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Directional solidification (DS) is the most popular technique for massive production of mul-
ticrystalline silicon (mc-Si) in the solar industry. Constant improvement of the quality of silicon
ingot production remains a research focus. In this work, the temperature distribution, thermal
stresses, and melt–crystal (m/c) interface during the DS process with different pulling-down
rates were studied by transient numerical simulation and verified by experiment. The results
show that the thermal stresses and interface shape during crystal growth play an equally im-
portant role in the control of crystal quality, requiring an appropriate pulling-down rate to
achieve thermal conditions in the furnace that provide an ideal temperature field in the silicon
with lower thermal stresses and a suitable growth interface. Based on these results, an mc-Si
ingot grown at 10 lm/s in a pilot-scale DS process had a larger grain size, vertical columnar
structure, fewer defects, and a longer minority-carrier lifetime above 3 ls. This suggests that
improvement of the quality of mc-Si ingots for solar cells requires comprehensive consideration
of the effect of the thermal field conditions on the thermal stresses and grain orientation in the
solidification process.
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I. INTRODUCTION

BECAUSE of its low production cost and the
relatively higher conversion efficiency of the resulting
solar cells, multicrystalline silicon (mc-Si) has become
the main material in the photovoltaic market,[1,2] and
directional solidification (DS) technology has become
the main method for its large-scale production. Howev-
er, it is a well-known fact that DS-grown mc-Si contains
many defects, such as randomly oriented grain bound-
aries, impurities, and dislocations. These defects, espe-
cially the dislocations, limit the lifetime of minority
carriers and significantly affect solar cell performance.[3–6]

As a result, to obtain satisfactory crystal quality as well as

higher energy efficiency, one of the main tasks in mc-Si
ingot production is minimization of dislocations during
the DS process.[7–9]

The thermal stresses and melt–crystal (m/c) interface
shape of mc-Si in the DS process are important since
they affect the grain size and crystal growth direction of
the grown ingot. Both the thermal stresses and m/c
interface shape are primarily determined by the heat
transport in the furnace. Therefore, the thermal field
plays a very important role in the solidification process,
and its improved control by influencing the temperature
gradient in a beneficial way will improve the quality and
yield of mc-Si. Experimental results on mc-Si obtained
from the DS process have been widely and intensively
reported.[10–14] However, the generation of dislocations
is related to nonuniform thermal deformation, since the
thermal stresses are induced by the inhomogeneous
temperature distribution in a silicon ingot during
solidification. The value and distribution of thermal
stresses are difficult to obtain by measurement. Howev-
er, if the effective stress exceeds the critical resolved
shear stress (CRSS) of the material, dislocations will
easily exist in the crystal, resulting in increased grain
boundaries and grain refinement.[15–19] Similarly, the
macroscopic interface shape controls the direction of
crystal growth and also strongly influences the gen-
eration and propagation of defects during DS.[20]

Constant improvement of the quality of silicon ingots
during the DS process is our main task, including
minimization of defects and impurities, which requires
accurate information on the temperature and visible
solidification process of the growing ingot. Numerical
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simulation has now become a powerful tool to reveal
invisible processes, and many studies have been carried
out on the analysis and optimization of the solidification
process of crystalline silicon for solar cells.[21–27] Recently,
this has also been seen as an effective technique for
exploration of the stress or interface of mc-Si. Liu
et al.[28–30] performed numerical simulations and report-
ed several improvement measures for the DS furnace
based on the thermal field. They also obtained the thermal
stresses for different solidification durations, finding that
the thermal stresses could be reduced by using a longer
solidification time and a crucible with high thermal
expansion coefficient. Fang et al.[31] investigated the
influence of furnace design on the thermal stresses during
DS of mc-Si. The results implied that the dislocations in
the growing ingot can be reduced by optimizing the design
of the DS furnace, e.g., by decreasing the distance of
bottom insulation to the heat exchanger block, decreasing
the side insulation thickness, and increasing the top
insulation thickness. Chang[32] confirmed that the m/c
interface shape can be adjusted by changing the tem-
perature of the heaters.Miyazawa et al.[33–35] numerically
investigated the many factors influencing the interface
shape in theDS process, andDelannoy et al.[36] simulated
anmc-Si furnace using a three-dimensional (3D) dynamic
mesh and proposed some methods for control of the
interface, aiming to improve the crystal quality.

Although there have been some reports on studies of
the thermal stresses or m/c interface related to the
thermal field, the results of these reports are incomplete,
not considering all the factors influencing crystal
quality. In this work, a transient numerical model was
applied to simulate the DS process of mc-Si under
different pulling-down rates, and the evolution rules for
the stress field as well as the interface shape under
different thermal conditions were carefully researched.
At the same time, analysis of experimental results was
performed to evaluate the relationship between the
thermal stresses, interface shape, and dislocations, and
to improve the solidification technology and crystal
quality. We hope that these results will improve under-
standing of the reasons for low efficiency and enhance
the application of mc-Si materials in industry.

II. MODEL DESCRIPTION

An axisymmetric furnace is shown schematically in
Figure 1. The growth system consists of the silicon
feedstock, crucible, resistive heater, insulation shield,
water-cooled heat exchange block, and furnace walls.
The silicon feedstock is loaded into the crucible with
diameter of 0.13 m and height of 0.25 m, and heated to
melting by the resistive heater at 1750 K (1477 �C).
The heater is toroidal with diameter of 0.24 m,
wrapped by a thermal insulation layer with thickness
of 0.025 m. The inner chamber of the furnace is
divided into a hot zone in the upper part and a cold
zone in the lower part.

In the solidification process, the crucible is pulled
down from the hot zone to the cold zone and the change
of silicon material is shown in Figure 2. In general,

during the DS process, a suitable growth temperature
gradient is achieved by adjusting the heating power and
pulling the moving components (crucible and water-
cooled heat exchange block) downwards from the hot
zone into the cold zone at a constant rate. In some DS
furnaces, there are top and/or bottom heaters. Such
systems are more flexible for control of the interface
shape and facilitate reduction of the level of von Mises
stresses, leading to higher furnace cost and more
complex control of the growth process. In our case,
since the pulling-down rate is the easiest technical
parameter to adjust and control, we only investigated
the effect of the thermal field on the solidification
process and thermal stresses under different pulling-
down rates, so the heating temperature was fixed, and
we set a constant boundary temperature of 313 K
(40 �C) at the bottom of the heat exchanger to maintain
a consistent heat exchange cooling condition. The
reasonable assumptions in this model are as follows:
(1) The flow in the silicon melt is mainly natural
convection caused by density changes. Its maximum
velocity is not more than 0.04 m/s, and it has little effect
on the m/c interface and no dominant heat transfer
effect. Moreover, to facilitate convergence of the
simulations, the flow in the silicon melt was ignored;
(2) All radiative surfaces are diffuse-gray. In addition
the system is under vacuum (0.01 Pa), so the gas flow
effect in the furnace was ignored.
Based on the above discussion, the governing equa-

tions for conductive heat transfer in all components can
be described as follows:

qCp
@T

@t
¼ r � ðkrTÞ þQ; ½1�

where q, Cp, and T are the density, specific heat
capacity, and temperature, respectively. The parameter
k is the thermal conductivity, and Q is the heat source
term. The radiative heat exchanges between all gray
and diffuse surfaces in the furnace were calculated by
the following equations:

Fig. 1—Model configuration for the cross-sectional area of the verti-
cal furnace system.
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�~n � ð�krTÞ ¼ eðG� rT4Þ; ½2�

ð1� eÞG ¼ J� erT4; ½3�

where e is the emissivity, r is the blackbody radiation
constant, G is the irradiation, and J is the radiosity.
Since the relative position between the radiative surfaces
will change as solidification progresses, the changes of
the radiation angle factor between the radiative surfaces
was considered in the calculation of the radiative heat
transfers by the simulation software. It is very impor-
tant to accurately simulate the m/c interface for tran-
sient simulation of the DS process. As a result, the m/c
interface shape was obtained by a dynamic interface
tracking method, which included calculation of the
solidification latent heat. During the phase transition, a
mixture of both solid and molten material coexists in
the ‘‘mushy’’ zone. A Gaussian curve was defined to
represent the portion of phase change, given by

d ¼ exp½�ðT� TmÞ2=ðDTÞ2�
DT

ffiffiffi

p
p ; ½4�

where Tm is the melting point and DT denotes half of
the transition temperature span, which was set to
0.01 K (0.01 �C) in this case. The release of latent heat
was considered through the change in enthalpy, DH. In
addition, the specific heat capacity Cp also changes con-
siderably during the transition. To account for the
latent heat related to the phase transition, we replaced
Cp in the heat equation with (Cp+ dDH), where DH is
the latent heat of the transition. The change in specific
heat can be approximated as DCp = DH/T, being repre-
sented using the software’s built-in smoothed Heaviside
step function. Dynamic interface tracking was imple-
mented using the fraction of liquid phase B, given by

B¼
1; T>TmþDT
ðT�TmþDTÞ 2DTð Þ; Tm�DTð Þ�T� TmþDTð Þ
0; T<Tm�DT

8

<

:

½5�

The stress–strain relation for a thermoelastic solid
body can be given by the following formulation:
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In the above equation, ar, az, and ah are the thermal
expansion coefficients with ar = az = ah = 2.6 9
10�6 K�1, and Cij are the elastic coefficients of silicon
crystal. Silicon crystal has a cubic structure, and there
are only three elastic coefficients C11, C12, and C44. So,
all other coefficients can be expressed as C11 = C22 =
C33 and C12 = C13 = C23.

[32] Thermoelastic stress
analysis in the axisymmetric cylindrical coordinate
system can be performed by using a displacement-based
model,[37] and the magnitude of gravity in the crystal is
negligible compared with that of the thermal stresses, so
the axisymmetric elastic stresses are governed by the
following equilibrium equations:

1

r

@

@r
ðrrrÞ þ

@srz
@z
� rh

r
¼ 0; ½7�

1

r

@

@r
ðrsrzÞ þ

@rz

@z
¼ 0; ½8�

where rr, rz, and rh are the normal stresses in the radi-
al, axial, and azimuthal directions, respectively, and srz
is the shear stress. The strain–stress relationships are
required for closure of the model, and can be denoted
as

er ¼
@u

@r
; ez ¼

@v

@r
; eh ¼

u

r
; erz ¼

@u

@z
þ @v
@r
; ½9�

where u and m are the displacement components in the
radial and axial direction, respectively. The thermal
stress equations can be calculated associated with the

Fig. 2—Directional solidification of mc-Si in the vertical furnace.
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boundary conditions. The m/c interface can move
freely and was treated as a no-traction boundary,
~r �~n ¼ 0. The axisymmetric boundary condition
v = 0, ¶u/¶n = 0 was applied to the axial center. The
ingot/crucible wall interfaces were rigid boundaries,
and the displacements u and v on the interface were
set to zero, meaning that the crucible constraint is
strict. After calculation of the stress components, the
von Mises stress for an axisymmetric geometry can be
obtained as

rvon ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðrr � rzÞ2 þ ðrh � rrÞ2 þ ðrh � rzÞ2 þ 6s2rz
2

s

:

½10�

The calculation of the CRSS for silicon was as given
in References 38, 39], i.e., rcrss = [exp(10.55+10,147/
T)] 9 10�7. When rvon £ rcrss, the excess stress rex = 0;
while for rvon > rcrss, one has rex = rvon � rcrss. Based
on this calculation, rcrss is rather small compared with
rvon, so we use the von Mises stress directly to represent
the stress level during the solidification process. The
material thermophysical properties used in the current
simulation are listed in Table I. Some properties were
provided by manufacturers.

III. RESULTS AND DISCUSSION

Numerical solution of the transient simulation was
realized to analyze the DS process at different pulling-
down rates of 5, 10, and 15 lm/s using the commercial
software COMSOL Multiphysics 4.2a. Based on an
actual furnace, a 1:1 model was built to ensure that the
process was consistent with the actual situation. Due to
the nonlinear results combined with the moving grid in
this model, an adequate mesh had to be found and some
boundary meshes were refined several times. In addition,
to prove the validity of the model, we set several
temperature monitoring points in the model, corre-
sponding to thermocouple positions in our experimental
system. Comparing the temperatures at these points in
the numerical simulation with those obtained by ex-
periment, we found deviations in the range of ±5 K
(±5 �C). According to the simulation, the growth
conditions under different pulling-down rates of the
pilot-scale mc-Si ingots were investigated by analysis of
experimental results as well.

A. Thermal Stresses and Temperature Distribution for
Solidification Process

Comparing the simulation results, it was found that
the stress distributions and contour line shapes were
similar because the temperatures were also similar for
the three conditions. We took the stress distribution
characteristics at four different solid fractions of silicon
for the 5 lm/s condition to represent the other condi-
tions. As shown in Figure 3, it was found that stresses
occurred during the whole solidification process, and the
stress levels were higher in the peripheral and bottom

region than in the internal region at each time step;
along with solidification of the melt, the maximum
stresses gradually concentrated to the peripheral region,
i.e., adjacent to the crucible inner wall. The time
solution also revealed that the thermal stresses increased
as the melt solidified because the temperature difference
in the ingot increased. Figure 4 shows the stresses at
different solidification fractions of silicon under different
pulling-down rates. We can conclude that the maximum
stresses also increased as the pulling-down rate in-
creased; i.e., the maximum von Mises stress values were
larger for faster pulling-down rate (15 lm/s) and smaller
for slower pulling-down rate (5 lm/s).
Figure 5 shows the temperature distributions in the

vertical direction along the centerline of the silicon at
different solidification fractions. It was found that the
slope of the temperature distribution lines was smaller
with a slower pulling-down rate, and accordingly the
temperature difference on the centerline of the silicon
ingot defined as Td = Tmax � Tmin was relatively small-
er at different solid fractions, as shown by the accurate
results in Figure 6. After completion of solidification,
namely when the solidification fraction was 1.0, the
maximum temperature gradient in the silicon ingot was

Table I. Material Properties Used in the Simulation

Physical Property Value Unit

Silicon solid
Density 2,330 kg/m3

Thermal conductivity 75 W/mK
Specific heat 1,000 J/kgK
Latent heat 1,800 kJ/kg
Young’s modulus 170 GPa
Poisson’s ratio 0.28
Emissivity 0.5

Silicon melt
Density 2,520 kg/m3

Thermal conductivity 60 W/mK
Specific heat 890 J/kgK

Crucible
Density 1,710 kg/m3

Thermal conductivity 100 W/mK
Specific heat 1,800 J/kgK
Emissivity 0.8

Insulators
Density 200 kg/m3

Thermal conductivity 0.045 W/mK
Specific heat 500 J/kgK
Emissivity 0.2

Heater
Density 1,800 kg/m3

Thermal conductivity 100 W/mK
Specific heat 1,800 J/kgK
Emissivity 0.9

Chamber
Density 7,900 kg/m3

Thermal conductivity 15 W/mK
Specific heat 477 J/kgK
Emissivity 0.2

Cool water
Density 1,000 kg/m3

Thermal conductivity 60 W/mK
Specific heat 4,185 J/kgK
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about 5.4, 6.2, and 7.4 K/cm for 5, 10, and 15 lm/s,
respectively. In addition to the overall expansion stresses
caused by the constraint of the crucible walls, due to the
uneven temperature distribution inside the silicon ingot,
uneven expansion of adjacent parts of the crystal also
induced stresses by their mutual restraint; That is, when
the temperature changes unevenly, different parts of the
silicon ingot should expand to different degrees. Since
the silicon ingot is a continuum, its internal neighboring

particles will constrain each other from free expansion.
Thus, the larger the temperature differences within the
silicon ingot, the larger the temperature gradient, the
greater the differences between the expansion scales of
different parts within the silicon ingot, and accordingly
the greater the thermal stresses.[9] These results therefore
suggest that reducing the temperature difference in a
silicon ingot enables growth of high-quality silicon
ingots with low thermal stresses and few dislocations,

Fig. 3—Temperature (left part) and von Mises stress (right part) distributions in the silicon ingot during solidification process at different solid
fractions: (a) 0.25, (b) 0.5, (c) 0.75, and (d) 1.0.
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Fig. 4—Maximum von Mises stresses of silicon at different solidifica-
tion fractions under different pulling-down rates.

Fig. 5—Temperature distributions in the vertical direction along the centerline of the silicon at different solidification fractions: (a) 5 lm/s, (b)
10 lm/s, (c) 15 lm/s.

Fig. 6—Temperature differences of silicon at different solidification
fractions under different pulling-down rates.
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and a slow pulling-down rate should be selected to
produce the silicon ingot.

B. M/c Interface Shape and Crystal Growth Orientation

It is well known that a slightly convex and less varying
interface shape is favorable for the mc-Si DS process.
Such an interface can not only push away impurities
from the solidification front to the corner region of the
ingot, but also reduce parasitic nucleation from the
crucible wall and enable silicon crystals to grow in the
most central area of the crucible bottom to enlarge
consistently into columnar crystals. Figure 7 displays
the shapes of the m/c interface for solidification frac-

tions of 0.25, 0.5, and 0.75 under different pulling-down
rates. This will help us to determine the grain growth
orientation under different pulling-down rates and
further analyze the temperature field inside the furnace.
It was seen that the m/c interface was concave at the
beginning of solidification, and then gradually became
convex for the 5 lm/s pulling-down rate (Figure 7(a)).
Such an m/c interface would make the grain growth
direction change a lot, which is not conducive to the
formation of columnar crystals and may even cause
grain fracture under the effect of stresses, resulting in
grain refinement and increase of defects in the transitional
period of the interface. In the condition of 15 lm/s, the
m/c interface retained a slightly convex shape during the

Fig. 7—M/c interface shape for 0.25, 0.5, and 0.75 solidification fractions under different pulling-down rates: (a) 5 lm/s, (b) 10 lm/s,
(c) 15 lm/s.
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whole process, but as can be seen fromFigure 7(c), them/
c interface was more convex at the solidification fraction
of 0.25 than at 0.5. The m/c interface experienced a
change from convex to flat and again to convex, again
being unfavorable for grain growth. When the pulling-
down rate was 10 lm/s, the m/c interface was relatively
flat in the early stages of the process and then became
slightly convex gradually; the variation was smaller, as
was the curvature, as shown in Figure 7(b). Such a
slightly convex and steady interface shape would provide
conditions for grain enlargement and meets the crystal
morphology requirements for solar-grade (SoG)-Si.

Columnar grains are oriented approximately parallel
to the heat flux direction within the Si, or, in other
words, in the direction normal to the m/c interface. The
m/c interface shape will be identified approximately by
the shape of the Tm isotherm, which will be normal to
the heat flux lines at Tm and influenced by all transfer
into and out of the crucible, specifically being deter-
mined by the ratio of the lateral and bottom heat
dissipation of the crucible. In our case, the cooling
condition at the bottom of the crucible is fixed. So,
based on the shape of the m/c interface, we can analyze
the lateral heat dissipation of the crucible and the
temperature field inside the furnace under different
pulling-down rates. When the lateral heat dissipation is
greater than that at the bottom, the melt close to the
crucible wall can solidify faster, resulting in a concave
m/c interface. Because the increase of the heat transfer
area in unit time is smaller, the temperature of the cold
zone and the furnace inner wall would not increase
quickly enough when the crucible is pulled down from
the hot zone to the cold zone at a slower rate, leading to
a larger temperature difference between the crucible wall
and inner furnace wall and relatively larger lateral heat
dissipation at the beginning of solidification. As the
portion of the crucible in the cold zone increases to a
certain extent, the accumulated heat dissipation of the
crucible in the furnace becomes relatively higher for a
slower pulling-down rate, which will enhance the effect
of heating the cold zone. Thus, increasing the tem-
perature in the furnace leads to weakening of the lateral
heat dissipation of the crucible and the convexity of the
m/c interface. Therefore, determining the optimum
technological parameters associated with the thermal
characteristics is a key factor to control a high-quality Si
ingot manufacturing process.

C. Crystal Quality of the Silicon Ingots

Based on the simulation results, a vacuum DS furnace
was used to produce mc-Si at different pulling-down
rates of 5, 10, and 15 lm/s. To minimize the effects of
impurities on ingot casting, unified raw silicon materials
with purity of about 99.99 pct and high-purity graphite
crucibles with stable physical properties were used for
the experiment. Figure 8 shows the crystal morphology
in longitudinal cross-sections of the middle part of the
silicon ingots after being cut and cleaned, with the grain
growth directions marked by arrows. It was found that
the silicon ingot produced at pulling-down rate of
10 lm/s exhibited a more satisfactory crystal

morphology (Figure 8(b)). Its crystal grains grew larger
along the growth direction, and many fewer grains grew
from the sidewall, mainly due to the slightly convex and
more stable m/c interface (Figure 7(b)), yet there were
obvious cracks on the silicon surface near the crucible
wall (marked with black circles in Figure 8(b)), which
were possibly caused by high thermal stresses. By
contrast, the grains were refined at the beginning of
solidification and the crystal grew from the bottom to
top in a divergent shape for the 5 lm/s condition along
the direction normal to the m/c interface based on the
thermal field (Figure 7(a)), thus many fine grains grew
from the crucible bottom in the silicon ingots. In the
same way, it can also be noted that there were cracks in
the same place of the silicon ingot (marked with black
circles in Figure 8(a)). This may be an indicator that the
maximum stresses were concentrated in the upper
peripheral region of the silicon ingot, similar to the
results of the simulation shown in Figure 3. What can be
noticed firstly in Figure 8(c) is that the grains were
significantly refined over the whole cross-section, even if
there were no cracks in the silicon surface near the
crucible wall. The refined grains may be caused by the
pressing from greater thermal stresses and the unstable
interface, likely indicating that the temperature field
inside the furnace at this rate was no longer suitable for
crystal growth. These results suggest that the pulling-
down rate should be less than 15 lm/s for this furnace
type and conditions.
Silicon ingots were divided into six equal parts, from

bottom to top, and we took parts 2/6, 3/6, 4/6, and 5/6
of the ingot for measurements and statistical analysis.
The grain sizes at the different positions in the axial
direction are presented in Table II. The average grain
sizes for the three conditions increased gradually from
the bottom to the top of the silicon ingots, especially for
the conditions of 5 and 10 lm/s. In all three cases, from
the simulation results, we know that crystals grow in the
appropriate temperature conditions and crystal grains
expand more evenly under a smaller temperature gra-
dient. So, the grain boundary and grain amount were
significantly reduced along the growth direction;
accordingly, the defects, particularly the dislocation
densities, decreased gradually along the growth direc-
tion as well based on the statistical results of metallo-
graphic analysis. Whereas the thermal conditions for
15 lm/s suppressed grain growth, and even led to
multiplication of defects, eventually the average grain
sizes in the Si ingot were minimized. These results are in
keeping with the above simulation results and analysis.
Figure 9 shows the minority-carrier lifetime of the

mc-Si ingot. The measurement was carried out using a
wafer tester system (Semilab, model WT-1000B). To
achieve reliable results, we executed a multipoint mea-
surement operation and averaged the measured values.
The results show that the ingot fractions from 2/6 to 5/6
exhibited higher carrier lifetimes, with values reaching
around 3 ls or even longer near the axis of symmetry for
5 and 10 lm/s. The decreased lifetimes in the bottom
and edge regions are related to diffusion of impurities
and defects caused by thermal stresses.[23] These regions
are actually inevitable and would be cut off before the Si
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wafer manufacturing process. Considering the above
results, we can conclude that such mc-Si ingots grown
by the DS process by selecting suitable technical
parameter values could be used as Si wafers for solar
cells. From the results of simulation and experiment, we
can conclude that columnar crystals with the largest
grain size and longest carrier lifetime grew under the
condition of the 10 lm/s solidification rate. In addition,

a short process time is also important for commercial
purposes. Hence, the relevant conditions must be
determined to combine high production throughput
and high material quality, and 10 lm/s is still the
preferred pulling-down rate for the system. We an-
ticipate that investigation and analysis will provide
advice for the industrial process to improve the quality
and reduce the cost of solar cell wafers.

Fig. 8—Crystal morphology of silicon ingots in a longitudinal sectional at different pulling-down rates: (a) 5 lm/s, (b) 10 lm/s, (c) 15 lm/s.

Table II. Grain Sizes at Different Positions in Axial Direction of Silicon Ingots at Different Solidification Rates

Rate (lm/s)

Grain Size (mm)

2/6 of Ingot 3/6 of Ingot 4/6 of Ingot 5/6 of Ingot

5 1.88 2.06 2.36 2.71
10 2.03 2.44 2.83 3.10
15 1.31 1.48 1.71 2.00
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IV. CONCLUSIONS

The evolution of the temperature distribution, ther-
mal stresses, and interface was determined by transient
numerical simulation to investigate the effect of the
thermal field on the solidification process under different
pulling-down rates and to demonstrate the thermal
characteristics of the DS process used to grow Si ingots.
Both the numerical simulation and experimental results
show that a slow pulling-down rate with a small
temperature gradient can reduce the thermal stresses in

the silicon ingot during the solidification process, while
an appropriate pulling-down rate is required to achieve
a temperature distribution in the furnace that provides a
suitable m/c interface shape for crystal growth. In our
case, the rate of 10 lm/s was particularly suitable for
growth of high-quality mc-Si, meaning that the m/c
interface shape also plays an important role in control of
crystal quality. Therefore, we can expect to manipulate
the crystal quality of silicon ingots for solar cells by
controlling the thermal stresses and crystallographic
orientations during the solidification process.

Fig. 9—Minority-carrier lifetime distribution of the mc-Si ingot: (a) 5 lm/s, (b) 10 lm/s, (c) 15 lm/s.
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