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Abstract—We have produced Ag-Nb clusters by a facing-target type plasma-gas-condensation cluster source as our
first step toward alloy cluster formation. The Ag-Nb clusters have been deposited on substrates and examined by a
transmission electron microscope with a nano-beam energy dispersive X-ray analysis. We have obtained Ag-Nb alloy
clusters with the sizes range between 5 and 10 nm in diameter. Their chemical compositions are broadly dispersed and
partitioned into Ag-rich and Nb-rich ones, being consistent with the immiscible type equilibrium phase diagram. This
result suggests that alloy cluster formation is driven by the alloy phase stability.©2000 Acta Metallurgica Inc.

Introduction

A great deal of interest has been concentrated on nano-scale heterogeneous materials such as nano-
crystalline and granular materials (1) because their physical and chemical properties are significantly
different from homogeneous counterparts. These materials have been mainly obtained by precipitation
of small crystallites in a matrix via low temperature heat treatment of supersaturated precursors which
are prepared by vapor-, liquid-, and solid-quenching methods. Small particles and clusters have been
also candidate precursors to obtain such structure-controlled materials in nanometer scale (2–4). Since
they have the unique structures and properties owing to their nanometer sizes (4–7), it has been desired
to fabricate particle- or cluster-assembled materials (2,4). In order to optimize their properties, we need
size-selected clusters as building blocks. For the first step, we have recently constructed plasma-gas-
condensation (PGC) type cluster deposition apparatus (7–9), which is similar to the one originally
developed by Haberlandet al. (11,12). This is a combination of sputter vaporization and inert gas
condensation techniques, that enables one to vaporize refractory metals. The clusters formed in our
source are extracted through a nozzle into a better vacuum chamber in order to prevent further cluster
growth and to control their size. Hence, we have obtained monodispersed clusters, whose mean sizes
are controllable between 3 and 13 nm in diameter.

As the next step of this approach, we wished to produce alloy clusters, because the alloying behavior in
the nanometer sized clusters has been an interesting subject: atom-atom bonding natures are different from
those of bulk solids (13–15), and diffusion and mixing are very fast in the atomic scale (16,17). We tried to
set up a very simple PGC-type cluster source and examined how we could control the chemical compositions
of clusters. This paper deals with a preliminary result on the chemical fluctuation of Ag-Nb clusters formed
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in this cluster source, where the alloy system is immiscible in the equilibrium state (18). We emphasize that
the alloy phase stability is one of the key parameters in the alloy cluster formation.

Experimental

As schematically shown in Figure 1, we used the facing target type dc sputtering source, which was a
combination of a hollow cathode discharge mode and a magnetron mode to attain high density metal
vapor. We could get a high ionization efficiency of Ar and thus a high sputtering rate owing to the
magnetic field applied perpendicular to the surfaces of two targets. In the present study, Ag and Nb
targets of 50 mm in diameter were set up for alloy cluster formation. The distance between the targets
was 100 mm. The Ar gas stream adjusted by a fine mass flow controller was injected steadily through
a gas inlet located at the backside of the source. The electric power was supplied independently for these
two targets to control the chemical composition of individual elements. Clusters nucleate in a high
pressure Ar gas atmosphere (0.2–0.4 kPa) and grow in the space between the target and the nozzle
(growth region). The cluster beam was extracted through the nozzle of 5 mm in diameter by a
mechanical booster pump. The operational pressure was about 13 101 Pa in the deposition chamber.

The deposition rate was measured by a quartz oscillator-type thickness monitor. For transmission
electron microscope (TEM) observation, the microgrid, which is a carbon-coated colodion film
supported by a Cu grid, was used as a substrate. The samples were exposed in air for transportation and
observed with the Hitachi HF-2000 electron microscope, operating at 200 kV. The chemical compo-
sitions of the clusters were measured by a nano-beam energy dispersive X-ray (EDX) analysis using a
detector installed on the TEM. The TEM images were taken as digitized data with a slow-scan charge
coupled device (CCD) camera.

Results

Figure 2(a) shows a typical bright-field TEM image of the Ag-Nb clusters prepared atRAr 5 1.03 1023

mol/s (1300 sccm, standard cubic centimeter per minute),ps 5 400 Pa,PAg 5 100 W, andPNb 5 200
W. Here,RAr is the flow rate of Ar gas,ps the inert-gas pressure in the cluster source,PAg the sputtering
power for the Ag target, andPNb that for the Nb target. The EDX spectrum taken with a spread beam

Figure 1. Schematic drawing of the present PGC-type cluster deposition apparatus. TMP and MBP represent turbo-molecular
pump and mechanical booster pump, respectively.
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of about 0.3mm is shown in Figure 2(b). The mean composition estimated from Figure 2(b) is about
45 at.% Nb.

Figure 3(a) shows a bright-field TEM image of the Ag-Nb clusters prepared atRAr 5 1.03 1023

mol/s, ps 5 400 Pa,PAg 5 100 W, andPNb 5 200 W. Many clusters are roughly spherical and
dispersed uniformly in the size range between 5 and 10 nm. Cubic shape clusters with faceted
surfaces are also seen. Figure 3(b) shows the electron diffraction pattern of the present sample. The
diffraction rings are assigned to two sets of f.c.c. type structures with the lattice parametersa 5
0.41 and 0.44 nm. Since the lattice constant,a 5 0.409 nm for f.c.c. Ag and 0.442 nm for
NaCl-type Nb(NO) (19), these two f.c.c. phases can be attributed to an Ag-based alloy and an

Figure 2. (a) A bright-field TEM image of Ag-Nb clusters and (b) an EDX spectrum of the average composition (45 at.% Nb)
taken with a spread beam of about 0.3mm.
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Nb(NO)-based compound. This result suggests that Nb-vapor atoms easily react with O2 and N2

in the present low vacuum condition of the deposition chamber during the operation. Figures
3(c) and (d) are dark-field TEM images of the same area as Figure 3(a) with the objective
aperture covering a part of the (111)fcc ring with a 5 0.41 nm and that of the (111)NaCl ring with
a 5 0.44 nm, respectively. These results suggest that an individual cluster has a unique crystal
structure.

Figure 4 shows the nano-electron beam EDX spectra taken from the labeled clusters A to D in
Figure 2(a). We randomly selected 25 different clusters and took the EDX spectra by nano-
electron beams. The estimated compositions are shown as a histogram in Figure 5. The chemi-
cal compositions of these clusters are widely distributed and exhibit two peaks in the Ag-rich
and Nb-rich sides. The average composition of the histogram is about 45 at.% Nb being consistent
with the EDX spectrum taken with the spread beam (Figure 2(b)).

Figure 3. (a) A bright-field TEM image and (b) an electron diffraction pattern of Ag-Nb clusters. (c) and (d) are dark-field TEM
images of the same area as the photograph (a) with the objective aperture covering a part of the (111)fcc ring and the (111)NaCl

ring, respectively. They correspond to (c) Ag-rich and (d) Nb-rich clusters.
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Figure 4. Nano-beam EDX spectra taken from the small areas of about 10 nm as indicated by the labels A to D in Figure
2(a).
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Discussion

In the inert gas condensation process, vaporized metal atoms from the targets rapidly loose their kinetic
energy by collisions with the inert gas atoms. The first stage of the cluster growth is embryo formation by
thermodynamical fluctuation through three-body collisions (5). This stage probably takes place in front of the
sputtering target. These embryos are so small that they easily evaporate instead of growing to larger clusters.
When they stoichastically become larger than the critical size, the cluster growth is promoted as predicted
in the classical nucleation and growth theory (10): such a cluster grows step by step with absorption of atoms
arriving at the surface. On the TEM microgrid, we observed nanometer sized clusters consisting of about 13
104 atoms which had been produced via a large number of cluster-atom and cluster-cluster collisions.

In the PGC cluster source, the cluster size depends on the length of the growth region. With moving the
sputtering target to change the length of the growth region in the PGC cluster source, we measured the mass
distribution of the Nb clusters by a time-of-flight high-mass spectrometer (10,20). This result indicated that
the small clusters containing less than 200 atoms were mainly formed at the 50 mm distance from the target,
corresponding to the middle point of the Ag and Nb targets in the present apparatus. Although Nb-rich
clusters form an Nb(NO)-based compound phase, we simply take into account of mixing and reaction
between Nb and Ag atoms. Provided that the Nb and Ag clusters consisting of about 200 atoms meet at the
center position between the sputtering targets, they collide each other and form larger clusters. In the random
collision and coalescence process, the compositional distribution of the Ag-Nb clusters,I(m,N), as a function
of Nb content,m/N (m 5 0, 1, 2, . . . ,N), should be binomial as follows,

I ~m, N! 5
N!

~N 2 m!!m!
~1 2 x!N2mxm, (1)

whereN is collision times andx the partial molar ratio. Here, we assumedx 5 0.45 because the average
composition taken by a spread beam EDX was almost 45% Nb. The binomial distribution obtained for
N 5 50 is shown in Figure 5 by the broken line, being inconsistent with the experimental result.

Figure 5. A chemical composition histogram evaluated from the nano-beam EDX spectra of 25 clusters. The dotted line indicates
a binomial distribution for 45 at.% Nb.
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The dark-field TEM images (Figures 3(c) and (d)) and the chemical analyses (Figure 4) demonstrate that
the individual cluster has the unique crystal structure depending on their chemical compositions, i.e., f.c.c.
in the Ag-rich clusters or NaCl-type in the Nb-rich ones. Based upon the immiscible type equilibrium phase
diagram of Ag-Nb, the formation of the Ag-rich and Nb-rich clusters suggests that random reaction between
Ag and Nb atoms and coalescence of their clusters are markedly suppressed due to their positive formation
enthalpy. In the initial growth stage, reevaporation of Ag atoms (Nb atoms) from Nb-rich cluster (Ag-rich
cluster) is plausible, because Ag-Nb chemical bonding is much weaker than Ag-Ag or Nb-Nb one.
Consequently, Ag- and Nb-rich clusters containing their partner elements are formed to be metastable
primary solid solutions as seen in Figure 5. This feature probably originates from the compositional partition
which is expected from the equilibrium phase diagram (18). In order to minimize reactions of metal atom
with O2 and N2, we are preparing a deposition chamber with a much better vacuum condition. Finally, it is
worth mentioning the results of Co-Al alloy cluster formation by the similar preparation method (21). In
contrast to the present result, the B2-type ordered alloy clusters are obtained being in agreement with the
equilibrium phase diagram of Co-Al. These results demonstrate that the nucleation and growth processes of
alloy clusters are driven by the thermodynamical alloy phase stability.
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