Data-driven Cz-Si scale-up under conditions of partial similarity

Natasha Dropka!”, Xia Tang', Gagan Kumar Chappa' and Martin Holena?>
*e-mail: natascha.dropka@ikz-berlin.de

1 Leibniz Institut fiir Kristallziichtung (IKZ), Germany

2 Leibniz Institute for Catalysis, Germany

3 Institute of Computer Science, Czech Republic

Scale-up is a process of moving from small scale to commercial facilities, ensuring that the two
systems remain physically similar and that the small-scale results can then be transferred to the
large-scale without limitations. This can be achieved by applying a similitude principle [1],
which consists in keeping the dimensionless numbers characterizing the transport phenomena
constant during upscaling. These numbers or their combinations (e.g. 1/Re-Pr, 1/Re-Sc, Gr/Re?,
etc.) come from dimensionless form of governing conservation equations for the transport
phenomena taking place during crystal growth.

To achieve similitude between crystal growth processes on two scales, all criteria must be met:
geometric, kinematic, dynamic and thermal similarity. In complex processes such as Cz-Si
growth, the similarity rules are challenging as some conditions may be contradictory, material
properties may be difficult to find in real materials when model materials have been used before
at the small scale (e.g. salts vs. Si), different phenomena can be difficult to distinguish from
each other (e.g. melt flow generated by crystal rotation vs. by crucible rotation), geometry is
only similar to a certain extent (e.g. relative position, material properties, shape and aspect ratio
of heaters, heating shields and crucibles may vary). The following methodology is proposed in
[2-4] for examining the cases with partial similarity [2] in chemical engineering applications:
1) the processes are broken down into individual parts, which are then examined separately, ii)
certain similarity criteria are deliberately abandoned and the subsequent effects on the overall
process are checked, or ii1) characteristic variables are defined differently.

The aim of this study was to investigate the scale up under partial similarity conditions and the
consequences of such an approach using the Cz-Si growth as a case study. The Cz-Si was
chosen for its importance in modern electronics and high-performance photovoltaics where
upscaling ingot size with very high scale ratios is still a challenge. It is also a slow process, i.e.
it took 40 years to increase the Si crystal diameter from 1 inch to 12 inches.

The complex nonlinear relationship between the crystal growth process parameters, the set-up
geometry, the s/l interface shape, melt stream function and the thermal gradients in the melt and
crystal was derived using artificial neural networks (ANN). The ANN approach was chosen
due to its predictive accuracy and generalization ability as shown in [5]. The numeric training
datasets were generated by axisymmetric CFD simulations for the Si ingot sizes from 4 to 18
inches and the loads from 5 to 450 kg.
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