pd clusters as a seed. The size distribution of the clusters is very
narrow in the simulation but it cannot be directly compared with
experiments because the effect of the STM tip-cluster convolution
enlarges the clusters especially for smaller ones. However, the
experimental height distribution [21] are very precise and in good
agreement with the layer by layer growth mechanism which is ob-
served in the simulations at 300 K. A compact cluster shape is also
observed experimentally by STM [17,18,21,22] at room tempera-
ture. This result demonstrates that already at room temperature
surface self diffusion is active on the Pd clusters. It is interesting
to note that with a modulation of the diffusion energy by only
±10% (the maximum value being on the defects) one obtains a good
organization of the clusters while with a lattice of point defects a
much higher adsorption energy is required.

5. Summary and conclusion

In this paper we have presented a new Kinetic Monte Carlo
model that is able to simulate the nucleation and the 3D growth
of metal clusters on a nanostructured surface. These simulations
adapted to the case of Pd on a nanostructured alumina thin films
give good agreement with previous STM studies of the growth at
room temperature of regular arrays of Pd clusters on an ultrathin
film on Ni3Al (1 1 1). Very quickly all the defects sites are occupied
and no homogeneous nucleation occurs. At 300 K the clusters grow
in a compact shape with a layer by layer mechanism and a narrow
size dispersion (around 7%). Further simulations with the same
model are undertaken to study the stability of the cluster organiza-
tion after annealing at high temperature.
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