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ABSTRACT

Monocrystalline silicon nanoparticles with a mean diameter of between 30 and 40 nm have been
synthesised by hot wire thermal catalytic and spark pyrolysis at a pressure of 40 and 80 mbar
respectively. For the production a mixture of the precursor gases, silane and diborane or silane and
phosphine were used. While hot wire pyrolysis always results in multifaceted particles, those produced
by spark pyrolysis are spherical. Electrical resistance measurements of compressed powders showed
that boron doped silicon powders have a much higher conductivity than those doped with phosphorus.
TEM and XPS analysis reveals that the difference in electrical resistivity between boron an phosphorus
doped particles can be attributed to phosphorus dopants being located at the surface of the particles
where an oxide layer is also observed. In contrast, boron doped particles are far less oxidised and the
dopant atoms can be found in the core of the particle. The results demonstrate that hot wire and spark
pyrolysis offer a new simple route to the production of monocrystalline doped silicon nanoparticles
suitable for printed electrical devices.

INTRODUCTION

Silicon can be considered the semiconductor with the most useful properties for the manufacture
of electronic devices such as individual transistors, integrated circuits and solar cells. However, due to
the nature of the devices and their manufacturing processes, applications are generally limited to rigid
mounting without the option of flexibility. Recently, printed electronics, based on silicon nanoparticle
inks®, has emerged as a new route to electrical device production. The technology currently allows the
printing of silicon based devices on flexible media such as paper and polymers®. In these applications
the printed nanoparticle network must be able to act as an extrinsic semiconductor, thus requiring the
silicon nanoparticles to be doped and free of an oxide layer. Current bottom-up production processes
for silicon nanoparticles include chemical vapour synthesis by laser or plasma pyrolysis® and laser
ablation at low pressure (high vacuum). In an attempt to find new simple routes for the synthesis of
silicon nanoparticles , hot wire thermal catalytic pyrolysis (HWTCP)® ° and spark pyrolysis (SP) have
been applied. Whereas HWTCP is based on the well known technique of hot wire chemical vapour
deposition, spark pyrolysis has been utilized for the first time in the production of silicon nanoparticles.
In this process the spark can be defined as a sudden breakdown or ionisation of the precursor gas or
vapour, due to a high electric field between two electrodes. Free electrons and to a lesser extent ions,
form the current of charge carriers in the plasma of the spark’ resulting in a near instantaneous heat
source® reaching temperatures between 5000 °C and 22000 °C® in a few micro seconds. This high
temperature heat source rapidly dissociates the silane and dopant gases during the production of doped
silicon nanoparticles. Although electrically excited, spark pyrolysis has the most similarities with
pulsed laser pyrolysis of precursor gases, which also has short heating and rapid cooling cycles.

EXPERIMENTAL

A basic vacuum system, in which the pressure, precursor gas flow rate and either the filament
temperature or spark gap can be changed, was constructed to accommodate both HWTCP and SP
configurations. Two sets of nanopowders were produced by each method, at a precursor flow rate of 50
sccm, firstly with a mixture of diborane (B;Hs) and silane (SiH4) and secondly with a mixture of
phosphine (PH3) and silane. Dopant gases were administered at ratios of 0.01, 0.1 and 1%. The



production pressure for SP was 80 mbar and that of HWTCP 40 mbar. For all HWTCP synthesis
experiments the filament temperature was maintained at 1800°C. For SP synthesis the spark was
generated by continuously charging and discharging the high voltage power supply capacitor in a free
running mode yielding an approximate energy of 0.6 J at a frequency of about 10 Hz. This frequency
is determined by the breakdown voltage and power supply characteristics. Each production run of up to
20 minutes resulted in a layer of ochre to brown powder covering all internal surfaces of the reaction
chamber. The powder was harvested after opening to air and stored in glass bottles without any special
treatment.

The bulk crystallinity of the powders was investigated by x-ray powder diffraction (XRD), performed
with a Panalytical PW3040/60 E’Pert Pro diffractometer, operated with CuKo radiation with a
wavelength of 0.15406 nm. A JEOL JSM7500F analytical Field Emission scanning electron
microscope (SEM) and a Thermo Scientific UltraDry silicon drift detector were used to collect energy
dispersive x-ray spectroscopy (EDX) spectra at 5 keV, and the internal structure of the silicon
nanoparticles was investigated using a JEOL 2100 TEM at 200kV acceleration voltage. A Physical
Electronics Quantum 2000 x-ray photoelectron spectroscopy (XPS) system with monochromatic Al Ka
radiation was used to investigate the surface composition of the nanoparticles. Lastly, the electrical
characteristics of nanopowders were determined using a system specifically constructed for
that purpose. For each sample, about 20 mg of powder was loaded into a plastic cylinder of
8.85 mm internal diameter and compressed between two stainless steel rods which also
serve as the electrical contacts. The applied force was set with a calibrated load cell to 2.55
MPa and the change in separation of the pistons was measured by a micrometer. Current—
voltage (I-V) curves were measured in current sweeping mode using a Keithley 4200
semiconductor characterisation system at room temperature (23°C). A similar electrical
characterisation approach has been used by other groups on lead dioxide powders 1! and
metal powders 2. The conductivity of the compacted powders was determined from the
measured resistance by

O_:ﬁ, (1)

where h is the distance between the contacts, R the resistance, and A the cross sectional
area of the compressed powder.

RESULTS

From the narrow, well defined peaks in the X-ray powder diffraction patterns of the silicon
nanoparticles shown in figure 1, which do not show any contribution from an amorphous phase, the
crystalline nature of all powders, is evident. The sharp peaks at 28.5°, 47° and 56° correspond to the
(111), (220) and (311) crystal planes of crystalline silicon, and the three higher order peaks at 69°
(400), 76.5° (331) and 88° (422) are also clearly visible.
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Figure 1. XRD patterns of silicon nanopowders produced with 1% dopant gas concentration by
HWTCP (marked HW) and SP with diborane (marked B) and phosphine (marked P).

TEM studies clearly show that the nanoparticles are all monocrystalline irrespective of the production

method or dopant gas. However, the TEM images reveal that HWTCP particles are always
multifaceted (Fig 2a) and those produced by SP are always spherical (Fig 2b).

Figure 2. Example of silicon nanoparticles produced by (a) HWTCP (multifaceted) and (b) TCP
(spherical). The numbered insets represent different projected views of the same basic morphology
with a shape ranging from an octahedron to a truncated octahedron®.



The mean diameter of all particles irrespective of the production method, pressure or dopant gas
concentration is below 50 nm, however a small fraction of nanoparticles with diameters up to 150 nm
is also present in these powders. At a higher TEM magnification a thin outer layer of a general
amorphous nature on particles produced with phosphine (figure 3a) is revealed. From the TEM studies
it was found that the thickness of this outer layer on the nanoparticles may be up to the equivalent of
3 of the (111) crystal planes, or about 0.6 nm, in the silicon nanoparticles produced at the highest
dopant levels. Particles produced with diborane generally have lattice planes that extend to the surface
(figure 3b) indicating the absence of disorder (amorphous shell).

Figure 3. Surface structure of nanoparticles produced by SP with (a) 0.01% phosphine, and (b) 0.1%
diborane. In both images the (111) crystal orientation is indicated.

Furthermore, by studying TEM images of all particles, it was observed that the amorphous surface
region generally increases in thickness with an increase in dopant gas concentration for both
phosphorus and boron doped silicon nanoparticles. The general composition of the powders was
determined by EDX, and as shown by the inset example in figure 4, the particles comprise mainly
silicon and oxygen with a small percentage of the dopant.
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Figure 4. EDX spectra of particles produced by SP at 80 mbar showing an increase of phosphorus in
the powder for an increase in phosphine concentration (from 0.01% to 0.1% and 1%) during

The increase in the intensity of the phosphorus peak (at about 2020 eV) shown in figure 4 indicates an
increase in phosphorus atoms present in the particles with an increase in phosphine concentration
during production (from 0.01 to 1%). The surface region of the nanoparticles was further investigated
by XPS. Of special interest is the determination of the silicon oxide. For this reason, the silicon 2p
peaks in the XPS spectrum at around 100 eV were analysed, after subtracting the background of the
spectra, using the iterative Shirley method™. This region of the spectrum contains information on all
silicon oxidation states. The contribution of the silicon sub-oxides was now determined by achieving a
best least squares fit (Figure 5) from fitting for all 5 peaks corresponding to the different oxidation

states of silicon™.

Figure 5. An example XPS spectrum of silicon nanoparticles showing the best least squares fit
achieved, with 5 Gaussian peaks at about: 99.0 eV (Si), 100.0 eV (Si**), 100.65 eV (Si**), 101.5 eV
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To estimate the shell thickness on the silicon nanoparticles attributable to SiO,, the ratio of the
integrated intensities of the XPS peaks corresponding to Si and SiO, was used. For Si 2p
photoelectrons the perpendicular escape depth in silicon is 2.11 nm. Using a maximum escape depth of
3.80 nm'®, an approximate depth of 1.9 nm in SiO, and 1.055 nm in silicon is probed by the XPS
measurement. These values were used to calculate the average thickness of the SiO, layer for all
particles, using the equation:

_ PSiOZ x Ry @)
Ry +1)
where y is the thickness of the SiO, layer, Psioz is the photoelectron escape depth in SiO; and Ry is

the ratio of the integrated intensities of the SiO, and silicon photoemission peaks. Using this method
the estimated SiO, layer thicknesses for the silicon powders were determined and are presented in
figure 6.
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Figure 6. The estimated SiO, layer thickness of all particles at different dopant gas concentrations.

The results confirm the TEM observations: for particles produced with high phosphorus doping levels
the fully oxidised silicon layer is up to 0.6 nm thick. Furthermore the SiO, content in the surface region
of all nanoparticles produced in the presence of both dopant gases increases with increasing dopant
concentration. The SiO; content in phosphorus doped particles is twice that of particles produced with
boron as dopant. To determine the concentration of dopant atoms in the surface region of the doped
silicon nanoparticles the boron 1s photoemission peak at about 188 eV*” as well as the phosphorus P-
O peak at 135 eV **% and the combined P 2p peak, at 131 eV 2> were analysed. The ratio of the
intensities of the boron peak and as the P-O bond, to the SiO, of all powders are shown in figure 7(a)
and 7(b) respectively.
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Figure 7. Comparison of dopant concentrations as a ratio of SiO; in all silicon nanopowders produced
with (a) diborane (b) phosphine.

With an increase in dopant gas concentration, the number of dopant atoms in the outer 2-3 nm (max
XPS probe depth) of nanoparticles decreases in the case of boron (figure 7a) and increases in the case
of phosphorus (figure 7b). This observation is made for powders of both production methods.

Finally, the resistivity of all silicon nano-powders was measured using the method described earlier.
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Figure 8. A comparison of the resistivity values of all powders produced by HWTCP and SP with
varying concentrations of phosphine and diborane.

The resistivity curves shown in figure 8 reveal that powders produced by HWTCP and SP with
diborane (marked as HW (B) and SP (B)) exhibit a decrease in resistivity with an increase in diborane
concentration. In contrast, powders produced with phosphine (marked as HW (P) and SP (P)) show an
increase in resistivity with an increase in phosphine concentration. Furthermore all powders produced
by SP show a higher resistivity compared to powders produced by HWTCP, at the equivalent dopant
concentrations.

DISCUSSION



Since the silicon nanoparticles produced in this study are ultimately intended for applications in printed
electronic devices, the electrical characteristics of the powders are important. Furthermore, the
resistivity will depend primarily on the composition of the particles, their doping
concentration, the packing density (compression)24, as well as the presence and thickness of
an oxide layer on the surface of particles.

While particles produced with boron exhibit electrical activity those produced with phosphorus show
an increase in resistivity with an increase in phosphine concentration. EDX analysis has indicated that
this increase cannot be ascribed to the failure to incorporate phosphorous (fig 4) but rather to the
increase in the thickness of a stoichiometric oxide layer on the surface of these particles (figure 6) with
an increase in dopant gas concentrations. Furthermore, the phosphorous atoms are located near the
particle surface. This is apparent from the substantial increase in P-O bonds (figure 7b) with the
increase in the oxide layer thickness of these particles. In particles doped with boron, the maximum
stoichiometric oxide detected at high dopant levels is below 0.3 nm (figure 6) and thus cannot be
considered an oxide layer. Nevertheless, an increase in SiO, content with increased diborane gas levels
is detected and corresponds to a decrease in the boron content in the surface region of these particles
(figure 7a), indicating that the boron atoms are located inside the nanoparticles. The availability of
charge carriers due to this successful doping is thus responsible for the decrease in resistivity with
increasing doping levels.

The Cabrera-Mott mechanism 2 offers a possible way of interpreting the thicker oxide layer observed
on particles produced with phosphine. A virgin silicon surface on a silicon nanoparticle will rapidly
form a thin native oxide layer when exposed to air. Electrons may now tunnel through the thin oxide
layer to the surface. Some oxygen atoms adsorbed on the surface will be ionized and acquire a negative
charge, to form an electric potential Vo, across the oxide layer. Assisted by Vo, oxygen ions diffuse
through the silicon oxide layer to oxidise the silicon underneath 3. From the model it can be deduced
that in the case of phosphorous doped silicon nanoparticles there is a higher concentration of free
electrons, induced by the phosphorus, especially if the phosphorus is primarily located at the surface.
This results in an increase in Vo, which boosts the transport of the oxygen ions through the silicon
oxide layer, resulting in a more efficient oxidation. In boron doping, the low electron concentration
reduces Vo, and thus boron doped nanoparticles are less efficiently oxidised *.

The difference in shape between silicon nanoparticles produced by HWTCP and SP is
directly linked to their respective synthesis temperatures and cooling rates While the short,
high temperature spark creates the conditions for rapid pyrolysis and rapid cooling of nanoparticles, the
HWTCP process is characterised by gradual cooling. Both processes are graphically depicted in
figure 9. Particles start to form in the supersaturated vapour, by homogeneous nucleation
to form liquid silicon droplets 26,27, To maintain a minimum surface energy, the droplets are
expected to be spherical at this stage. As the pressure in both processes is high, sufficient
precursor species collide with the nucleating particles, resulting in accelerated growth. The
difference in the shape of particles produced by SP and HWTCP originates from the
difference in the rate of cooling, between the processes.
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The high temperature spark, which lasts for approximately 100 ns, creates the conditions
for rapid pyrolysis and rapid cooling. Crystallisation of the spherical droplets start from a
crystal nucleation site on its edge and propagates through the crystal as a crystallisation
front 26 at the solid/liquid interface. The process results in spherical single crystal silicon
nanoparticles. Similar results have been reported for laser pyrolysis 27. 28 and plasma
synthesis with accelerated cooling 26.29.

Continuing with figure 9, in contrast to spark pyrolysis, the HWTCP process has a
continuous heat source, resulting in continuous pyrolysis and a moderate temperature
gradient around the filament. The relatively slow growth rate allows the liquid silicon
droplets to gradually cool as they move away from the filament. There is sufficient time and
energy for atoms to find energy favourable growth sites. The crystal planes of the
nanocrystals therefore start to grow laterally 30 to form faceted particles 3!. Furthermore,
species in the vapour have enough energy to find an energy favourable sight and contribute
to continued particle growth. Given ideal conditions an individual particle takes the shape
with the lowest total surface energy, a truncated octahedron 13. 32-35. However, the
temperature gradient around the filament creates differences in cooling gradients, which is
responsible for the different states of faceted shapes in particles produced by HWTCP as
shown in figure 2(a).

CONCLUSION

Monocrystalline doped silicon nanoparticles have been produced by hot wire thermal catalytic
pyrolysis and spark pyrolysis. The silicon nanoparticles are spherical when synthesised by SP and
faceted for HWTCP. While the successful boron doping of the nanoparticles is evident from the
decrease in resistivity with increasing dopant concentrations, the same does not apply to silicon
nanoparticles doped with phosphorous. The resistivity of phosphorus doped nanoparticles increases
with increasing phosphine concentration in the precursor gas. This effect is attributed to the formation
of a silicon oxide on the surface of these particles up to a thickness of 0.6 nm. Furthermore, the



phosphorus atoms are not incorporated in the core of the silicon nanoparticle but rather at the interface
to the oxide layer where they are electrically inactive. The shape of the nanoparticles is governed by
the synthesis temperature and cooling rate of the processes. The short-lived, high temperature and
cyclic spark process creates the conditions for rapid pyrolysis and rapid cooling, resulting in spherical
particles. In contrast the HWTCP process which has a gradual cooling profile results in the ordered
growth of faceted nanoparticles.
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