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Antimony cluster thin films have been synthesized by
the newly-developed low energy cluster beam deposi-
tion technique. Proton-induced X-ray emission
analysis shows absence of any foreign impurity even
at ppm level. Structural analysis by glancing angle
X-ray diffraction indicates presence of rhombo-
hedral Sb along with Sh-oxides. Transmission elec-
tron microscopy micrographs for 20 A and 100 A
films respectively show the size distribution along
with isolated aggregates. The size distribution for
100 A thick film is found to be large compared to the
20 A one. Transmission electron diffraction studies
reveal hexagonal symmetry.

RECENTLY there has been considerable interest in the
study of cluster and cluster-assembled nanomaterials
because of their novel properties' and technological
applications”. Cluster-generated solids differ from both
the amorphous and crystalline structures in the sense
that the short range order in them is controlled by the
grain size and long range order does not exist due to
random stacking of nano grains. A high quality well
crystallized film can be realized by currently available
cluster deposition technique. Of various cluster deposi-
tion techniques”™™, low energy cluster beam deposition
(LECBD) methods® " are attractive. Neutral clusters
can be generated either by laser ablation’ or by thermal
evaporation’ " followed by inert gas condensation.
Cluster size can be determined by mass analysis through
a time of flight (TOF)’'* mass spectrometer measure-
ment. Typical cluster size can range from a few tens to
a few thousand atoms. In this method the nucleation of
clusters is achieved by gas condensation process by al-
lowing an inert gas to flow in a cooled environment.
Further cooling of the clusters to reduce their kinetic
energy is achieved by supersonic expansion. Thus, clus-
ters with very low kinetic energy soft land on the
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substrate without fragmentation resulting in the growth of a
nanostructured film through a process of coalescence.

The present work describes the development of a
LECBD facility at Institute of Physics, Bhubaneswar. In
order to test the setup for generation and deposition of
clusters, Sb clusters were produced and deposited on
various substrates and characterized by performing dif-
ferent measurements. The reason for choosing Sb as a
candidate material are (i) its low melting point
(T, = 260°C); (ii) its existence in amorphous state'',
(iii) its use as a material for III-V compound semicon-
ductors and (iv) its evaporation in tetrameric form'.
Fabrication of the facility is based on a French design.

The schematic diagram of the LECBD setup is shown
in Figure 1 a. Mainly it consists of a source, and a depo-
sition chamber along with TOF arm. The cluster source
is a Sattler type13 thermal source mounted on a flange
on one side of the source chamber. The source can be
slided over two metallic arms of the source chamber to
facilitate the loading of materials for evaporation. The
thermal source consists of a molybdenum crucible with
a 3 mm hole facing the deposition chamber. Two heat-
ers, one at the bottom of the crucible and the other at
the top cover lid are attached in order to raise the tem-
perature of the crucible up to 1100°C. A radiation heat
shield made up of tantalum with an aperture facing the
deposition chamber surrounds the crucible to avoid heat
loss. The source is connected to a tubular structure
made of copper at the end of which, nozzles with differ-
ent diameters (~2 to 5 mm) can be attached. The copper
tube along with the nozzle is cooled by liquid nitrogen
as shown schematically in Figure 15. Inert gases such
as He or Ar are allowed to flow at the inlet of the source
chamber which push the thermally evaporated atom va-
pour across the heat shield to the cooled tubular struc-
ture for nucleation and cluster growth. The cooled
atomic vapour along with the inert gas (in the present
case He) undergoes supersonic expansion as it comes
out of the nozzle leading to the formation of larger clus-
ters. A conical skimmer separating the source and the
deposition chambers helps to maintain the pressure gra-
dient between the two and also collimates the cluster
beam there by directing the beam to fall on the substrate
in the deposition chamber. A diffstack pump with a
pumping speed of 20001/s is used to evacuate the
source chamber. The deposition and source chambers
are evacuated and maintained at typical vacuum of
~1.33 x 107 mbar and =~ 1.33 x 10°® mbar respectively.
However, when the inert gas (He) flow is initiated, the
vacuum of the source chamber deteriorates to about
~1.33 x 107 mbar. The deposition chamber carries a
rotating substrate holder to mount the substrates that can
be used to prepare many samples without breaking the vac-
uum. A quartz crystal thickness monitor placed in the
deposition chamber measures the rate of cluster deposi-
tion and hence the thickness of the deposited film.
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Figure 1. Schematic diagram of the experimental set-up of low
energy cluster beam deposition technique. a, Top view; b, details of
cluster source.

In order to deduce the size distribution of the atomic
clusters produced by the cluster generator, it is essential
to mass analyse them using a TOF mass spectrometer.
However, the results reported in this paper are based on
mass-unanalysed antimony cluster deposited films. A
time of flight set up is under development for mass
analysis in future.

In order to produce cluster deposited films of anti-
mony (Sb), the cluster source and the nozzle in the
source chamber are aligned using a laser beam, with the
skimmer and the substrate in the deposition chamber.
The chemically pure antimony ingot is loaded in the
crucible and temperature is optimized at 650°C to
achieve a reasonable rate of deposition. Increasing the
crucible temperature higher than the optimized value
results in the loss of material due to quick evaporation
whereas at lower temperatures, enough vapour pressure
is not generated to achieve a reasonable rate of deposi-
tion. The other parameters crucial to the generation of
clusters and controlling their size are the pressure of
helium flow and the nozzle diameter. On decreasing the
size of the nozzle it is expected that the size of the
atomic cluster will increase because of the adiabatic
expansion and subsequent cooling of the vapour. Simi-
larly the helium flow pressure helps in thermalizing the
vapour, which in turn facilitates the nucleation and
growth of the cluster. At the same time the helium flow
also helps to direct the cluster beam through the nozzle
and the skimmer to the deposition chamber. For the Sb
deposition the nozzle diameter and the helium pressure
are optimized to 3 mm and 5 mbars respectively; which
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resulted in a steady deposition rate of 0.1 A/s; as de-
tected by the thickness monitor, while the Sb vapour got
deposited mostly on the inner side of the tantalum heat
shield, presumably due to the back flow caused by the
increased helium pressure. Antimony clusters thus gen-
erated were deposited on different substrates such as
glass, silicon and carbon-coated copper grid to facilitate
optical absorption, X-ray diffraction and TEM meas-
urements.

In order to see coalescence effect and its influence on
the structure and optical properties of Sb-cluster assem-
bled materials we have synthesized films of two differ-
ent thicknessess, i.e. 20 A and 100 A. The samples were
characterized using different tools.

As there are only a small number of atoms in a clus-
ter, presence of the smallest amount of impurity atoms
may influence its properties dramatically. Hence, to
determine the presence of any impurity in the Sb cluster
deposited films on the Si substrate, Proton Induced X-
ray Emission (PIXE) analysis was carried out using the
3.07 MeV proton beam from 3 MV pelletron accelerator
at IOP. The PIXE spectrum of the silicon substrate is
shown in Figure 2 a; while Figure 2 5 shows the spec-
trum of the 100 A thick Sb-cluster deposited film on the
Si substrate. Additional peaks corresponding to Sb were
detected as can be seen in Figure 2 5 when the sample
was bombarded with the proton beam for a larger period
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Figure 2. The PIXE spectrum of the silicon substrate {(a), and the
Sb-cluster deposited films on Si-substrate (b).
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Figure 3. Bright field images of Sb cluster films of thickness (a) 20 A and (5) 100 A.

Figure 2 a. On bombarding the sample with protons, all
the atoms in the sample get excited and emit their char-
acteristic X-rays which can be detected by a Si:Li detec-
tor. As a result, the PIXE measurement acquires a
sensitivity of detecting trace element impurities present
in a sample up to ppm level. Unfortunately the Si:Li
detector used in PIXE measurement cannot detect the
low Z (Z<11) elements (Z is the atomic number).
Hence, presence of low Z impurities such as O and C,
etc. in the deposit cannot be ruled out. Thus, while the
presence of Sb has been identified, no other foreign
impurities even at ppm level could be detected. Unpro-
tected Sb clusters are highly reactive and prone to oxi-
dation'” when exposed to ambient atmosphere. Hence,
the presence of Sb-oxide in the Sb-cluster deposited
films is expected which cannot be detected by PIXE. In
order to detect the presence of antimony oxides in the
film it is necessary to carry out X-ray diffraction and
transmission electron diffraction (TED) measurements.
The preliminary results of glancing angle diffraction
measurements indeed show the Sb oxidation, which is
being analysed at present. The bright field (BF) image
transmission electron micrograph (TEM) of 20 A thick
cluster deposited Sb film on carbon coated Cu grid is
shown in Figure 3 a. Presence of isolated nearly spheri-
cal particulates with scattered coagulation events are
clearly seen. The size of the crystalline (dark contrast)
particulates varies in the range from 16 to 45 nms, im-
plying a large size distribution. It can further be noted
that one end of the sample has a shaded or low opacity
feature indicating the deposition and growth of one
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layer on the other. Figure 3 5 shows the BF image of the
100 A thick cluster film deposited on carbon-coated Cu
grid. Interestingly the spherical isolated particle feature
is completely lost in some region of the film, giving
predominantly a coagulation feature having a large sur-
face coverage. Some regions of the sample are com-
pletely opaque, suggesting a more prominent
aggregation effect. However, the coagulated particles
are still isolated but not as much as in the case of 20 A
thick cluster deposited film. Such a feature suggests that
increasing the thickness of the deposited cluster film
increases the coagulation. The selected area electron
diffraction pattern of the 20 A film is shown in Figure
4 a and that for 100 A thick film is shown in Figure 4 b.
Characteristic hexagonal symmetry with single crystal-
line features are exhibited by the samples. However, the
streaking in Bragg spots as seen with 100 A sample
(Figure 4 b) is totally absent for the 20 A film, suggest-
ing the presence of one crystalline over the other and
more coagulation for 100 A film compared to that of the
20 A one. Apart from the Sb phase in the deposit, Sb,0;
phase is also detected both for 20 A and 100 A films.
However, the Sb,O; phases are found to be predominant
with 20 A compared to 100 A one. Our preliminary re-
sults of X-ray diffraction (XRD) analysis also indicate
the presence of both Sb and Sb,0; phases in the sample.
As we have transferred the samples in air, presence of
Sb-oxide in the Sb cluster films is expected.

The lattice spacing values calculated for the 100 A
cluster films are found to be comparable to those of the
bulk Sb whereas for that of the 20 A one the value is
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Figure 4. Selected area diffraction patterns of Sb cluster deposited
films of thickness («) 20 A and (b) 100 A.

slightly less. The wide diffraction rings as observed in
the diffraction pattern suggest that the crystallites are
small or amorphous. The size distribution of the
particulates in the TEM micrograph of the 100 A thick
Sb-cluster deposited film ranges from 22 to 70 nms
(Figure 3 b) suggesting the sizes to be larger for the
100 A thick film compared to the 20 A one. In fact, in
the thicker film large crystallites have grown at the ex-
pense of smaller ones.

Photoluminescence (PL) spectrum of the 100 A thick
Sb cluster deposited film taken at 300 K and excited by
the radiation of wavelength 411 nms from a Hg—Xe
lamp is shown in Figure 5. It shows two red shifted
bands around 814 and 893 nms and a blue shifted band
around 514 nm. The strong peak at 822 nms is the sec-
ond harmonic of the exciting radiation. Antimony in the
bulk form is a semimetal and is not expected to exhibit
photoluminescence. Therefore, the observation of peaks
in the photoluminescence spectrum of these cluster as-
sembled films stands testimony to the fact that on depo-
sition the Sb-clusters retain their characteristics and
thereby differ from a thin film produced by the standard
technique. The appearance of two red-shifted bands in
this cluster assembled film could be attributed to the
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Figure 5. The photoluminescence (PL) spectrum of the 100 A thick
Sb-cluster deposited film on a glass substrate.

trap states generated by off-stoichiometric Sb-oxides,
which are expected to be present because of surface
oxidation. The blue shifted peak may be attributed to
the HOMO-LUMO transition associated with the Sb
clusters. These conjectures can be confirmed by
performing XRD measurements, which can detect the
presence of oxides of antimony. These and other meas-
urements such as Raman scattering and X-ray photo-
electron spectroscopy have been performed and are
currently being analysed. This will be the subject matter
of a future publication.

A low energy cluster beam deposition facility has
been developed at Institute of Physics. The 100 A thick
Sb-cluster deposited films show more aggregation effect
compared to the 20 A Sb-cluster films. The TEM mi-
crographs and diffraction patterns show a size distribu-
tion and hexagonal symmetry with single crystalline
feature. The size of the clusters is found to be larger in
the 100 A thick film compared to that in the 20 A thick
sample.
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