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Abstract. We deposited monodispersed Co-clusters in the size range of 6–13 nm on substrates
using the plasma-gas-condensation cluster deposition system. The assembling process of the
clusters from discontinuous to continuous networks was investigated by transmission electron
microscopy (TEM) andin situ electrical conductivity measurement, and discussed in terms of
the two-dimensional (2D) percolation concept. The electrical conductivity measurement indicates
that the percolation process of Co clusters does not agree with a simple scaling-law: the critical
conductivity exponent increases with increasing mean cluster diameter,d, although it is predicted
to be independent ofd in the ordinary 2D percolation theory. This anomaly is interpreted by the
soft-percolation model, implying that there is distribution of electrical contacts between the clusters.
The critical coverage of clusters (0.63) is much higher than the predicted one (0.45) irrespective of
d, due mainly to the partial overlapping of deposited clusters, and partly to an attractive interaction
between the clusters. Such cluster-overlapping also increases the critical thickness of electrical
percolation with increasingd.

1. Introduction

Nanometre-scale geometrical and chemical controls of substances are promising to obtain
excellent functional materials, i.e. soft-magnetic nanocrystalline materials with a high magnetic
flux density, magnetic granular materials with giant magnetoresistance [1, 2], etc. These
materials have been usually obtained by precipitation from supersaturated solid solution
initially produced by vapour-, liquid- or solid-quenching, in which nanometre-sized particles
randomly nucleate and grow from matrices or on substrates. In these processes, the particle
size depends on the annealing or deposition time and correlates with the inter-cluster distance
because the nucleation and growth of particles are ensured by consumption of solute atoms or
adatoms near the growing particles. Thus, a finer-scale structure control in a nanometre order
is difficult using these metallurgical processes. These difficulties will be overcome by a direct
assembling of nanometre-sized clusters as building blocks.

Moreover, it is well known that nanometre-sized free clusters exhibit unique structures
and anomalous properties [3, 4], strongly depending on their size. If we can deposit or arrange
these clusters on a substrate with their initial size, structure and properties kept, we can design
and fabricate ideally nanostructure-controlled materials. For the material fabrication, we have
to improve the efficiency of a cluster source to obtain an intensive cluster beam. We also
need to produce monodispersed clusters and control their size precisely. Recently, we have

§ E-mail address:yamamuro@snap8.imr.tohoku.ac.jp.

0953-8984/99/163247+11$19.50 © 1999 IOP Publishing Ltd 3247



3248 S Yamamuro et al

constructed plasma-gas-condensation-type (PGC) cluster-deposition equipment [5–7] based
upon both plasma-glow-discharge vaporization and inert gas condensation techniques [8], and
succeeded in producing a large number of transition metal clusters whose size is controllable
between 6 and 13 nm in diameter with the standard deviation less than 10% of the mean
cluster size. Then, we tried to deposit nanometre-sized Co clusters on substrates for cluster-
assembling, and observed how these clusters form continuous networks [9].

Such a cluster deposition process can be understood by the percolation concept which is
commonly applied to phase transition phenomena in condensed matter [10, 11]. In this concept,
a statistical fluctuation arises from occupying or bonding of neighbouring sites by characteristic
species or interactions. When the fluctuation is increased, the site-occupied or bond-connected
network spreads over an infinite range at the percolation threshold, i.e. the system meets the
phase transition. In a real system, a monstrous network becomes predominant and spreads
over ultimate boundaries. There have been many experimental reports on the percolation
phenomena: the thin-film growth process from discontinuous to continuous states [12], the
metal/insulator transition in cermet films [13] and the divergence of electrical conductivity and
dielectric constant in the sintered composites consisting of micrometre-sized powders [14]. In
addition, it is important to understand the assembling process of deposited clusters in order to
obtain well controlled cluster assemblies. Random deposition of clusters is a simple stochastic
event, however, the qualitative studies have been reported only for the percolation features of
Sb cluster deposition [15, 16].

In this paper, we describe the experimental results of transmission electron microscopy
(TEM), in situ electrical conductivity measurement during the deposition of monodispersed
Co-clusters on substrates, and quantitatively discuss these results in terms of the two-
dimensional (2D) percolation concepts.

2. Experimental procedures

Figure 1 shows the PGC-type cluster deposition system, which mainly consists of a sputtering
chamber, a growth region and a deposition chamber [6, 7]. In the sputtering chamber, two
Co-targets with 70 mm in diameter were sputtered with a facing-target-type dc mode at inert
gas (pure Ar gas or Ar/He gas mixture) pressure of about 180 Pa, which is much higher than
that in the conventional sputtering. Such high pressure is effective to increase the cluster
formation probability. The input power for sputtering was 400 W. A large amount of inert
gas was injected steadily into the sputtering chamber, and evacuated by a mechanical booster
pump through a small nozzle. Vaporized atoms were carried by a gas flow toward the growth
region consisting of a copper tube, which was cooled by liquid nitrogen. The clusters formed in
the growth region were ejected through the small nozzle and the two skimmers by differential
pumping, and then deposited onto substrates fixed on the sample holder in the deposition
chamber whose pressure was about 1× 10−2 Pa. The substrate temperature was about 300 K
during the deposition.

We controlled the mean diameter of Co clusters,d, between 6 and 13 nm by adjusting
the Ar gas flow rate,VAr , and He gas flow rate,VHe [17]. TEM observation of Co clusters
indicates that the mean cluster size decreases from 13 to 8.5 nm on decreasingVAr from
8.3×10−6 to 5.0×10−6 m3 s−1 (from 500 to 300 SCCM). However, it was difficult to produce
smaller clusters because the deposition rate rapidly decreased with decreasingVAr . In order
to overcome this problem, He gas was mixed with Ar gas: for example, the cluster size further
decreases to 6 nm by mixing He gas (VHe = 9.2× 10−6 m3 s−1 (550 SCCM)) with Ar gas
(VAr = 4.2×10−6 m3 s−1 (250 SCCM)). In these samples, the standard deviations are less than
10% of the mean cluster sizes, showing good monodispersiveness. Since He gas has the high
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Figure 1. Schematic diagram of the plasma-gas-condensation-type cluster deposition system.
TMP, MBP and CMP represent turbo-molecular pump, mechanical booster pump and compound
molecular pump, respectively.

thermal conductivity in comparison with Ar gas, it can cool the sputtered metal atoms more
effectively in the liquid-nitrogen-cooled growth region. This increases the supersaturation
ratio of sputtered atoms, promoting the nucleation and growth processes of clusters. As a
whole, mixing of He gas leads to the remarkable increase in the deposition rate.

We used two kinds of substrate for Co-cluster deposition: TEM microgrids for TEM
observation, and polyimide films forin situelectrical conductivity measurement. The effective
film thickness of deposited clusters,t , was estimated using a crystal quartz thickness monitor,
which measured the weight of the deposited clusters. Since the present cluster source was very
stable during the operation, the proportionality betweent and the deposition time was ensured;
thus we plot the observed physical quantities as a function oft instead of the deposition time
hereafter. We observed deposited Co-clusters using a 200 kV transmission electron microscope
(Hitachi HF-2000), and took TEM images as digitized data with a slow-scan CCD camera
installed in the electron microscope. The size and connectivity of Co-cluster assemblies were
estimated using image-analysis software (Image-Pro PLUS: Media Cybanetics Co). We did
in situ measurement of electrical conductivity during the deposition by a pseudo-four-probe
method. Two electrodes with about 4 mm width and 1 mm separation were predeposited on a
polyimide film substrate. The electrical current of 15µA was applied from a current generator
between the two electrodes. Using a constant current mode, the voltage-change between two
electrodes was detected with a digital volt meter as a function of the deposition time.

3. Results

Figures 2(a)–(c) show the bright-field TEM images of Co clusters deposited on TEM microgrids
as a function oft for the three sizes,d = 6, 8.5 and 13 nm, respectively. Att = 1 nm, clusters
are roughly isolated and some clusters contact each other. With increasingt , the clusters
aggregate further form networks, where a partial overlapping of clusters is often observed.
However, the individual clusters reveal no marked change in their initial sizes during the
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Figure 2. Transmission electron microscope (TEM) images of Co clusters on TEM microgrids as
a function of the average deposition thickness of the clusters,t . (a) The mean cluster diameter,
d = 6 nm, (b)d = 8.5 nm and (c)d = 13 nm.

Figure 3. Digitized TEM images of maximum Co-cluster-network for the mean cluster diameter,
d = 6 nm: (a) The average deposition thickness,t = 3 nm and (b)t = 4 nm.

deposition. The electron diffraction measurements of these Co-cluster assemblies indicate
[17] that the only fcc-rings are observed ford = 6 nm, while the hcp-rings slightly appear for
d = 8.5 nm. The hcp-rings become more marked ford = 13 nm, even though the fcc-ones
are still predominantly detectable. These results indicate that the Co clusters with the size
between 8.5 and 13 nm have fcc and hcp mixed structures or contain a lot of stacking faults.

In order to visualize the geometrical percolation of the Co-cluster assemblies, we
minutely examined the connectivity of deposited clusters by analysing the TEM images
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Figure 4. Areal size of maximum Co-cluster-network estimated by TEM for the mean cluster
diameters,d = 6, 8.5 and 13 nm as a function of the average deposition thickness,t .

Figure 5. The fraction of cluster-covered area,p, as a function of the average deposition thickness,
t , estimated by TEM for the mean cluster diameter,d = 6, 8.5 and 13 nm.

using image-analysis software. Figure 3 shows the largest cluster-network picked up from
the observed TEM images at typicalt values (below/near the percolation threshold) for
d = 6 nm. In this figure, the apparent size of the largest cluster-network is about 80 nm
in a one-dimensional scale att = 3 nm, while it becomes comparable to or larger than the
observed area of about 350 nm att = 4 nm. This indicates that the geometrical percolation
occurs att ∼ 4 nm ford = 6 nm. Figure 4 shows the apparent size of the largest cluster-
network ford = 6, 8.5 and 13 nm as a function oft . It rapidly increases at around the critical
thickness of geometrical percolation,tCG = 3.5± 0.5, 4.0± 1.0 and 6.0± 1.0 nm ford = 6,
8.5 and 13 nm, respectively.

The correlation betweent and a cluster-coverage,p, was also evaluated as shown in
figure 5. Thep-value linearly increases witht for all of the sizes, suggesting that the deposited
Co-clusters cover the substrate surface two dimensionally. The slope ofp versust decreases
with increasingd: the slopes are 0.14, 0.12 and 0.07 nm−1 for d = 6, 8.5 and 13 nm,
respectively. This indicates that a smaller cluster deposition is more effective to obtain a
continuous cluster assembly.

Figure 6(a) shows the electrical conductivity,σ , for Co-cluster assemblies deposited on
polyimide film substrates at ambient temperature (about 300 K) as a function oft . In the initial
deposition stage,σ is almost zero because the circuit between the electrodes is opened: the
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Figure 6. (a) Electrical conductivity,σ , versus the average deposition thickness,t , during the
assembling process of Co clusters on polyimide film substrates for the mean cluster diameter,
d = 6, 8.5, 12 and 13 nm. (b) Enlarged figure ofσ versust for d = 6 nm. The broken line in
figure 6(a) is extrapolated from the data fort > 8 nm.

discontinuous 2D film growth stage. For the specimen withd = 6 nm (see figure 6(b)), for
example,σ starts to increase rapidly att ∼ 4 nm due to the onset of the formation of continuous
networks between the electrodes. Att = 8 nm, σ versust shows a slight bend, and then
increases linearly witht for t > 8 nm: the continuous 3D film growth stage. Att = 4–8 nm, the
deviation from the straight broken line, extrapolated from the data fort > 8 nm, is detectable.
Such deviation is also observed for all of the specimens, corresponding to the percolation stage
where the number of conduction paths increases dramatically. It is worthwhile to note that
the critical thickness whereσ starts to increase reveals a peculiard-dependence: it becomes
larger with increasingd.

Using the sliding least-squares fit procedure [12], we fitted the following scaling-law to
the measured data ofσ near the percolation threshold:

σ ∝ (t − tCE)µ (1)

where the critical thickness,tCE , estimated by the electrical conductivity measurement and
the critical exponent,µ, are the fitting parameters. We divided the data into 3 nm segments
starting at the specific thickness,tS , and fitted equation (1) to these segments. The detailed
fitting results are shown in figure 7(a) ford = 6 nm as an example. In this figure, the square
of the correlation coefficient,ρ2 ∼= 1 for tS = 4.4–6.3, however,µ < 1 attS > 4.8. Sinceµ is
considered to be larger than 1, the least-squares fit was performed on the data fortS = 4.4–4.8,
resulting inµ = 1.1 andtCE = 4.4. The log–log plot ofσ versus (t−tCE) reveals a good linear
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Figure 7. (a) Typical fitting results of the critical thickness,tCE , critical exponent,µ, and square
of correlation coefficient,ρ2, of electrical percolation for Co clusters withd = 6 nm as a function
of the starting thickness,tS . These parameters were obtained by fitting equation (1) to the electrical
conductivity data using the sliding least-squares fitting procedure. (b) The log–log plot ofσ versus
(t − tCE ) for Co clusters withd = 6 nm, using the fitting result oftCE = 4.4 nm.

correlation (see figure 7(b)), indicating that the fitting is satisfactory in this range. Using the
same procedure, we estimatedtCE andµ for other specimens and plot them as a function ofd in
figures 8(a) and (b). As shown in these figures, bothtCE andµexhibit distinct size-dependence,
monotonically increasing withd.

The 2D percolation phenomenon is essentially expressed as a function ofp. Thus, we
convertt into p, using the linear relation betweenp and t shown in figure 5. Figure 8(c)
shows the critical coverage,pC , estimated from the electrical conductivity as a function ofd,
indicating thatpC is about 0.63 irrespective ofd. This value is much larger than the theoretical
one, which is estimated to be about 0.45 in the ordinary 2D lattice percolation systems [18].
Such a largepC-value has been expected for the 2D continuum percolation of overlapped
circles (pC = 0.68) [19]. Indeed, overlapping of deposited clusters were often observed by
TEM in the present experiments. A strong attractive inter-cluster interaction also increases the
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Figure 8. (a) The critical thicknesses of geometrical and electrical percolation,tCG and tCE ,
(b) critical exponent,µ, and (c) critical coverage,pC , as a function of the mean cluster diameter,d,
for Co-cluster assemblies. The broken line in figure 8(a) indicates the one obtained by equation (2).
The solid curves and line in figures 8(a)–(c) give a guide to the eyes and the line in figure 8(c)
shows thatpC = 0.63.

pC-value [20], because it promotes inhomogeneous aggregation of clusters. Since the spatial
distribution of clusters is not perfectly random in the present case (see figure 2), Co clusters are
partially aggregated probably due to magnetic interactions between ferromagnetic Co clusters.

Theµ-value is not influenced by thet–p-conversion as long as we use the linear relation
betweent andp. Thus, it must be noted thatµ increases from 1.1 to 1.8 with increasingd
from 6 to 13 nm (see figure 8(b)) because the parameters,µ andpC , depend only on a spatial
dimensionality in the ordinary percolation phenomena [10, 11]: they are universal constants.
The universality has been extensively confirmed in various percolation systems such as an
ordinary lattice percolation [21], thin film formation [12, 22] and metal/insulator composites
[13]. Although theµ value of 1.8 ford = 13 nm is close to that of 3D percolation (∼1.9)
[21], we have confirmed that the 2D growth of the deposited clusters is maintained irrespective
of d in the TEM observations. Thus, these results demonstrate that the universality is broken
in the present Co-cluster assemblies. Such a nonuniversal conductivity exponent has been
theoretically proposed for a random register network [23–28], and hopping or tunnelling
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conduction systems [29–31]. It was also observed experimentally in simple composites
consisting of conducting and insulating constituents [13, 31, 32], depending only on their
concentration. Therefore, the present results give a new size-dependent nonuniversality in
the conductivity percolation of the cluster-assembled films.

4. Discussion

Since the percolation phenomena during the cluster-assembling process were detected as a
function of t in the present experiments, we first discuss the critical thicknesses,tCG and
tCE . The tCG-values are slightly smaller than thetCE-values as shown in figure 8(a). This
discrepancy is partly ascribed to the fact that the area observed by TEM is much smaller than
that measured by the electrical conductivity: the largest cluster-network observed by TEM
is still smaller than the infinite one for discussing the percolation. The quantum percolation
theory predicts that the electrical percolation is suppressed by a localization effect, while it
is more suppressed in a tunnelling conduction system [11]. However, since the electrical
conductivity was measured at room temperature, we cannot discuss such quantum effects in
detail.

We then try to interpret the characteristicd-dependence oftCE through the comparison
with the result of Sbn cluster deposition (n is the number of atoms per cluster) [15, 16], where
tCE decreases with increasing cluster size:tCE = 37 nm forn = 4, while tCE = 2.2 nm
for n = 1850. This result contradicts the present results. The discrepancy between Sb and
Co cluster assemblies is ascribed to their different mobility and coalescence features on the
substrate. Since small Sb clusters easily migrate on a substrate just like adatoms, they coalesce
each other at the preferred nucleation sites and further grow by capturing the smaller clusters to
form isolated large islands by 3D growth due to the low melting point of Sb. On the other hand,
large Sb clusters do not migrate on a substrate because they are anchored to their impinging
places. Hence, the continuous Sb film formation is promoted with increasingd, leading to the
decrease intCE . The present Co clusters will hardly migrate on the substrate and exhibit 2D
growth without severe coalescence, because they include more than 104 atoms and the melting
point of Co is much higher than that of Sb. Assuming that the Co cluster is a sphere with
the diameterd and randomly placed on a substrate without overlapping, we expect a linear
increase in the critical thickness,tCE , with d as follows:

tCE = N(4π/3)(d/2)3

A
= pCA

π(d/2)2
4π(d/2)3

3

1

A
= 2pC

3
d (2)

whereA is the deposited area andN the number of clusters withinA. In figure 8(a), the
broken line corresponding to equation (2) withpC = 0.63 is much lower than the observed
tCE values. The lineard-dependence oftCE in equation (2) is also inappropriate for the
nonlinear variation of the experimentaltCE-values withd. In the present specimens, however,
overlapping of deposited clusters are often observed as mentioned in figure 2. Therefore,
the anomalous features intCE in the present Co-cluster assemblies can be understood by
considering the partial overlapping of clusters. The cluster-overlapping also influences the
relation betweent andp. If the overlapping could be negligible, the data in figure 5 must obey
the relation in equation (2) with the indicesCE andC left out: t = (2d/3)p or p = (3/2d)t .
However, the experimental values of the slope ofp versust are about 40% smaller than the
expected ones in equation (2): 3/2d = 0.25, 0.18 and 0.12 nm−1 for d = 6, 8.5 and 13 nm,
respectively.

Finally, we discuss an interpretation for the nonuniversal behaviour ofµ. In the present
experiments, the deposited clusters occupy the random sites on a substrate and connect with
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adjacent clusters in irregular directions. Thus, the 2D continuum percolation model, where
circles of equal radius are randomly placed with partial overlapping, is the most appropriate
for explaining the present experimental situation. Based on this context, we introduce the soft-
percolation model [29, 30], where the occupation sites and/or the bonding strength of clusters
are randomly distributed, in contrast to the periodic lattice sites or the unique bonding strength
in ordinary 2D percolation systems. In this model, the inter-particle hopping or tunnelling
conduction leads to a dynamic percolation process in the spatially disordered system. The
important assumption is that the strength of connection between two sites (cluster-connectivity)
is dependent on the inter-site distance,r. The connectivity, for example, is simply expressed
by the jump rate of hopping carriers,w(r), as follows [29, 30]:

w(r) =
{
(1− r/r0)α for 06 r 6 r0
0 for r > r0

(3)

wherer0 is the maximum distance of the carrier jump andα the fuzziness factor determining the
connectivity. The ordinary percolation model corresponds toα = 0, where the connectivity is
constant withinr 6 r0. Whenα > 0 the connectivity becomes weak and the carrier-jumping
probability is strongly suppressed with increasingr. In this model, theµ value increases
with α for α > 1, owing to the wide distribution of the connectivity. Moreover, this model
indicates thatpC is independent ofα [30]. These arguments are consistent with the present
results. Several theoretical results have also indicated that the wide distribution of connectivity
plays an important role to yield the nonuniversal conductivity irrespective of metallic or
hopping conduction systems [23–28, 31]. In the present Co-cluster-assembled system, such a
wide distribution of connectivity againstd will be attributable to the heterogeneous interface
structures between Co clusters, i.e. lattice defects, imperfect contacts etc. These characters
might be strongly affected by the cluster size because structural instability, such as structural
fluctuation [33] and depression of melting point [34], is enhanced in small clusters whend is
decreased. In order to understand the origins of the nonuniversal behaviours in the percolation
of electrical conductivity in the present nanometre-sized Co-cluster assemblies, we are more
precisely studying structure and connectivity of Co clusters through the high-resolution TEM
observation.

5. Conclusion

We have randomly deposited monodispersed, nanometre-sized Co clusters on substrates
using the PGC method. Based upon the measurement of TEM image andin situ electrical
conductivity, we have elucidated how the deposited clusters on the substrate change from
discontinuous to continuous networks. The percolation processes of Co clusters do not agree
with the ordinary 2D percolation concept: they reveal nonuniversality in the scaling-law. The
critical coverage of clusters (0.63) is much higher than the theoretical one (0.45), due mainly
to the partial overlapping of deposited clusters, and also to an attractive interaction between the
clusters. The critical exponent of the scaling-law increases with increasing the mean cluster
diameter,d, although it is theoretically predicted to be independent ofd. The anomalous
features are interpreted by the soft-percolation model, which premises the distribution in the
electrical connectivity between clusters. The critical thickness of the electrical percolation
also depends ond, owing to the partial overlapping of deposited clusters. The geometrical
percolation occurs slightly before the electrical one, being due to the limited range of TEM
observation and the complex cluster interfaces.
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