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Abstract

We have explored various gas phase processes for the fabrication of nanometersized Si and SiO, particles and mea-
sured their structural properties (agglomeration, size, shape, crystallinity, surface roughness and internal structure) by
conventional and high resolution electron microscopy. Agglomerated amorphous Si particles, 10-30 nm in size, were
prepared by gas phase reactions including cluster growth processes in a low pressure silane plasma. Annealing at
900°C resulted in almost complete crystallisation of nearly spherical particles covered by an amorphous oxide shell. In-
ert gas arc evaporation of silicon yielded single crystalline, spherical Si particles, 4-16 nm in size, in which no defects
were detected. These particles, agglomerated into chains and tangles, are covered entirely by a thin amorphous oxide
layer. Thermal evaporation of solid SiO in an inert gas atmosphere produced agglomerated, nearly spherical amorphous
SiO, particles, 8-24 nm in size, with considerable surface roughness. Upon annealing at 900°C, the formation of 3—6 nm
sized Si crystallites in the interior of these particles was observed. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Nanometer sized silicon particles have interest-
ing optoelectronic properties resulting from size-
induced quantum confinement effects and the pres-
ence of Si—O bonds at the surface [1-4]. Besides
erosive surface techniques applied to compact Si
materials [5,6], there is growing interest in the fab-
rication of particulate silicon showing comparable
properties. By embedding in a passivating matrix,
these materials are designed to achieve stability
against affects of any ambient conditions. Methods
of synthesis applied range from co-sputtering of
silicon and silica [7-9] and ion implantation of sil-
icon into silica [10-12] to laser ablation [13,14] and
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gas phase evaporation of silicon [15-17]; as well as
plasma-assisted decomposition of silane [18-22].
Investigations of the structure, composition and
properties of such materials are directed at the for-
mation of nanometer sized Si crystallites during
synthesis and processing [7,9,11,17,22], to the for-
mation and variation of a silicon oxide surface lay-
er or matrix [14,16,18-20,22] and to the role and
nature of Si—O bonds in the particle/oxide inter-
face [8-10,12,17-20].

We have used plasma enhanced chemical va-
pour deposition (PECVD) and inert gas aggrega-
tion by an arc evaporator to prepare Si particles
and also thermal evaporation of solid SiO in an in-
ert gas atmosphere to produce SiO, particles. The
latter method is aimed at combining the relative
ease of evaporating SiO with its tendency to
decompose into Si and SiO, at elevated tempera-
tures. Structural properties of the prepared
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particulate materials have been studied by conven-
tional and high resolution electron microscopy
(HREM), and compared with respect to their pos-
sibilities for the fabrication of Si-based materials
with interesting optoelectronic properties.

2. Experimental

A conventional capacitively coupled radio fre-
quency PECVD system [21,22] was used for de-
composition of semiconductor grade silane gas at
0.1 mbar pressure and 30 sccm flow rate at room
temperature. Si particles, collected from the reac-
tor, were annealed in forming gas (92% nitrogen
and 8% hydrogen) at 300-900°C. As-prepared
and annealed particles were dispersed in propanol
and transferred to carbon coated microgrids for
electron microscopy inspection.

Arc evaporation of silicon of 5N purity (Good-
fellow, Cambridge), in an Ar gas atmosphere of
about 2 mbar pressure, was achieved by indirectly
preheated Si electrodes powered with short pulses
of 60-100 A. Carbon coated microgrids were
placed at a distance of about 10 cm above the arc
evaporator to collect particles from the gas stream.

Solid SiO of 99% purity (Fluka, Buchs) was
evaporated from a resistively heated Ta boat at
nearly 1100°C in an Ar gas atmosphere at about
2 mbar pressure. The particles were collected on
carbon coated microgrids, as described above,
and were annealed subsequently in forming gas
at 900°C.

Structural measurements of the various particu-
lates was carried out using a conventional trans-
mission electron microscope (JEM  100C)
operating at 100 kV and a high resolution electron
microscope (JEM 4000EX) operating at 400 kV.
HREM images were recorded using optimal imag-
ing conditions (near Scherzer focus) and were sub-
jected to digital image processing for contrast
enhancement.

3. Results

By the plasma induced decomposition of silane
under the conditions explained elsewhere [23], Si

Fig. 1. Agglomerated Si particles deposited by PECVD.

particles of 10-30 nm size were obtained in an ag-
glomerated state, as shown in Fig. 1. In the interi-
or of these amorphous particles, ring-like contrast
features (shown in Fig. 2(a)) are observed upon
annealing. Fivefold twinned structures, as shown
in Fig. 2(b), appear at 700°C among the first crys-
talline regions. Almost complete crystallisation of
the particles was achieved by annealing at 900°C.
The interior of these particles, covered by an
amorphous oxide layer of about 1 nm thickness
as shown in Fig. 2(c), exhibits many lattice defects
such as stacking faults and twin boundaries.

Arc evaporation of silicon in an argon atmo-
sphere of about 2 mbar yielded spherical particles
of 4-16 nm in size that are agglomerated into
chain-like structures as shown in Fig. 3. The per-
fect single-crystalline nature of diamond cubic lat-
tice type of these particles is illustrated by the
HREM image shown in Fig. 4. The Si particles
are covered entirely by an amorphous oxide shell
of about 1 nm thickness by which they cohere
loosely.
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Fig. 3. Agglomerated Si particles deposited by inert gas arc
evaporation on carbon film containing holes.

Yet another synthesis route was explored when
solid SiO was evaporated in an argon atmosphere
of about 2 mbar. As shown in Fig. 5, agglomerat-
ed spherical particles, 8-24 nm in size, of amor-
phous SiO, were obtained under these conditions.
Although no phase separation was observed, chan-
ges in stoichiometry, possibly occuring during
evaporation and condensation, are designated by
the index ‘x’. After 4 h annealing in forming gas
at 900°C, Si crystallites, several nanometers in size,
were observed to grow inside these particles. These
crystallites are illustrated by the HREM image
shown in Fig. 6 where the crystallite is marked
by an arrow. Occasionally, the presence of lattice

Fig. 2. Amorphous and crystallised Si particles (PECVD) with
(a) circular contrast features in the interior (circle) and at the
surface (arrow) after 1 h at 300°C; (b) fivefold twinned structure
(circle) after 1 h at 700°C; and (c) amorphous oxide surface lay-
er (arrow) after 3.5 h at 800°C.
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Fig. 5. Agglomerated SiO, particles deposited by inert gas
evaporation of solid SiO on carbon film containing holes.

defects such as twin boundaries is observed in
these crystallites.

4. Discussion

Here we shall briefly discuss the structural
characteristics of the various particulate materials
and the relationship to the details of their forma-
tion. The structure and crystallisation behaviour
of the CVD synthesized particles obviously is af-
fected by Si clusters formed in the plasma [24].
This effect is indicated by ring-like contrast inho-
mogeneities of the amorphous particle as well as
by fivefold twinned structures with non-crystallo-
graphic symmetries that occur with the onset of
crystallisation. Image contrast calculations for
cluster models with inherent fivefold symmetries
[25] supports the above interpretation. The defect
structure of the nearly completely crystallised
particles is mainly caused by non-correlated
growth twinning events that are characteristic of
the solid phase crystallisation of silicon and ger-
manium [21,22].
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Fig. 6. Si crystallite (marked by arrow) formed within an amorphous SiO, particle after annealing for 4 h in forming gas.

The absence of any lattice defects such as twin
boundaries in the particles obtained by inert gas
arc evaporation, points to the formation and crys-
tallisation by rapid cooling of liquid droplets ho-
mogeneously condensed in a supersaturated
vapour. Obviously, the supersaturation achieved
by the arc plasma is high enough to enable such
processes without the additional cooling of the
Ar gas as required for thermal evaporation of sili-
con [26]. The amorphous oxide layer surrounding
the particles presumably result from small quanti-
ties of oxygen present in the residual gas during
formation and increases upon exposure to the am-
bient environment. The rough oxide surface fa-
vours agglomeration of the particles without
coalescence or sintering processes.

Inert gas evaporation of SiO proves to be an ef-
fective method for producing silicon oxide particu-
late materials. Annealing at 900°C does not alter
the size, shape and agglomeration of the particles.
Electron diffraction analysis, however, indicates
distinct changes in local composition and ordering
of the material before the appearance of the first Si

crystallites. The decomposition of SiO,, which ac-
cording to the random bond model [27], has a ran-
dom distribution of tetrahedrally coordinated Si-
(51,04-,) with 0<y <4, may be interpreted in
terms of a phase separation which leads to regions
of different composition of SiO, with 0 <x < 1
and 1 <« x <2, respectively. Solid phase crystalli-
zation taking place in silicon-rich regions at suffi-
cient size and temperature may result in the
formation of characteristic twin defects [21,22].

5. Conclusions

In a comparative study we have prepared nano-
meter sized Si particles surrounded by oxide phas-
es with various configurations. The results indicate
that gas phase processes are well suited to produce
Si particulates having the structural properties re-
quired for interesting optoelectronic properties. In
particular, by synthesis and processing of Si sub-
oxide particles, there is a potential for the fabrica-
tion of structured Si-based materials. Efforts are
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now in progress to pursue these routes in more de-
tail to optimize the properties of such materials.
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