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Abstract

The quality of the multi-crystalline silicon ingot mainly depends on the defects and impurity distribution. The impurities
originate from the various furnace parts and feedstock. The argon gas which acts as carrier gas plays an important role to
reduce the chemical reaction inside the furnace. The reduction of carbon and oxygen concentration results in the reduc-
tion of SiO, CO and SiC formation. Various argon gas flow rates (5 LPM to 30 LPM) are simulated and C, O, CO and SiO
concentrations were analysed. By increasing the argon gas flow rate, the SiO gas in the melt-free surface gets reduced from
6.9E2 to 5.1E1ppma. Also, it prevents CO gas formation in the melt-free surface. Oxygen concentration is lower than the
concentration required for LID for 25 LPM and 30 LPM. From the 20 LPM, mc-Si ingot has Carbon concentration lower than
the critical concentration required for SiC formation. The experimental result of 25 LPM Argon gas flow rate is compared

with simulation results.

Keywords Argon gas - Directional solidification - Multi-crystalline silicon - Carbon and oxygen impurity - Chemical

reaction

1 Introduction

Nowadays, solar cell is one of the important sources
for the electricity production. Around the world, many
researchers are working in different types of solar cells
in order to produce high conversion efficiency. There are
three generations of solar cells available in the photovol-
taic (PV) market. Silicon based solar cells are dominant in
the PV market due to its efficiency with low manufactur-
ing cost. Silicon based solar cells can be divided into two
major parts known as monocrystalline silicon (mono-Si,
25.6 +0.5%) solar cell and multi-crystalline silicon (mc-
Si, 21.25+0.4%) solar cell [1]. Directional solidifica-
tion (DS) growth technique is used to grow mc-Si ingot.
One of the main challenges in the mc-Si ingot growth is
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to control the impurity concentration, because it affects
the efficiency of the solar cell. The melt-crystal inter-
face and melt flow have been studied from 0 to 30 litter
per minute (LPM) argon gas flow rate (AGFR). Thermal
buoyancy force is enhanced and the direction of the melt
flow is driven by the argon gas flow. Above 30 LPM,
the central part of the melt is quickly solidified due to
cooling effect of argon gas [2]. The effect of AGFR was
investigated during the cooling process at 60 to 200 min
by varying the velocity from 0.05 to 0.6 m/s [3]. Quality
of the mono-crystalline silicon ingot was improved by
the gas controlled hot zone furnace [4]. Gas guidance
system was used in the DS process to reduce the for-
mation of CO by 31% [5]. Argon gas flow and furnace
pressure of the DS furnace were studied [6]. From the
argon gas injector, the argon gas flow was improved.
From this modification mc-Si ingot impurity concentra-
tion was reduced [7]. The AGFR affects the temperature
distribution during the casting process and it affects the
quality of the ingot [8]. The crucible rotation reduces the
oxygen evaporation [9]. Carbon and oxygen concentration
of mc-Si ingot was reduced by using the molybdenum
gas shield [10]. The investigation of melt flow pattern
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and oxygen concentration were studied in CZ process.
From that investigation, by increasing the AGFR the melt
flow pattern and oxygen concentration was affected [11].
Tungsten cover is used to reduce the CO formation in
the DS process. It helps to reduce the carbon concentra-
tion [12]. DS Furnace pressure was studied. From that
investigation it was concluded that during the CO gas
transport, the convection process dominates at minimum
furnace pressure and the diffusion process dominates
at maximum furnace pressure [13]. If the oxygen con-
centration level above 1.5E17 atoms/cm® (3.3ppma) in
the crystal, it will encourage the light induced degrada-
tion (LID) [14]. If carbon concentration is above 1E16
atoms/cm®, it will enhance the precipitation of oxygen
and also reduce the minority carrier life time [13]. Dur-
ing the crystal growth process, if the carbon concentra-
tion is above 1.3E17atoms/cm3, it will enhance the SiC
precipitation [15].

Many researchers have modified the furnace parts to
reduce the impurity concentration. Our main aim is to
grow the mc-Si ingot below the critical level of both LID
and SiC formation. In the DS furnace, the SiO gas is car-
ried outside the furnace with the help of argon gas. In
this work, we have numerically investigated the AGFR
to optimize the quality of the ingot in generation 1 (G1)
DS furnace and the suitable AGFR is implemented in
the experiment. In both cases, there is no crucible rota-
tion applied in the growth process. Experimentally, the
impurity concentrations are investigated with the help of
FTIR measurement. The impact of AGFR on ingot growth
conditions is investigated. Simulation work was done with
the help of CGSim software. Their results are compared.

Fig.1 Schematic diagram for
DS Furnace; left side is grid

2 Model Description

Figure 1 shows the schematic diagram of 2D axis symmetry
DS furnace system. It consists of a silicon nitride (Si;N,)
coated silica crucible, graphite retort, argon gas tube, graph-
ite heater and graphite insulations. Si;N, is used to avoid the
diffusion of oxygen impurities from the crucible to melt.
Argon gas acts as a carrier gas which is used for the purifica-
tion of the growth system. The argon gas flow is considered
a compressible flow [16]. The growth process depends on
the heater power and bottom insulation wall opening rate.
Heat transfer mainly occurs in the form of conduction, con-
vection and radiation. 2D grids were generated for the radia-
tive, conductive and convective heat transfers. The iterative
method is used to solve heat and mass transfer by using the
finite volume method.

The insulation wall is opened after the completion of
the melting process. Furnace temperature starts to diminish
in the form of heat radiation due to opening the insulation
wall at bottom. When the temperature decreases, the molten
silicon starts to crystallize. In order to control the growth
process, the heater power is controlled in the appropriate
manner. The melt was considered as incompressible New-
tonian fluid. The rate of the bottom insulation opening was
controlled properly for controlling heat dissipation at the
bottom. The heat energy is emitted in the radiation form due
to the opening of bottom insulation. During this process,
the crystal starts to grow from bottom to top [17]. The total
number of grids is 9400. In this work we have investigated
the different AGFR. Case-a is 5 LPM, case-b is 10 LPM,
case-c is 15 LPM, case-d is 20 LPM, case-€e is 25 LPM and
case-f is 30 LPM. The numerical model details of our system

generated view and right side
are furnace materials
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are in the reference paper [18]. The material properties are
listed in Table 1 for the simulation work.

3 Chemical Model

The main difficulty in DS process is to control of the impurity
concentration during crystal growth process. The chemical

the SiO, crucible, SiO is formed. The SiO gas moves towards
the melt-free surface and reacts with the graphite material.
Then CO gas is formed. After the CO formation it separates
into oxygen and carbon then it is dissolved in the melt. In the
melt region if the carbon concentration exceeds the critical
value then SiC will be formed. The chemical reactions are as
follows:

reaction occurs in different stages of the growth process like Si3Ny 5) = 3Simy+ Nem) M
melting, solidification and cooling process. In this casting pro-
cess, temperature is raised from the room temperature to above  Sigy) + SiO5) = 2810, )
silicon melting point. In that time, crucible reacts with melt,
then nitrogen will be formed. Then the silicon melt reacts with
Table 1 Physical properties of the material involved in the simulation
Material Properties Values Units
Argon Heat conductivity 0.01 Wm K
Heat capacity 521 Jkg ' K!
Dynamic Viscosity P(T)=8.466x 1076+ 5.365 x 1078 T-8.682x Pas
10—12 T2
Graphite Heat conductivity P(T)=146.8885-0.17687 T +0.000127 T>—4.6899 x 107% T3 4+.6.665 x 10712 T* Wm™ K!
Emissivity 0.8
Density 1950 kgm™
Heat capacity 710 Tkg ' K!
Insulation Heat conductivity 0.5 Wm™! K™!
Emissivity 0.8
Density 500 kgm™
Heat capacity 100 Tkg ' K™!
Quartz Heat conductivity 4 Wm™! K™!
Emissivity 0.85
Heat capacity 1232 Tkg ' K!
Density 2650 kg m™
Steel Heat conductivity 15 Wm™! K!
Emissivity 0.45
Heat capacity 1000 Tkg ' K!
Density 7800 kgm™
Si melt Heat conductivity 66.5 W m™! K!
Emissivity 0.3
Density P(T)=3194-0.3701 T kgm™
Melting Temperature 1685 K
Surface tension 0.7835 Nm™
Dynamic viscosity 0.0008 PaS
Heat capacity 915 JTkg ' K™
Wetting angle 11 Deg
Latent Heat 1,800,000 Tkg™!
Si crystal Heat conductivity P(T)=110.6122042— Wm™ K!
0.1507227384 T +0.0001093579825 T?—4.009416795 x 107°% T? +5.66839358x
10—0I2 T4
Emissivity P(T)=0.9016-0.00026208 T
Density 2530 kg m™
Latent Heat 1,800,000 J kg_1
Heat capacity 1000 Tkg ' K!
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Fig.2 Chemical reactions in the

DS furnace Argon gas tube

* Graphite retort

Gas outlet

~ " Silica Nitrate coating
*Silicon melt
— Silica crucible

" Crystal

Si0; () = Sigm) +20m) 3) €O = Cam +Om ©)

. . Where (m), (s) and (g) represent the state of melt, solid and
Sim) + Om) = Si0 @ gas.

The figure below shows the overall chemical reactions

SiO,) + C(5) = CO(,) + Siy, ) occurring in the DS furnace [16, 18-20] Fig. 2.
C, + SiO, , = SiO,,, + CO,

© 2o ® ® © 4 Result and Discussion
CO +28ig) < SiC) + SiO (7)  Generally, purpose of the argon gas is to carry away the gas

from melt-free surface to outlet of the furnace. In the melt-
free surface, heat is transferred by the gas convection and
radiation. Figure 3 shows the right side of the crucible in the
melt-free surface region which explains the argon gas flow

:
!
!
f

Sig) = Si(m)

Fig.3 Argon gas distribution
above melt-free surface. a, b,
¢, d, e and f correspond to the
case-a, case-b, case-c, case-d,
case-e and case-f

D
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pattern and influence of argon gas with different flow rate. In
the melt-free surface, vector magnitude is varied due to the
argon gas flow rate (AGFR). There is no vortex formation
in the case-a. After the increment of AGFR velocity, vortex
is formed. Thermodynamically, heat convection and radia-
tion move from hot end to cold end. So, vortex is formed in
the melt-free surface. Vortexes are formed near the centre
of the melt-free surface because argon gas is inserted in the
middle zone of the DS furnace. Length of the arrow mark
represents the magnitude of argon gas flow velocity. This
explains the influence of AGFR. This phenomenon is in
agreement with reported results [2]. Higher AGFR affects

1680 —W
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—v— Case-c
—o— Case-d
—<«— Case-e
—>— Case-f

1650

Temperature (k)
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Fig.4 Temperature distribution in melt-free surface with different

AGFR at 50% grown mc-Si ingot
a
d

Fig.5 Velocity of the melt after
25% growth of mc-Si ingot a, b,
¢, d, e and f correspond to the
case-a, case-b, case-c, case-d,
case-e and case-f

the temperature distribution of the melt-free surface which
is shown in Fig. 4.

Figure 4 shows the temperature distribution of right side
of the melt-free surface in the crucible. It explains the gas
convection of heat transfer related to the temperature distri-
bution pattern. The results show the impact of the AGFR in
the melt-free surface after the 50% crystallization process.
In minimum amount of AGFR there is no impact created on
temperature distribution in melt-free surface. The increment
of AGFR influences the heat transfer in the central region
of the melt-free surface. The gas distribution will decide the
temperature gradient in the melt-free surface. Temperature
near the gas outlet is equal for all the AGFR. Temperature
variation in the case-a to case-f is 1673 to 1635 K at 50%
grown ingot. Figures 3 and 4 show the AGFR impact on the
melt-free surface and similar results are reported [2].

4.1 Melt Flow Analysis

Figures 5 and 6 show the melt flow velocity at 25% and 50%
of solidification fraction. During the mc-Si ingot casting pro-
cess, heat is transferred from the melt by heat conduction,
convection and radiation process. In both 25% and 50% of
solidification fraction, heat convection occurs in the clock-
wise direction. Above the case-c, the direction of the flow
pattern varies from clockwise to counter-clockwise pattern.
This will help to eject the impurity from the crystal.

At 25% of solidification fraction in case-e secondary
vortex is formed. In Fig. 6. case-f the secondary vortex is

b c
e f
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Fig.6 Velocity of the melt after
50% growth of mc-Si ingot a,
b, ¢, d, e and f corresponding to
the case-a, case-b, case-c, case-
d, case-e and case-f

a
d

formed due to higher AGFR. This type vortex has reduced
the impurity concentration [4].

4.2 Oxygen Impurity Concentration Analysis

Silica crucible acts as a source of the oxygen. Crystal and
melt act as sink. The interstitial oxygen will improve the
mechanical strength of the wafer [20] and it does not affect
the minority carrier life time [21, 22]. In boron doped mc-Si,
excess of oxygen induces the oxygen boron (O-B) complex
in order to form LID effect in the solar cell which reduces
the efficiency. It also affects the mechanical strength of the
wafer [23]. The melt flow and gas flow strongly affect the
oxygen concentration and distribution. The LID effect can
be avoided by controlling the oxygen concentration below
1.5E17 atoms/cm’ in the crystal [13].

Figure 7 shows oxygen concentration. The distribution of
the oxygen varies inside the melt due to the different AGFR.
Most of the oxygen is dissolved into the melt during the
melting process, then it forms SiO gas. Oxygen concentra-
tion is high near to the crucible wall due to the dissolution of
oxygen from the crucible wall. The oxygen concentration in
the top of the melt is less compared to the bottom. In case-a,
the oxygen concentration inside the melt is7.4E17 atoms/
cm? at the initial stage. But this higher value is in a small
area. When the AGFR increases the oxygen concentration
decreases. The maximum amount of oxygen concentration
is found in case-a to case-d as seen in the Fig. 7 left side. In
case-a to case-d the AGFR are not sufficient to carry more

@ Springer

SiO gas which enhances the chemical reactions. In case-e
and case-f, the oxygen concentration range is from 7E16 to
2.0E17atoms/cm?. In the Fig. 7 right side shows the 50%
melt portion. In case-a and case-f, the oxygen concentra-
tion range is from 4.0E16 to 7.2E17atoms/cm?>. In all cases
the upper part of the melt has a low oxygen concentration
compared to the lower part due to the argon gas flow. In the
upper part of the melt which is nearby the melt-free surface,
the SiO gas is captured easily. In CZ process the main motto
is to control the oxygen concentration in the melt within the
solubility limit of 2-3E18 atoms/cm? to avoid the dislocation
generation from the SiO, [24]. Oxygen concentration in the
growing ingot is directly proportional to the oxygen which
is diffused from the silica crucible and reacts with the melt.
The reaction is temperature dependent [25].

In Fig. 8 left side indicates the 25% grown mc-Si ingot
and right side is 50% grown ingot. The oxygen concentra-
tion is varied from the melt to crystal because some of the
oxygen forms into SiO gas. In Fig. 7 left side case-a has
high oxygen concentration compared to other cases. Near
the crucible wall it is 7.0E17 atoms/cm® and remaining
portion it is below 5.3E17 atoms/cm?>. The more amount of
oxygen concentration is dissolved from the crucible wall
into the melt and it gets into the crystal [20]. Convec-
tive flow transport is very important to control the oxygen
concentration in the crystal because the oxygen atoms are
transported into the melt via convection flow. If oxygen

concentration is above the critical value inside the crystal,
it induces the LID effect [14]. High AGFR has reduced the
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Fig. 7 Oxygen concentration, at 75% melt (left) and Oxygen concentration, at 50% melt (right). a, b, ¢, d, e and f correspond to the case-a, case-

b, case-c, case-d, case-e and case-f

oxygen concentration in the grown ingot. Case-a to case-
¢, the oxygen concentration level in the ingot is above the
critical level. After the case-c, the oxygen concentration
level is less compared to the critical value. In the Fig. 8
right side shows the crystal portion after 50% solidification

fraction. The oxygen concentration of case-a to case-c is
in the range of 8.5E16 to 7.5E17 atoms /cm3. It easily
enhances the LID effect and SiO2 formation. The mini-
mum amount of AGFR is not enough to reduce the oxygen
concentration. Case-d to case-f have better result and the
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Fig.7 (continued)

oxygen concentration level is in the range of 2.8E17 to
8.5E16 atoms /cm3.

Figure 9 shows the fully grown mc-Si ingot. Minimum
amount of AGFR slightly affects the oxygen impurity dis-
tribution. Figure 9 case-a to case-c, have higher oxygen
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concentration inside the ingot. Such types of ingots are
enhancing more LID effect, SiO, formation and reduces
the minority carrier lifetime. Minimum AGFR is not suf-
ficient to grow better quality mc-Si ingot. After the case-c,
the oxygen concentration is reducing gradually due to higher
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Fig.8 Oxygen concentration at 25% grown ingot (left) and Oxygen concentration at 50% grown ingot (right). a, b, ¢, d, e and f correspond to the
case-a, case-b, case-c, case-d, case-e and case-f
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Fig. 9 Oxygen concentration, after growth of 100% of mc-Si ingot. a, b, ¢, d, e and f correspond to the case-a, case-b, case-c, case-d, case-e and
case-f

AGFR. The oxygen concentration of case-e and case-f is  concentration is less than the critical value of the grown
below 2.9E17 atoms/cm®. In case-e and case-f the oxygen  ingot. In both cases very small portion is above the critical
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value which is negligible. In electronic application CZ
wafers are used with the oxygen concentration of 3-9E17
atoms/cm’ [26]. From case-e, the gas flow rate starts to
reduce the LID effect which denotes that the case-e is better
in oxygen concentration point of view.

4.3 SiO Gas Analysis

The SiO gas formation rate depends on the different param-
eters like the temperature distribution, melt flow rate and
argon gas flow rate.

The transport of the oxygen atoms into the melt is through
diffusion and convective flow which reacts with silicon to
form SiO gas. Then the SiO gas moves from melt to melt-
free surface due to density variation. In Fig. 10. case-a has
higher SiO gas in the melt-free surface because of the low
AGFR. By increasing AGFR, the SiO gas concentration is
reduced in the melt-free surface during the growth process.
In case-a, the SiO concentration in the melt-free surface is
distributed homogeneously. By increasing the argon gas
flow, the SiO concentration is varied due to the elimination
of SiO gas nearby the melt. The SiO concentration in the
melt-free surface varies from 0 to 6.9E2 ppma at 25% grown
ingot and 0 to 5.0E2 ppma at 50% grown ingot. The maxi-
mum value of the SiO gas concentration is present nearby
the melt-free surface.

4.4 Carbon Impurity Concentration Analysis

Carbon and related defects play an important role in the effi-
ciency of solar cell. Carbon impurity affects the dislocation
density in the ingot. The excess of carbon occupies the sili-
con crystal as substitutional or interstitial sites due to point
defects. If the carbon exists as the substitutional in a silicon
atom, then it is electrically inactive. If the carbon exists as
the interstitial in silicon atom, then it is electrically active
and also affects the dislocation density [27-29]. The carbon
impurities are originating from the melting stage and growth
stage of the casting process.

The Fig. 11 shows the 75% and 50% melt portion. The
concentration of carbon impurity in melt varies from top to
bottom position. The high carbon concentration value is in
the top and minimum amount is in the bottom of the melt.
High carbon concentration appears in between the edge of the
melt and top of the crucible wall. Carbon concentration in
case-a to case-f is 3.0e17 to 4.0E17atoms/cm? as shown in the
Fig. 11. In Fig. 11 case-a to case-d, the carbon concentration
is higher than case-e and case-f which enhances the oxygen
precipitation in the melt [13]. By increasing the AGFR, it will
reduce the carbon concentration which results in the reduction
of oxygen precipitation in the melt. It is in Fig. 7. In Fig. 11
right side, the carbon concentration varies from the 3.9E17 to

@ Springer

5.6E17 atoms/cm?. Carbon concentration becomes less from
case-e due to the increment of the AGFR both at 75% and 50%
melt. SiC formation is avoided as carbon concentration is less
than the critical value.

Figure 12 left and right sides are showing the 25% and
50% of the grown mc-Si ingot. In the grown ingot carbon
impurities are high in the top of the crystal due to its seg-
regation coefficient. The CO gas was absorbed in the top
of the melt after the convection or diffusivity and it gets
segregated to the crystal. By increasing the AGFR the CO
gas back diffusion is decreased and the segregation of the
carbon in crystal is also reduced. The carbon concentration
of 25% and 50% grown ingot are corresponding to 1.5E16
to 2.4E16 atoms/cm’ and 1.5E16 to 3.5E16 atoms/cm’
respectively.

Figure 13 shows the carbon concentration on fully grown
mc-Si ingot. The case-a and case-b have higher value of car-
bon concentration in the grown ingot. From case-b onwards
the carbon concentration is suppressed due to the increase
in AGFR. Analysing all cases carbon concentration is in the
range of 1.5E16 to 2.2E17 atoms/ cm?. From case-c the carbon
impurity is less than 5.6E16 atoms/cm’. When we consider
the carbon concentration from case-d onwards there is good
quality mc-Si ingot.

4.5 CO Gas Analysis

Figure 14 shows the CO gas in the melt-free surface with dif-
ferent gas flow rate at 25% and 50% grown crystal.

The CO formation and back diffusion take place at the triple
point which results in higher oxygen concentration in the melt
[16, 25]. The concentration of the CO gas is increasing from
bottom to top of the melt-free surface. The CO gas concentra-
tion nearby the graphite material is high due to chemical reac-
tion which happens due to the SiO gas. CO gas enters into the
melt by back diffusion or convection during the solidification
process. The CO concentration in the melt-free surface varies
from 0 to1.3E2 ppma at 25% grown ingot and 0 to 9.5E1 ppma
at 50% grown ingot CO concentration decreases with respect
to the increment of AGFR. In the case-a CO gas concentration
has higher value than the other cases. This indirectly represents
that the argon gas is carrying out the CO gas. At higher flow
rate CO gas concentration is reduced. From case-c, carbon
concentration at grown mc-Si ingot is below the critical value
for SiC formation.

5 Experimental Procedure

In the DS process initially feedstock is loaded in the
quartz crucible and it is heated above the melting point.
After the melting, the temperature is maintained a few
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SiO_molar[ppma] 3l

Fig. 10 SiO gas concentration in melt-free surface. Left side is 25% grown mc-Si ingot and right side is 50% grown mc-Si ingot. a, b, ¢, d, e and
f correspond to the case-a, case-b, case-c, case-d, case-e and case-f
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Fig. 10 (continued)
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Fig. 11 Carbon concentration, at 75% melt (left) and carbon concentration, at 50% melt (right). a, b, ¢, d, e and f correspond to the case-a, case-

b, case-c, case-d, case-e and case-f
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3.0E17

3.1E17

3.0E17

Fig. 11 (continued)

hours at above the silicon melting temperature for uniform
melting than is solidified with controlled cooling. Based
on the numerical simulation results, the 25 LPM AGFR
was used to grow mc-Si ingot with a weight of 15 kg.

Figure 15 shows the as grown mc-Si ingot and DS sys-
tem. After the DS process, the ingot is cut. The samples
are collected from the corner and centre of the ingot.
Sample position are shown in Fig. 16. The wafer was
taken from the top, middle and bottom of the corner and
the centre of the brick. The collected wafer dimension is
15*%15*%2 mm and compared with the impurity concentra-
tion by FTIR spectrum.

5.1 FTIR Analysis

The sliced wafer carbon and oxygen concentrations are
measured by using the FTIR analysis for the corner and

@ Springer

Carbon_conc[atoms/cm’] E
4.0E17
3.9E17
L
=——13.7E17
1 3.3E17
‘ 3.2E17
3.1E17
|Carbon_conc[atoms/cm’] @
4.0E17
I 3.9E17
j 3.8E17
=—13.7E17
3.6E17
3.5E17
3.4E17
3.3E17
3.2E17
>

v

f(‘arbon_conc[-loms/cm’l E

5.6E17
54E17
‘ 53E17

5.1E17

4.9E17

4.8E17

4.6E17

4.4E17

4.2E17
4.1E17

3.9E17

f

Carbon_conc[atoms/cm’| E
5.6E17

"ﬂ 5.4E17

=== 5.3E17

—15.1E17

4.9E17

4.8E17

4.6E17

4.4E17
4.2E17
4.1E17

3.9E17

centre of the ingot particularly the top, middle and bot-
tom. Due to the segregation coefficient, the concentra-
tion of carbon and oxygen in the ingot varies. The peak
at 608 cm-1 corresponds to carbon, and the peak around
1112 cm-1 corresponds to oxygen in the interstitial spaces.
Si-C and Si-Si stretching vibrational modes are responsi-
ble for the small band around 600 cm-1. Si-O stretching
mode symmetric and asymmetric stretching accounted
for the bands present at 1050 and 1110 cm-1. Variations
in carbon and oxygen concentrations can be seen in the
obtained spectra. The below equation is used to calculate
the carbon and oxygen concentration in wafers.

N =Cx2303 (A, - A,/d) (10)

C  Conversion Coefficient
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Fig. 12 Carbon concentration at 25% grown ingot (left) and carbon concentration at 50% grown ingot (right). a, b, ¢, d, e and f correspond to the
case-a, case-b, case-c, case-d, case-e and case-f

d  Thickness of the wafer
A, Obtained Absorbance Value
Carbon and oxygen has different conversion coefficient.
A, Baseline Absorbance Value The conversion coefficient of carbon at room temperature
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Fig. 12 (continued)

is 8.2E16 cm™2. The conversion coefficient of oxygen at  the impurity concentration for the grown ingot. The

room temperature is 3.1E17cm~2 [30]. carbon and oxygen concentration values are given in
In Fig. 17 left side is a corner zone of the wafer and  Table 2.

the right side is the centre zone of the wafers to obtain
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Fig. 13 Carbon concentration, after growth of 100% of mc-Si ingot. a, b, ¢, d, e and f correspond to the case-a, case-b, case-c, case-d, case-e and
case-f

These results have shown that the corner region of = compared to the centre region of the ingot. These results are
the wafer has a huge amount of impurity concentration  similar to the simulation results.
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Fig. 14 CO gas concentration in melt-free surface. Left side is 25% grown mc-Si ingot and right side is 50% grown mc-Si ingot. a, b, ¢, d, e and
f correspond to the case-a, case-b, case-c, case-d, case-e and case-f
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Fig. 15 DS Furnace experimen-
tal setup. a. Experimental setup
of DS furnace, b. Feedstocks
loading and ¢. Grown mc-Si
ingot

Fig. 16 Wafer collection to the
grown ingot. a. grown mc-Si
ingot, b. corner and centre por-
tion of the brick and c. wafer
collected from the brick for
different zone

6 Conclusion

Oxygen concentration and carbon concentration in the
grown mc-Si ingot are reduced by increasing the AGFR.
After 20 LPM, the SiO gas in the melt-free surface gets
reduced from 6.9E2 to 5.1Elppma. In the melt-free sur-
face, AGFR affects the formation of CO gas and its back
diffusion. The CO gas concentration is lower than 3.9E1
ppma. The concentration of oxygen and carbon in grown
ingots are 1.5E15 to 9.5E17 atoms/cm® and 1.5E16 to
2.2E17 atoms/cm® respectively. The higher value of

@ Springer

C
- . Top
. B Midde
. . Bottom

oxygen and carbon concentration is in very small por-
tion which is present in the red zone of the grown mc-Si
ingot. 20 LPM is better for growing the ingot within the
critical limit for SiC formation. 25 LPM is better to grow
the ingot within the critical limit for the LID formation.
Based on the simulation investigation experimentation
has been done with the 25 LPM AGFR. From the FTIR
spectrum carbon and oxygen concentration of the wafer
is calculated. These results are similar to the simulation
results. Based on the simulation and experimental analysis
25 LPM AGFR gives better results for the PV application.
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Fig. 17 FTIR spectra for impurity concentration. The left side is the Corner region of the wafer and the right side is the Centre region of the

wafer

Table 2 Carbon and oxygen impurity concentration of the wafer

Zone Position Carbon concentra-  Oxygen
tion concentra-
(1E16 atoms/cm®)  tion
(1E17
atoms/
cm’)
Corner Top 5.7435 0.3479
Middle 5.2669 0.8481
Bottom 4.4067 1.9041
Centre Top 5.0633 0.1650
Middle 4.9064 0.1789
Bottom 4.7526 0.5434
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