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Abstract
Using the finite volume method, a directional solidification (DS) furnace used to grow a multi-crystalline silicon (mc-Si) 
ingot is numerically simulated in 2-dimensions. The impact of argon gas flow pattern on the melt-free surface (M-FS) was 
studied using transient global simulations of oxygen and carbon-dependent transport in laboratory-scale DS furnaces for 
solar cell applications. Argon gas flow (AGF) patterns over the M-FS affects the temperature of the upper part of the silicon 
melt. In the conventional furnace, AGF pattern is opposite to the growth direction. In a modified furnace system, argon gas 
is distributed through the melt vertical to the growth direction. In the modified furnace, during the crystallisation process, 
the evaporated SiO flux at the top of the M-FS reduces, resulting in a decrease in oxygen concentration in the grown ingot. 
A modified AGF pattern that inhibits the reaction between SiO gas and hot graphite material shows an exponential reduction 
of carbon concentration in the as-grown ingot. The conventional ingot obtained the oxygen and carbon concentrations within 
6.61E17 and 9.04E16 atoms/cm3 respectively and the modified ingot obtained the oxygen and carbon impurity concentra-
tions within 2.2E17 and 5.32E16 atoms/cm3, respectively. The modified AGF pattern improves the quality of mc-Si ingots 
for PV applications.
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1 Introduction

Solar energy is a fundamentally affordable and clean form 
of energy for the future. It has a number of benefits, includ-
ing ease of accessibility, scalability, and technological 
maturity to fulfil the rapidly increasing worldwide need for 
power and energy. Crystalline Silicon solar cells are pri-
marily responsible for the development of the photovoltaic 
industry [1–3]. One of the most crucial technologies for 
the development of multi-crystalline (mc-Si) ingot for pho-
tovoltaic applications is the directional solidification (DS) 
method. Understanding transport processes together with 
the chemistry of the melt and gas is essential for growing 
high-quality bulk crystals, i.e. crystals with appropriate 
defect density and adequate dopant uniformity. Due to the 

high temperature of the environment, direct experimental 
examination and in-situ species transport observation are 
rather challenging. So, crystal growth modeling attracts 
more attention to improve technology and find an effec-
tive way to control mass transport during crystal growth 
[4]. For solar cells, the mc-Si ingot is a crucial substrate 
material. The magnitudes of oxygen (O) and carbon (C) in 
the material have a significant impact on how effectively 
the processed cells function. Such impurities result in 
defects, precipitates, and dislocations that serve as photo 
carrier recombination hubs and lower the conversion effi-
ciency of solar cells. Due to the usage of graphite and 
O-containing components, C and O, as well as the related 
gaseous CO and SiO species, are always present in the 
growing system. During the growth process, the furnace 
interior materials affect the quality of the mc-Si ingot. The 
influence of atmospheric CO concentrations and furnace 
products on mc-Si was investigated, with the concentration 
of interactions between C- and O-containing species. Rabe 
et al., experimentally studied the impurity distribution on 
the mc-Si ingot with and without carbon sources and the 
coating of the silica crucible. The O concentration in the 
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as-grown mc-Si ingot was reduced with an increase in the 
 Si3N4 coating thickness of the silica crucible [5]. During 
the growth, melt convection [6], growth rate [4], argon gas 
flow (AGF) rates and the furnace pressure affect the impu-
rity transport. Interstitial oxygen is thought to not signifi-
cantly affect minority carrier lifetime and even increases 
silicon wafer strength; however, at high concentrations, it 
promotes the formation of oxygen precipitates that would 
aid in the nucleation of dislocations during solidifica-
tion, affecting the electrical properties and conversion 
efficiency of solar cells. On the other hand, because they 
serve as the electrical recombination hubs for photocarri-
ers, boron-oxygen (B-O), and silicon-oxygen (Si–O) com-
plexes degrade solar cells [7, 8]. SiO reaction on graphite 
materials was minimized by installing a molybdenum gas 
shield on the melt-free surface (M-FS) [9]. The DS tech-
nique allows for easy adjustment of the argon flow param-
eters, including flow rate and furnace pressure, which 
has an adjustable impact on the convection of the silicon 
melt. In order to manage and enhance the quality of the 
solidified mc-Si ingot, it is required to properly define the 
interactions between the AGF and the melt convection, 
particularly the effect of the AGF on the melt convection. 
Reimann et al., demonstrated that, even for a severely pol-
luted feedstock, an mc-Si ingot with an axially and radially 
uniform impurity concentration could be produced under 
specific convection conditions [10, 11]. The DS technique 
allows for easy adjustment of the argon flow parameters, 
including flow rate and furnace pressure, which has an 
adjustable impact on the convection of the silicon melt. 
In order to regulate and enhance the quality of the ingot, 
it is required to properly define the relations between the 
AGF and the melt convection, particularly the effect of the 
argon flow on the melt convection [10]. According to Teng 
et al., gas guidance system [GGS] can lower the concentra-
tion of SiO and CO while increasing gas velocity above 
M-FS [12]. Bellmann et al., reported that an adaptable 
tool was used to enhance the characteristics of the mc-Si 
ingot. The argon injector is to control the AGF patterns in 
vertical and horizontal directions. Additionally, horizontal 
gas injection reduces contaminants more effectively than 
vertical gas injection [13]. The concentration of O and C 
impurities can be rapidly boosted by the argon backflow at 
the crucible outlet. A 3D gas guidance system (GGS) was 
used to study the impurity transport in order to suppress 
the backflow and reduce the kinetic rate of the reaction and 
was also experimentally evaluated [14].

In this paper, a transient 2-dimensional axisymmetric 
global model is implemented to analyze the effects of 
modified AGF patterns by modified AGF tube on the SiO 
and CO gas concentration on the M-FS and the O and C 
concentration in the mc-Si ingot. Additionally, the effect 
of modified AGF on the melting surface is studied.

2  Model Description

One of the crucial methods utilized to grow mc-Si for PV 
applications is the DS process. The silica crucible, graphite 
heaters, insulating walls, heat exchanger, coolant, and graph-
ite supporter for the crucible are the primary components 
of the DS furnace. The silica crucible is filled with silicon 
feedstock. High temperatures will cause the silica crucible 
to deform, so the deformation is prevented by tightening the 
crucible with the graphite material. The silicon feedstock is 
then melted by heating the crucible to 1500℃ in the furnace. 
The temperature is then maintained for a predetermined 
number of hours to guarantee the homogeneity of the melt. 
Then, after the slit valve has been opened for heat disper-
sion, the solidification process starts. Inside the furnace, the 
pressure maintains at 600 mbar. To reduce the contamination 
of the silicon melt from the atmosphere a defined inert gas 
flow above the melt surface can be used. Here we are using 
the AGF and the flow rate is 20 l/min. After the complete 
smelting the heater power is reduced.

The simulation was performed after the melting process. 
Figure 1 shows a schematic diagram of a generation one 
(G-1) DS furnace system with material table. Using the 
finite volume method, a DS furnace used to grow a mc-Si 
ingot is numerically simulated in 2-dimensions. A silica cru-
cible is placed in the center of the DS furnace. Argon gas 
atmosphere was maintained inside the DS furnace. Hence, 
the transfer of heat from the heater to the silica crucible is by 
radiation. Conduction and convection processes are followed 
by melting and crystallization processes.

In conventional furnaces, AGF directly falls on the surface 
of the melt, affecting the top of the melt temperature. There-
fore, AGF enhances the growth speed at the top of the melt. 
To increase the AGF above the melting surface, the minimum 
impurity concentration obtained in the ingot is obtained [12, 
15–19] and the M-FS enhances the freezing of the silicon 
melt top. Based on the above situation, we try to solve the 
problem by modifying the end of the argon gas tube. In the 
conventional furnace, AGF patteren is opposite to the growth 
direction. In a modified furnace system, argon gas is distrib-
uted through the melt perpendicular to the growth direction.

The figure below (Fig. 2) shows the dimensions of argon 
gas tube in conventional and modified furnaces. In a typical 
case, argon gas is injected at a flow rate of 20 l/min of argon 
gas, which falls directly onto the M-FS. But in the modi-
fied furnace system, the argon gas flow is divided into 10, 
10 l/min at the outlet. The argon gas does not fall directly 
on the M-FS, the intensity of the argon gas is distributed 
throughout the unmelted surface and the SiO and CO gases 
are easily removed in the modified furnace.

The advantages of the modified argon gas tube are as 
follows.
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• Does not affect the temperature above the silicon melt.
• Reduces the reaction of SiO gas with graphite materials.
• Removes CO gas before back diffusion.
• Ingot is obtained with minimum carbon impurity.

The governing equations of mass transport, heat trans-
port and species transport are as follows:
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Fig. 1  Schematic diagram of 
DS furnace. a conventional 
furnace, b modified furnace, c 
material table and d hot zone of 
the convrntional and modified 
furnace

Fig. 2  Left is conventional and 
right is modified argon gas tube
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where � is density, 
⇀

u is velocity, Cp is specific heat, T is 
temperature, �eff = � +

Cp�t

Prt
 is the effective thermal conduc-

tivity, Prt=0.9 is the turbulent Prandtl number, 
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 is the vector radiative heat 
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The growth velocity at the S-L interface is obtained by 
the following equation:
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Vcrys is crystallization rate, n is normal to the interface 
surface,  nx is the cosine angle between the normal n and 
vertical angle, �crys is crystal density, ΔH is the latent heat, 
�crys and �melt are thermal conductivities in the crystal and 
melt respectively, �Tcrys

�n
 and �Tmelt

�n
 are the normal derivatives 

at the interface in the crystal and melt respectively.
The relative growth velocity and move nodes belong-

ing to the crystallization front is given by Eqs. (5) and (6) 
respectively.

Boundary condition on the crystallization front (the 
interface) can be written as

where, ρ,  Vcr and  Fm are the species crystal density, crystal-
lization rate, and, mass flux, respectively. For simulating 
radiation exchange within transparent or semi-transparent 
materials, the Discrete Ordinate (DO) model is utilized. This 
model takes into account a number of boundary constraints, 
especially at the interfaces between semi-transparent blocks 
with varying refractive indices or between different types 
of media.

The governing equation for the oxygen and carbon transport 
in the silicon feedstock is

Here,  CO and  CC,  Deff are the concentration of oxygen, 
carbon and effective dynamic diffusivity respectively. Below 
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mentioned governing equations give the SiO and CO transport 
in the argon gas

Here, �SiO and �CO are the mass fraction of SiO and CO gas 
in the melt-free surface and DCO and DSiO are the diffusivity of 
CO and SiO respectively.

The carbon boundary condition on the crucible wall was 
zero flux. Zero fluxes of SiO and CO were used for non-carbon 
walls and the symmetry axis in gas; zero concentrations of SiO 
and CO were used for the gas input; and zero gradients of SiO 
and CO were used for the gas exit [21, 22].

3  Chemical Model

The melt transports the dissolved O from the silicon nitride 
layer and silica crucible to the melt-crystal interface, where it 
either becomes a part of the solid or evaporates as SiO from 
the M-FS. The SiO is transported to the heated graphite fix-
tures by argon gas, where it combines with carbon to produce 
CO. CO diffuses into the melt at the M-FS, and then C and O 
are eventually absorbed into the solid. In solar cells, O-related 
flaws shorten the lifetime of the minority carrier. C precipitates 
can lead to wire-sawing flaws, the creation of locally induced 
tensions, the nucleation of new grains, and ohmic shunts in 
solar cells. The below mentioned equations explain the chemi-
cal reactions that occur inside the DS furnace [22–24].
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(12)Si3N4 (Solid) = 3Si (melt) + 4N (melt)

(13)Si (melt) + SiO2 (solid) = 2SiO (gas)



3399Silicon (2024) 16:3395–3404 

(14)SiO2 (sold) = Si (melt) + 2O (melt)

(15)Si (melt) + O (melt) = SiO (gas)

(16)SiO (gas) + C (solid) = CO (gas) + Si (gas)

(17)C (solid) + SiO2(solid) = SiO (gas) + CO (gas)

(18)CO (gas) + 2Si (gas) ↔ SiC (solid) + SiO (gas)

(19)Si (gas) = Si (melt)

(20)CO (gas) = C (melt) + O (melt)

(21)C (melt) = C (crystal)

(22)O (melt) = O (crystal)

4  Result and Discussion

4.1  Effect of AGF on the Melt Surface

The influence of AGF on the transport of O and C in the 
furnace is studied. The AGF rate was maintained at 20 l/min 
with a furnace pressure 600 mbar. The argon gas injected on 
the M-FS is analyzed in different ways (i,e) one is opposite 
to the growth direction which is the conventional furnace 
system and another one is perpendicular to the growth direc-
tion is the modified furnace system.

The SiO gas distributions on the M-FS are different for 
different AGF densities on the melt surface as shown in 
Fig. 3. In the conventional system, the SiO gas distribution 
on the gas phase is more than on the M-FS. However, a low 
SiO gas concentration was obtained due to the densities of 
AGF pattern in the middle of the M-FS. Therefore, more 
SiO gas is pushed towards the sidewall from the higher to 
lower AGF density regions. The concentration of the SiO 

Fig. 3  SiO gas concentration in 
the M-FS. Left is conventional 
and right is modified furnace. a, 
b and c are the 25, 50 and 75% 
solidified ingot
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gas varies from 805.15 to 568.36 ppma. The maximum value 
of SiO gas concentration is obtained at the triple junction 
(Silica crucible, Silicon melt and gas phase) of the system. 
The O- atoms enter the silicon melt from the silica crucible, 
and react with silicon melt to form SiO gas, which moves 
towards the M-FS. Due to the heterogeneous argon gas den-
sity on the M-FS, the maximum SiO gas concentration was 
obtained at the triple junction of the furnace. in the conven-
tional furnace, AGF is not sufficient to reduce the SiO gas 
concentration at the top of the silicon melt.

In the modified furnace system, the minimum SiO gas 
concentration was obtained due to the higher AGF density 
at the top of the M-FS. A large concentration of SiO gas 
is carried away from the M-FS by the modified AGF pat-
tern. The minimum SiO gas concentrations are shown in 
Fig. 3. At the top of the M-FS, the SiO gas concentration is 
obtained below 161.03 ppma. However, the bottom of the 
M-FS received the maximum SiO gas concentration, which 

enhances the back diffusion of SiO gas and increases oxygen 
precipitation from the ingot. In the modified furnace system, 
AGF slightly affects the concentration of SiO gas at the bot-
tom of the M-FS. The advantage of the modified gas flow is 
reduced reaction between the hot graphite parts and the SiO 
gas. During the growth process, the modified furnace system 
reduces the chemical reaction.

The CO gas distribution at the M-FS for different solidi-
fication rates is shown in Fig. 4. In a conventional system, 
the distribution of CO gas on the M-FS is high when SiO 
gas reacts with the graphite material. However, a lower 
CO gas concentration was obtained from the graphite-
free material region on the M-FS. Therefore, more CO 
gas is formed near the graphite material. Then, the CO 
gas gets into the melt after the process of convection and 
back diffusion. AGF is opposite to the growth direction 
and is insufficient to reduce CO gas formation. Extrac-
tion of SiO gas from the M-FS plays an important role in 

Fig. 4  CO gas concentration in 
the M-FS. Left is conventional 
and right is modified furnace. a, 
b and c are the 25, 50 and 75% 
solidified ingot
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the concentration of CO gas. The obtained CO gas con-
centration varied from 129 to 9.77 ppma. Increasing the 
CO gas concentration on the M-FS increases the O and C 
concentration in the as-grown mc-Si ingot and also affects 
the quality [25].

In the modified furnace system, the minimum CO gas 
concentration was obtained due to the high AGF density 
at the top of the M-FS near the graphite material. Modified 
AGF reduced high levels of CO gas formation on the M-FS. 
As shown in Fig. 4 the modified furnace system obtained 
minimum CO gas concentration. At the M-FS, the CO gas 
concentration is obtained below 90 ppma. CO gas formation 
was reduced by more SiO gas carried from the modified fur-
nace. In this case, the back diffusion of CO gas is reduced. 
So, the minimum CO gas concentration is obtained in the 
middle of the M-FS.

4.2  Impurity Analysis

4.2.1  O Concentration

A major impurity in the mc-Si ingot is O due to the use 
of silica crucible. During growth, O is dissolved from the 
silica crucible. From the solar cell applications, the O con-
centration less than 1.5E17 atoms/cm3 is not sufficient to 
enhance the LID effect [24, 25]. Figure 5 shows the O 
concentration in a mc-Si ingot grown using the 100% melt. 
Since the segregation coefficient of oxygen is 1.25, the 
oxygen concentration increases from the top to the bot-
tom of the ingot. However, the corner of the grown ingot 
receives a higher oxygen concentration. Due to the segre-
gation of impurities into the melt during solidification, the 
top of the ingot is particularly affected, as are the margins, 
which come into direct contact with the crucible walls. In 
conventional ingot, SiO and CO gases are pushed towards 
the side wall, so maximum O concentration is achieved 
by back diffusion of SiO and CO gases in the wall region. 
O concentration varies from 2.00E15 to 1.10E18 atoms/
cm3. This kind of grown mc-Si ingots can easily induce 
LID effects for solar cell applications [26, 27]. SiO and CO 

gas concentrations affect O precipitation in the as-grown 
mc-Si ingot. Therefore, conventional AGF does not reduce 
O precipitation in the ingot.

The O concentration of the modified furnace varied 
from 2.00E15 to 8.80E17 atoms/cm3. Compared to the 
conventional furnace, the modified furnace obtains a lower 
oxygen concentration, which improves the extraction of 
SiO and CO gas on the M-FS. The surface area with O- 
concentration below 2.22E17 atoms/cm3 increases in the 
grown ingot. The O concentration near the crucible wall is 
reduced due to the uniformly distributed SiO and CO gas 
concentrations in the middle of the M-FS. The modified 
ingot suppresses the LID effect and  SiO2 cluster formation 
in the ingot.

4.2.2  C Concentration

The dislocation density and electrical activity of the mc-Si 
ingot are greatly influenced by the C concentration [28–31]. 
The efficiency of solar cells is decreased due to the C pre-
cipitates in silicon ingots, which also have an impact on the 
wafer-cutting procedure. Figure 6 shows the C concentration 
in a mc-Si ingot grown using the 100% melt. Typically, the 
graphite material inside the DS furnace is the main source 
of the carbon. The C segregation coefficient is 0.07 [29].

The segregation coefficient increases the obtained C con-
centration from the bottom to the top of the grown ingot. 
The C concentration in conventional and modified ingots 
ranged from 1.60E16 to 1.40E17 and 1.60E16 to 1.03E17 
atoms/cm3. During growth, the SiC particle precipitation 
is enhanced in the conventional furnace [29–35]. At large 
amounts of CO gas dissolves in the molten silicon C con-
tamination increases in the silicon ingot. On the M-FS, the 
conventional furnace system is insufficient to reduce the 
reaction of hot graphite materials and SiO gas. The modified 
furnace prevents the reaction between hot graphite materials 
and SiO gas. So, the modified ingot obtained the lowest C 
concentration compared to the conventional ingot due to the 
change in AGF.

Fig. 5  Shows the O concentra-
tion in a mc-Si ingot grown 
using the 100% melt: left is 
conventional and right is modi-
fied furnace
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4.3  Temperature Analysis on the M‑FS

Figure 7 shows the temperature distribution on the top of 
the M-FS. The temperature distribution data are noted at 
the 50 mm top of the M-FS for both cases. The AGF on the 
M-FS affects the temperature of the top silicon melt. The 
conventional AGF flow directly falls on top of the silicon 
melt, enhancing the multi-nucleation at the top of the grown 
ingot. The melt flow pattern and vortex formation enhance 
the AGF on the M-FS. The modified furnace AGF pattern 
does not directly fall on the top of the melt and it reaches 
the top of the melt is 10 l/min which is shown in Fig. 2. The 
temperature distribution affects the modified furnace less 
compared to the conventional furnace. During the growth 
process, increase in the AGF reduces the impurity concen-
tration in the grown mc-Si ingot. But, in the conventional 
ingot increase in the AGF above 30 l/min on the melt surface 
tends to freeze [21]. In the modified furnace system AGF 
upto 60 l/min can be used.

5  Conclusion

We carried out numerical simulations of global heat transfer 
in a DS furnace for the mc-Si ingot growth process. O and C 
concentrations of mc-Si ingot in DS furnaces with modified 

AGF tube is investigated. During the growth process, the 
modified AGF reduces the back diffusion of CO and trans-
ports more SiO gas from the DS furnace. On the other hand, 
the C concentration decreases largely in the mc-Si ingot due 
to less CO gas formation. O concentration was obtained due 
to reduced back diffusion of SiO gas in the modified ingot. 
In the conventionally grown ingot the obtained oxygen and 
carbon concentrations are within 6.61E17 and 9.04E16 
atoms/cm3 respectively and in the modified furnace the 
obtained oxygen and carbon impurity concentrations are 
within 2.2E17 and 5.32E16 atoms/cm3, respectively. In the 
conventional furnace, the AGF pattern affects the tempera-
ture of the silicon melt surface. In the moidified furnace, the 
effect of temperature in the M-FS is low compared to the 
conventional furnace. So, a higher AGF rate is possible in 
the modified furnace. Based on the above discussion, modi-
fied furnace gives a better quality of the mc-Si ingot for PV 
applications.
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