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Abstract
Palladium ultrathin films have been deposited by a plasma sputtering technique. In a first step, small particles (mean diameter
d<3 nm), homogeneously distributed on amorphous carbon membrane surfaces, are grown by surface diffusion of Pd atoms.
Coalescence starts to form meandering compound clusters. Such Pd clusters, composing the islands, are still enlarging during the
deposition. During the coalescence, a percolating network builds up with a measured percolation threshold around p =0.7. The
c
time evolutions of the mean size of the elementary and compound clusters are slightly modified when compared to vacuum deposition
and theoretical predictions. © 1998 Elsevier Science B.V. All rights reserved.
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Metal deposition is of great interest in microelectronics [1–3], for preparation of catalysts [4–6 ],
magnetic materials [7–9], gas sensors [10]. In this
letter, we will emphasize the growth and ordering
of palladium clusters on carbon membranes, due
to its importance as a model catalyst [11–19].
The experimental setup is drawn in Fig. 1. Let
us briefly summarize the main features. The Pd
atom source is a helicoidal wire located between
the substrate and the excitation antenna in a
vacuum vessel that can be filled with a buffer gas
(argon here). As the high frequency generator
(100 MHz) is switched on, an argon plasma is
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created. The Pd wire being negatively biased by a
continuous bias generator, Ar ions are attracted
and can sputter the wire. The Pd atoms emitted
towards the substrate can thus be deposited. It is
important to note that the substrate is also exposed
to the Ar plasma. Thus the carbon surface is
submitted to a low argon ion flux, with kinetic
energy in the range 10–30 eV, during the deposition process [1,2]. The main interest in this process
lies in the ability to induce surface heating and/or
create surface defects which can act as nucleation
sites. Thus, growth kinetics in such conditions
deserve special attention.
The deposition rate R is measured by Rutherford
backscattering spectrometry (RBS) using a 2 MeV
He+ particle beam extracted from a Van de Graaf
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Fig. 1. Schematics of the experimental setup.

accelerator. High resolution transmission electron
micrographs are obtained with a Philips CM 20
microscope (200 kV accelerating voltage) in order
to study the size distribution, morphology and
ordering of Pd clusters grown on amorphous
carbon membranes.
Plasma deposition conditions were P=
10−1 mbar, V =−350 V, P being the Ar pressure
b
(the base pressure is 3×10−6 mbar) and V the Pd
b
wire bias voltage. The resulting deposition rate as
measured by RBS is R=6.3×1013 at cm−2 s−1.
The substrate temperature T is 300 K. The deposs
ition time was varied between 1 and 15 min. Above
15 min deposition duration, the films become flat
and completely cover the surface [20,21].
The corresponding Pd island distributions are
shown in Fig. 2a–e. It appears that homogeneous
growth occurs, where elementary clusters display
a single size. Single sized Pd clusters (mean diameter d=3 nm) are well dispersed on the surface
at t=1 min and n =3.8×1015 at cm−2 (n =
Pd
Pd
palladium atom density on the surface). At t=
2 min coalescence already begins with numerous
clusters formed by two or three coagulated elementary clusters forming ramified compound clusters.
At the same time, the diameter of isolated elemen-

tary clusters has increased to d=3.5 nm.
Compound clusters seem to form by sticking of
elementary clusters without penetration, like sticking hard spheres can do. Such a structure, undistorted stuck hard spheres, is clearly distinguishable
on TEM micrographs ( Fig. 2b–2e). Moreover,
when the deposition time is increased, the elementary clusters belonging to a compound cluster are
individually enlarged with the same size of isolated
elementary clusters. Thus, both mean sizes of
elementary and compound clusters simultaneously
increase. The number of elementary clusters forming the compound clusters increases with time,
while isolated elementary clusters disappear.
Continuous increase of the elementary clusters
(either isolated or belonging to a compound cluster) is due to the constant Pd atom deposition.
The late stage leads to a percolation network
beyond t=10 min (Fig. 2d–2e), for which the percolation threshold is measured to be p =0.7.
c
Particle statistics obtained from TEM micrographs
are summarized in Table 1.
To improve our understanding of the plasma
sputtering assisted Pd cluster growth, numerous
theoretical ways are now available [22–36 ].
Especially, the relevant evolutions concern the
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Fig. 2. TEM micrographs taken at different deposition times: (a) t=1 min, (b) t=2 min, (c) t=5 min, (d ) t=10 min, (e) t=15 min.

Table 1
Particle statistics for deposition at R=6.3×1013 at cm−2 s−1
t (min)

n

1
2
5
10
15

3.8
7.6
19
38
57

Pd

(1015 cm−2)

Z (%)
c

N (1012 cm−2)
c

d (nm)

d (nm)
c

0.35
0.47
0.63
0.7
0.8

3.52
2.23
0.654
0.28
0.006

3
3.5
4.5
5
6

3
8.1
28.3
56.2
103
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mean diameter d(t) of the elementary clusters
(either isolated or belonging to a compound cluster) and d (t), the mean size of compound clusters
c
{d (t)=[S N s2/S N s]d(t), s being the number of
c
s s
s s
elementary clusters of the N compound clusters)
s
[28,31] and the island densities N =f(d ). When
c
c
looking at the evolution of the elementary cluster
diameter d against t ( Fig. 3), we find that d3t1/4:
that means that elementary clusters are growing
via surface diffusion of the Pd atoms [25]. Scaling
theories [23,31,35] indicate that d3tz and d 3taz
c
with az=1/(D −D ) and a=D /(D −D ), where
c
s
c c
s
D is the dimensionality of the cluster, D =3, and
c
c
D is the dimensionality of the surface (D =2).
s
s
This leads to d3t1/3 and d 3t. In our case, z=
c
1/4 instead of 1/3, which is found in numerous
experimental reports [22,23,37–39] (in Ref. [39] it
is claimed that nucleation kinetics, for vapor
deposition experiments, follow t1/3). However,
Beysens et al. [23] pointed out that an exponent
z=1/4 rather than z=1/3 arises when temperature
gradients are present in the substrate. Moreover,
it was reported by Grant Elliot [40], in a study of
Au deposition on mica, that a high density of
nucleus can result in a slower cluster size growth.

Fig. 3. Plots of the mean diameters d and d of the elementary
c
( left vertical axis) and compound (right vertical axis) clusters
against deposition time t. The solid line is the predicted
d3t1/3 law. The dashed line corresponds to the best fit:
d3t1/4. The dot–dash curve is the best fit d 3t1.28. Note that
c
error bars are given by the size of the symbols.

Thus, because ion impingement can heat significantly the surface during deposition [1,2], it
becomes possible to attribute the lowering of the
dynamical exponent z to surface heating. We can
also argue that the impinging ions create additional
trapping surface sites, so if diffusing Pd atoms
encounter such trapping sites they create new
nucleation sites and cannot contribute to cluster
size increase. This leads to a fast growth of the
cluster density, and accordingly slows down the
cluster size increase.
We can also observe that the cluster density N
c
remains very high up to coverage Z =0.7, i.e
c
N =0.28×1012 cm−2. It is currently observed and
c
predicted that there exists a critical coverage, Z ,
0
leading to the complete packing of the surface,
i.e. N goes to zero. Such coverage is expected to
c
range between Z =0.5 and 0.6 [22–24] for static
0
coalescence. More precisely, in this case Z should
c
obey the linear relation Z =Z [1−(N /N )]
c
0
c 0
[22,24], where N represents an initial maximum
0
possible cluster density. Using the values reported
in Table 1, we find that Z =0.75 and
0
N =6.2×1012 cm−2. Similar values were reported
0
in previous measurements [37,38] dealing with
vacuum vapor deposition. Indeed, it was reported that Z =0.72, N =5×1012 cm−2 for Pd de0
0
position on amorphous silica [37] and
Z =0.79, N =5.9×1012 cm−2 for Pd deposition
0
0
on amorphous carbon. On the other hand, for Ag
deposition on amorphous carbon [23] in conditions similar to Ref. [38], it was found that
Z =0.55 in agreement with the Vincent predic0
tion: Z =0.5–0.6. Metal deposition on CaF [22]
0
2
also provided a successful test of the Vincent
prediction (Z =0.55). Thus, looking at the
0
agreement between our Z value and the previously
0
reported ones, it is difficult to conclude whether
the plasma has a visible effect on the coalescence
process. In any case, it seems that departures from
Vincent prediction would mean that coalescence is
not purely static and that a dynamical step may
exist in this process.
In Fig. 4 is plotted the island density N as a
c
function of the mean compound cluster diameter
d . The shape of this function is consistent with a
c
dynamic coalescence occuring through cluster
diffusion [25,36 ], which in turn is in agreement
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Fig. 4. Plot of the evolution of compound cluster densities N
c
against mean diameter d . The curve is shown to guide the eye.
c

with the departure from the Vincent prediction
Z =0.5–0.6. For metal deposition on ionic crystals
0
or amorphous substrates, it was clearly established
that clusters containing several hundred to a few
thousand atoms can move on a surface at room
temperature [41–45]. Moreover, it was very
recently demonstrated, using molecular dynamics
calculations, that such large clusters can move
freely on a surface even at room temperature as
soon as the cluster is not commensurate with the
substrate surface [43] and thus the cluster is no
longer locked to the substrate. Such an effect is
expected to depend on the size of the cluster. At
the same time, Bardotti et al. observed that large
(100 to 1000 atoms) gold and antimony clusters
non-epitaxially oriented have very large diffusion
coefficients. Such a counterintuitive result was
interpreted by the role of substrate and cluster
internal vibrations. Indeed, a random force is
created as a result of these vibrational motions
which leads to a Brownian-like motion of the
cluster.
At last, in Fig. 3, the time evolution of d is
c
plotted and well fitted by d 3t1.28. We have to
c
note that, unfortunately, Refs. [37,38] were not
concerned with the late stage of coalescence. Thus
no exponent az is available for further comparison.
Only Beysens et al. performed such a complete
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study, and they found that az=1. But it remains
difficult to establish whether in our case the departure from a linear growth is significant. We also
note that if the dimensionality analysis described
above is applied, starting from z=1/4 should give
az=0.75 rather than 1. In this case, our exponent
az=1.28 becomes more significant. To clarify the
discussion on dynamic coalescence, it seems useful
to emphasize the following analysis. Exponents in
the range 0.75–1 are found in experiments dealing
with droplet growth, and are attributed to droplet
coalescence [23,35] (cluster size of the same order
as ours), but it is slightly different from theoretical
prediction az=1, 1.4 (Refs. [35,36 ], respectively).
az=1 was obtained for droplet coalescence into a
new larger droplet [25,35]. The latter case, az=
1.4, was obtained from Monte-Carlo calculations
describing cluster–cluster aggregation along
straight trajectories on a surface [36 ]. On the other
hand, Jensen et al. [34] found in simulations that
the mean cluster size d should grow exponentially
c
with time when coalescence occurs as cluster diffusion takes place. It was also suggested that such a
regime will be a criterion for evidencing cluster
coalescence into ramified compound clusters. In
our case, we do not find such exponential growth,
but a power law closer to Vicsek’s prediction [36 ].
Because there exist large discrepancies between
various theoretical and experimental works on
coalescence, it remains difficult to conclude unambiguously that our results lead to a pure dynamical
or static coalescence. However, regarding all the
results reported in the literature compared to ours,
we have the feeling that even if dynamical coalescence is not clearly evidenced, some dynamical
effects exist in this process.
In conclusion, before the coalescence, elementary clusters are single sized and homogeneously
distributed on the surface and grow via atom
diffusion and further sticking. The compound clusters are growing and form larger meandering clusters until percolation is reached. Both growth rates
of elementary and compound clusters are deduced,
leading to dynamical exponents z=1/4, az=1.28
and critical coverage Z =0.75. Such characteristics
0
of the present growth process are thought to be
partly due to the role of impinging ions during the
deposition.
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