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Abstract. Nanometer–sized Cr clusters in the size rage of 8.5–13 nm have been produced by a plasma
gas condensation-type cluster deposition apparatus, which combines a glow–discharge sputtering technique
with an inert gas condensation technique. We have studied the effects of sputter power, Ar gas pressure, PAr,
and Ar gas flow rate, VAr, on the size distribution of Cr clusters by transmission electron microscopy. The
cluster size is insensitive to the sputter power, while the nucleation process is promoted when the sputter
power is increased. Monodispersive Cr clusters are formed at both low PAr and low VAr, where the nucle-
ation and growth processes are definitely separated, and the coagulation of growing particles is prohibited.
In the present experiments, these conditions are effectively attained by the use of a carrier gas flow and liquid
nitrogen cooling of the cluster growth region.

PACS. 36.40.-c Atomic and molecular clusters – 61.46.+w Clusters, nanoparticles, and nanocrystalline ma-
terials – 81.10.Bk Growth from vapor

1 Introduction

Cluster assembling is a new material fabrication process
for obtaining nanoscale-controlled functional materials
using nanometric clusters as building blocks [1]. For this
purpose, it is crucial to produce monodispersive clus-
ters, because the properties of cluster-assembled materials
strongly depend on the cluster size. Recently, we have
constructed an intensive and size-controllable cluster de-
position system, i.e., a plasma-gas-condensation (PGC)-
type cluster deposition apparatus [2–4] which is similar
to the one originally developed by Haberland et al. [5].
The PGC method combines a grow–discharge sputter-
ing technique with an inert gas condensation technique:
metal vapor is generated by sputtering at about 150 Pa
pressure and condenses into clusters in a carrier gas flow.
In contrast to conventional thermal evaporation sources,
this method is advantageous for generating clusters con-
sisting of refractive or low vapor-pressure metals because
any kind of metal can be vaporized by sputtering. In the
present report, we demonstrate monodispersive Cr cluster
formation using the PGC method, and elucidate its pro-
cess by studying through transmission electron microscopy
(TEM) how process parameters (the Ar gas pressure, Ar
gas flow rate, and sputter power) influence the formed
clusters.
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Fig. 1. Schematic drawing of the plasma-gas-condensation
(PGC)-type cluster deposition apparatus. TMP, MBP, and
CMP represent the turbo-molecular pump, mechanical booster
pump, and combination molecular pump, respectively.

2 Experiment

Figure 1 shows a schematic drawing of the PGC appa-
ratus. It mainly consists of three components: a sputter-
ing chamber, a liquid-nitrogen-cooled growth region, and
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Fig. 2. Bright-field TEM images of Cr clusters produced by variation of the Ar gas pressure, PAr, and the Ar gas flow rate, VAr,
independently: PAr = 120 Pa−280 Pa at a constant VAr = 1.0×10−5 m3/s, and VAr = 5.0×10−6–2.0×10−5 m3/s at a constant
PAr = 170 Pa.

a deposition chamber. A facing target-type DC sputter-
ing source, which combines a hollow-cathode discharge
mode and a magnetron mode, was operated at a high
Ar gas pressure, PAr, of 120–280 Pa to vaporize Cr tar-
gets of 70 mm in diameter. The distance between the
two targets was 100 mm. The magnetic field of about
20 mT was applied to the space between the two tar-
gets to get a high ionization rate of Ar gas and a high
sputtering rate. A large amount of Ar gas (the Ar gas
flow rate VAr = 5.0×10−6–2.0×10−5 m3/s at 273 K and
1.0×105 Pa) was injected continuously into the sputter-
ing chamber from a gas inlet, and effectively evacuated
by a mechanical booster pump (MBP) through a small
nozzle, whose typical diameter was 3.5 mm. Clusters were
formed in a carrier gas flow, ejected through the small
nozzle and two skimmers by differential pumping, and
then deposited onto a TEM microgrid fixed on a sam-
ple holder in the deposition chamber (∼ 1×10−2 Pa). The
substrate temperature was at about 300 K during the
deposition. If the nozzle diameter is varied adequately,
PAr and VAr can be controlled independently. The input
power for sputtering was 300 W, except for the experi-
ments in power dependence of the cluster size distribu-
tion. The Cr clusters were deposited in the deposition
chamber with the effective thickness of 2 nm, which was
measured by a quartz oscillator-type thickness monitor.
The deposition rate was 2×10−3–7×10−2 nm/s, depend-
ing on the experimental conditions. To clarify the cluster
formation region, we deposited clusters for five minutes
at three positions: the sputtering chamber, and the en-
trance and the exit of the growth region. We observed
cluster images using a 200-kV Hitachi HF-2000 TEM,

and estimated their size distribution using image-analysis
software.

3 Results

Figure 2 shows the TEM images of Cr clusters deposited
with varying VAr and PAr independently. The uniformly
sized Cr clusters are observed for PAr ≤ 170 Pa and VAr ≤
1.0×10−5 m3/s, whereas the size distribution becomes
markedly broad at PAr = 280 Pa and VAr = 2×10−5 m3/s.
The mean cluster diameter and standard deviation esti-
mated from these images are shown in Fig. 3. The standard
deviations (the mean cluster diameters) of such uniformly
sized clusters are 0.5 nm (10.4 nm), 0.7 nm (8.6 nm), and
1.1 nm (11.7 nm) at PAr = 170 Pa (VAr = 5.0×10−6 m3/s),
120 Pa (1.0×10−5 m3/s), and 170 Pa (1.0×10−5 m3/s),
respectively. These values of the standard deviation are less
than 10% of the mean cluster diameter, showing a good
monodispersivity.

As shown in Fig. 4, the deposition rate of clusters
rapidly increases when the sputter power is increased
above 100 W; however, it becomes negligible below 100 W.
As shown in the inset of Fig. 4, the cluster size is insensitive
to the input power in this power region. These results indi-
cate that the nucleation is promoted with an increase in the
input power.

In order to understand the cluster formation pro-
cess, we captured growing Cr clusters in the sputter-
ing chamber and the growth region also, and then ob-
served them by TEM (see Fig. 5). For PAr = 170 Pa
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Fig. 3. Mean cluster diameter and standard deviation as
a function of (a) the Ar gas pressure, PAr, and (b) the Ar gas
flow rate, VAr, estimated from Fig. 2.

(VAr = 5.0×10−6 m3/s), there exists only island morph-
ology without any clusters at the positions of either the
sputtering target or the entrance to the growth region.
However, small clusters are observed at the exit from the
growth region, indicating that the clusters nucleate and
grow only in the liquid nitrogen-cooled growth region.
For PAr = 280 Pa (VAr = 1.0×10−5 m3/s), large clusters
(some of them exceeding 100 nm in diameter) are formed
even near the sputtering targets and at the entrance to
the growth region. However, such large clusters suddenly
disappear at the exit from the growth region, probably be-
cause they drop out from the carrier gas stream, owing
to their high gravity. On the contrary, a large number of
small clusters are observed there. These results indicate
that the nucleation and growth occur in a wide range at
high PAr and VAr.

4 Discussion

Precise control of the nucleation and growth processes is
a key point for monodispersive cluster formation. However,
it is difficult to control these processes in the conventional
gas evaporation method, because the clusters nucleate and
grow rapidly in a narrow region just above an evaporation
source [6, 7]. When we use a carrier gas flow system, we can

Fig. 4. Typical deposition rate as a function of the sputter
power at the Ar gas pressure, PAr = 170 Pa. In the inset of the
figure are bright–field TEM images of Cr clusters produced at
200 and 400 W.

extend the nucleation and growth regions [8]. Indeed, the
nucleation does not occur near the sputtering source at low
PAr in the present experiments, as can be seen in Fig. 5.
Hence, we can control the nucleation and growth processes
independently in the present PGC apparatus.

As shown in Fig. 5, moreover, the nucleation and
growth are restricted only in the liquid nitrogen-cooled
growth region under the monodispersive cluster forma-
tion condition (PAr = 170 Pa, i.e., VAr = 5.0×10−6 m3/s),
while it extends over a wide region under the broad-
sized cluster formation condition (PAr = 280 Pa, i.e., VAr =
1.0×10−5 m3/s). We can understand the above results in
terms of the nucleation theory [9]. At low PAr (170 Pa),
the sputtered metal vapor is carried into the growth re-
gion without nucleation, and then cooled effectively by
liquid nitrogen. This leads to a rapid increase in the super-
saturation ratio of the sputtered metal vapor, promoting
the nucleation process. Since the sputtered metal atoms
are rapidly consumed by atom absorption during the nu-
cleation, the supersaturation ratio decreases rapidly. This
results in a short nucleation period. After the nucleation
process finished, only the stable nuclei exceeding a critical
size grow without further nucleation. Such instantaneous
nucleation and subsequent growth of nuclei clearly sep-
arate the nucleation and growth stages, leading to the
monodispersive cluster formation. At high PAr (280 Pa),
on the other hand, clusters nucleate and grow even near
the sputtering source, where the formed clusters grow by
both atom absorption and coagulation, because the density
in the number of sputtered metal atoms near the target is
larger than that in the growth region. Moreover, the clus-
ter formation process extends over the wide region from the
sputtering source to the entire growth region. Hence, the
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Fig. 5. Bright-field TEM images of Cr clusters deposited at different Ar gas pressures, PAr, of 170 and 280 Pa, and at different
positions. The samples were deposited near the sputtering target, at the entrance to the growth region, and at the exit from the
growth region. The Ar gas flow rate, VAr, was also varied with PAr.

nucleation and growth stages are not separated clearly, and
the size distribution becomes broad.

In our previous works [3, 4], we reported that the depo-
sition rate was rather low when we obtained the monodis-
persive clusters at low PAr, while it becomes higher when
we obtained the broad-sized clusters at high PAr. In add-
ition, the number of clusters deposited at the exit from
the growth region at low PAr is lower than that at high
PAr, as is shown in Fig. 5. These results indicate that the
number density of nuclei is low under the monodisper-
sive cluster formation condition, while it is high under
the broad-sized cluster formation condition. Therefore, the
collisions among clusters or nuclei hardly occur at low
PAr, preventing the coagulation of the clusters; while they
will easily occur at high PAr. Consequently, it is import-
ant to separate the nucleation and growth stages distinctly
and to prohibit the coagulation of the growing particles if
monodispersive clusters are to be produced. These condi-
tions are similar to those of monodispersive colloidal par-
ticle formation [10].

The large amount of carrier gas also broadens the dis-
persion of the cluster size distribution, as is shown in
Figs. 2 and 3. At this moment, the effect of carrier gas flow
on the size distribution is not well understood. However, it
is probably attributable to turbulent flow generation near
the targets at high VAr, because the gas inlet having a small
internal diameter (4 mm) generates a fast gas flow whose
Reynolds number (e.g., ∼ 4000 at VAr = 1.42×10−6 m3/s)
is large enough for the turbulence. For a detailed under-
standing, it is necessary to perform a computer simulation
of the gas stream, including metal clusters in the sputter-
ing chamber and the growth region. Moreover, the low-
temperature process of the sputtering technique will be
also favorable for producing monodispersive clusters, be-
cause it suppresses the coalescence growth.

5 Conclusion

We have deposited nanometer-sized Cr clusters on TEM
microgrids by the plasma-gas-condensation (PGC) method,
and observed them by TEM. The monodispersive Cr clus-
ters were obtained in the size rage of 8.5–13 nm at low
Ar gas pressure, PAr, and low Ar gas flow rate, VAr. At
low PAr, the nucleation and growth occur only in the li-
quid nitrogen-cooled growth region, and the deposition
rate is rather low. At high PAr, on the other hand, a num-
ber of large clusters are formed even near the sputtering
source, and the nucleation and growth regions extend from
the sputtering source to the growth region. Under this
condition, the deposition rate is relatively high. These
results demonstrate that the nucleation and growth pro-
cesses are definitely separated and that the coagulation
of growing clusters is prohibited. In the present experi-
ments, these conditions are achieved effectively by use
of the carrier gas flow and liquid nitrogen cooling of the
cluster growth process.
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