Silicon (2023) 15:2185-2197
https://doi.org/10.1007/s12633-022-02162-z

ORIGINAL PAPER q

Check for
updates

Investigation of DS Furnace Heat Exchange Block Thickness
for the Improvement mc-Si Ingot Quality

Anbu Gopalakrishnan' - Thiyagarajan Madhu'-2 - Aravindan Gurusamy' - Srinivasan Manickam' -
Ramasamy Perumalsamy’

Received: 22 April 2022 / Accepted: 5 October 2022 / Published online: 18 October 2022
© Springer Nature B.V. 2022

Abstract

Numerical investigation was performed for analyzing the distribution of von Mises stress in the growing multi-crystalline
silicon ingot during the directional solidification process. In order to minimize the generation of the dislocation density, it
is important to grow the mc-Si ingot with lower von Mises stress by maintaining 600 mbr pressure and Ar gas is inlet 20
LPM throughout the growth process. The important features for the generation of von Mises stress in the growing mc-Si
ingot is axial and radial temperature gradient. The axial and radial temperature distributions play vital role for the genera-
tion of von Mises stress. By varying the thickness of the heat exchanger block the axial temperature distribution got altered.
Directional Solidification furnace with various thickness of heat exchanger block (50 mm—250 mm) has been simulated
and their response to solidification process has been analyzed. The distribution of axial and radial temperature, maximum
principal stress and shear stress studies have been carried out for analyzing the distribution of von Mises stress in the mc-Si
ingot. The growth rate of the mc-Si ingot has been altered by varying the thickness of the heat exchanger block. Since we
maintained the growth rate within the optimal range, the optimal stress distribution has been observed for all the cases due
to the lower growth rate. The recommended thickness of the heat exchanger block thickness is 250 mm.

Keywords Silicon solar cell - Computer simulation - Directional solidification - Thermal stress - Heat exchanger block
thickness

1 Introduction

The market of Directional Solidification (DS) process grown
multi-crystalline Silicon (mc-Si) has increased steadily
in PV industry due to the higher throughput. The cost of
silicon wafers can be decreased and production efficiency
can be improved by increasing the size of the silicon ingot.
However, controlling the thermal field when the hot zone
is larger in order to produce high-quality ingots is one of
the difficulties in producing large-size silicon ingots. With
changes to design or growth parameters high-quality ingots
can be made. In order to acquire the temperature and flow
field, the distribution of thermal stress and the form of melt

>< Anbu Gopalakrishnan
anvini777 @gmail.com

Department of Physics, Sri Sivasuramaniya Nadar College
of Engineering, Chennai 603110, India

Division of Physics, School of Advance Science, Vellore
Institute of technology, Chennai 600127, India

crystal interface shape of silicon ingot during the solidifi-
cation process by numerical simulation has proven to be
an efficient method [1, 2]. Several investigations have been
done to enhance the thermal field and thermal stress. Inves-
tigation of the impact of changing of geometry on thermal
distribution and flow field is done using transient simula-
tions [3, 4]. The effect of heat exchanger block (HEB) in the
distribution of temperature and VMS in the grown multi-
crystalline silicon ingot is studied by Nagarajan et al. [5]
and the results reveal the additional insulation block in the
hot zone increases the crystal quality with consuming less
power. Comparative study of three different size DS furnace
7 kg, 40 kg and 330 kg grown mc-Si ingots investigated [6].
Su et al. have investigated bottom grille thermal filed, flow
filed, c/m interface shape and growth rate [7]. By adding
an additional insulation on the hot zone of the DS furnace,
Aravindan et al. enhance the mc-Si ingot quality [8]. The
presence of grain boundaries in the mc-Si ingot limits the
conversion efficiency of the solar cell. During the growth
process, many dislocations were generated from the higher
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stress places [9]. The segregation of metallic impurities on
the grain boundaries limits the lifetime of the minority carri-
ers. At the time of the growth process, it is essential to grow
the multi-crystalline silicon ingot with the lower thermal
stress which is responsible for dislocation generation. Dis-
locations produce the plastic deformation which can cause
the stress relaxation during the growth stage and the arising
of high residual stress on the cooling stage which may result
in ingot cracking. Growing mc-Si ingot with larger grain size
by preserving the seed assisted crystal at the bottom of the
crucible is one technique to improve the quality of the ingot,
whereas growing mc-Si ingot with optimal grain bounda-
ries is another technique to obtain electrically inactive lower
energy grain boundaries. Anis Jouinil et al. have investi-
gated the growth of dendritic crystals for obtaining the lower
energy grain boundaries [10]. Kakimoto et al. studied the
single seeded casting technique from which they have grown
mono-crystalline like silicon [11, 12]. Bing et al., have com-
pared solidification process by using single heat gate and
multiple heat gate configuration [13]. Chen et al. have stud-
ied the VMS for different solidification times (6 h, 10 h,
and 15 h) and they observed that the shorter solidification
time leads to higher VMS whereas higher solidification time
leads to lower VMS [14]. Zhiyoung wu et al. have studied
the solidification process with the partition block in which
they have moved the partition block with different velocities.
At particular velocity of partition block, they have observed
the minimum VMS [15]. Wang et al., have proposed a single
heater on DS furnace in which they have studied the VMS
with different gas flow velocity. (0.05 m/s, 0.22 m/s, 0.3 m/s,
0.4 m/s and 0.6 m/s). Minimum VMS of 13.66 MPa has
been found for flow velocity 0.05 m/s [16]. Naigen Zhou
et al., have investigated VMS by decreasing side insulation
thickness and by moving the heater up side [17]. Aravin-
dan et al. have numerically investigated thermal stress for
different annealing time. At particular annealing time (5 h)
they have observed the minimum VMS [18]. Xinming haung
et al. studied the thermal field distribution in the hot zone by
designing the DS furnace with insulated crucible susceptor
by which they preserved the seed crystals during the mc-Si
ingot. [19]. Zhiyong Wu et al. have reported the distribu-
tion of temperature and VMS in the mc-Si ingot through
introducing movable heat exchanger block (HEB) in the DS
furnace. [5]. Lijun Liu et al. have reported the distribution of
temperature and VMS by introducing the insulation partition
in the DS furnace to grow the good quality multi-crystalline
silicon ingot. [20]. Shi Qiu et al. [21] reported the influ-
ence of vacuum in a multicrystalline silicon. Current work,
investigates the influence of HEB thickness on the growth
of multi-crystalline silicon ingot. The growth rate, axial-
radial temperature gradient, maximum principal stress and
shear stress, and VMS have been analysed by varying the
thickness of the heat exchanger block. The importance of
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choosing the optimal thickness of the heat exchanger block
to get the good quality as well as to grow the ingot with
minimum power consumption has been discussed.

2 Model Description

DS process is a simpler process technique compared to CZ
process to grow silicon ingots for PV application. Compar-
ing to CZ technique DS technique is a low cost, mass pro-
duction, low LID effect, and perfect square shape crystal.
Directional solidification is the cost-effective technique for
the manufacture of mc-Si ingot for PV application. Heat is
extracted from the bottom of the crucible and crystal growth
is started from the bottom of the crucible. The entire growth
is controlled in a single direction which is called directional
solidification process [22]. From the initial melting to the
final growth stage of ingot, a protective argon atmosphere
was maintained by supplying 20 L per minute of argon into
the furnace chamber with 600 mbr pressure. The numerical
simulation becomes a prevailing technique for improving
quality of large size crystal with less cost and time com-
pared to the experimental crystal growth process. Modeling
and simulation of crystal growth process has been employed
to investigate the preliminary physical phenomena of the
growth process and to recommend modifications of design
and processes in the existing systems [23]. Simulation has
been done for various thickness of HEB. The system com-
prises quartz crucible, graphite susceptor, heat exchanger
block, top heater, side heater, bottom insulation, top insu-
lation, side insulation, melt, crystal and argon gas. The
cell number of quartz crucible, graphite susceptor, heat
exchanger block, top heater, side heater, bottom insulation,
top insulation, side insulation melt, crystal and argon gas
is 832, 280, 1072, 90, 90, 449, 1316, 1431, 3071, 2048 and
2338. The cells of quartz crucible, graphite susceptor, heat
exchanger block, top heater, side heater, bottom insulation,
top insulation, side insulation, melt, crystal and argon gas
are of size 0.0298m’, 0.0286 m’, 0.0073 m’, 0.0024 m’,
0.0013 m’, 0.0548 m’, 0.1269 m’, 0.6442 m?, 0.1359 m’,
0.0127 m* and 0.1082 m>. Schematic view of DS system is
shown in Fig. 1. Material properties are listed in Table 1.
The silicon feed materials are loaded into quartz crucible
and fully melted under argon gas atmosphere. In the upward
direction, the side insulation is raised at the time of solidifi-
cation process. The appropriate temperature gradient in the
silicon material is kept during the DS process by changing
the HEB thickness. Firstly, nucleation initiates at the bottom
of the crucible and initiates multi-crystalline silicon ingot
grown in bottom to top direction by the heat flux [24]. The
CGSim (Crystal Growth simulator) was employed for the
computational calculation. Furnace was presumed as 2-D
axisymmetric in accordance with real structure of DS system
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Fig. 1 Schematic diagram of DS furnace. A and B is 2D and 3 D view of DS system

in the numerical model, and separated into sub-regions for simu-
lation. The temperature was set as 1685 K during the crystalliza-
tion at interface [25]. Then, thermal field inside the DS furnace
during the growth process of multicrystalline silicon ingot was
calculated. Real quadrangle geometry requires 3-D simulations.
What we did is 2-D axisymmetric simulations which, in turn,
requires much less computational mesh cells and, consequently,
less computational resources, both time and memory. The refer-
ence temperature of 1685 K is maintained at the melt/crystal
interface within the argon filled DS system [26].

3 Mathematical Model

The governing equations of the momentum balance in an
axi-symmetric model.

19 9 Oy

oy (row) + 5 (ro) = == =0 (0
19 d

;5(7%) + a—z("’zz) =0 ()

where, normal stress in axial, radial and azimuthal direc-
tion, and shear stress is denoted as o, o,, 0,, and o,,,
respectively.

Simulation was carried out for the cylindrical crucible and
it is converted to the square crucible by the calculation. Con-
version calculation details are as follows:

_ 2

cr ”0_5 cr

Rcr n.O.S
H cor = )

where R, is radius (in cylinder form) of crucible and H_, is
half length (in square form) of crucible diameter.

The governing equations of mass transport, heat transport
and species transport are as follows:

dp _

T + V.(pu) =0

o(pC,T) _ .
— V.(pCiT) = V.(4yVT) = V.Grg + Sr
A pw.

% + V. (plig;) = V.(D%_eﬁV(pi) + S,

where p is density, i iscvelocity, Cp is specific heat, T is
temperature, Aeﬁ =i+ If—r”’ is the effective thermal conduc-
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Table 1 Properties of DS furnace components

Material Properties Values Units
Argon Heat conductivity 0.01 Wm! K
Heat capacity 521 Jkg ' K!
Dynamic Viscosity P(T)=8.466x 100+ 5.365x 10~® T-8.682 x 10~1>T? Pa$S
Graphite Heat conductivity P(T) = 146.8885-0.17687 T +0.000127T%-4.6899 x 107%T3 + 6.665 x 10~°12T* Wm™ K™!
Emissivity 0.8
Density 1950 kgm™
Heat capacity 710 Jkg ' K™!
Insulation Heat conductivity 0.5 Wm! K!
Emissivity 0.8
Density 500 kgm™
Heat capacity 100 Jkg ' K™!
Quartz Heat conductivity 4 Wm! K™!
Emissivity 0.85
Heat capacity 1232 Jkg ' K™!
Density 2650 kgm™
Steel Heat conductivity 15 Wm™ K!
Emissivity 0.45
Heat capacity 1000 Tkg ' K™!
Density 7800 kgm™
Si Melt Heat conductivity 66.5 Wm™ K!
Emissivity 0.3
Density P(T)=3194-0.3701 T kg m™
Melting Temperature 1685 K
Surface tension 0.7835 Nm™!
Dynamic viscosity 0.0008 PaS
Heat capacity 915 Tkg ' K™!
Wetting angle 11 Deg
Latent Heat 1,800,000 Tkg™!
Si crystal Heat conductivity P(T)=110.6122042-0.1507227384 T +0.0001093579825T>- Wm™!' K™!
4.009416795 x 107%T3 +5.66839358 x
1070124
Emissivity P(T)=0.9016-0.00026208 T
Density 2530 kgm™
Latent Heat 1,800,000 Tkg™!
Heat capacity 1000 Jkg ' K™!

tivity, P£l=0.9 is the turbulent Prandtl number,

Traa(r) = [ $QI,(r, 2)dQd A is the vector radiative heat flux,
04n
I,(r, Q) s the intensity of the radiation at the point r, Ais the

wavelength of the radiation, D, .4 is the effective dynamic
diffusivity, S, = Séi + ¢iSZ i stands for the i species source.
Fluid flow is incompressible. The melt flow was considered
as laminar by using the Navier—Stokes equations.

Finite Volume Method (FVM) is used to study the
solid material confined by the surface (S) and integral
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formulation is essential in a control volume (V), it is
derived from Egs. (1) and (2), written as
%0
/ (6,1, +0,.n)dS - / —dV =0, ?3)
N v r
/ (o,,n,+0,.n)dS =0, 4)
s

where, normal unit vector surface of the radial components
and axial components are denoted as n, and n,, respectively.
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The stress—strain relation of an anisotropic thermo-
elastic solid body can be given by

Orr ¢ ¢ cp3 0 €, = PuAT

Opp | _ | €21 €22 C23 0 || €pp — P AT )
Oy 3 €3 ¢33 0 |1 €, = f3AT

o, 0 0 0 cy €,

where AT =Temperature- Reference temperature
(T-T,ep). B; is the thermal expansion coefficient and crys-
tal elastic coefficient C;;. Three independent elastic coef-
ficients for cubic crystal structure Cij i.e Cj; Cj, Cyy.
All other coefficients of the silicon can be written as,
Cy,=C53=C,=165.77 Gpa, Cp3=C3=C,;,=63.93 Gpa,
C,,=79.92 Gpa. Also, f;; = By, = B33 = 4.5x 10° K [5].
The strains ¢; can be calculated by

€, =W o =t
T op —
Tt Ta ®
T gy T dr dr

where, radial and axial displacement component is u and v,
respectively. The final displacement components equations
are obtained by substituting Egs. (5) and (6) into (3) and (4),
and the two equations are resolved iteratively by the FVM.

VMS is represented as 6, to calculate the level of ther-
mal stress components,

3 1/2
Gy = (ES,,SQ )
where S,_-i is the stress deviator,

1
8 = 05 = 30ud; ®

6; Kronecker Delta

Normal strain and shear strain cause change in volume
and shape which leads to top distortion.

Using stress components, we can calculate the von Mises stress,

From Distortional (von Mises) energy theory

Distortion Strain Energy = Total Strain Energy — Volu-
metric strain Energy

\/(o'l — 0'2)2 + (0, — 0'3)2 + (05 — 0'1)2

(o

vonMises — 2
o — { O O-von S GCVSS
ex
GV(H’I - GCVSS GVOH > GCFSS
o,  Excessive stress
Oprgs Critically resolved shear stress

The excessive stress (o ,,) generates the dislocation during
the growth process.
Calculate the vertical component of the growthvelocity

voe L g e 0T
crys |nx | p”yS AH Y an ‘melt on
out

+ (0 = Orag)crys = (0rg = O%ug ) melt

where, V. is the crystallization rate, n is the normal to the
surface, nx>is the cosine of the angle, p,.,., is the crystal density,
AH is the latent heat, 4., and 4,,,,;, are theat;lermal g(T)nduc—
tivities in the crystal and melt respectively, TH and —2< are

n
the normal derivatives at the interface in the crystal and melt.

4 Results and Discussion
4.1 Axial Temperature Distribution

The growth rate of the growing ingot mainly depends on the
axial temperature gradient [27]. If there is higher axial tem-
perature gradient there will be higher growth rate and if there is
lower axial temperature gradient there will be lower growth rate.
Higher axial temperature gradient results in faster solidification
and it induces the thermal stress during the growth process of
ingot which can enhance the dislocations generation and multi-
plication. Using numerical simulation, the axial temperature gra-
dient of the mc-Si ingot at the end of the solidification process
was studied for various HEB thickness (50-250 mm) DS fur-
naces. The simulations have been performed for those furnace
with the same input parameters. The simulation results of vari-
ous HEB thickness in the DS furnace showed that the increase of
HEB thickness results in the decrease of axial temperature gradi-
ent. The higher amount of heat is maintained inside the crucible
when the insulation is high (250 mm). Since the temperature
of the melt-crystal interface is fixed at 1685 K, the lower axial
temperature gradient in the crystal region is maintained when
the HEB thickness is high (250 mm). Figure 2 shows the plot of
axial temperature with ingot height at the centre.

4.2 Radial Temperature Distribution

Control of radial temperature difference is very challenging.
Here we have studied the radial temperature distribution using
the numerical simulation. The radial temperature distribu-
tion reveals the shape of the melt-crystal interface. The radial
temperature gradient of the ingot is influenced by the thermal
behavior of the quartz crucible. The temperature distribution
at the bottom of the ingot from the center to peripheral region
is shown in Fig. 3. As we discussed in the earlier section the
HEB with higher thickness is maintained at higher temperature
due to massive storage of heat. The crucible bottom is main-
tained at higher temperature due to the higher thickness and
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Fig.2 The axial temperature

of the multi-crystalline silicon 1700
ingot at the end of the DS for
various HEB
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the bottom radial temperature distribution is decreased by 4.3 Growth Rate

decreasing the thickness of the insulation block. The genera-

tion of VMS is due to the combination of axial and radial ~ Growth rate is one of the important factors which could affect

temperature distribution. the multi-crystalline silicon ingot quality during the solidifica-
tion process. The temperature, cooling rate and heat exchanger
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block play a vital role in the growth of the crystal. By chang-
ing the temperature gradient, growth rate could be controlled
which can be established by desirable thickness of the HEB. The
DS process is a simpler process which can be used to produce
larger size mc-Si ingots. Lower growth rate could suppress the
development of dislocations produced by thermal stress and also
decrease the efficiency. The production efficiency is increased
though larger crystal growth rate but it decreases the quality
by introducing defects. To improve production efficiency, it is
better to start with lower growth rate at initial stage and higher
growth rate at later stage. The variation in the rate of crystal
growth for different HEB is plotted in Fig. 4. In all those cases
the higher initial growth rate was observed which is due to the
faster lifting of the side insulation to start the nucleations at the
crucible bottom. The density of the solid silicon is lower than
liquid silicon and it may lead to floating of solid silicon if we
start the crystal growth with lower growth rate, so there is a need
to form the bulk crystal at the bottom of the crucible. The proper
heat transfer is established in the growth region depending on
thickness of the HEB. The thicker HEB releases lower heat in
the growth region which results in the lower growth rate. Since
the growth rate is depending on the axial temperature gradient
which can be varied by the thickness of the HEB, the growth
rate is directly controlled by the HEB thickness. The results
showed that the increase of HEB thickness causes decrease in
growth rate. The lower growth rate was obtained at 250 mm
HEB thickness and higher growth rate was observed at 50 mm
thickness HEB. The growth rate is increasing linearly when
the HEB thickness decreases from 250 to 50 mm, so that the

Fig.4 Growth rate for various 12

higher growth rate can be established while using 50 mm thick-
ness HEB and lower growth rate can be established while using
250 mm thick HEB. From 15 to 25th hour the growth rate for all
those cases is maintained around 6 mm/hr to achieve controlled
annealing or cooling process in which it will reduce tempera-
ture gradient along axial and radial direction within the ingot
there by reducing the defects and dislocations within the grown
ingot. Outgoing heat flux is controlled by HEB. Even though
the growth rate depends on the heater power and opening rate
of insulation, the thickness of heat exchanger block is purposely
increased to achieve controlled growth of ingot where the heat
dissipation at the bottom is controlled by increasing the insula-
tion thickness. So, by optimizing the thickness of the insulation
block, we can control the temperature gradient along the radial
and axial direction of the growing ingot. Here the variation in the
growth rate is due to the variation in heater power reduction rate.
The larger variations in growth rate will affect the crystal quality.
The variation in growth rate is rather low in our case which will
not affect the crystal quality. In this period if the equilibrium heat
transfer is attained then the insulation is further lifted to enhance
the heat transfer.

4.4 Maximum Principal Stress

The maximum principal stress is determined by HEB thick-
ness. In the DS method, the maximum principal stress in the
multi-crystalline silicon ingot is the key factor to identify
ingot quality. Hydrostatic Stress which is derived from the

thickness of HEB

10

Growth Rate (mm/h)
(=

10 15 20 25 30
Time (h)

@ Springer



2192

Silicon (2023) 15:2185-2197

1.1266—————1.12E6___
/ Sy T

{
1.12E6
|

Max_principal_stress[Pa]
2.00E7
1.79E7
1.5%E7
1.38E7
1.18E7
9.70E6
7.64E6
5.58E6
3.5266
1.46E6
-6.00E5

Max_principal_stress[Pa]
2.00E7

A PR G 1OF 6
=1 ADEGEu 3 1.79E7

1.5967
1.3867
1.18E7
9.70E6
7.64E6
5.58E6
3.5266
1.46E6
-6.00E5

[Max_principal_stress[Pa] |
2.00E7
1.7967
1.5%E7
1.38€7
{ 1.1887
9.7086
7.646
5.5886
3.526
1.46E6
-6.00E5

11266 ——————— 4 12E6—

— 1.12E6— —1.12E6_-1.12E6_

1.12E6

=1 412G

Max_principal_stress[Pa]
2.00E7
1.79E7
1.59E7
1.38E7
1.18E7
9.70E6
7.64E6
5.58E6
3.52E6
1.46E6
-6.00E5

__1.1286————  1-12E6

1.12E6

(d)

Fig.5 Maximum principal stress (MPa) of mc-Si ingot for various thickness of HEB. a, b, ¢ and d corresponding to the 100 mm, 150 mm,

200 mm and 250 mm HEB thickness

stress tensors will lead to VMS and some of the components
of the maximum principal stress tensor lead to the develop-
ment of the VMS in the multi-crystalline silicon ingot. The
simulations are done for various thickness of HEB and the
results are compared. The distribution of maximum principal
stress in the multi-crystalline silicon ingot is: 100 mm > 15
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0 mm > 200 mm > 250 mm. It is shown in Fig. 5. The heat
extraction decreases with increase in heat exchanger block
thickness and this results in decrease in maximum principal
stress as thickness of heat exchanger block increases. 250 mm
thickness will be the better choice for the growth. In the bot-
tom, the stress is decreasing as HEB thickness increases.
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Fig.6 Maximum shear stress (MPa of mc-Si ingot for various thickness of HEB. a, b, ¢ and d corresponding to the 100 mm, 150 mm, 200 mm

and 250 mm HEB thickness

4.5 Maximum Shear Stress

Shear stress is caused by non-homogeneous temperature.
To avoid the shear stress, optimization of the temperature

gradient during the solidification is important. The dis-
tribution order of maximum shear stress in the multi-
crystalline silicon ingot is as follows: 100 mm > 150 m
m >200 mm > 250 mm. It is shown in Fig. 6. Results
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show that the shearing stress decreases with increase in
thickness of the heat exchanger block. The heat extraction
decreases with increase in heat exchanger block thickness
and this results in decrease in shear stress as thickness
of heat exchanger block increases. The components of
stress tensor is important since it plays main role to deter-
mine the VMS distribution and dislocation formation. The
growth rate for all those cases was not increased more
than 10 mm/hr and those have given lower VMS, the dis-
tributions of maximum shear stress in the mc-Si ingot are
also in optimal range. In the bottom, the maximum shear
stress is decreasing as HEB thickness increases. The heat
extraction decreases with increase in heat exchanger block
thickness and this results in decrease in maximum shear
stress as thickness of heat exchanger block increases. So,
250 mm thickness will be the better choice for the growth
of improved ingot quality.

4.6 Von-Mises Stress

The distortion in the crystal is change in the volume and
shape due to the normal strain and shear. Using stress
components we can calculate the von Mises stress, from
distortional (von Mises) energy theory. The allowed criti-
cal stress value for CZ grown crystal is about 30-35 Mpa.
But in mc-Si there is no such explicit limitation due to the
presence of grain boundaries. Rao et al. [28] also reported
that narrow bottom insulation is beneficial for the reduction
of the thermal stress.

The VMS is used to predict the yielding of materials
under complex loading condition. Normally if there is
equal loading on each side of the material it will cause
the change in volume which will not induce the VMS in
the material. The distribution order of von Mises stress in
the multi-crystalline silicon ingot is as follows: 100 mm
> 150 mm > 200 mm > 250 mm. It is shown in Fig. 7. In
our case five sides of the growing ingot are surrounded
by the rigid crucible walls and the top surface of the
crucible is free for expanding. On the time of solidifica-
tion process the growing ingot feels stress from five sides
of crucible wall due to the thermal expansion and the
top surface of the ingot will expand freely. Due to this

@ Springer

complex loading condition the VMS will be induced in
the growing ingot. Hence the generation and multipli-
cation of dislocations will start. Hence, the lower axial
temperature gradient with higher radial temperature
gradient and the higher axial temperature gradient with
lower radial temperature gradient induce the increase in
VMS in the growing multi-crystalline silicon ingot. Here,
lower VMS in all the cases is due to the lower growth rate
(< 10 mm/hr). The recommended growth rate is 10 mm/
hr. The controlled solidification can be obtained when
the growth rate is around 10 mm/hr [27]. The von Mises
stress increases with increase in thickness of the heat
exchanger block and this is due to increase in radial tem-
perature gradient within the growing ingot. The higher
thickness increases the heat retention and increases the
radial temperature during the growth there by causing
defects and dislocation within the growing ingot. And so,
the higher thickness of heat exchanger block is suitable
for growing high quality crystals and the lower thickness
such as above 200 mm is appropriate to quality ingot and
higher thickness of heat exchanger block is not preferred.
The higher VMS has been observed at the bottom and top
region of the mc-Si ingot. The good quality with lower
stress region has been obtained in the middle region of
the mc-Si ingot. During the brick making process the
higher VMS regions are trimmed in order to make high
efficiency solar cells.

5 Conclusion

Numerical simulation has been carried out for DS system
with various thickness of HEB. Axial temperature distri-
bution and radial temperature distribution were analyzed
by varying the thickness of the HEB in DS furnace. The
influence of HEB in the DS furnace on the growth rate was
analyzed. Moreover, the Maximum principal stress, shear
stress and VMS distribution in the mc-Si ingot for vari-
ous thickness of HEB have been analyzed. From the stress
analysis 250 mm simulated results have lower principal
stress, shear stress and von Mises stress than other cases.
From this investigation 250 mm heat exchanger block may
help to increase the mc-Si ingot quality for PV application.
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