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Abstract. In this study we present results of electron diffraction experiments on unsupported antimony
nanoclusters with mean sizes in the range of 2040 nm. An inert-gas aggregation source was used to produce
the cluster beam. Electron diffraction patterns reveal phase transitions between crystalline and amorphous
phases as well as particles composed of Sbys tetramers. The diffraction results are correlated with electron
microscope investigations of the morphology of films formed by deposition of the clusters.

PACS. 36.40.-c Atomic and molecular clusters — 61.46.+w Nanoscale materials: clusters, nanoparticles,
nanotubes, and nanocrystals — 61.14.-x Electron diffraction and scattering

1 Introduction

Bulk antimony has two known allotropes: the ‘grey’ metal-
lic form with a rhombohedral structure and the ‘black’
amorphous form [1]. While phosphorus and arsenic have
a solid modification consisting of tetramers (‘white’ phos-
phorus and ‘yellow’ arsenic), there has been no such struc-
ture observed for Sb, apart from a report of crystalline
order in Sb thin films [2].

Sattler et al. were the first to study Sb clusters ex-
tensively [3]. Using mass spectrometry techniques they
showed that Sb vapour consists mainly of tetramers. If
the vapour is supersaturated in cold inert gas, these Shy
particles condense to form larger clusters with magic num-
bers. To explain these magic numbers Sattler proposed a
model for the packing of Sby tetrahedra which, in fact,
results in clusters with an fcc structure. This unusual and
interesting phase has, however, not been observed directly.

While electron diffraction has been used for a long time
to analyse the structure of bulk materials, it is also an ex-
cellent tool for analysing the structure of nanoclusters.
Diffraction of unsupported particles in a molecular beam
is particularly advantageous as there is no interaction be-
tween particles and substrate. Additionally, the time the
clusters are exposed to the electron beam is very short
minimising the influences of the beam. Hence electron
diffraction allows the study of the unperturbed, intrinsic
structures of nanoparticles.

Stein et al. studied the structure of unsupported
Sb clusters using electron diffraction [4]. When using ar-
gon as cooling gas, a rhombohedral structure was ob-
served, as in bulk Sb, however, the diffraction patterns
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were too weak to draw further conclusions. Using a differ-
ent cluster source which did not use a cooling gas, Stein
observed an amorphous structure. In a similar study Sun
et al. observed liquid clusters when using helium as cooling
gas [5].

There is still no comprehensive knowledge of the struc-
ture of unsupported Sb clusters. In the context of the
known allotropes of bulk Sb, possible structures and phase
transitions of Sb clusters are of considerable interest. This
paper presents evidence for structural phase transitions
in Sb clusters and discusses the observations in relation to
the known bulk structures.

2 Experimental procedure

In our experiment a molecular beam of Sb clusters is
produced in an inert-gas aggregation source using Ar
and He as cooling gases. The mixture of clusters and
gas is extracted through a series of nozzles by two differ-
ential pumping stages, thereby removing the carrier gas
and forming a cluster beam. This cluster beam is then
probed by an 80kV electron beam. The electrons are
scattered by the randomly oriented clusters resulting in
a Debye-Scherrer powder diffraction pattern which is de-
tected by a pair of linear diode array (LDA) chips aligned
along the diameter of the ring pattern. This equipment
has been used previously to study the structure of Cu,
Ag, Pb, and Bi clusters [6-10].

Several parameters have been used to control the struc-
ture of the particles in the beam: the temperature of
the crucible T¢, the type of cooling gas (Ar or He) and
the source inlet gas flow rate (and thereby the inert-gas
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pressure in the source Pg which increases with increasing
flow rate). Additionally, the geometry of the nozzles can
be adjusted.

During some of the diffraction experiments, clusters
were deposited on SiO5 and SiN substrates. These sam-
ples were then studied in a Field-Emission Scanning Elec-
tron Microscope (FE-SEM) to obtain information about
the size distribution of the clusters in the beam and the
morphology of the resulting cluster films. The mean size is
determined by measuring the diameter of clearly defined
particles on the substrate and the uncertainty is given as
the standard deviation of the particle size distribution. It
is, however, important to consider the possibility that the
clusters change their shape and size through interaction
with the substrate or diffusion. Diffusion is very unlikely
due to the rms roughness (~10nm) of the silicon dioxide
samples used here. Studies of bouncing Sb clusters of sim-
ilar sizes in the same apparatus [11] lead us to believe that
deformation and/or fragmentation due to cluster-surface
interaction are not relevant.

Before the analysis of the experimental patterns, the
diffraction signal due to the gas background (measured
immediately before or after each run) is subtracted from
the raw data. In order to determine the structure of the
clusters the background-subtracted data is compared to
calculated diffraction patterns. The calculations are based
on the kinematical diffraction theory, in particular the
Debye formula [12]. The structures used for the calcula-
tions were the rhombohedral bulk structure of Sb [13],
the structure of Sby tetramers [14,15], and the structure
of liquid Sb [16]. The fcc structures proposed by Sattler [3]
were clearly not relevant to the experimental diffraction
patterns obtained here [17].

3 Results and analysis
3.1 Experiments using argon as cooling gas

During the diffraction experiments in which Ar was used
as the source cooling gas, cluster production was con-
trolled using two parameters: the crucible temperature T
and the gas flow rate. The temperature range used for
these experiments was 600—800 °C and the range of
Ar flow rates was 50—-200sccm.

Figure 1a shows that at low Ar flow rate (<100sccm)
broad peaks are observed at s ~ 0.33(1/A) and at
s ~ 0.52(1/A). Increasing the gas flow rate leads to a
split in the second peak while the first peak gets nar-
rower (Fig. 1b). When the flow rate is further increased
the peaks become narrower again and new peaks appear
at higher s-values (Fig. lc), resulting in patterns which
are consistent with calculated diffraction patterns for clus-
ters with the symmetry of bulk rhombohedral Sb (dotted
lines in Figs. 1c and 1f). Changing the source temperature
leads to a similar result: at low temperature (<700 °C) the
peaks are broad (Fig. 1d), while increasing the tempera-
ture leads to the bulk rhombohedral structure (Figs. le
and 1f).

The peak positions in the diffraction patterns in Fig-
ures la and 1d agree well with the values found in the
literature for amorphous Sb thin films [18,19] (note that
the position of the second peak (~0.52 (1/A)) in these pat-
terns is clearly inconsistent with the patterns in Figs. 1c
and 1f). As can be seen by the dotted line in Figure la
the experimental patterns do not agree with the calcu-
lated pattern of a liquid Sb droplet [16] and so it is clear
that the particles giving rise to the diffraction patterns in
Figures 1a and 1d are amorphous.

The average size of the crystalline clusters has been
estimated from the diffraction patterns (Figs. 1c and 1f)
in two different ways. Firstly, the width of the first dif-
fraction peak can be used to calculate the particle size
from the Scherrer equation [12]. Secondly, the experimen-
tal diffraction patterns can be compared to calculated
patterns from particles with a known size and structure.
In Figure 1c the cluster size was estimated to be ~3nm
using the Scherrer equation and ~3.5nm when compar-
ing with model clusters. For Figure 1f the size estimates
were ~4.5nm for both methods. The uncertainty for
these values is £0.5nm. The particle sizes obtained from
FE-SEM images are discussed in Section 3.3.

3.2 Experiments using helium and a helium/argon
mixture as cooling gas

The second set of experiments was carried out using he-
lium and a helium/argon mixture (up to 20% Ar con-
tent) as the source cooling gas. The range of source tem-
peratures used for these measurements was identical to
that used in Section 3.1. The range of gas flow rates
(300—1500sccm), however, had to be significantly greater
than for Ar in order to reach sufficiently high cluster beam
intensities.

At low He flow rate (<800sccm) and at all temper-
atures in the range 600-800 °C the diffraction patterns
(Fig. 2a) show a single broad main peak at s ~ 0.40 (1/A)
which is clearly broader and at a higher s-value than the
main peak in Figure 1la. Increasing the He flow rate leads
to a split in the first peak (Fig. 2b), and when the flow rate
is further increased, peaks that are consistent with rhom-
bohedral clusters are observed (Fig. 2¢). Adding Ar to the
He cooling gas leads to a similar result: at a low Ar con-
tent (<10%) there is a single broad main peak (Fig. 2d)
and increasing the Ar content leads to the appearance of
rhombohedral structure (Figs. 2e and 2f). Because of the
high He flow rate used for the experiment shown in Fig-
ure 2f, these conditions are transient and very quickly lead
to blocking of the nozzles. It was therefore not possible to
deposit clusters in these conditions. The dotted lines in
Figures 2a and 2d show the calculated diffraction pattern
for Sby tetramers which is in good agreement with the
experimental data.

The mean size of the crystalline particles was esti-
mated to be ~3nm for Figure 2c using the Scherrer
equation and ~3.5nm for the comparison with calculated
patterns. For Figure 2f both methods yield a mean size
of ~5nm. The uncertainty for these values is 0.5 nm.
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Fig. 1. Diffraction patterns of Sb clusters using Ar as cooling gas. (a—c) The gas flow rate is increased while leaving the tem-
perature constant at 675 °C. (d—f) The temperature is increased while the gas flow rate is left constant at 82sccm. The dotted
line in figure (a) is the calculated pattern of a liquid Sb droplet and the dotted lines in figures (c) and (f) show the calculated
pattern of a spherical particle with rhombohedral structure and 10 nm diameter. Note: there is no additional offset applied to
any of the patterns but the calculated patterns are scaled to match the height of the experimental patterns. The background

visible in the experimental patterns in (c) and (f) might be due to Sb tetramers.

The particle sizes obtained from FE-SEM images are dis-
cussed in Section 3.3.

3.3 FE-SEM studies of deposited clusters

To study the clusters under an FE-SEM they are deposited
on Si wafers coated with either an oxide or nitride layer.

The amorphous clusters formed at low temperatures
and low Ar flow rates (corresponding to the diffraction
pattern in Fig. 1d) are shown in Figure 3. These clusters
are spherical and have a narrow size distribution with a
mean size of 40 £ 10nm. The majority of these clusters
bounce off the substrate’s surface [11]. Clumps of clusters

such as those shown in Figure 3 most likely arise due to
the fact that they only stick to the surface when they hit
a cluster or surface defect.

Figure 4a shows crystalline clusters corresponding to
the diffraction pattern in Figure 2f while Figure 4b shows
strongly facetted clusters produced at higher Ar flow
rate and higher temperature. The crystalline particles
are irregular in shape and have sizes ranging from 10 to
over 100 nm. In Figure 4a the mean cluster size is 2848 nm
and in Figure 4b 70 £ 40 nm. Clusters corresponding to
the diffraction patterns in Figures 1c and 1f were also de-
posited and studied by FE-SEM. The images reveal that
the cluster beam comprises of a mixture of crystalline and
spherical, amorphous particles. The amorphous particles
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Fig. 2. Diffraction patterns of Sb clusters using helium and a helium/argon mixture as cooling gas. (a—c) The flow rate is
increased while the temperature is kept constant at 700 °C. (d—f) The Ar content is increased while the total flow rate and the
temperature is left constant (600sccm and 700 °C respectively). The dotted lines in figures (a) and (d) show the calculated
pattern for Sby and in figures (c) and (f) the calculated pattern for a spherical cluster with rhombohedral structure and 10 nm
diameter. Note: there is no additional offset applied to any of the patterns but the calculated patterns are scaled to match
the height of the experimental patterns. The background visible in the experimental patterns in (c) and (f) might be due to

Sb tetramers.

corresponding to the diffraction pattern in Figure 1c have
a mean size of 35 &+ 4nm and the crystalline particles of
120 £ 40 nm. For Figure 1f the mean sizes are 30 &+ 10 nm
and 220 £ 150 nm respectively.

The size distribution for crystalline clusters in the
SEM images is in obvious contradiction to the size es-
timates obtained from the diffraction patterns. There are
three possible explanations: firstly, the clusters might be
smaller in the beam but grow on the substrate through ag-
gregation. This can be ruled out due to the morphology of
the film (Figs. 4a and 4b); the loose packed 3D structure is
consistent with the random deposition of large crystalline
particles but inconsistent with diffusion and aggregation

of smaller clusters [20]. Secondly, it is well established that
diffraction patterns reflect the structure of domains rather
than the whole cluster [21]. However, the presence of un-
correlated domains seems unlikely in the case of facetted,
well defined crystallites such as those shown in Figure 4b.
Thirdly, many FE-SEM images show that there is a mix-
ture of crystalline and amorphous particles, even though
the diffraction pattern shows strong crystalline features.
As the peaks in the diffraction pattern from amorphous
particles occur at similar scattering angles to the main
peaks for crystalline particles, the resultant peak broaden-
ing most likely invalidates the use of the Scherrer equation
and the comparison with calculated patterns.
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100 nm

Fig. 3. An FE-SEM image of amorphous clusters as described
in Section 3.1 and corresponding to the broad diffraction pat-
tern in Figure 1d. The source conditions used were 675 °C and
82sccm Ar (Pg = 4.8mbar). Clusters corresponding to the
diffraction pattern in Figure la look very similar.

Fig. 4. Two FE-SEM images of clusters corresponding to
the crystalline diffraction pattern as described in Sections 3.1
and 3.2. (a) The source conditions used were 700 °C, 120 sccm
Ar, and 480 sccm He (Pg = 10.2mbar) (corresponding to the
diffraction pattern in Fig. 2f). (b) 750 °C and 158 sccm Ar
(Pg = 5.5mbar).

FE-SEM images of clusters which give rise to the dif-
fraction patterns similar to these of Sby are shown in Fig-
ures 5a and 5b. The mean size of the clusters is 26 +10nm
for Figure 5a and 35+9nm for Figure 5b. The mean parti-
cle size estimate does not differ significantly when compar-
ing low coverage (Fig. 5a) to high coverage areas (Fig. 5b).
In Figure 5a there are individual, well separated particles
visible and in Figure 5b there are what appear to be indi-
vidual clusters sitting in a second layer above a dense in-
terconnected lower layer of clusters. This is not consistent
with the deposition of Shy tetramers. It appears, therefore,
that the ~30 nm particles in the beam consist of randomly
oriented Sby units. The lack of long-range order in such a
particle and the absence of correlation between neighbour-
ing Sby units suggest that the diffraction pattern would be
identical to that for isolated Sby particles. This has been
checked by calculation of diffraction patterns for 10 nm
particles composed of randomly assembled Sb, units and
indeed the diffraction patterns are identical to these of
isolated Sby tetramers.

It is noteworthy that the mean sizes for amorphous
clusters and particles consisting of Sby units are relatively

F",' J@“:’ ) =3
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" ‘ o 00 nm
Fig. 5. Two FE-SEM image of Sby clusters as described in Sec-
tion 3.2. Both images are taken from the same sample. (a) Low
coverage towards the edge of the cluster beam. (b) High cover-
age in the centre of the beam. The source conditions used were
700 °C, 520 sccm He, and 27sccm Ar (Pg = 8.7 mbar).

uniform between 30 and 40 nm. The mean sizes for crys-
talline particles, however, vary hugely depending on the
conditions.

4 Discussion and conclusions

Electron diffraction patterns have been obtained for
Sb clusters with mean sizes of 30-40nm and a range of
different structures have been observed. Using Ar as cool-
ing gas we observed a transition from an amorphous to a
crystalline structure while increasing the source inlet gas
flow rate or the temperature. FE-SEM images show that
the amorphous particles are spherical, while the crystalline
particles are strongly facetted. The size of the crystalline
particles inferred from diffraction patterns is not consis-
tent with the size distribution estimated from the FE-SEM
images. The difference is most likely due to the presence
of a mixture of crystalline and amorphous particles in the
beam (observed on FE-SEM images) which makes simple
analysis of the diffraction patterns inappropriate.

When He and a He/Ar mixture were used as the source
inlet cooling gas, a transition from Sby to crystalline dif-
fraction patterns was observed for increasing flow rates or
increasing Ar content. FE-SEM images suggest that indi-
vidual Sby units are not present in the beam but rather
large clusters consisting of randomly oriented Sby units.
While structures composed of tetramers have been known
to exist for a long time for As as well as P, an analogous
structure for bulk Sb or Sb nanoparticles has never previ-
ously been observed.

Since no diffraction patterns were observed which cor-
respond to the fcc structures proposed by Sattler, the
packing of Shy tetramers to form a compact crystalline
structure can be ruled out in the present experiments. In-
stead, on the basis of the data reported here, it appears
that Sattler’s mass spectra [3] might be better explained
using a model which incorporates a random (amorphous
or liquid) packing of tetramers. It should be noted, how-
ever, that Sattler’s experiments focussed on very small Sb
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particles (up to Sbagg), while the clusters in our study had
mean sizes of at least 20 nm.
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