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Abstract

Directional Solidification System (DSS) is the coomty used casting station in the solar
industry. In order to better understand the caspngcess, we use a commercial software
ProCAST, primarily used in casting process simafatio predict the temperature distributions.
As the software is based on first principles, inhdae adapted to simulate the transient
temperature field of the DSS station and the dad&tion process, including grain growth. The
focus of this paper will be the temperature disifitn, its corresponding solidification process
and grain structure. The simulation results willdeenpared with cast silicon ingots.

Introduction

Global solar photovoltaic (PV) market installatioesched a record high of 2,826 megawatts
(MW) in 2007, representing a growth of 62% over flrevious year. Meanwhile, production
reached a consolidated figure of 3,436 MW in 2Qg¥from 2,204 MW a year earlier [1]. More
than 90% of commercial PV modules are made frorstatyne silicon, with the majority share
of silicon grown as multi-crystalline ingots. Ditemal solidification of multi-crystalline silicon
is the industrial production technique with thegkst market share of solar silicon representing
approximately 60%.

The quality of crystal grown by directional soliddtion is largely determined by the thermal
field, which directly affects both the yield of gbailicon from an ingot and the solar cell
performance of resulting wafers. Because of thg loycle time and inability to directly observe
the inside of the furnaces, numerical simulatiors véeveloped as a powerful tool to help
understand the temperature distribution insidedtwvth furnace and to optimize the casting
process.

In the past decades, several successful efforts made in the simulation of silicon growth.
More attention was recently gained in this area tuthe fast development of the industry. A
German group demonstrated the simulation of diffetgpes of silicon growth for PV from
temperature, impurity segregation, dislocation dgn@nd grain structure [2, 3]. Wu et al.
compared two major types of casting stations, DESHEM, from the aspects of thermal field,
crystal quality and shear stress [4]. The relativevement of various parts of furnace was
considered in a global 3D time-dependent numesgalulation by Delannoy et al. [5]. The
effects of melt convection on temperature distidoutand growth front interface shape have also
been studied [6, 7]. Liu et al. developed a trarntsewde with a global model for the casting
process, and carried out calculations of conceatratf different impurities in a multi-crystalline
silicon ingot [8, 9]. Besides temperature, stras$ dislocation generation were investigated also



by simulations [3, 10, 11]. Grain structure dirgalletermines the electrical performance of the
cell. Some references reported the simulationsrydtallization and grain structure of silicon
ribbons and cast ingots [2, 12]. However, this ysial method is still far from being used in
practical applications [2].

In this paper, a commercial software, ProCAST, jtedthe transient 3D temperature
distributions of a directional solidification casilicon ingot during the solidification process.
The relative movement of different parts in thenAge will be considered. Based on the
temperature results, solidification fraction, cajtation and grain structure will be simulated
and compared with grown silicon.

Growth Process and Software

The Directional Solidification System (DSS) statioranufactured by GT Solar is widely
used for manufacturing Silicon PV ingots. Heatisa&cted through the bottom of the crucible in
order to initiate solidification. Therefore, theystal-liquid interface moves upwards from the
bottom of the crucible. By adjusting the relativesiion of the crucible and insulation along
with varying the heater power, the temperature igracand growth rate are carefully controlled
to favor the growth of a high quality crystal stwe. Generally, the goal is to obtain vertically
aligned grains which indicate good directional gitowrhis nearly unidirectional grain growth
will avoid high thermal stress and reduce the dmfion density in the multi-crystalline ingot
[2]. Dislocations will act as a recombination cerdad affect the electrical performance of solar
cell. One of the other advantages of directionétigiwation is that the metal impurities will be
pushed away from the crystal due to their smaltesgafion coefficients. Therefore, the majority
of the silicon ingot will have a quality suitablerfa solar cell. The density of solid silicon is
about 10% less than its liquid, which means thatwblume of silicon will expand about 10%
during growth. The directional solidification alpoovides the space for this expansion.

A schematic of a DSS station with opened insulaisoshown in Figure 1. After the crucible
with silicon charge is loaded in the station, thsuiation is closed. The entire system is heated
until the silicon charge is completely melted. hitiate silicon growth, the side insulation is
moved up while all the other components remainiataty. The heat exchange block will
therefore lose heat to the cold environment prilpdoy radiation. This causes high heat
extraction from the bottom of crucible, initiatimgicleation. The insulation remains open during
the growth process, then is closed for annealing.
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Figure 1. Schematic of DSS station with open irtsaha



The commercial software ProCAST was chosen to sitauthe 3D transient casting process
and corresponding grain growth. While ProCAST ipidglly used for metal shape casting
processes, the first-principles approach to thewuarphysics solvers and flexibility in user input
allows the DSS process and silicon ingot solidifara with crystal growth to be accurately
simulated.

The simulation begins with a “macroscopic” finitéerment simulation of the thermal
transients during solidification based on the ctiods of the process. Included in this
calculation are both true view factor radiationeeté as well as moving volumes for the raising
of the insulation. The radiation view factors amgdated with the movement to provide the
directional solidification intended in the process, well as to maintain high accuracy in the
solution.

These temperatures and fractions solid are thesfeaed to the CAFE solver to determine
the “microscopic” nucleation and crystal growth.iSSHCAFE” method, or Cellular Automaton
Finite Element method, efficiently bridges the dgagtween micro- and macro-scopic level
results, providing simulations of the crystallingusture formation of a given solidifying
material. Users can view the crystal orientationgleation sites, crystal boundaries and growth
with the benefit of understanding and estimatirgdbality of the resultant casting.

CAFE essentially uses Finite Element (FE) analgsishe macroscopic analysis method, in
order to generate thermal, fluid, stress or otieictal transients. Overlaid in the FE space is also
an orthogonal grid of cubic cells, which are of imenaller size than the finite elements. The
temperatures are then mapped from the FE nodesAtadlls, and, over time, produce the
simulated grain formation calculated by the CAgellhe interaction of FE nodes and CA cells
is not limited to a simple mapping of temperatustdry. A “fully” coupled interaction provides
FE temperature and CA latent heat release couplirach thermal calculation iteration during
the given time step. A “weakly” coupled interactics performed once per step. Finally, an
“uncoupled” mode is provided which creates the terapure history independently from the CA
grain nucleation and growth. The “fully coupled&thod provides highest accuracy; while the
“uncoupled” mode provides fastest solve time.

The nucleation evolution is controlled by a sim@@aussian distribution based on the
undercooling in the liquid, as developed by Oldfi¢br continuous nucleation distribution,
where the grain density increase is induced byramease in the undercooling. A grain of
random orientation is positioned at the nucleasio®, and is now ready to grow [13, 14].

Growth kinetics may be described in a few differeréthods, which are all based on the
advancement of the solidification front. The mogglically used is a simple cubic polynomial,
where the coefficients can be adjusted based doraabn techniques. As the grain tips grow at
random orientations, they intersect and a graiaecsein is performed, where the tip that reaches
the intersection location first continues, andlte-arriving tip is terminated [14].

CAFE analysis is used in a wide variety of appiaa. Grain formation in single crystal
(SX) and directionally solidified (DS) castings pitie a microscopic level of insight into the
relationship between solidification conditions agrdin selection and growth. CAFE is widely
used in metal casting to simulate grain structares strains [13, 15, 16]. As computer hardware
continues to advance in processing speed and mestangge, it is possible that a grain-based
look at the casting process will be the standardhatke of processing, thereby providing an
extremely detailed and accurate analysis of thengaprocess.

While CAFE is mostly used in dendritic growth, ilaynbe adapted to the silicon casting
process. The primary silicon grain growth directian along the direction of maximum
temperature gradient, which is similar to dendrgiowth. Silicon growth preference is also
given slightly to the favored silicon lattice grdwdirections. With a higher temperature gradient,
dendritic growth is more dominant. This initialdirapplies the CAFE model on a silicon casting.
Additional work is needed to simulate silicon gra@rowth more accurately within the CAFE
system.



Ingot Solidification Process

As described previously, the casting process staits a crucible filled with silicon
“chunks” and heated to a temperature well abovesiliemn melting point. This process takes a
significant amount of time, and thus the interrahponents of the station are thoroughly heated
to a steady-state temperature and the silicon“moal” of nearly uniform temperature. This
heat-up process as been simulated and these stddytemperatures have been used as the
beginning temperatures for the solidification pamtbf the process.

During the solidification portion, the side insudet is raised to expose the heat exchange
block and bottom of the crucible to a “cold zoneThis cold zone extracts a large amount of
heat, and thus solidification is initiated from thettom of the crucible. At the beginning stages
of solidification, the side of the heat exchangeckland the crucible bottom corner will “see”
the cold zone directly, while the center part vigkke” the top of bottom insulation. As significant
time is required for the bottom insulation to |¢ssat to the cold environment, the bottom corner
of the crucible may be slightly colder than the teerpart. This will produce a “U-shaped”
isothermal line and solidification front. The temgire distribution and solidification fraction at
the early growth stage shown in Figure 2 have ptdlkiese phenomena.
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Figure 2. (a) Temperature distribution, (b) frantaolid early in the growth process.

As seen in Figure 3, when the solidification is rapgmately at the mid-height of the “pool”,
the shape of isothermal line and growth front beeerassentially flat to slightly inverted, i.e.
convex. As the solidification continues, the tenapere of bottom insulation will decrease
significantly. The center of the heat exchange lblbas a large view factor with the bottom
insulation, thus the majority of heat extractiorl we from the center part of the heat exchange
block. The cooling of the silicon will mainly beofn the center of the solidified ingot via good
contact with the crucible and heat exchange bla&o, at a higher position of the silicon, it will
couple better with heater. These effects will m#ie silicon next to the crucible wall slightly
warmer than the internal silicon.
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Figure 3. (a) Temperature distribution, (b) frantsolid approximately half-way through
solidification.

The final stages of solidification shows the fulvérsion, where the initially “U-shaped”
front has modified to an upside-down “U-shape” (Feg4). The final liquid pools reside in the
corner as the corner is the hottest spot in theosil“pool”. Due to the configuration of the
station, the corners of the crucible are exposd@etosides of the heater. Therefore, this hottest
spot will be the location of last solidification.
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Figure 4. (a) Temperature distribution, (b) fraoteolid at final moments of solidification.

Since the center part will be solidified earlieantithe corners, the remaining silicon melt will
be pushed to the corner. As previously noted,ailiexhibits expansion during solidification.
When the corners solidify, there is not much sptcexpand and must accommodate the
majority of late expansion. For this reason, theecs will show obvious signs of expansion and
be higher than the center of the ingot.

Figure 5 is a finished ingot grown from DSS stati&wen though the station is essentially
guarter-symmetric, the final ingot is not totallynsmetrical. This may be related to off center
loading and/or aging of different parts in furnat@e majority of the top ingot surface is flat;
however, the corners are raised. This effect canddeexplained by the simulation results.
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Figure 6. (a) Grain structure of a slab from a D&f®t, (b) enlarged image of slab corner.

To better compare the simulation results and growot, we can take a close look at the
grain structure of a cut slab from a DSS ingotwaian Figure 6. The majority of the grains are
straight and columnar, especially at the middlet pdrthe ingot. The isothermal lines in
simulation are flat in the middle when they areseldo the bottom (see Fig.2), which will result
in columnar growth. The grains at the bottom cararthe slab grow slightly inward, so does
the lower part of it next to the crucible. Thisicates that the crucible is slightly colder thaa th
middle of the silicon at the lower half (shown iilgR). At the top half of the slab, the grains
grow slightly outwards. This is the result of corveterface shape, which is also shown in the
simulation result Figure 4.

Ingot Crystal Nucleation and Grain Growth

CAFE simulation of grain growth is conducted basedthe temperature. Due to computer
limitations, a 5 cm window close to the side ofahgias selected as the scope of the calculation.
The simulation result of the cross section of gigtiicture is shown in Figure 7(b). The grain
size is small at the lower part of the slab. Whi&oas first nucleates, many nucleation sites are
produced. As the growth continues, fast growingngraake over. The slowly growing grains
will be terminated. The average grain size increa3éde simulation also well reflects the
temperature effects. We see corner grains growhtglignwards and grains grow slightly
outwards after about half way. If we put the cutsdéb (Fig. 7a) and simulation result next to
each other, we find that simulation result agreeb with reality.
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Figure 7. (a) Grain structure of the left half bétslab, (b) simulated grain structure of the
right half, (c) grain structure of the top of a Di&§ot, (d) simulated grain structure of ingot top.

On the top surface of the ingot, dendritic growdéim de observed next to the crucible wall,
shown in Figure 7(c). In the temperature and dodidtion results shown in Figure 4, one can see
that the silicon next to the crucible wall on thap tsurface solidifies relatively early. This
solidification may lead to growth inwards from tbeucible wall. It will be terminated by the
majority of columnar grains at the center of thgoin The grain simulation result (see Fig 7d)
also shows the nucleation next to the crucible walthe top surface. And the grain structure has
reasonable agreement with real grains.

Conclusion

The commercial software ProCAST predicted the teants3D temperature distributions of
the DSS cast silicon ingot. Based on the temperatesults, crystallization and grain structure
were simulated by the same software. Simulationlt®agreed well with grown silicon.

The simulation tool fosters an understanding ofghmwvth process and grain structure and
also provides an opportunity to “view” and compnethehe dynamics inside the furnace. From
here, the station configuration, growth process gurain quality may be optimized to produce
high quality high efficiency silicon solar cells.

Acknowledgements
The authors would like to recognize the US DOE $Adgram, as well as colleagues from
BP Solar, Jim Cliber, Doug Stark and Dan Heck hkpful discussion.

References
1. http://www.solarbuzz.com/Marketbuzz2008-intro.htm

2. 1. Steinbach et al., “Numerical simulations ®licon crystallization processes — examples
from ingot and ribbon casting3olar Energy Materials & Solar Cellg2 (2002) 59-68.



3. D. Franke et al., “Silicon ingot casting: praeeevelopment by numerical simulationSglar
Energy Materials & Solar Cell]§2 (2002) 83-92.

4. B. Wu et al., “Bulk multi-crystalline silicon gwth for photovoltaic (PV) application”,
Journal of Crystal Growth310(2008) 2178-2184.

5. Y. Delannoy, F. Barvinschi, and T. Duffar, “30rdmic mesh numerical model for multi-
crystalline silicon furnacesJournal of Crystal Growth303(2007) 170-174.

6. A.T. Kuliev, N.V. Durnev, and V.V. Kalaev, “Angis of 3D unsteady melt flow and
crystallization front geometry during a castinggess for silicon solar cellsJournal of Crystal
Growth, 303(2007) 236-240.

7. D. Vizman, J. Friedrich, and G. Mueller, “3D grdependent numerical study of the influence
of the melt flow on the interface shape in a siidngot casting processJournal of Crystal
Growth, 303(2007) 231-235.

8. L. Liu, S. Nakano, and K. Kakimoto, “Dynamic silation of temperature and iron
distributions in a casting process for crystallgiiecon solar cells with a global modelUpurnal
of Cristal Growth 292 (2006) 515.

9. L. Liu, S. Nakano, and K. Kakimoto, “Carbon centration and particle precipitation during
directional solidification of multi-crystalline stion for solar cell”, Journal of Crystal
Growth 310(2008) 2192-2197.

10. C. HaRler et al.,, “Low dislocation density nraltystalline silicon for photovoltaic
applications” Solid State Phenomen@y (1999) 447.

11. X.J. Chen et al.,, “Study on thermal stress imil@won ingot during a unidirectional
solidification process”Journal of Crystal Growthin press

12. M. Apel, D. Franke, and I. Steinbach, “Simuatof the crystallization of silicon ribbons on
substrate”Solar Energy Materials & Solar Cellg2 (2002) 201-208.

13. M. Rappaz, et al., “A Three-Dimensional Celtrdaitomaton-Finite Element Model for the
Prediction of Solidification Grain StructuredVletallurgical and Materials Transactions, 80
(1999), 3153-3165.

14. M. Rappaz, and C. Gandin, “Probabilistic Moaell of Microstructure Formation in
Solidification ProcessesActa Metallurgica Materialia41 (1993), 345-360.

15. M. Pietrzyk, L. Madej, and R. Kuziak, “Multigle finite element cellular automata
simulation of multi-step cold forging operationSteel Research Internation&8 (2007), 771-
776.

16. G. Guillemot, C.A. Gandin, and H. Combeau, “Miig of macrosegregation and
solidification grain structures with a coupled @&l Automaton-Finite Element model$I1J
International 46 (2006), 880-895.



