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Abstract

Numerical simulation has been carried out on the directional solidification (DS) for the growth of multi-crystalline silicon
(mc-Si) ingot through a 2-dimensional axis-symmetric global transient model. In this work, we used a silicon nitride-coated
carbon crucible DS system. Due to this, the thermal conductivity and density of the crucible are changed which may affect
the furnace's thermal field. Changes in the thermal field can impact the temperature distribution, von Mises stress, maximum
shear stress, normal stresses, average growth rate, and power consumption. Using numerical simulation based on the finite
volume method the solidification process is analyzed and investigated with a silicon nitride-coated carbon crucible (modi-
fied system) and silicon nitride-coated quartz crucible (conventional system). Solar cell performance depends directly on
the quality of the mc-Si ingot. The modified grown ingot is more favorable for PV applications.

Keywords Directional solidification process - Carbon crucible - Quartz crucible - Silicon nitride coating - Von Mises stress

1 Introduction

Solar energy is inexpensive and elegant for the future world.
The advantages of this energy are easy handiness, manage-
ability, and technology for the rapidly growing world that
demands energy and electricity. Solar energy is being sug-
gested to the world to clear up the issue of decarbonization
policies and global warming. Currently, solar cells utilizing
numerous materials, for instance, perovskites are being vig-
orously researched; but in usage, crystalline silicon solar
cells are dominating. Silicon is an important material for
photovoltaic industries due to its sufficiency and low cost.
Two types of crystalline silicon are mono-silicon and mc-Si.
Monocrystalline silicon is high quality and manufactured
by the Czochralski (CZ) method, but the production cost is
high. Most industries go for multi-crystalline silicon manu-
factured by the directional solidification (DS) method, here
the production cost is low [1]. Sustainable research on the
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DS process could enhance multi-crystalline silicon ingot
quality.

The ingot pureness and the wafer quality are influenced
by the admixed in the feedstock materials and inhomogene-
ous temperature difference during the solidification process.
At the time of the solidification process, numerous parame-
ters are normally modified to get an appropriate temperature
field. These parameters are decided by vacuum, argon gas
flow, water circulation, etc. [2]. The heat transport process
plays a crucial role in the directional solidification method.
The von mises stress and maximum shear stress are mainly
governed by the temperature distribution of the furnace [3].
To get better quality ingot there should be less impurities
and less dislocation. These defects such as dislocation and
impurities affect the conversion efficiency of the solar cell.
Appropriate thermal stress can control these defects during
the growth of mc-Si by the DS process [4]. However, tem-
perature distribution and thermal field have a crucial effect
on the quality of the mc-Si ingot during the DS process. The
summation of various insulation blocks in the DS furnace
may increase the chances for a slightly higher temperature
gradient, growth rate, and thermal stress in the mc-Si ingot
[5, 6]. These should be avoided to get better quality ingot.
Numerical simulation helps to investigate heat transmission
and fluid flow in the DS process. H. Zhang et al. investigated
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the relationship between the growth rate and temperature at
a heat exchanger block to establish a large-scale DS system
and compared it with experimental results [7].

Liu et al. have initiated fixed and movable partition blocks
that can affect the axial temperature gradient. The result reveals
that the movable partition block can crucially minimize the
thermal stress when compared with the fixed one [6]. Huang
et al. demonstrated that an increase in the velocity of the par-
tition block significantly affects the stress distribution in the
mc-Si growth process and puts back less thermal conductiv-
ity susceptor materials to study the temperature distribution
of the DS method and they have described that less thermal
conductivity susceptor material effortlessly protects the seeds
[8, 9]. The appropriate thermal field is required for the DS
growth process. Inside the furnace heater and insulation wall
are components to control the thermal field distribution for
the DS process. The outline of the thermal field in a furnace
participates in the growth process and structural optimization.
Numerous researchers optimized the structure of the heater
and insulation block to get an appropriate thermal field for the
DS process [5, 10-12]. J. Wei et al. analyzed the heater power
by changing the position of the side insulation. The results
show that the power consumption is significantly affected by
the kinetic motion of the side insulation [13]. Nguyena et al.
studied the new optimized furnace addition of insulation block
fixed at side insulation in the DS furnace to enhance the heat
transfer of the DS furnace that may control the heat loss, power
consumption, and thermal stress [14]. To get high-quality ingot
and high efficiency of solar cells it is required to have a suitable
thermal field in silicon melt during the solidification process.

In this work, we have simulated and analyzed the silicon
nitride-coated carbon crucible (modified system) and com-
pared it with the silicon nitride-coated quartz crucible (con-
ventional system). When using carbon crucibles, the system
consumes less power and increases the average growth rate
which is suitable for silicon growth at the industrial level.
Due to less temperature gradient, the thermal stresses of the
mc-Si ingot are also reduced which is favourable for getting
the better-quality ingot.

2 Model Description

The DS furnace consists of a retort for crucible support,
graphite heater, insulation block, and heat exchanger block.
The conventional system consists of a quartz crucible and
the modified system consists of a carbon crucible, as shown
in Fig. 1. The feedstock of silicon is fed into the crucible
then the crucible is placed inside the furnace and heated up
to 1500 °C to melt silicon feedstock. The major assumptions
for numerical simulation are (1) the configuration of furnace
geometry is axis-symmetric, (2) the transfer of radiation is
represented as diffuse-gray surface radiation, and (3) melt
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Fig.1 Schematic Diagram of DS furnace (left-conventional system)
(right-modified system)

flow is incompressible and laminar. The simulation growth
is conducted by the finite volume method. Square and rec-
tangle-shaped grids are generated for the simulation process.
We can obtain better geometrical boundaries with the help
of structured mesh. For argon gas flow unstructured mesh
is used due to its non-geometric shape. Table 1 reveals the
thermal properties of quartz crucible, carbon crucible, and
silicon nitride. The silicon nitride properties are assigned at
the inner surface for both crucibles and the other materials
properties are given in the previously published work [15].

3 Numerical Simulation

The governing equations of mass transport, heat transport,
and species transport are as follows [16]:
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Table 1 Thermal properties

h Properties
of quartz crucible and carbon

Quartz crucible Carbon crucible Silicon nitride

crucible Thermal Conductivity (W/mK)

Emissivity
Density (Kg/m3)
Heat capacity (J/KgK)

4 146.885-0.17687 T 10
0.85 0.8 0.6
2650 1950 3184
1232 710 673

wavelength of the radiation D, . — effective dynamic diffu-
sivity S, = 8% +¢;Sh — stands for the i species source.
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The following equation gives the growth velocity at the
solid—liquid interface [17].
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Thermal stress reflects the von Mises stress of the ingot [8,
18]. The thermal stress is analyzed using a displacement-based
thermo-elastic stress model. The governing partial differential
equations for momentum balance in an axis-symmetric model
[19] can be written as,
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To get von Mises stress the above equation is integrated and
substituted in the stress—strain equation [19].
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Where S; is the stress deviator
1
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The stress—strain relation is given by [4].
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From Distortional energy theory [4].
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o,, 1s the excessive stress, o,

orss 1 the critically resolved shear
stress.

4 Result and Discussion
4.1 Temperature Distribution

The side and top heaters provide suitable control of tem-
perature distribution in the DS system. The role of the side
heater is to convey heat through thermal radiation for cru-
cible support and then transfer it to the silicon feedstock
in the crucible. The side heater has higher power than the
top heater, which is used to maintain a convex melt-crystal
interface shape during solidification. The heat is extracted
through the heat exchanger block at the bottom via the
process of slit valve opening. Due to the energy balance
between input heat from the heaters and heat extraction
at the bottom retort or heat exchanger block, the crystal
begins to grow from the bottom of the crucible [20]. Tem-
perature distribution plays a vital role in the crystal growth
process, as it is one of the important factors determining
the quality of the crystalline silicon ingot. Grain bound-
ary, growth velocity, and interface shape can be controlled
by temperature distribution. Figure 2 shows the tempera-
ture distribution of mc-Si ingots for both conventional and
modified systems. After complete growth, the ingot from
the modified system exhibits a lower temperature distribu-
tion compared to that from the conventional system. This
is attributed to more heat being transferred in the carbon
crucible due to its higher thermal conductivity compared
to the quartz crucible.

4.2 Temperature Gradient

During the growth of multi-crystalline silicon, the tempera-
ture gradient can influence the quality of the ingot. Thermal

@ Springer



4706

Silicon (2024) 16:4703-4711

Fig.2 Temperature distribution
of mc-Si (left-conventional) and
(right-modified)

stress and defects in the mc-Si ingot are related to the tem-
perature gradient. A higher temperature gradient results in
greater thermal stress, while a lower temperature gradient
leads to less thermal stress. Figure 3 shows the tempera-
ture gradient of both conventional and modified systems. In
this case, the temperature gradient was measured between
the crystal and crucible at the bottom for both conventional
and modified systems with different solidification fractions
(25%, 50%, and 75%). The maximum temperature gradi-
ent occurs in the margin (centre) region, and the minimum
temperature gradient occurs in the peripheral region for
both conventional and modified systems. For all solidifica-
tion fractions, the modified system has a lower temperature
gradient compared to a conventional system. Normally, the
thermal conductivity of carbon is higher than that of quartz
at a particular temperature. The reduction in temperature
gradient is due to the carbon materials of both the crucible
and the heat exchanger block. This lower temperature gradi-
ent is more favorable for producing better-quality ingots.
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4.3 Von Mises Stress

Thermal stress also affects the dislocation density and the
quality of the multi-crystalline silicon ingot. Temperature
distribution plays a vital role in thermal stress. If the temper-
ature gradient is large, then the thermal stress will be high;
hence, this should be controlled and kept at a minimum [21].
Thermal stress is caused by inhomogeneous temperature dis-
tribution or non-uniform thermal gradient. Von Mises stress
is a type of thermal stress [22]. We can determine the von
Mises stress using stress components from the distortion
energy theorem [23]. The larger temperature gradient and
inhomogeneity of temperature distribution are the main rea-
sons for thermal stress in mc-Si ingot. Additionally, the ther-
mal expansion of silicon, constrained by the crucible, may
cause thermal stress. High critical thermal stress may cause
the ingot to crack and release this stress. Figure 4 shows the
von Mises stress of mc-Si ingot, revealing that the modified
system has less von Mises stress compared to a conventional
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Fig.3 Temperature gradient between crystal and crucible for different solidification
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Fig.4 Von Mises stress of
mc-Si ingot (left-conventional)
and (right-modified)

system. When comparing the thermal expansion coefficient
of polysilicon with quartz and carbon, the difference in ther-
mal expansion coefficient between polysilicon and carbon
is less than that of quartz. This is why the modified system
exhibits a better von Mises stress value than the conventional
system.

4.4 Maximum Shear Stress

The maximum shear stress is generated by a heterogeneous
temperature distribution. To better control shear stress, a
more uniform temperature distribution is required during
the DS process [23]. The presence of defects and disloca-
tions is a major issue in the silicon crystal growth process.
Dislocations are the primary restriction to increasing the
efficiencies of solar cells in silicon ingots. Shear stress con-
tributes to the generation of dislocations as well as defects
in grown mc-Si ingots. Shear stresses involve the macro-
scopic shearing of material without changing the position
of the unit cell. Due to temperature differences, shear stress

Von Mises_stress[Pa] m
g 1-9E7

1.7E7
1.5E7
1.3E7
1.2E7
9.8E6
8.0E6
6.2E6
4.5E6
2.7E6
9.3E5

occurs inside the ingot. Figure 5 reveals that the modified
system has lower maximum shear stress compared to a con-
ventional system. The maximum shear stress ranges from
5.1ES5 to 9.8E6. From Fig. 5, in the modified system, the
majority of regions of the grown ingot are covered in the
range of 5.1E5 to 4.2E6, which was lower in conventionally
grown ingots. The maximum shear stress ranges from 8.9E6
to 9.8E6 present in the ingots grown by a modified system.
However, these ranges are covered in the red zone, which is
not suitable for solar cell applications.

4.5 Normal Stresses

Once a force acts normal or perpendicular to an object's
surface then it employs the normal stress. Normal stress acts
in only one direction. Sigma 11, sigma 22, and sigma 33 are
the types of normal stresses. By using the state of stress at
a point, all the normal stress components combined to form
the shear stress components that are the purpose for analyz-
ing the normal stress.

Max_shear_stress[Pa] il;
9.8E6
8.9E6
8.0E6
7.0E6
6.1E6
5.2E6
4.2E6
3.3E6
2.4E6
1.4E6
5.1E5

Fig. 5 Maximum Shear stress of mc-Si ingot (left-conventional) and (right-modified)
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Sigma22[Pa]|
m 1.2E6
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22E5
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W -11ES
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W 43K
Sigma33|Pa;
6.2E6
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Fig.6 Normal stress (sigma 11 (a), sigma 22 (b), sigma 33 (c¢)) of multi-crystalline ingots

4.5.1 Sigma 11, Sigma 22, Sigma 33

The Sigma 11 is a normal stress, this normal stress is the
main cause of the defects in the mc-Si ingot. Figure 6a
shows the normal stress sigma 11 of mc-Si ingot left side
is conventional and the right side is modified. The modi-
fied system has less normal stress sigma 11. The sigma 22
is a normal stress, this normal stress is an important cause
for stress distribution of homogeneous function [21]. Fig-
ure 6b shows the normal stress sigma 22 of mc-Si ingot, the
left side is conventional, and the right side is modified. The
modified system has less normal stress sigma 22. Especially
the corner region of the ingot is not used for the solar cell
application. For the modified system maximum sigma 22 is
present at the corner region only. To get better quality mc-Si
ingot the normal stress should be less with homogeneous
distribution. Figure 6¢ shows the normal stress sigma 33
of mc-Si ingot left side is conventional and the right side
is modified. The modified system has less sigma 33 normal
stress and major regions are in the homogeneous distribution
than the conventional system.

4.6 Power Consumption

The focus of photovoltaic industries is to grow superior-
quality mc-Si ingots with low power consumption. Power
consumption plays a leading role in the DS process because
it can determine the price of the mc-Si silicon. Heat loss
can also affect power consumption. The conventional system
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has a total power consumption of 203 kW, and the modified
system has a total power consumption of 198 kW. While
comparing both systems, the modified system saves up to
5 kW of power. Figure 7 reveals the total power consumption
for both conventional and modified systems. The modified
system has less power consumption than the conventional
system. This is due to the material properties of the crucible.
Carbon has larger thermal conductivity than quartz so there
will be easy heat transmission in carbon crucible.
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Fig.7 Power Consumption of directional solidification process of
multi-crystalline silicon ingot
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Fig.8 Average growth rate of multi-crystalline silicon ingot during
Directional Solidification process

4.7 Average Growth Rate

During the DS process growth rate can influence the quality
of the mc-Si ingot. A slow growth rate can reduce the dislo-
cation density and increase the quality. The manufacturing
efficiency is increased by a fast growth rate but reduces the
quality by initiating the defects. For industrial purposes, at
the initial stage, there should be a slow growth rate, and at
the final stage, there should be a fast growth rate to increase
the manufacturing efficiency as well as crystal quality. Fig-
ure 8 reveals the average growth rate for both conventional
and modified systems. From the initial stage, the modified
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system has a higher growth rate than the conventional sys-
tem. From 2 to 10 h, the growth rate is slightly decreased
from the initial stage for both conventional and modified
systems, however, the modified system has a higher growth
rate. After 10 h the growth rate increased linearly for both
systems. The overall growth rate is higher for modified sys-
tems when compared with conventional systems. The aver-
age growth rate per hour for conventional and modified sys-
tems is 3.4 mm. and 4.4 mm. The average growth rate for the
modified system has increased by 1 mm/hr when compared
with the conventional system.

4.8 Carbon Distribution Analysis

The sources of carbon impurities in the growth system
are graphite materials such as retort, heaters, and graph-
ite shields. These three elements are common for both
systems. In the modified system the additional graphite
element of carbon crucible was used. Figure 9 shows the
carbon concentration at the contact of the side crucible
wall and the silicon melt for different solidification frac-
tions (25%, and 50%). It reveals that the modified system
has a higher carbon concentration than the conventional
system. This is due to the presence of the carbon crucible.

Further, we have analyzed the carbon concentration in
completely grown mc-Si ingot for both conventional and
modified systems, and these results are shown in Fig. 10.
The segregation coefficient of carbon with silicon melt
is 0.07, hence the carbon atoms move towards the melt-
free surface and the segregated at the top region of the
ingot. The carbon transport mechanism can be described
by the fundamental reaction that happens when graphite
and silicon contact at high temperatures. Carbon from the
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Fig.9 Carbon concentration at the interface of crucible wall and silicon melt
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Fig. 10 Carbon concentration in
mc-Si ingot (left-quartz cruci-
ble) and (right-carbon crucible)

crucible wall and silicon dioxide from raw silicon material
react together, and the following equation is described by

Si0O,(solid) + 2C(solid) — Si(solid) + 2CO(gas)

The carbon concentration is slightly higher for the car-
bon crucible mc-Si than the quartz crucible mc-Si that
is present in the red zone. This is due to the presence of
a carbon crucible in the DS system. The quartz and the
carbon crucible are coated with silicon nitrate with the
same thickness (25 microns). This coating is more useful
for reducing the carbon concentration in the mc-Si ingot
during the growth process.

5 Conclusion

The silicon nitride-coated carbon crucible DS furnace has
been simulated by crystal growth simulation software.
This numerical simulation is based on the finite volume
method. The effect of silicon nitride-coated carbon cruci-
ble in the mc-Si ingot has been analyzed and results were
compared with the silicon nitride-coated quartz crucible.
The input parameters of argon flow, heater temperature,
and slit valve opening are common for both systems. The
quality of mc-Si ingots and power consumption have been
compared. Further, the temperature gradient, von mises
stress, maximum shear stress, and normal stresses (sigma
11, sigma 22, and sigma 33) have been simulated and
results were compared. The modified system has less tem-
perature gradient, which is suitable for growing good-qual-
ity mc-Si ingot. Further, the von Mises stress, maximum
shear stress, and normal stresses are less in the modified
system. Silicon nitride-coated carbon crucible takes less
power consumption and a slightly higher average growth
rate when compared with silicon nitride-coated quartz
crucible, which is more suitable for industrial purposes.
Finally, we have analyzed the carbon distribution in mc-Si
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grown by both systems. The mc-Si ingot grown by car-
bon crucible has a slightly higher carbon concentration in
the red zone only. The whole ingot is useful for solar cell
applications except for the outer red zone region. There-
fore, the silicon nitride-coated carbon crucible DS system
is more favourable for producing better quality mc-Si with
less production cost.
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