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Abstract

Transient global heat transfer simulations are done to analyse the impact of molybdenum shield on carbon and oxygen impurity
formation in mc-silicon grown by Directional Solidification (DS) process. Carbon and oxygen are the two main impurities that
have a direct impact on affecting the conversion efficiency of the solar cell. The molybdenum shield effectively guides the argon
gas flow within the furnace and carries SiO away from the melt free surface and the incorporation of carbon into the melt from the
graphite furnace elements is also reduced. The molybdenum shield within the furnace reduces the incorporation of carbon and
oxygen concentration in the ingot thereby enhancing the quality of the ingot. For the ingot grown in the conventional furnace, the
higher concentration region of carbon ranges between 2.45 x 10'” atom/cm® to 2.25 x 10'” atom/cm® and the lower concentration
region of carbon ranges between 6.77 x 10'® atom/cm? to 8.56 x 10" atom/cm>. For the ingot grown with molybdenum shield,
the higher concentration region of carbon ranges between 1.06 x 10'” atom/cm? to 9.76 x 10'® atom/cm® and the lower concen-
tration region of carbon ranges between 4.32 x 10'® atom/cm?® to 1.61 x 10'® atom/cm®. Similarly, for the ingot grown in the
conventional furnace, the higher concentration region of oxygen ranges between 2.51 x 10'7 atom/cm” to 2.31 x 10'” atom/cm®
and the lower concentration region of oxygen ranges between 6.85 x 10'® atom/cm? to 7.67 x 10" atom/cm”. For the ingot
grown with molybdenum shield, the higher concentration region of oxygen ranges between 2.49 x 10'” atom/cm” to 2.25 x 10"
atom/cm’ and the lower concentration region of oxygen ranges between 8.75 x 10'® atom/cm® to 9.10 x 10" atom/cm®.
Simulations are done for the whole DS growth process for the conventional furnace having no molybdenum shield and for the
furnaces having molybdenum shield fixed at three different positions. The molybdenum shield incorporation in DS furnace
shows a significant impact on uniformity and reduction of carbon, oxygen impurity distribution in the as-grown mc-silicon ingot.
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1 Introduction

Presently, most of the solar cells in the Photovoltaic markets
are developed with the help of multi-crystalline silicon. In the
solar PV market, almost 60% of the photovoltaic panels are
manufactured using me-silicon cells [1, 2]. The mc-silicon
wafers are largely produced from Directional Solidification
(DS) process, due to its simple growth mechanism and it has
high yield and is highly cost-effective in comparison to
Czochralski (CZ) silicon growth. While growing this mc-sil-
icon, there exist many challenges such as optimization of
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crystal/melt interface, in which the shape of the interface
should be planar or slightly convex for uniform growth and
reduction of thermal stress to reduce the generation of dislo-
cation [3, 4]. The melt convection also plays a vital role in
controlled solidification. The control over grain boundaries
and their orientation in a particular direction highly influence
the efficiency of the mc-Si cells [5]. The spot cooling and
dendritic methods were used in increasing the grain size of
the grown crystal. The seed assisted methods were also used
to enhance the quality of the crystal by growing them in a
particular orientation [6]. The control over temperature profile
is more important to achieve uniform crystallization and
dislocation-free multi-crystalline silicon. So, these parameters
should be kept in control to increase the energy conversion
efficiency of mc-silicon solar cells. Out of all the parameters,
impurity incorporation and its concentration hugely affect the
quality and conversion efficiency of the wafers cut and sliced
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from the grown ingot [7-9]. Recently, seed assisted casting
mono like multi-crystalline silicon gained huge attention
among the commercial crystal grower due to its low cost of
production and high yield [10]. To avoid impurity incorpora-
tion during the growth of mc-silicon some of the crucible
cover mechanisms have been used. The variation in impurity
formation and a considerable decrease in impurity incorpora-
tion in ingot has been observed by introducing crucible covers
within the furnace [11, 12]. The non-metallic impurities, par-
ticularly carbon and oxygen tend to cause the carrier recom-
bination phenomenon and to improve efficiency, feedstock
and grown ingot should contain an extremely low amount of
impurities. The precipitation of silicon carbide tends to occur
when carbon concentration exceeds its limit of solubility in
silicon and it will result in the generation of new grain and
causes ohmic shunts that affect the energy conversion effi-
ciency of solar cells. Oxygen precipitation during solidifica-
tion affects the wafer’s mechanical strength and it also acts as
gettering sites for impurities [13]. So, it is essential to control
the incorporation of carbon and oxygen in an ingot to achieve
high-quality ingots having good conversion efficiency.
Experimentally, it is difficult to investigate the dynamics of
carbon and oxygen transport phenomena and are highly com-
plicated to measure its precision. And so, numerical simula-
tion acts as an extraordinary tool for investigating the impurity
distribution and other heat and mass transfer mechanisms
within the furnace. In this work, we have introduced a molyb-
denum shield inside the DS furnace which is fixed at three
different positions to investigate and optimize carbon, oxygen
impurity formation in a grown ingot.

2 Numerical Model

The numerical simulation has been done using the Finite
Volume Method (FVM). Unstructured and structured grids
were formed for modified heater geometry. This Finite
Volume method is more suitable for solving this unstructured
and structured mesh. The furnace geometry adopted in this
work is shown in Fig. 1(a) and (b). The geometry is 2D axi-
symmetric with respect to axisymmetric boundary conditions
[14]. The heat transfer phenomena such as convection, con-
duction, and radiation were solved by generating triangular
and quadrangular grids within the geometry. The flow inside
the melt is considered to be laminar and the melt is considered
as a Newtonian fluid. Argon was treated as an incompressible
ideal gas which is maintained within the chamber [15]. The
materials with boundary conditions inside the DS furnace are
silicon crystal, silicon melt, molybdenum shield, quartz cruci-
ble, argon gas, graphite insulation, heater, heat exchanger
block, and steel chamber. CGSim simulation software has
been used for all heat transfer computations [16—18]. The
impurity measurements are done with the chemical model
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available in the software. The Navier-Strokes equation has
been considered for melt flow. In our numerical simulation,
the solid-melt interface is considered as no traction boundary
or free boundary in which & - 7’ = 0. Silicon nitrate coating
has been used to reduce the crucible constraint and for
relaxing thermally induced stress in the grown ingot and so
the boundary at bottom and sides of an ingot is also considered
as free boundary [19]. The computations are done from the
starting to the finishing stage of the solidification process. The
heat and mass transfer and species transport phenomena with-
in the furnace are governed by the differential equations given
below [20, 21].

%+v.(p7) —0 (1)
-

a(gtu ) n (7.V) pu =—Vp+V.r+ (p=py). T (2)

a(f’aﬁ 4V (pcpm) =V.(\yVT) + St (3)
t

a(g;bl) n v,( _)(;5[) = V.(Dy,eyV;) + S, (4)

p=tn 5

Tij = Hef (ZZ; + ZZ) —%ue_,}«&jV.W (6)

Density- p, the reference density - py, the velocity - W, the
stress tensor - 7, the gravity vector - g, p - pressure, the
specific heat - ¢,, the temperature - T, the mass fraction - ¢;
where i is the species, the effective thermal conductivity -
A= A+ C, 1%), the kronecker delta - d;;, the effective dy-
namic diffusivity - Dy g the reference pressure - po, the

molecular weight - m, the universal gas constant -
R, = 8314 W, the volumetric source of i-th species - S,

= S,L;i + qb,-Sgi, the sum of turbulent and molecular viscosity is
given by effective dynamic viscosity - (ttep= b + tmolecuiar)
and the turbulent Prandtl number Pr,=0.9.

The incompressible flow of fluid and the gas flow is
governed by Egs. (1)—(4) and the density is calculated using
special relations.

3 Results and Discussion

A series of transient global heat and mass transfer simulations
are done to investigate the effect of molybdenum shield on the
distribution of carbon and oxygen impurities in the mc-silicon
ingot grown by DS process. Molybdenum shield has been
used in present work due to its low thermal conductivity, small
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Fig. 1 (a) Conventional DS
furnace and (b) modified DS
furnace having molybdenum
shield

linear thermal expansion coefficient, and low specific heat
capacity [22]. The molybdenum shield also improves concav-
ity of melt/crystal interface thereby reducing the impurity in-
corporation during the solidification process. We have done a
comparative study of impurity distribution in an ingot of size
25x25x 15 cm® grown from conventional and modified DS
furnace having molybdenum shield fixed at three different
positions such as 10 cm (position 1), 5.5 cm (position 2) and
1 cm (position 3) above from the free surface of melt towards
top graphite insulation.

3.1 SiO Formation

Oxygen from the quartz crucible gets dissolved into the silicon
melt and evaporates from the free surface of melt into argon
gas as SiO. The transport phenomena are described in [18] and
it is expressed as,

Siliquid) + Otiquid) > S0 (Gas)

The distribution of silicon monoxide above the free surface
of the melt is shown in Fig. 2. When molybdenum shield is
fixed at the position (1) near the graphite insulation, the SiO
concentration tends to get higher above the free surface of the
melt and the higher concentration of silicon monoxide was
observed near melt and crucible contact region due to
the maximum interaction between silicon melt and oxy-
gen from the crucible. SiO vapour is carried away from
the free surface of melt by the argon gas towards the top
of the furnace and there is a continuous interaction be-
tween the SiO and graphite insulation thereby forming a
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higher concentration of CO above the molybdenum
shield. The incorporation of carbon into the growing in-
got is minimized with the molybdenum shield by purging
maximum of SiO away from the surface of melt by ar-
gon and blocking its interaction with the above graphite
insulation. When molybdenum shield is in position (2),
the concentration of SiO is further minimized above the
free surface of the melt and it is carried above the mo-
lybdenum shield by argon. The CO formation above the
free surface of melt further gets reduced thereby mini-
mizing the incorporation of carbon into the melt. When
the molybdenum shield is at the position (3) near the free
surface of the melt, the concentration of SiO is extremely
low and its maximum volume is carried above the mo-
lybdenum shield by argon gas. Thus, the distribution of
SiO above the free surface of melt decreases with a de-
crease in distance between the molybdenum shield and
the silicon melt.

3.2 CO Formation

Figure 3 Shows the distribution of carbon monoxide in the
furnaces, we see an excess of carbon monoxide above the free
surface of melt in the conventional furnace without molybde-
num shield. The CO vapour generated from the surrounding
graphite units reach the free surface of the melt and the incor-
poration of carbon and oxygen into the melt is expressed as
(18],

CO(Gas) = CLiquia) T O(Liquid)
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Fig. 2 Distribution of silicon
monoxide above the melt free
region in (a) the conventional
furnace and the furnace having
molybdenum shield fixed at (b)
position (1), (¢) position (2) and
(d) position (3) within the furnace

Fig. 3 Distribution of carbon
monoxide above the melt free
region in (a) the conventional
furnace and the furnace having
molybdenum shield fixed at (b)
position 1, (¢) position 2 and (d)
position 3 within the furnace

@ Springer

Si0_molar[ppma]

30.136
27.625
25.114
22.602
20.091
17.58
15.068
12.557
10.045
7.5341
5.0227
2.5114
0

Si0_molar[ppma]

59.212
1 53.291

CO_molar[ppma]
8.0854
7.5463

—1 7.0073

—1 6.4683

—1 5.9293

—1 5.3902

—1 4.8512

—1 4.3122

1 3.7732

1 3.2341

1 2.6951

—1 2.1561

1 1.6171
1.078
0.53902
0

CO_molar[ppma]

5.566
! 5.0094
— 4.4528
—1 3.8962
—1 3.3396
1 2.783
1 2.2264
1 1.6698
] 1.1132

0.5566

0

O U e = NN WA D
o BN W e N
NeSgzuzzi
2832888 &
~ S QN>

Si0_molar[ppma]
62.464
56.218
49.971
43.725
37.478
31.232
24.986
18.739
12,493
6.2464
0

[Si0_molar{ppmal]
36.082
32.474
28.865

CO_molar[ppma]
10.111
. 9.1002

— 8.0891

— 7.078
— 6.0668
i 5.0557
i 4.0445
i 3.0334

= 2.0223
1.0111
0

CO_molar[ppma]
l 5.476
4.9284

— 4.3808

— 3.8332
— 3.2856
1 2.738
1 2.1904
—1 1.6428
1 1.0952
0.5476

0




Silicon (2021) 13:4535-4544

4539

Oxygen originated from the crucible reacts with the silicon
melt to form SiO and these SiO vapours react with covered
graphite elements on the top to form carbon monoxide. In a
conventional furnace, the higher concentration of carbon
monoxide was observed near the top graphite insulation with-
in the furnace due to the increase in a reaction between SiO
from the melt and carbon from the graphite units. The non-
homogeneous argon flow also influences the increase in car-
bon monoxide above the free surface of melt thereby increas-
ing the incorporation of carbon into silicon melt. In the mod-
ified furnace having molybdenum shield fixed at position (1),
the incoming carbon from the graphite elements has been
blocked and the distribution of carbon monoxide above the
free surface of the melt is considerably reduced. In the mod-
ified furnace, molybdenum shield guides the argon flow with-
in the furnace and SiO vapour is carried away from the free
surface of the melt, the higher concentration of carbon mon-
oxide tends to get settled above the molybdenum shield and it
minimizes the reaction between SiO and carbon. The argon
flow also tends to get regulated with the installation of molyb-
denum shield thereby restricting carbon impurities. By fixing
molybdenum shield at position (2) between graphite insula-
tion and the free surface of the melt, the distance between the
shield and the free surface of melt further decreases causing
the argon to flow more nearer to the surface and the inhomo-
geneous carbon monoxide distribution was observed above
the molybdenum shield. The SiO vapour from the silicon melt
is purged above the shield by argon gas and further minimizes
carbon monoxide concentration above the free surface of the
melt. When we place it at position (3), the molybdenum shield
is fixed very close to the free surface of melt as the distance
between them is very small. The argon directly hits the free
surface of melt thereby carrying away the maximum amount
SiO vapour toward the upper portion of the molybdenum
shield and causing extremely low concentration of CO above
the free surface of the melt.

3.3 Carbon Concentration

Carbon mainly originates from the graphite units of the fur-
nace and feedstock which leads to the formation of silicon
carbide precipitates. Carbon transport is described in [18]
and it is expressed as,

Si(tiquid) + Ciiquid) >SiCsolia)

Figure 4 shows the distribution of carbon in the silicon
ingot grown in a conventional DS furnace for three different
solidification fractions. It shows the gradient increase in the
concentration from the bottom towards the top of the growing
ingot and attains the maximum value of 2.45 x 10'” atoms/
cm’ after the full growth. Figures 5, 6 and 7 show the distri-
bution of carbon in the silicon ingots grown in a DS furnace
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Fig. 4 Carbon concentration for the different solidification fraction at (a)
3 h, (b) 7 h and (¢) 30 h for the ingot grown by conventional directional
solidification furnace

with the molybdenum shield. The molybdenum shield fixed at
three different positions in which position (1) indicates the
molybdenum shield fixed near top insulation, position (2)
indicates the molybdenum shield fixed at the middle in
between top insulation and the free surface of melt and
position (3) indicates the molybdenum shield fixed near
the free surface of the melt. The melt/crystal interface is
w-shaped for the crystals grown at all three positions of
molybdenum shield within the furnace. Compared to the
conventional furnace, the concavity of melt/crystal inter-
face is improved during solidification of the crystal grown
from the furnaces having molybdenum shield. The concen-
tration of carbon is higher at the concave part of the w-
shaped interface and the concentration value varies along
the radial direction of ingot for each position of the molyb-
denum shield. During solidification, there is a gradual in-
crease in the concentration of carbon from the bottom to
the top of the ingot because of its low segregation coeffi-
cient value of 0.7 and so the concentration of carbon is
higher on the upper half of the ingot [23]. When the mo-
lybdenum shield is installed within the furnace, there is a
considerable decrease in the concentration of carbon on the
upper half of the ingot. The maximum concentration value
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Fig. 5 Carbon concentration for the different solidification fraction at (a)
3 h, (b) 7 h and (c) 30 h for the ingot grown by modified directional
solidification furnace having molybdenum shield fixed at the position (1)

decreases from 2.4543 x 10'7 atom/cm? (without molybde-
num shield) to 1.1882 x 10" 7atom/cm’® (top), 1.1610 x
10"7atom/cm?® (middle) and 1.0666 x 10'” atom/cm? (bot-
tom). With a decrease in distance between the molybde-
num shield and the free surface of the melt, the concentra-
tion of carbon in the ingot also decreases. This is because
the amount of SiO was carried away by argon from the free
surface of melt increases with the decrease in distance be-
tween the molybdenum shield and the free surface of the
melt. This phenomenon causes the reduction of SiO gen-
erated CO during the solidification process thereby lower-
ing the overall concentration of carbon in the grown ingot.
The radial uniformity of carbon distribution in the ingot
increases with a decrease in distance between the molyb-
denum shield and the free surface of the melt. Carbon dis-
tribution along the axial direction of the ingots grown from
a conventional furnace and modified furnace having mo-
lybdenum shield fixed at three different positions is shown
in Fig. 8. With an increase in crystal height, the concentra-
tion of carbon in the ingots grown in a furnace with mo-
lybdenum shield fixed at three different positions has con-
siderably reduced in comparison with the ingot grown
from a conventional furnace.
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Fig. 6 Carbon concentration for the different solidification fraction at (a)
3 h, (b) 7 h and (c) 30 h for an ingot grown by modified directional
solidification furnace having molybdenum shield fixed at the position (2)

3.4 Oxygen Concentration

As a result of partial melting of quartz crucible, oxygen gets
diffused into the silicon melt [18] and it is expressed as,

SiOxsolid) <> Si(Liquid) + 20 (Liquid)

Figure 9 shows oxygen distribution in the silicon ingot
grown in a conventional DS furnace for three different solid-
ification fractions. SiO distribution in the argon atmosphere
and the concentration of oxygen in the silicon melt are mainly
influenced by melt flow pattern and argon flow [24]. It is
observed that the concentration of oxygen in an ingot is higher
near the crucible contact region and low on top. The higher
concentration values are observed near the bottom and periph-
eral region of an ingot and the maximum value observed is
2.51 x 10"7atom/cm’. Due to the higher segregation coeffi-
cient value of 1.25, the oxygen concentration is higher at the
bottom and there is a gradient decrease towards the top of the
ingot. Figures 10, 11 and 12 shows oxygen concentration in
an ingot grown with the furnaces having molybdenum shield
fixed at three different positions. Normally, the maximum
amount of oxygen is diffused into the silicon melt and it is
discharged from the free surface of melt through argon carrier
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Fig. 7 Carbon concentration for the different solidification fraction at (a)
3 h, (b) 7 h and (¢) 30 h for the ingot grown by modified directional
solidification furnace having molybdenum shield fixed at the position (3)

gas. So, after the installation of molybdenum shield, oxygen
diffused into the silicon melt is effectively purged away from
the surface of melt in the form of SiO vapour by argon gas
[25]. After the installation of the molybdenum shield, the con-
centration of oxygen in the middle of the ingot has consider-
ably reduced and the overall concentration of oxygen in the
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Fig. 8 The distribution of carbon concentration along the axial direction
for an ingot grown by conventional DS furnace and for ingots grown by
furnace having molybdenum shield fixed at three different positions
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Fig.9 Oxygen concentration for the different solidification fraction at (a)
3 h, (b) 7 h and (¢) 30 h for the ingot grown by conventional directional
solidification furnace

ingot has also reduced. The concentration of oxygen in ingots
varies with respect to the distance between the free surface of
melt and molybdenum shield. The radial distribution of oxy-
gen in ingots varies for all three positions of molybdenum
shield and the variation is observed to be maximum near the
peripheral and bottom of an ingot. This variation in the radial
distribution of oxygen is due to variation in the transport of
SiO from the melt by the argon gas. Oxygen distribution along
the axial direction of the ingots grown from a conventional
furnace and modified furnace having molybdenum shield
fixed at three different positions is shown in Fig. 13. With
respect to an increase in height of the crystal, oxygen concen-
tration decreases along the axial direction in the grown ingots.
It is observed that the concentration of oxygen is less in the
ingots grown with the furnaces having molybdenum shield
compared to the ingot grown from the conventional furnace
where oxygen concentration is higher at the middle of the
ingot.

The carbon concentration in the ingot decreases with in-
crease in the concentration of CO above the molybdenum
shield. As the gap between the molybdenum shield and free
surface of melt decreases CO interaction with the melt also
decreases thereby decreasing carbon concentration in the
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Fig. 10 Oxygen concentration for the different solidification fraction at
(a) 3 h, (b) 7 h and (c¢) 30 h for the ingot grown by modified directional
solidification furnace having molybdenum shield fixed at the position (1)

growing ingot. Similarly, the incorporation of oxygen de-
creases with a decrease in the gap between the molybdenum
shield and free surface of melt due to effective purging of SiO
by argon gas. There is a variation in radial concentration of
oxygen in a growing ingot as the molybdenum shield ap-
proaches the free surface due to variation in SiO evacuation
by argon gas. When the molybdenum shield is near the free
surface of melt at position (3), SiO gas from the free surface of
the melt is evacuated effectively by the argon gas and ex-
cess of SiO gas from the melt below the free surface tends
to remain in the melt during solidification. It results in a
slight increase in the concentration of oxygen at the partic-
ular area of an ingot where it has an excess amount of SiO
in the melt during solidification. The obtained results are
similar to the numerical results obtained by Teng et al. [26]
in which they used a gas flow guidance device to analyse
the impurity transport during the growth of mc-silicon. The
impurity distribution within the ingot shows a similar pat-
tern in which carbon concentration is maximum on top of
the ingot and decreases towards the bottom and the oxygen
concentration in lower on top of the ingot and increases
towards the bottom. Thus, the molybdenum shield leads
to the reduction of carbon and oxygen impurity concentra-
tion in the grown ingots.
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Fig. 11 Oxygen concentration for the different solidification fraction at
(a) 3 h, (b) 7 h and (¢) 30 h for the ingot grown by modified directional
solidification furnace having molybdenum shield fixed at the position (2)

4 Conclusion

The non-metallic impurities such as carbon and oxygen impu-
rities are investigated with the modified DS furnace that con-
tains molybdenum shield on the top of the crucible. Due to the
installation of molybdenum shield within the furnace, the con-
cavity of the melt/crystal interface improves and it also guides
the argon flow inside the furnace. There is an effective flow of
argon gas within the furnace in which the evaporated SiO
vapour from the free surface of melt and CO produced from
the graphite insulation are actively discharged out of the fur-
nace. The argon gas flow near the central region of the free
surface of the melt and the argon flow gets stronger with the
decrease in distance between the free surface of melt and mo-
lybdenum shield. Because of this, argon gas carries away
more of the SiO vapour out of the furnace resulting in less
formation of CO and reduces its incorporation into the silicon
melt out of which it will form SiC particle and oxygen-
induced defects that degrade the conversion efficiency. The
molybdenum shield blocks the excess of carbon entering into
the silicon melt from the surrounding graphite insulation dur-
ing solidification and it also acts as gas flow guidance that
helps in maintaining low carbon atmosphere above the free
surface of the melt. Oxygen diffused from the quartz crucible
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Fig. 12 Oxygen concentration for the different solidification fraction at
(a) 3 h, (b) 7 h and (¢) 30 h for the ingot grown by modified directional
solidification furnace having molybdenum shield fixed at the position (3)

which gets incorporated into the silicon melt is also effectively
discharged by the argon gas with the help of molybdenum
shield. Thus, the molybdenum shield within the DS furnace
acts as an extraordinary tool for minimizing carbon and oxy-
gen impurity concentration in the grown ingots.
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Fig. 13 The distribution of oxygen concentration along the axial
direction for an ingot grown by conventional DS furnace and for ingots
grown by furnace having molybdenum shield fixed at three different
positions
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