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In this study, a numerical analysis method was used to simulate the solidification growth
process of polysilicon ingots in a DSS450 prototype directional solidification crystal growth
furnace produced by GT Advanced Technology. Finite element modeling was carried out using
the finite volume method, which is contained in the commercial software package ANSYS
Fluent. In the simulation, many actual parameters during production, including those of the heat
transfer model, flow field model, and thermal radiation, should be employed in addition to the
opening angle of the argon inlet channel. This opening angle was taken as the main parameter to
simulate the effect of different angles (20, 60, 140°) on the temperature variation at different
positions in a directional solidification crystal growth furnace. The settings of the simulation
parameters referred to the actual growth process of the polysilicon directional solidification
system. The temperature of each part in the crystal growth furnace was set at 1685 K, and the
temperature in the molten silicon crucible was set at 1750 K. Finally, the growth state of the
crystal silicon ingots was simulated in a transient manner, and the variation of the temperatures
of melting polysilicon ingots at different positions (points) was discussed on the basis of the
simulation results. The results show that for different opening angles of the argon inlet channel,
different temperature fields are obtained in the furnace body during the solidification and
growth processes of the crystal silicon ingots.

1. Introduction

Computational fluid dynamics (CFD) is a complete system for studying fluid flow problems,
which is a combination of traditional theoretical analysis methods and experimental
measurement methods.() CFD is an important technology in the field of fluid mechanics.(!-3)
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The CFD numerical solution mainly uses discrete principles to govern the relative equations (the
heat transfer model, flow field model, and thermal radiation) to predict flow fields and
computing flows. According to the discrete principle used, the CFD numerical solution can be
divided into three analysis techniques: the finite differential method (FDM), finite element
method (FEM), and finite volume method (FVM). The FVM is a discretization method that has
developed rapidly in recent years, and it is characterized by high computational efficiency. In
this study, the FVM was used in the main theoretical model for numerical and analytical control.
The simulation results show that for different opening angles of the argon inlet channel, different
temperature fields are obtained in the furnace body during the solidification and growth
processes of crystal silicon ingots.

Fluent is CFD software developed by the US company Fluent in 1983.® It is still one of the
world’s leading commercial CFD software and is an analysis software mainly based on the
FVM. In terms of mesh characteristics, when Fluent is used as the processing CFD software,
structured or unstructured meshes can be chosen by users. Fluent itself has a powerful post-
processing function, which can integrate and export large amounts of data. After processing, a
complete set of databases can be obtained, which is convenient for users processing the data for
further analyses. Fluent is mainly based on the C language, and users can also write their own
programs to modify the software according to their needs.

To obtain high-quality silicon ingots, many factors must be considered in the manufacturing
processes. The common ones are the thermal field, argon flow, and the control of the solid—
liquid interface and impurity concentration. Therefore, how to effectively improve the crystal
silicon growth process is a challenging problem for factories performing crystal growth.
Currently, crystalline silicon is the main internal component of solar cells, which can be divided
into single-crystalline silicon and polycrystalline silicon. Owing to their lower manufacturing
cost, solar cells processed using polycrystalline silicon have a market share of more than
50%.%:9) In 2009, Wacker Company of Germany used the block casting method to form
polycrystalline silicon ingots. Later, two different processing methods were developed for
growing polycrystalline silicon ingots using the casting method. For example, the Crystal
Systems Company in the US investigated the heat exchange method (HEM)(7) and the Solarex
crystallization method,®® which were based on the casting method. A popular method of
growing polycrystalline silicon ingots used in manufacturing is the directional solidification
method, because the growth of polycrystalline silicon ingots in a fixed direction can avoid the
growth of disordered grains. There are three main directional solidification methods, namely,
the casting method, the electromagnetic casting method, and the Bridgman method.®) By these
growth methods, a large volume of crystal silicon ingots can be produced at the same time,
thereby achieving a low cost, high productivity, and commercialization.

Teng et al. used the simulation software CGSim and the FVM to simulate the temperature
fields, oxygen impurities, carbon impurities, and so forth, in a directional solidification system
(DSS) furnace.(19 The simulation results showed that the convection in a molten silicon crucible
is mainly caused by buoyancy, and the shape of the convection changes with the growth process.
Therefore, the design of the thermal field in the furnace can be used to improve the strength of
convection. Gao et al. also used a simulation method to compare the distributions of oxygen and
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carbon concentrations for different argon flow rates and pressures in the silicon crystal growth
process for a DSS furnace.!) Dai et al('? and Li et al."® used ANSYS Fluent software to
simulate the solidification and growth processes of crystal silicon ingots. Their simulation
processes combined the parameters of turbulence, heat transfer, and phase change modules and
used the FVM for calculation. The simulation results showed that a flow of argon in combination
with a large flow rate during the solidification growth process results in a silicon crystal growth
process with a short duration. The control of the argon flow rate in the curing process avoids
over-convexity and an unstable solid—liquid interface shape at the center of the molten silicon
crucible and thus determines the shape of polysilicon ingots and improves their quality.

When the DSS is used to grow molten materials, many sensors need to be used to detect the
flow conditions of the growth materials. For example, an ultrasonic transducer can be attached
at the bottom wall of a fluid container to achieve acoustic coupling between the fluid and
sensors.(Y Sensor technology can also be used exploit the large difference in the electrical
resistivity of the solid and liquid phases to determine the growth rate V(f) and the current position
X(?) of the solidification front.!3) However, a simulation method can reduce fabrication costs,
including those of the materials and sensors, during the growth of high-quality silicon ingots.
Many factors affect the results of silicon ingot growth in a DSS furnace.(!%13) In this study, the
main factor is the opening angle of the argon inlet channel, which is set to 20, 60, and 140°.
Other simulation factors, including the heat transfer, flow field, and thermal radiation, are
considered. First, the temperature of each part in the crystal growth furnace is set at 1685 K, and
the temperature in the molten silicon crucible is set at 1750 K. Then, the growth state of the
crystal silicon ingots is simulated in a transient manner, and the changes in the temperature
fields of the silicon ingots are discussed from the results.

2. Simulation Process and Parameters

There are five stages in the polycrystalline silicon solidification growth process: heating,
melting, growth, annealing, and cooling in sequence. In the melting process, because of the
relatively short distance between the crucible wall and the heater in the furnace, the temperature
in the ambient area of the molten silicon crucible is higher than that at the center. The molten
silicon in the crucible is disturbed by the convection caused by this phenomenon. Therefore,
producers must always pay attention to the melting conditions from the argon inlet channel to
check whether there is incompletely melted silicon material floating in the molten silicon
crucible. The turbulence generated by a flow of argon can indirectly remove the surface
impurities in the molten silicon crucible; thus, argon plays an important role in the growth of
polycrystalline silicon ingots. Therefore, the amount and shape of the flow and the turbulence
generated by the argon flowing over the surface of the molten silicon crucible are also key
factors affecting the performances of solar cells.

Figure 1 shows meshing graphs used to compare the number of elements and the maximum
skewness between the 2D and 3D models. For 2D and 3D models, the numbers of elements are
4 x 10* and 3.5 x 10° and the maximum skewnesses are 0.65 and 0.88, respectively. In this study,
a 2D geometric model is used for numerical analysis to reduce the total number of meshes and
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Fig. 1. (Color online) Comparison of mesh quality: (a) 2D model and (b) 3D model.

improve the mesh quality, which greatly reduce the time spent on numerical calculations.
Figures 2(a)-2(d) show the prototype furnace and furnaces with opening angles of the argon
inlet channel of 20, 60, and 140°, respectively.

The simulation process is roughly divided into three stages: pre-processing, numerical
calculation, and post-processing.1? After the design diagram was drawn and before the design
was meshed, the Design Modeler module in Workbench software was used to perform Boolean
operations on each area of the geometric model. Then, the specified area was used to perform
the union, difference, and intersection operations to obtain the actual working area. Finally, the
flow field was defined and the boundary conditions for the inlet, outlet, furnace wall, and
insulating cage wall of the crystal growth furnace were set. When the SIMPLE method is used,
a given predicted pressure must be set, then it can be used to calculate the various pressure and
velocity components from the original value. Because the predicted pressure is an assumed
value, the obtained velocity field may not satisfy the continuity equation. Therefore, it is
necessary to correct the predicted pressure value, and then the corrected pressure can be used to
obtain the new values of the pressure and velocity; these steps are repeated until the convergence
condition is reached. The actual temperatures at the simulation points of the DSS450 prototype
directional solidification crystal growth furnace shown in Fig. 3 were detected by using
thermocouples as sensors. The process to obtain the simulation results is as follows:

1. The predicted pressure is set.

2. The momentum equation is used to find a new value of the pressure.

3. The corrected pressure and velocity are obtained through the modified equation to solve the
boundary conditions.
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Fig. 2. (Color online) Models of (a) prototype furnace and furnaces with opening angles of the argon inlet channel
of (b) 20°, (c) 60°, and (d) 140°.
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Fig. 3. (Color online) Schematic diagram for the data extraction points of the furnace.
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4. The corrected pressure and velocity are incorporated into the momentum equation to find the
relationship between the pressure correction term and the velocity correction term, and the
values are incorporated into the modified equation to find the new velocity.

5. The new velocity is incorporated into the continuous equation to find the new pressure.

6. The new pressure and velocity are used to solve the governing equations.

7. The new pressure is used as the newly predicted pressure, and step 2 is repeated until the
convergence condition is met.

3. Simulation Results and Discussion

Figures 4(a) and 4(b) show temperature—time curves of the prototype furnace at points A, B,
and C and points A*, B*, and C*, respectively. These curves are the simulation results for the six
points in the molten silicon crucible, and the vertical distance between each data line is the
temperature difference between different points. When the spacing is larger, the axial
temperature gradient is larger, which can lead to the vertical upward growth of silicon grains.
Extraction point C is higher than points A and B, and the molten silicon at point C is closest to
the heater. Thus, the cooling rate at point C is the lowest, and about 36 h is required for the latent
heat to be completely released during the growth process at this point. Point A is the lowest
point, and the cooling rate is higher than that at other points; at this point, it takes about 0.6 h for
the latent heat to be completely released. The growth rate of silicon raw materials is highest at
the beginning of the process and gradually decreases after the middle stage. Because points A¥,
B*, and C* are closer to the wall in the molten silicon crucible than points A, B, and C, their
cooling rates are higher than points A, B, and C at the center of the molten silicon crucible.

Figure 5(a) shows the temperature difference between points A and C, which represents the
change in the axial temperature in the crucible. During the solidification process, in the 5th hour,
the molten silicon crucible at point A solidified into solid silicon. However, the temperature at
point C is still higher than 1685 K at this time, and the silicon is still liquid. This result is due to
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Fig. 4. (Color online) Temperature—time curves of the prototype furnace at (a) points A, B, and C and (b) points
A* B* and C*.
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Fig. 5. (Color online) (a) Axial temperature difference and (b) horizontal temperature differences of the prototype
furnace.

the fact that the heat transfer characteristics of solid silicon are better than those of liquid silicon
and the heat dissipation of the bottom silicon is faster. The temperature difference between the
two points before solidification at point C gradually increases, and the maximum temperature
difference is 39.41 K. The temperature difference gradually decreases after the solidification of
point C, which is around the 36th hour.

Figure 5(b) shows the changes in the horizontal temperature during the curing process. The
curves show the temperature differences between the points at the center (points A, B, and C)
and those on the wall (points A* B* and C*). As shown in Fig. 4(a), the change in the horizontal
temperature at the top is that the silicon at point C starts to solidify in the 36th hour owing to the
influence of the argon flow. However, point C* is closer to the heater than point C, and its
temperature is kept at 1685 K; thus, the temperature difference gradually increases. The change
in the horizontal temperature at an intermediate height is that the silicon at point B* solidifies
first in the Sth hour, then the silicon at point B solidifies in the 16th hour. The maximum
temperature difference between the two points is 16.05 K, and when the silicon at point B
solidifies, the horizontal temperature difference between points B and B* decreases. The change
in the horizontal temperature at the bottom is that the silicon at point A* solidifies instantaneously
in the early stage of silicon ingot growth, and the silicon at point A solidifies after 0.6 h. The
horizontal temperature difference gradually decreases after the 5th hour, and the maximum
temperature difference between the two points is 8.76 K in the 5th hour.

The smallest opening angle of the argon inlet channel of the crystal growth furnace in this
study is 20°, as shown in Fig. 2. When argon starts to pass over the molten silicon surface,
turbulence occurs on the surface due to the shrinkage and change of the used air inlet with
different angles, and the temperature field in the furnace is affected. The angle of the argon inlet
channel also affects the grain growth due to the change in the temperature field in the furnace,
which directly affects the solid—liquid interface of the crystal silicon ingots. In addition, the
turbulent argon lifts up impurities on the surface of the molten silicon and pumps them out of the
furnace through the argon outlet. Figures 6(a) and 6(b) show temperature—time curves of the
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(Color online) Temperature—time curves of the furnace with the opening angle of the argon inlet channel of
20° at (a) points A, B, and C and (b) points A*, B*, and C*.
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Fig. 7. (Color online) (a) Axial temperature difference and (b) horizontal temperature differences of the furnace

with the opening angle of the argon inlet channel of 20°.

simulated process in the furnace for an opening angle of the argon inlet channel of 20°
Figure 7(a) shows the temperature difference curve between points A and C, which represents
the change in the axial temperature. When the opening angle of the argon flow channel is 20°,
the maximum temperature difference between the extraction points A and C during the 5th hour
of the curing process is 36.35 K, which is 3.06 K lower than that of the prototype furnace. This
result demonstrates that the opening angle of the argon inlet channel affects the growth of silicon
ingots.

Figure 7(b) presents the changes in the horizontal temperature for the same furnace, which
are the temperature differences between the points at the center and the wall. A low horizontal
temperature difference can prevent the pre-growth of grains from the crucible wall. The
horizontal temperature change at the top is that the silicon at point C solidifies first in the 36th
hour due to the strong effect of the argon flow. Point C* is closer than point C to the heater in the
furnace, and the temperature there is maintained at 1685 K; thus, the temperature difference
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between points C and C* gradually increases. The change in the horizontal temperature at an
intermediate height is that the silicon at point B* solidifies first in the 5th hour, and the silicon at
point B solidifies after the 16th hour. The maximum temperature difference between the two
points for the furnace with the opening angle of the argon channel of 20° is 16.53 K, which is
0.48 K higher than that for the prototype furnace. The change in the horizontal temperature at
the bottom is that the silicon at point A* solidifies instantaneously in the early stage of growth,
whereas the silicon at point A solidifies after 0.6 h. The horizontal temperature difference here
gradually decreases after 5 h, at which the maximum temperature difference between the two
points is 10.73 K, which is 1.96 K higher than that of the prototype furnace.

Figure 8 presents the temperature—time curves of the simulated process for the different
positions for the molten silicon crucible with the opening angle of the argon inlet channel of 60°.
Figure 9(a) shows the temperature difference curve between points A and C, which represents
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Fig. 8.  (Color online) Temperature—time curves of the furnace with the opening angle of the argon inlet channel of
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with the opening angle of the argon inlet channel of 60°.
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the axial temperature change. The maximum temperature difference between the data extracted
from points A and C is 37.3 K and occurs after 5 h, which is 2.1 K less than that for the prototype
furnace.

Figure 9(b) shows the horizontal temperature change curves during the curing process. The
horizontal temperature change at the top is that the silicon at point C solidifies first in the 36th
hour due to the effect of the argon flow. Point C* is closer than point C to the heater, and the
temperature there is maintained at 1685 K; therefore, the temperature difference gradually
increases. The change of the intermediate horizontal temperature is that the silicon at point B*
solidifies first in the 5th hour, and the silicon at point B solidifies after the 16th hour. The
maximum temperature difference between these two points is 14.62 K, which is 1.42 K less than
that for the prototype furnace. These results suggest that when the silicon at point B solidifies,
the horizontal temperature difference decreases. The horizontal temperature change at the
bottom is that the silicon at point A* solidifies instantaneously in the early stage of silicon ingot
growth, and the silicon at point A solidifies at 0.6 h. The maximum temperature difference
between the two points is 10.73 K in the 5th hour, an increase of 1.96 K compared with that for
the prototype furnace, after which the temperature difference decreases.

The simulation results for the furnace with the opening angle of the argon inlet channel of
140° were also obtained. Figure 10(a) shows the temperature difference curve between points A
and C, which represents the variation of the axial temperature. For the furnace with the opening
angle of the argon inlet channel of 120°, the maximum temperature difference between points A
and C is 39.96 K, which occurred in the Sth hour of the curing process and is 0.55 K higher than
that for the prototype furnace. Figure 10(b) shows the differences in the horizontal temperature
during the curing process. The horizontal temperature change at the top is that the silicon at
point C solidifies first in the 36th hour due to the effect of the flow of argon. Point C* is closer
than point C to the heater, and the temperature there is maintained at 1685 K; thus, the
temperature difference gradually increases. The horizontal temperature change at the bottom is
that the silicon at point A* solidifies instantaneously in the early stage of silicon ingot growth,
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with the opening angle of the argon inlet channel of 120°.
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and the silicon at point A solidifies after 0.6 h. The maximum temperature difference between
the two points is 9.79 K in the 5th hour, which is 1.01 K higher than that for the prototype
furnace.

4. Conclusions

The simulation results have demonstrated that the opening angle of the argon inlet channel
affects the solidification and crystal growth of silicon ingots. An argon inlet channel with a
small opening angle in the early stage of growth of polycrystalline silicon ingots is conducive to
pushing out the impurities in the polycrystalline silicon ingots to the surroundings and improving
the purity of polycrystalline silicon ingots. After the middle stage of growth, the opening of the
argon flow channel can be enlarged, which is beneficial for the overall crystal growth of the
silicon ingots and reduces the processing time to reduce costs. In this study, when the furnace
had an opening angle of the argon inlet channel of 20°, it had the highest axial temperature
difference, which accelerates the growth of silicon crystal ingots. In the later stage, a furnace
with an opening angle of the argon inlet channel of 60° has the lowest radial temperature, which
can prevent the grains of the polycrystalline silicon ingots from growing out of the crucible wall.
The simulation process can be used to find the optimal opening angle of the argon inlet channel,
making it beneficial for actual production.
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