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Abstract

The edge-defined film-fed growth (EFG) process is used to grow silicon ribbons and
hollow cylinders as well as hollow polygons of various geometries. In the case of the hollow
polygons growth, three-dimensional (3D) numerical analysis is extensively used because the
system of polygonal geometry cannot be adequately described in axisymmetric statement. The
paper presents a modelling concept consisting of electromagnetic, thermal and structural
simulations. Non-linear effects like temperature dependent material properties and heat
exchange conditions are taken into account by numerical coupling of different physics. An
extended parametric study includes a sensitivity analysis of one industrial polygonal EFG
system to all significant parameters like induction coil currents and their phase relations,
position of the coils and geometry of the growth system.

Introduction

Ribbon growth of silicon material by EFG technique meets the actual demands of
economical material consumption because it avoids significant material losses e.g. by sawing
of block material. SCHOTT-Solar produces closed shaped octagonal silicon tubes in induction
heated EFG furnaces. Many efforts were successfully done to improve the surface quality, to
reduce further the tube thickness and to increase the yield. A special characteristic of ribbon
growth is strongly nonlinear temperature profile along the tube length. This feature is closely
connected with thermal stresses, plastic deformation and it can cause undulation of the tube
faces. Horizontal temperature inhomogeneities additionally lead to different thickness of the
tube faces additionally. Further improvements are expected by specific manipulation of the
temperature fields. This requires a detailed understanding about how the several graphite
components are heated and how this influences the temperature field and the mechanical state
of the tube. Some questions can be handled by 2D simulations, which treat the tube and the
furnace as rotationally symmetric. However real geometry of the crystallization process has
strong impact on many issues of the temperature field and therefore requires 3D simulations
for detailed analysis. For this purpose we developed a coupled 3D simulation model of
induction heating and thermal field calculation in the EFG-system. We made measurements of
process parameters, simulated their influences to the product quality and showed up the
effects of the geometrical shapes of components. The calculated temperature profiles within
the tube can be coupled to the successive mechanical simulation of stresses, plastic strains and
deformations of the structure.
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1. EFG-Technology

One typical geometry of the EFG furnace and the growing process used at SCHOTT-
Solar are sketches in Fig. 1. Two inductors heat up the graphite susceptor, the crucible and the
other graphite components as well as the conductive silicon melt. But only the parts near the
inductors are heated with high intensity. The tubes are pulled from an integrated capillary die
filled with molten silicon. They grow with about 300 um thickness, 125 mm face width up to
7 m in length with a pulling speed of about 2 cm/min. The photograph of the tube slightly
reveals some undulation of the faces, which are caused by thermal stresses and has to be kept
small enough to be of no influence for subsequent treatments.
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Fig. 1. Growing silicon tube and sketch of the EFG furnace geometry
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Fig. 2: Structure of the analysis coupling

Numerical modelling of EFG system
requires organizing a non-linear coupled
electromagnetic-thermal-structural ~ analysis
because of complicated multi-physical nature
of the process. Taking into consideration
three-dimensional complicated design of EFG
installation, electromagnetic and thermal
models have been separated in development
and use at different institutions. The
electromagnetic analysis is carried out at the
Institute  for  Electrothermal  Processes,
University of Hanover, while the thermal and
mechanical calculations are concentrated at
ACCESS in Aachen.

Structure of the analysis coupling is
shown in Fig. 2. The eight fold symmetry of
the EFG process allows for confining our FE-
geometry to 1/16 part in case of
electromagnetic simulation which uses the
commercial program package ANSYS and to
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1/8 part for temperature simulation which is performed using the program CASTS developed
and used for many years at ACCESS. Electromagnetic model includes all conductive units of
the system (see Fig. 3) as well as air among and around them.
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Fig. 3. Solid model for electromagnetic FE-simulation (shown without air)

Two induction coils with magnetic
concentrators generate high frequency
electromagnetic field, which induces eddy currents
in the susceptor, the crucible, all units of the
afterheater and silicon. One example of predicted
Joule heat distribution in EFG system is shown in
Fig. 4. The distribution 1is significantly not
rotationally symmetrical and this fact has to be taken
into account in thermal analysis. Balance of the
induced power is presented in Fig. 5. Joule heat is
mainly generated in the susceptor, crucible seal and
lower ANAB ring. Other units of the system are
heated by heat flow.

Different numerical meshes are applied in
different analysis, because the sensitive regions and

Fig. 4. Example for Joule heat the requirements are not the same in both
distribution from electromagnetic calculations. Automatic interpolation has been
calculation organized inside the data transfer modules in each

model. The temperature distribution is reached by an
iterative scheme. The electromagnetic field is calculated using temperature dependent
electrical conductivity. Needed temperatures are transferred from the thermal simulation to the
electromagnetic FE-analysis to correct the properties. The calculated Joule heat is then
transferred back to the thermal analysis and the second iteration of temperature field starts.
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Because the conductivity is slightly temperature dependent in the process temperature range,
two or three iterations are usually sufficient.
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Fig. 5. Induced power balance in the EFG-System

The thermal simulation considers heat conduction and heat transfer between the
materials, the radiation, the latent heat, the water cooling and the continuous charging of
silicon. It involves all components of the furnace as well as liquid and solid silicon. The
region of high gradients in the vicinity of the die, the liquid-crystal interface and the lower
tube in Fig. 6 is meshed with high resolution. The right hand side shows the temperatures in
the crucible and the melt pool. The temperature results were validated by thermocouple
measurements on industrial installation at SCHOTT-Solar.
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Fig. 6. FE-mesh for the thermal simulation and a temperature distribution in the crucible and the
melt pool.

The calculated temperature profiles in the tube material can be transferred to the
successive simulation of stress and deformation, which is done using the commercial FE-
program ABAQUS. The tube is assumed to grow into the temperature profile while small
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material regions successively are added stress free at the interface position. Fig. 7 shows an
example of these simulations. Here the tube is treated purely elastic, but different creep
models can be considered as well. The undulation of the faces corresponds well with
experimental observations. Their magnitude depends on the temperature profile and of course
on the assumed material behavior.
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Fig. 7. Typical result of the mechanical simulations and a sketch of the simulation model
3. Influence of phase shift and current

The simulations revealed that the current values and the phase shift between two
inductor currents strongly influence on spatial distribution of Joule heat in the graphite
components. Therefore the currents and phases of all EFG furnaces, which were known to
have different yields, were experimentally determined and numerically simulated for these
different process parameters. Fig. 8 gives some results of this parameter study. The general
temperature profile along the tube is similar for all variations. But the plot of differences
between the profiles and a reference profile in the left hand side diagram point up the effect of
the phase shift. The temperatures are locally shifted by up to 40°C.
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Fig. 8. Influence of the phase shift between inductor currents on the temperature profiles along
the tube. Left hand side: differences of the profiles to a reference profile along the face center
line. Right hand side: differences between the tube edge and the tube face center with the phase
shift as a curve parameter.
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The diagram on the right hand side shows the effect of the phase shift on the temperature
difference between tube edge and tube face. The variations of these differences are connected
with the geometry of the components, especially the air gaps between the afterheater plates.

Conclusions

A 3D coupled electromagnetic-thermal-structural simulation model of the EFG-
process is established and can be used for analysis and further improvement of the process.
The studies on the phase shift between inductor currents served already to adjust the electric
process parameters at the various furnaces properly. The presented model was already
extended to a half geometry of the furnace to study global effects for instance of the electric
connections or global gradients of physical data within single components.
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