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Abstract. The deposition of preformed clusters on surfaces has been established as a new way for growing
nano-suctures on surfaces. It has been shown that supported island morphology relies on the dynamics of
clusters, during the growth, giving rise to shapes from compact to ramified types. This paper identifies and
discusses, in the case of antimony cluster deposits, several processes responsible for the non-equilibrium
island shapes: limited kinetic cluster aggregation, size dependent coalescence, “wetting-like behavior” of
antimony clusters on antimony islands. Using successive predetermined cluster sizes during the deposition
process to synthesize polymorphic structure involves the interplay of those mechanisms.

PACS. 36.40.Sx Diffusion and dynamics of clusters – 68.35.Fx Diffusion; interface formation –
61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

Traditional thin-film growth techniques based on atomic
or molecular beam deposition have been widely used dur-
ing several decades for either layer-by-layer growth or is-
land formation [1]. With improvements in surface imag-
ing such as transmission electron microscopy (TEM) and
scanning tunneling microscopy (STM), deeper insights are
obtained in thin-film growth mechanism, their morphol-
ogy and their structure.

Very recently, the deposition of preformed clusters has
evolved as a new way for growing and structuring materi-
als on surfaces [2,3]. Since incident clusters are preformed
objects, their size can be used as a new parameter to mon-
itor non equilibrium morphology for the supported islands
which cannot otherwise be obtained at room temperature.
It is clear that the mobility of soft-landed clusters on sur-
faces, even for cluster sizes larger than a few thousands
atoms, is one of the key points to secure island forma-
tion. Moreover island morphology relies on the dynamics.
It is governed by the competition between the total co-
alescence and the diffusion times of the mobile clusters
onto the surface, pointing to the importance of kinetics
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and defects on island growth and on their morphology. In
the light of the example that constitutes antimony clus-
ters soft-landed on graphite, this paper will discuss how to
control at nanoscale, structure and morphology of islands
from cluster beam deposition.

2 Experiment

Neutral antimony clusters Sbn are produced by gas-
aggregation cluster source and are deposited at low kinetic
energy (0.05 eV per atom) on (0001) cleavage surfaces of
graphite (HOPG) maintained at room temperature [4].

The cluster size distribution is controlled by oven tem-
perature, pressure and composition of the carrier gas, and
nozzle diameter. A pulsed low intensity laser ionizes the
cluster distribution which enters a time of flight mass spec-
trometer for monitoring the size distribution. The clus-
ter size distribution has a dispersion ∆n with respect to
the average size n close to ∆n/n ' 0.5. A crystal quartz
microbalance measures the flux of incident neutral clus-
ters. Incident cluster flux is of the order of 1010 clus-
ters cm−2 s−1 and little varies with cluster size. During
the deposition, the vacuum in the chamber is better than
10−8 torr. The low kinetic energy of incident clusters as
compared to their binding energy per atom (' 1.35 eV)
prevents from a post deposition fragmentation, and clus-
ters are free to move randomly on the surface for making
islands.
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The substrates were cleaned by heating at 500 ◦C for
several hours before cluster deposition. In order to con-
trol the number and the size of the islands, we performed
nucleation on defects [5]. Surface defects are introduced
on graphite by ion irradiation. The density of defects is
monitored by the irradiation time. Each defect acts as nu-
cleus for island formation. Increasing the defect density
reduces the mean capture zone per defect. As a result,
for a given coverage, the number of clusters captured by
defect decreases.

Samples prepared at different defect densities and var-
ious incident cluster sizes were transferred either in high
vacuum for STM images or in the air and observed in a
scanning transmission electron microscope (STEM) op-
erating at 100 kV and equipped with a field emission
gun. We have prepared thin cleavage surfaces of graphite
supported by copper grids for transmission electron mi-
croscopy observations. High-angle annular dark-field im-
ages have been recorded systematically. There is a linear
relationship between local thickness of the material and
image signals giving information on the height of the is-
lands.

3 Results and discussion

3.1 Island morphology induced by kinetic limitation

In the case of nucleation and growth on surface defects,
each defect is a nucleation site for island growth by clus-
ter aggregation. In the course of the growth, an island
transforms continuously its shape by incorporating new
clusters. The process of island formation is governed by
two characteristic times: an arrival time ∆t defined as the
interval time between successive arrivals of clusters to an
island, and a coalescence time τ(R,n) for a n-atom cluster
of radius r = r0n

1/3 to entirely coalesce with a spherical
island of radius R, resulting in a larger spherical island.
As time is going the number p of clusters forming an np-
atom island increases linearly with time, its size increases
as R = r0(np)1/3. For given deposition conditions (clus-
ter size, flux, temperature, surface defect density, ...) the
arrival time is almost constant with R, at least for a cer-
tain range of R, whereas the coalescence time increases
with R. Macroscopic theories of sintering via surface dif-
fusion predict that the coalescence time varies as R4 for
two identical spheres [6]. More generally, for two spheres
with different radius, we can write τ(R, r) proportional to
Rα [7]. When ∆t is longer than τ , the island reaches a
compact spheroid shape before another cluster arrives. In
the opposite case, the island does not have time to reach
a compact shape before the arrival of the next cluster and
evolves towards a non-compact or ramified shape. From
the relative variation of τ/∆t as a function of R, there
exists a critical island radius Rc and consequently a crit-
ical number pc of clusters for which the cross-over occurs
when τ = ∆t. Compact islands are obtained for p smaller
than pc, dendritic above. Fig. 1 shows the competition
between compact and ramified shape relaxation resulting
from preformed cluster deposited on surface.

Fig. 1. Variation of the ratio between coalescence ∆t and dif-
fusion τ times versus the number p of clusters involved in island
formation. The cross-over which occurs for τ/∆t = 1 separates
the island morphologies into two different regimes: the com-
pact island shapes for τ/∆t < 1 and the ramified shapes for
τ/∆t > 1.

Fig. 2. STM atomic resolution images of defects on graphite
where clusters are trapped. Two kinds of defects have been
observed: the point defect (right image) and the extended ones
(left image). The inset of the left image presents the filtering
in the Fourier space enhancing the surface reconstruction.

In order to verify this kinetic model we have performed
nucleation on defects. Fig. 2 shows STM images of de-
fects on graphite (HOPG) with atomic resolution. Two
kinds of defects are observed. 90% are extended over a
few nanometers with a

√
3 ×
√

3 reconstructed graphite
surface, less than 10% are point defects involving only few
carbon atoms. For given flux and coverage (1.5 ML) a
neutral cluster distribution of antimony Sbn peaking at
n = 500 is deposited on several irradiated surfaces with
different defect densities.

Varying the defect density Nd, i.e. the mean capture
area per defect, we limit the number of clusters making
islands and vary the delay time between two successive
arrivals in the capture zone, ∆t0 = Nd/Φ, where Φ is
the cluster flux. Since the cluster flux little varies in our
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Fig. 3. STEM Images of four films of deposited 500-atom clus-
ters (1.5 ML) on different irradiated graphite. As the number
of defects decreases (decreasing the irradiation time) the shape
of the islands transforms from compact to ramified.

experimental conditions, only a substantial variation of
the defect density gives rise to a noticeable change of the
kinetic effects on the island growth. However, the full un-
derstanding of the kinetic of island growth requires to take
into account the cluster diffusion in the capture zone for
reaching the island. From the diffusion coefficientD previ-
ously obtained for antimony clusters moving on graphite
(D = 1.18× 10−6 cm2 s) [8], we can estimate the time for
exploring a capture zone td = (1/D)Nd. In most cases in
our experiment, this value is smaller than ∆t0.

At a large defect density (Nd = 3.5 × 1011 cm−2),
leading to small capture area per defect, only few clusters
reach each capture zone, and have time to aggregate into
small islands having compact shapes with diameter less
than 5 nm (Fig. 3a). Decreasing the number of defects
(Nd = 1011 cm−2), consequently increasing the capture
zone, a larger number of clusters are involved in island
formation which begin to arm-like growth extending from
a core of 2Rc = 6 nm (Fig. 3 b). At small defect density
(Nd < 1010 cm−2) large islands grow with fractal shape
while maintaining a constant arm-width of 6 nm. Fig. 3
presents several stages of the transformation from com-
pact to fractal shapes as the number of involved clusters
increases in agreement with the kinetic model. It is inter-
esting to note that our results behave in a similar way as
those previously obtained for two dimensional growth of
Au on Ru(0001) in a sub-monolayer range. In that case
the restricted diffusion of Au atom implies fractal growth

when the edge diffusion Au/Au island is sufficiently low
while surface diffusion of Au/Ru(0001) is still apprecia-
ble [9].

3.2 Island morphology induced by cluster size

In order to explain in size selected cluster deposition, the
constant arm-width Rc of the dendrites we assume that
the coalescence is governed by the diffusion of the atoms
constituting the cluster on the surface of the existing is-
land. The surface of the island which can be explored by
the atoms of the incident cluster during the delay time
between two successive arrivals gives rise to a “restricted
wetting-like” behavior. For small-numbered atom clusters,
most of the atoms spread over the surface island leading
to a complete wetting. For large-numbered atom clusters,
most of the atoms remain together leading to a local shape
modification. The shape modification of non-compact is-
lands behaves locally in the same way as compact ones
by replacing island radius R by the inverse of local curva-
ture of shape modification region. Therefore, the growing
front continues to evolve until it reaches the value where
∆t = τ(Rc, n) leading to a local curvature of 1/Rc [4].

The coalescence time between an incident cluster and
growing island depends on both island and incident clus-
ter size. It increases as cluster size increases. Assum-
ing that the arrival time ∆t(n) of a n-atom cluster on
graphite, for a given defect density, varies less rapidly than
the coalescence time, the critical island radius Rc(n) for
the cross-over transition between compact and ramified
shape increases as n decreases. Fig. 4 shows electron mi-
croscopy images for different antimony cluster size depo-
sitions. Since we have shown that the arm thickness of the
dendrites equates the critical diameter 2Rc, we deduce the
critical number pc of clusters required for such a transition
at different cluster sizes.

Fig. 5 presents the power law behavior of pc versus n in
a logarithmic plot. It shows evidence of a strong variation
of the coalescence time with cluster size. The extrapola-
tion of the straight line to pc = 1 i.e. ln(pc) = 0, gives
the cluster size nc beyond which the island grows in a
pure diffusion-limited aggregation regime (DLA) [10]. In
this case the clusters perform random walks until they en-
counter an island and stick with no further coalescence. It
has to be noted that this value nc = 1300 is in agreement
with previous results from ref. [8].

3.3 Polymorphic islands

The control of island morphology by changing the incident
cluster size can be used to synthesize polymorphic objects
by sequential depositions of clusters of two different aver-
age sizes.

For Fig. 6a we have only deposited antimony clusters
Sbn of n = 90 whereas Fig. 6b shows the result of two
successive depositions, first n = 90 then n = 500. Di-
morphic islands containing distinct structures have been
obtained. Each island is made of a thick central part with
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Fig. 4. STEM images of island morphologies obtained for
different incident cluster sizes. (a) n = 90, (b) n = 150, (c)
n = 500 and (d) n = 1400.

Fig. 5. Critical number pc of clusters for the cross-over island
shape transition versus incident cluster size n, in a log-log plot.
The intercept of the straight line with the n axis gives the clus-
ter size beyond which the pure diffusion-limited aggregation
without coalescence prevails.

a seaweed-like shape and of thinner outer branches, with
30 nm and 6 nm arm-width respectively. These values co-
incide with those obtained for single cluster size deposi-
tions showing only a juxtaposition of the two morpholo-
gies. The fact that the incident 500-atom clusters little
affect the preexisting seaweed-like core is due to a “lim-
ited wetting” of the cluster on the core. As a 500-atom
cluster reaches the island the atoms constituting the clus-

Fig. 6. STEM images of four films after sequential depositions
of different cluster sizes Sbn. (a) n = 90, (b) n = 90 followed
by n = 500, (c) n = 500, (d) n = 500 followed by n = 90. It is
clearly seen that in (b) the addition of Sb500 forms dendrites
on the island core without affecting the island core, whereas
in (d) the consequent addition of Sb90 strongly perturbs the
fractal core.

ter explore or partially wet the core, causing instability.
The resulting shape modification is an increase of the lo-
cal radius. As the cluster deposition is going the local ra-
dius increases until it reaches the critical value Rc(500)
imposed by ∆t(500)/τ(500) = 1 when dendritic growth
occurs. Since Rc(500) is significantly larger than Rc(90)
only small perturbations affect the central core leading to
a juxtaposition of the two morphologies.

Such a result contrasts with that obtained when the
reversed deposition procedure was applied. In Fig. 6c we
have only deposited antimony clusters Sbn with n = 500
whereas in Fig. 6d two successive depositions have been
performed first n = 500 then n = 90. We have not only ob-
served the juxtaposition of the two morphologies i.e. thin
dendritic core with seaweed-like endings. In large-then-
small cluster deposition, a noticeable amount of thickening
has occurred in the fractal core. Since Rc(90) is smaller
than Rc(500) the arrival of 90-atom-cluster on a fractal
skeleton with arm-width thinner than Rc(90) strongly af-
fects the skeleton. The 90-atoms entirely wet the fractal
arm and thicken the arm. Moreover the fractal island cores
spread over a large graphite surface, hence a significant
part of successive deposited 90-atom-clusters can impinge
onto existing fractal islands. They diffuse between the
fractal arms and capillary merge along the arms. Those
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which arrive between fractal islands contribute to grow
the endings. We have recently shown that such a complex
pattern which is formed from successive intrinsically non
equilibrium phenomenon is particularly unstable leading
to restructured crystallized islands.

4 Conclusion

Our size control of deposited antimony clusters on
graphite supports a “dynamical coalescence growth pic-
ture” which is an intrinsically non equilibrium phe-
nomenon. This allows the formation of complex patterns.
Restricting the surface of the cluster diffusion on graphite
by injecting surface defects, points out the transition
between compact and ramified shapes as island grows.
Changing the kinetic of the growth by varying cluster size
during the deposition process, creates polymorphic islands
which are governed by the wetting like behavior of the in-
cident clusters on the preformed islands.
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