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ABSTRACT:

The influence of the argon flow rate on the melt convection pattern and precipitate formation has been investigated
by global, axisymmetric time-dependent simulations for varied argon flow rates and test crystallisations of G1 sized
ingots. The simulations include calculation for the global heat transfer, the gas/melt convection, the melt-crystal
interface determination, impurity transport and precipitation. The simulation results have been compared with
precipitate distribution and impurity profiles in the test ingots. The ingots were prepared in a laboratory VGF furnace
with a modified support crucible system. It can be shown that the argon flow rate has a significant impact on the melt
convection pattern and thus the impurity distribution in the solidified ingots. This determines the formation and
amount of SiC precipitations especially in the upper part of the ingots.
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1 INTRODUCTION

About 50 % of all solar cells are based on multi-
crystalline silicon (mc-Si) crystallised by directional
solidification. The electrical and mechanical properties of
mc-Si and therefore the solar cell performance are
dependent on the distribution of impurities. Carbon and
nitrogen are very important impurities with respect to the
crystallisation process and can have high concentration
levels in the Si melt up to the solubility limits. Sources
for carbon are predominantly the graphite parts in the
furnace such as graphite support crucible, heater and
insulation. Carbon can be incorporated into the Si melt in
form of carbon monoxide (CO) via the furnace
atmosphere during the crystallisation process. The main
source for nitrogen in the Si melt is the crucible coating.

If the carbon or nitrogen concentration in a melt
volume exceeds the solubility limit silicon carbide (SiC)
and silicon nitride (SisN4) precipitates can be formed,
respectively [1]. These precipitates can cause damages
and wire ruptures during the wire sawing process [2] or
shunts in the processed solar cell [3].

To reduce the incorporation of additional carbon
from the gas atmosphere into the silicon the melt surface
is flushed with argon. This argon flow has several effects.
Li et al. [4] showed that the argon flow rate has an impact
on convection pattern and temperature distribution
especially in the upper part of the silicon melt. Bellmann
et al. [5] investigated the effects of melt convection
pattern and melt-crystal interface shapes on the
segregation of impurities. They showed that the shape of
the interface influences the velocity distribution of the
melt in front of the interface and therefore affects the
impurity distribution in the solidified silicon.

In the presented paper the influence of the argon flow
rate on the melt convection and the formation of SiC
precipitates are investigated on the basis of numerical
simulation and experiments in a Vertical Gradient Freeze
(VGF) furnace.

2 EXPERIMENTAL AND SIMULATION DETAILS

2.1 Experiments

Three test ingots of the size G1 with 14 kg silicon
feedstock and the dimensions 220 x 220 x 130 mm® were
crystallised in a laboratory VGF furnace by directional
solidification. The Si was melted and solidified in an
industrial type quartz crucible, coated with silicon nitride
lining. The support crucible system consisted of
surrounding graphite plates and a graphite top cover and
had been modified compared to industrial like systems in
such a way that the thermal conductivities are different
over the height (Fig. 1). The crucible system was flushed
with argon for the whole process; the argon flow rate for
the solidification process itself was varied for the three
ingots with 2 sim, 6 sIm and 10 sIm. All other parameters
(e.g. the thermal process) remained the same.

After crystallisation the edge parts of two opposing
sides were cut and the cross section surfaces
mechanically polished for further investigation. The
ingots were inspected for inclusion and precipitate
distribution by Infrared transmission. A 2 mm thick slice
adjacent the investigated cross section was prepared for
measurements of substitutional Carbon (Cy) and
interstitial Oxygen (O;) via the Fourier transformed
Infrared measurement technique (FTIR).

2.2 Simulation

Time-dependent 2D simulations of the solidification
processes in the furnace were made with the software
BasicCGSim (STR GmbH). The axisymmetric simula-
tions describe the crystallisation processes for varied
argon flow rates (2 slm, 6 sim and 10 slm) and include
the calculation of heat transfer, gas/melt convection,
melt-crystal interface shape determination, species
transport and formation of SiC and SizN, precipitates.

The mathematical model of heat transfer, convection
and chemistry are implemented in the software and
described in [6].
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Figure 1: Schematic half cross section of the crucible
system including quartz crucible with silicon and
modified support crucible for the simulated processes.

3 RESULTS

3.1 Melt convection patterns

The simulations show a concave interface shape at
the beginning of the crystallisation. For 2 sim and 6 slm
argon flow rate two melt convection vortices occur
(Fig. 2). The upper one transports silicon melt from the
surface downwards into the melt volume at the crucible
centre and upwards at the crucible wall. In contrast, the
Si melt within in the region of the lower vortex goes up
in the centre and down at the crucible wall. For 10 slm
argon a small third vortex appears near the melt surface
in the crucible centre. The melt flow direction here is
determined by the argon stream driving the Si melt along
the surface for a short distance before hitting the upper
large vortex. No significant differences of the velocity
distribution due to the different argon flow rates can be
observed at this stage (Fig. 2).
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Figure 2: Simulated velocity distribution and convection
pattern in silicon melt for 2 sim (top left), 6 sim (top
right) and 10slm (bottom) argon flow rate at early
crystallisation stage.

With advancing crystallisation the melt convection
patterns show greater differences (Fig. 3). With approx.
50 mm solidified there are still two vortices with 2 sIm
argon. With 6 slm argon a small third vortex develops at
a centre position near the melt surface. With 10 sim argon
this small third vortex and the lower vortex merge to a
big one.
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Figure 3: Simulated velocity distribution and convection
pattern in silicon melt for 2 slm (top left), 6 slm (top
right) and 10 sIm (bottom) argon flow rate with approx.
50 mm solidified.

This process "development of third vortex and fusion
with lower vortex" occurs for 2 sim and 6 slm at different
and later crystallisation times: For 2 slm this happens
when approx. 85 mm of the ingot has been solidified, for
6 slm at approx. 60 mm ingot solidified.

At approx. three quarter solidified fraction the
previously lower vortex has almost completely replaced
the previously upper vortex. Only a very small residual
vortex can be observed near the crucible wall for all three
argon flow rates (Fig. 4). From this solidification height
on the velocity distribution is clearly influenced by the
argon flow rate. For 10 sIm the velocity distribution is
significantly higher at the melt surface than for 2 sim and
6 slm.
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Figure 4: Simulated velocity distribution and convection
pattern in silicon melt for 2 slm (top left), 6 slm (top
right) and 10 sIm (bottom) argon flow rate with approx.
100 mm solidified.

3.2 Impurity distribution

The three test ingots show SiC and SisN, precipitates
starting from median height of the ingot (Fig.5). The
quantity of precipitates decreases with increasing argon
flow rates. With 2 slm argon the whole upper half of the
ingot depict precipitates, with 6 sim argon there are less
precipitate rich areas and with 10 slm argon only an
approx. 1.5 cm wide belt of precipitates can be observed.
The close up shown in the lower right part of Fig.5
indicates that both needle-like SizN, and more blocky
SiC precipitates occur.
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Figure 5: IR images of the three test ingots. Top left
2 slm, bottom left 6 slm, top right 10 sim and bottom
right close up of some precipitates (the absolute ingot
height in mm is shown on the left side of each image)

The FTIR measurements of substitutional carbon (Cs)
show much higher values for 2slm argon flow rate
(Fig. 6). The graph doesn't follow an exponential increase
as expected by the Scheil's progression. The values from
the ingot with 6 sIm are only slightly higher as those for
the ingot with 10 sIm.
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Figure 6: FTIR measurement of substitutional carbon
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The oxygen distribution over ingot height, measured
near the ingot centre, decreases with increasing argon
flow rate (Fig.7). This indicates an increasing SiO
transport away from the melt surface as expected for the
argon flushing.
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Figure 7: FTIR measurement of interstitial oxygen
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The simulated CO distribution directly above the
melt surface, averaged over the melt area, decreases with
increasing argon flow rate (Fig.8). With 2 slm argon
flushing the values are significantly higher than with
10 slm argon. For 6 slm, the CO concentration is only
slightly higher
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Figure 7: Simulated averaged carbon monoxide (CO)
distribution at the melt surface for 2, 6 and 10 slm.
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4 DISCUSSION

The simulations show that the flow rates of argon
have an impact on the melt convection patterns and
velocity distributions in the upper part of the melt volume
(see Fig. 1 to 3). With higher flow rates more vortices
develop at earlier solidification points. The influence of
the argon flow rate increases with advancing
solidification. The variations in convection pattern lead to
a different mixing behaviour of the melt and hence to a
different distribution pattern of impurities.

The CO distributions over the melt surface (Fig. 7)
imply that with higher argon flow rates the flushing of
the melt surface is more effective due to higher velocities
and amounts of argon. Therefore fewer carbon monoxide
is incorporated into the melt over the melt surface with
higher argon flow rates. The little differences in the CO
distribution as well as in the FTIR measurements (Fig. 6)
between 6slm and 10sIm indicate that there is an
optimum flow rate between these values in terms of
flushing and transport of CO to the melt surface from the
graphite parts in the furnace.

The IR images (Fig.5) show different amounts of
precipitates. Analysis of the close up image imply that
the precipitates in these regions are dominated by SisN,4
in the lower part and by SiC in the upper part of the
precipitate rich areas in the ingot. The formation of the
precipitates starts at different solidification points for
different argon flow rates. With 10slm the main
formation starts when approx. 50 mm are solidified. This
correlates with the changes in the melt convection pattern
which take place later in the process for 6 sim and 2 sIm
argon flow rate.

5 CONCLUSIONS

The numerical simulations show that the flushing
effect on the melt surface increases with higher argon
flow rates. It can be concluded that higher argon flow
rates can help to reduce the incorporation of carbon via
CO from the furnace atmosphere into the melt.

The argon flow rate also influences the melt
convection pattern and the velocity distribution in the
upper melt volume part. The changes in melt pattern are
also dependent of the furnace geometry respectively the
support crucible setup.

It can be concluded that higher argon flow rates can
reduce or avoid the formation of SiC precipitates.
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