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Comparison of molecular and cluster deposition: Evidence of different percolation processes
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Deposition of neutral antimony molecules Sb„(n=4) and clusters (n = 1850) on an insulator substrate
has been used to study the percolation from conductance measurements and microscopy observations as
a function of thickness. Cluster deposition is close to geometrical percolation, whereas molecular depo-
sition seems to involve more complex mechanisms. The low mobility of the clusters makes it possible to
explain these features.

Percolation theory and its related topics (fractal dimen-
sion, percolation threshold) have been extensively stud-
ied' and are of interest in many sciences such as
mathematics, physics (phase transitions ), biology
(growth of tumors ), and ecology (forest fires ). We recall
that, in conventional site-percolation theory, "each site of
a very large lattice is occupied randomly with probability
p, independent of its neighbors" (Stauffer, Ref. 1). Com-
puter simulations are performed by randomly paving a
lattice.

However, most of the physical parameters diverge at
the percolation threshold, making the experimental mea-
surements difficult (for example, the viscosity increases
very rapidly at the percolation threshold during the sol-
gel transition ). On the other hand, conductance mea-
surements and microscopy observations are easy to per-
form and give important information on the way the sys-
tem percolates. For two-dimensional microscopic sys-
tems, to our knowledge, these experiments have only
been carried out on discontinuous metal films obtained by
molecular-beam deposition (MBD).

We have measured the electrical conductance of ul-
trathin films obtained by deposition of free antimony
molecules and clusters on an insulator substrate as a
function of the deposited thickness. The molecular and
cluster beams are generated by the gas-aggregation tech-
nique in a source similar to that developed by Sattler. '

The antimony metal heated at about 580'C is vaporized
in a cold helium (or argon) atmosphere (77 K) at a pres-
sure which varies from 0 to 1300 Pa. The cluster size is
determined by the helium pressure. A time-of-fIight mass
spectrometer is used in order to control the incident clus-
ter size distribution. Previous results on fragmentation
allows us to consider that the ionized-cluster mass distri-
bution is a fairly good measure of the neutral-cluster dis-
tribution. ' On the other hand, no mass discrimination
has been detected for large masses (n )300) by varying
the nature and pressure of the inert gas. Further experi-
mental details have been published previously. ' The ex-
perimental cluster size distribution may be approximated
by a Gaussian law with a mean cluster size (n ) and a
FWMH of about the same value. For the discussion, the
size of the clusters will be identified with the mean size.

These neutral clusters are deposited, at room tempera-
ture, on a glass substrate with two predeposited chromi-
um electrodes and the applied potential is 1 V. (The frag-
mentation of the incident cluster during the impact on
the substrate is unlikely. The excess energy of the cluster
has two contributions: thermal energy and kinetic energy.
Both contributions are smaller than the binding energy in
the cluster. ) The thickness is simultaneously controlled
by a crystal quartz rate monitor. To measure the desorp-
tion rate on the substrate, the thickness of the deposit
was checked by Rutherford backscattering spectrometry
(RBS). The minimum measurable conductance with our
device is about 2X10 ' s. For microscopy observations
(Jeol 200CX microscope), copper microscopy grids are
coated by 5-nm a-C film. A thin film (about 10 nm) of
Si02 is deposited on the amorphous carbon. In these
conditions, we have checked by electrical measurements
that nucleation of antimony on Corning is similar to that
on SiOz. The image analysis is performed with a Quan-
timet 570 instrument.

For the Sb4 deposition the main results are the follow-
ing. The equivalent average thickness needed to reach
the percolation threshold observed by the conductance
measurement is about 37 nm [Fig. 1(a)]. The true per-
colation threshold is hidden by the tunneling current. '

From TEM (transmission electron microscopy) observa-
tions, the mean size of the supported particles is about
200 nm [Fig. 2(a)]. Near the threshold the coverage is
about 95%.

For the cluster deposition (Sb(„&,(n ) = 1850, 4.8-nm
diameter) the main results are the following. The
equivalent average thickness needed to reach the percola-
tion threshold observed by the conductance measurement
is about 2.2 nm (compare to the 37 nm needed in the case
of the Sb~ deposition). The true percolation threshold is
well defined (typically +0.05 nm) [Fig. 1(b)]. The mean
size of the supported particles is about 9 nm [Fig. 2(b)].
Near the threshold the coverage is about 48% (+2%).
This value is reproducible.

In the following, we shall try to explain these
differences by different nucleation and growth processes.
The results will be analyzed in terms of percolation
theory. Nucleation of antimony on Corning substrates
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has not been investigated. However, some experiments
have been made on amorphous carbon. In this case, the
study of antimony deposits by TEM technique has shown
clearly that the size of the incident clusters dramatically
affects the morphology' of the films. The experimental
study of the growth of supported particles clearly shows
that the mode of film growth is in good agreement with a
three-dimensional (3D) layer' and that the mobility of
the particles strongly decreases as their size increases.

In the case of the Sb4 deposition, owing to its high mo-
bility, nucleation is governed by diffusion and occurs on
preferential nucleation sites. ' The supported particles
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-12 . FIG. 2. (a) TEM micrograph of a film identical to that de-
scribed in Fig. 1(a) (thickness 42 nm). (b) TEM micrograph of a
film identical to that described in Fig. 1(b) (thickness 2.3 nm).
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FIG. 1. (a) Plot of the observed current vs the film thickness
in the case of Sb& deposition (deposition rate 0.003 nm s ). The
arrow indicates the thickness of the micrograph [Fig. 2(a)]. The
sample characteristics are the following: potential between the
two electrodes, 1 V; length of the film (between the two elec-
trodes), 3 mm; width of the electrode, 1.5 mm. (b) Plot of the
observed current vs the film thickness in the case of free cluster
deposition (deposition rate, 0.003 nms ). The arrow indicates
the thickness of the micrograph [Fig. 2(b)].

have a spherical shape and their diameter increases along
with matter deposition. These results are consistent with
those obtained by other groups for atomic deposition.
Let us analyze them in terms of percolation theory. Ob-
viously, nucleation induces strong correlations between
the deposited Sb4 molecules. Then, the growth of the film
should be compared to bond percolation between the sup-
ported particles. However, dynamic and static coales-
cences and Ostwald ripening induce correlations in the
bond distribution, in opposition to conventional percola-
tion as defined above. This wi11 affect typical properties
of percolation such as the threshold coverage. We have
found a threshold coverage of about 95%. Beghdadi'
finds, on Au films, values ranging from 59% to 65% de-
pending on experimental conditions. Voss et al. obtain
thresholds around 74%. We recall that, for random per-
colation, the threshold coverage is around 50%. Qualita-
tively the spread of threshold coverages can be explained
by changes in the size distribution of the supported parti-
cles or/and variations in the distribution of nucleation
sites on the substrate. The stronger the nucleation is, the
more sensitive the threshold becomes to the substrate
surface state. For example, for circle-shaped particles in
a square lattice, it can be shown that the threshold cover-
age is m/4. For a random distribution of sites, calcula-
tions are difficult. An analogy can be found with a Pois-
son size distribution on a random network and one finds a
value close to 65% (Swiss cheese model, see Ref. 20).
These preliminary results show that the interpretation of
the growth of thin films from MBD in terms of percola-
tion theory is faced with some difficulties.

In the case of free clusters, owing to their low mobility
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on the substrate, the growth is entirely governed by the
impinging fiux (desorption is negligible). Therefore, the
film growth tends to be pseudo-2D. In this case the film
is formed by the paving of the substrate by the incident
clusters. To check this assumption, we have estimated
the equivalent average thickness d, at percolation thresh-
old for a perfect 2D growth with spherical deposited par-
ticles, assuming a coverage rate of 50%:

1 +(f) 1/3( ) 1/3

where f is the filling factor of the antimony structure
(0.43) and b, the diameter of a Sb atom (0.292 nm). The
experimental value is 2.2 nm, whereas the equation above
gives 1.58 nm. The disagreement can be easily explained
by supposing that a weak nucleation of incident clusters
takes place. The measurement of the mean diameter of
an isolated supported particle shows that the mean size
corresponds to the accretion of about six incident clus-

ters. In this case the theoretical threshold estimated by
taking this accretion process into account gives 2.87 nm.

Then, it can be seen that, in the case of cluster deposi-
tion, neglecting the weak nucleation, the film grows by
the paving of the substrate by the incident clusters. This
is analogous to the filling of a two-dimensional lattice in
conventional site percolation. As expected for continu-
um random perco1ation, the threshold coverage is close
to 50%. For Sb4 deposition, in contrast, nucleation is the
important factor and the growth of the film seems to in-
volve more complex mechanisms than random percola-
tion.

Further comparison between the films obtained by
cluster or atom deposition will be performed by studying
the correlation lengths and size distributions of the de-
posited particles at the percolation threshold. Cluster
deposition at low temperatures will also be performed in
order to lower cluster difFusion and to get closer to
"pure" percolation.

~For a review, see R. Zallen, The Physics of Amorphous Solids
(Wiley-Interscience, New York 1983); D. Stauffer, Intraduc-
tion to Percolation Theory (Taylor and Francis, London,
1985).

D. Stauffer, Phys. Rep. 54, 1 (1979).
T. Williams, R. Bjerknes, Nature (London), 236, 19 (1972).

4G. Mackay and N. Jan, J. Phys. A 17, L757 (1984).
B. Gauthier-Manuel, in Physics of Finely Divided Matter,

Proceedings of the Les Houches Winter School, France, 1985,
edited by N. Boccara and M. Daoud (Springer-Verlag, Berlin,
1985), p. 140.

6B. J. Last and D. J. Thouless, Phys. Rev. Lett. 27, 1719 (1971).
7S. Kirkpatrick, Rev. Mod. Phys. 45, 574 (1973).
8J. P. Clerc, G. Giraud, J. M. Laugier, and J. M. Luck, Adv.

Phys. 36, 695 (1990).
R. Voss, R. Laibowitz, and E. Alessandrini, Phys. Rev. Lett.

49, 1441 (1982).
A. Kapitulnik and G. Deutscher, Phys. Rev. Lett. 49, 1444
(1982).
M. Octavio, G. Gutierrez, and J. Aponte, Phys. Rev. B 36,

2461(1987).
'2J. A. J. Lourens, S. Arajs, H. F. Helbig, El-Sayed A. Mehan-

na, and L. Cheriet, Phys. Rev. B 37, 5423 (1988); L. Cheriet,
H. H. Helbig, and S. Arajs, ibid. 39, 9828 (1989); R. B.
Laibowitz, E. I. Alessandrini, and G. Deutscher, &bid. 25,
2965 (1982).
K. Sattler, J. Muhlbach, and E. Recknagel, Phys. Rev. Lett.
45, 821 (1980).

"P.Melinon, Ph.D. thesis, University of Lyon, 1986.
5D. Rayane, P. Melinon, B. Tribollet, B. Cabaud, A. Hoareau,

and M. Broyer, J. Chem. Phys. 91, 3100 (1989).
G. Fuchs, M. Treilleux, F. Santos Aires, B. Cabaud, P. Meli-
non, and A. Hoareau, Phys. Rev. A 40, 6128 (1989).
F. Santos Aires, Ph.D. thesis, University of Lyon, 1990.

8G. Fuchs, P. Melinon, F. Santos Aires, M. Treilleux, B. Ca-
baud, and A. Hoareau Phys. Rev. B 44, 3926 (1991).

~9A. Beghdadi, Ph.D. thesis, Universite Paris VI, 1986.
B. Mandelbrot, The Fractal Geometry of Natu& e (Freeman and

Company, New York, 1983).




