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Abstract 
 
Silicon crystallization is very important in many industrial processes, and it is desirable that maker should have a low cost manufactur-

ing and high efficiency for producing semiconductors. One semiconductor process is the Czochralski (CZ) silicon melt flow and this CZ 
process has an excellent manufacturing feature and is utilized for silicon solidification. But CZ silicon melt flow is very complicated and 
this defect can be erased by the numerical analysis of the melt flow. In this paper, the optimum solidification conditions were shown for 
crucible rotation. This is because the solidification conditions depend on crucible rotation under the cooling process and the solidification 
conditions were investigated on heat generation rate on crucible wall and rotation by using numerical analysis. For the numerical valida-
tions, we verified with experimental data and showed good agreement with current numerical results. The solidification regions are clas-
sified with crystal rotation and crucible rotation. For the heat generation rate, qw, the optimum heat generation rate was estimated for 20 
W/cm2 and when crystal rotation and crucible rotation is 5 rpm, the maximum solidification length can be obtained and has a stable so-
lidification. 
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1. Introduction 

The crystal growth process provides basic materials for 
many applications and this is one of the key technologies in all 
manufacturing processes for electronic devices. The semicon-
ductor field is photovoltaic (PV) and this PV technique is very 
important to the next generation for solar cells because the 
solar electric power depends on PV production technique. T. 
Surek [1] reported on the progress in solar cell efficiency and 
this report contains that the final data point for 2003 corre-
sponds to $3.00/watt and a cumulative capacity of 3000 
megawatts and reaches the maximum efficiency of near 35%. 
The silicon wafer for solar cell is classified into two groups: 
the ribbon growth on substrate (RGS) and the other group is 
the horizontal ribbon growth (HRG) and vertical ribbon 
growth (VRG). These HRG [2] and VRG are based on the 
crystallization of silicon films of equal thickness on either side 
of a ribbon which is pulled vertically or horizontally along 
through silicon melt. But the RGS process has the crystalliza-

tion of silicon films on one side of a ribbon. This RGS produc-
tion technique has been introduced by many of researchers [2-
5] and this study applied it. This RGS silicon wafer manufac-
turing technology is a very promising high speed wafer pro-
duction technique and the effective production of silicon wa-
fers at low manufacturing costs. To produce a good quality of 
thin silicon wafer, the solidification condition is very impor-
tant and many researchers are concerned with the manufactur-
ing condition and physical problems. J. H. Lim et al. [6] re-
ported the thermal and materials characteristics on a thin sili-
con substrate.  

The demand for large scale of silicon ingot has increased in 
recent days. For this purpose, single crystalline silicon is used 
as a basic raw material for the production, and the main bulk 
of the silicon for the electronic industry is produced by means 
of ingot pulled from the melt – t he Czochralski (CZ). The 
main problem of the technology is unstable melt convection 
that leads to the fluctuations of the growth rate, and the fluid 
flow is very complicated and difficult to catch thermal fluid 
phenomena. Many researchers are studying the thermal and 
fluid flow for solving the silicon melt flow and there are limi-
tations to silicon ingot size. D. Franke [7] has reported the 
temperature distribution in furnaces and silicon ingots for 
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various process conditions and Enger [8] showed the time-
dependent simulations of the flow and heat transfer in an iden-
tical crucible geometry. One of targets in the current research 
focuses on the production of large-diameter silicon wafer, for 
that purpose. Gorbunov [9] reported investigations concerning 
the physical modeling of Czochralski growth of silicon large-
diameter single crystals and also employed actual criteria of 
the real process such as Reynolds and Grashof numbers. On 
the other hand, to get more stable and good quality in crystal 
silicon, some of papers present the case of the influence of 
magnetic fields. Virbulis [10] and Krauze [11] have reported 
the use of dynamic magnetic fields for the possibility to influ-
ence the melt movement, and they showed the effects by the 
crystal, crucible rotation and electromagnetic. The demand for 
large crystal diameter becomes more in semiconductor field 
and the development of this large crystal is very expensive.  

As numerical modeling of the silicon melt flow has grown 
to becoming a successive and powerful tool, it can reduce 
development costs and shorten design cycles. To meet these 
technique demands, in this paper, the optimum solidification 
condition was investigated by the heat generation rate on the 
crucible wall, crucible rotation and crystal rotation, and also 
the solidification region was classified by these calculation 
parameters. Also, in this research work, the volume of fluid 
models (VOF) and thermal fluid flows with various parame-
ters have been considered to find the optimum solidification 
conditions. These solidification conditions will be used to 
produce the silicon wafer with more economic process and 
low cost. 
 

2. Numerical procedure and validation 

Numerical simulations are performed with the FLUENTTM 

software package and it is a finite volume (FVM) code, based 
on a structured multi domain grid approach and pressure-
based solution algorithm according to the SIMPLE scheme. 
The calculation of flow field is based on the steady state solu-
tion for volume fraction, momentum and energy for an in-
compressible fluid. The Boussinesq approximation is used for 
buoyancy term. Volume of fluid (VOF) as a multiphase model 
has applied for the calculation of solidification, and implicit 
VOF scheme is used in this calculation. 

The VOF model can model two or more immiscible fluids 
by solving a single set of momentum equations and tracking 
the volume fraction of each of the fluids throughout the do-
main. One of the governing equations for the VOF model is 
the volume fraction equation and the main concept is the fol-
lowing. The tracking of the interfaces between the phases is 
accomplished by the solution of a continuity equation for the 
volume fraction of one or more of the phases. For the qth 
phase, this equation has the following form: 
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Where m qp is the mass transfer from phase q to phase p and 
m pq is the mass transfer from phase p to phase q. Two materi-
als are used in this paper and phase p and phase q are corre-
sponding to air and silicon, respectively. The qth fluid’s vol-
ume fraction in the cell is denoted as α q. 

The momentum equation is solved throughout the domain, 
and the resulting velocity field is shared among the phases. 
The momentum equation, shown below, is dependent on the 
volume fractions of all phases through the properties ρ and µ . 
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The energy equation, also shared among the phases, is 

shown below. 
 

( ( )) ( )eff hv E p k T Sρ∇ ⋅ + = ∇ ⋅ ∇ +   (3) 
 
The VOF model treats energy, E, and temperature, T, as 

mass-averaged variables: 
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Where Eq for each phase is based on the specific heat of that 
phase and the shared temperature. The properties ρ and k eff 
(effective thermal conductivity) are shared by the phases and 
the source term, S h represent the volumetric heat sources. In 
the case of turbulence quantities, a single set of transport equa-
tions is solved, and the turbulence variables are shared by the 
phases throughout the field. For the turbulence models, the 
Reynolds stress model is used in this paper. For simulations 
using the VOF multiphase model, upwind schemes are gener-
ally unsuitable for interface tracking because of their overly 
diffusive nature. Central differencing schemes, while gener-
ally able to retain the sharpness of the interface, are un-
bounded and often give unphysical results. To overcome these, 
the high resolution interface capturing (HRIC) scheme is used 
and this modified HRIC scheme provides improved accuracy 
for VOF calculations when compared to QUICK and second-
order schemes or other schemes [12]. 

To include the effect of solidification/melting process, an 
enthalpy-porosity technique is used. In this technique, the melt 
interface is not tracked explicitly. Instead, a quantity called the 
liquid fraction, which indicates the fraction of the cell volume 
that is in liquid form, is associated with each cell in the do-
main. The liquid fraction is computed at each iteration, based 
on an enthalpy balance. The “mushy zone” is a region in 
which the liquid fraction lies between 0 and 1. The mushy 
zone is modeled as a “pseudo” porous medium in which the 
porosity decreases from 1 to 0 as the material solidifies. Here, 
the liquid fraction, β, is defined as: 
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Fig. 1. Experimental setup for Czochralski silicon melt flow (T. Wetzel, 
2001). 
 

 
 
Fig. 2. Calculation validation with experimental data of reference in 
case of crystal rotation rate -15 rpm and crucible rotation rate 5 rpm (T. 
Wetzel, 2001). 
 

 
 
Fig. 3. Temperature distributions on centerline depth of crucible for 
various wall heat flux in case of Rc= -5rpm and Rs= 5 rpm. 

 
β = 0 if T < Tsolidus 
β = 1 if T > Tliquidus  (5) 
β= (T – Tsolidus) / (Tliquidus – Tsolidus) if  
Tsolidus < T < Tliquidus  
 
Here, the liquid fraction, β can be calculated by the energy 

equation, and after the energy equation is solved some calcula-
tion cells change to solid cells with velocity zero. These re-
sults are coupled with the momentum equation and the cell 

conditions, such as solid or fluid parts are determined newly. 
A good prediction of the solidification depends on the simu-

lation temperature fields, but temperature measurements in 
molten silicon are very difficult, and the simulation tool is 
verified by comparisons of the experimental results [13]. This 
reference uses the fluid of eutectics InGaSn model melt, be-
cause this alloy has a melting point of 10.35˚C [9], which 
enable long-time measurements and the determination of tem-
perature. 

Fig. 1 shows the experimental setup by reference [13] and 
Fig. 2 represents the calculation results. The comparison re-
sults are based on mean temperature values determined in 
certain points along a radial line by 5 mm beneath the free 
surface. All temperature values were transformed into tem-
perature differences with respect to a reference point. This 
reference point is the measuring point on the axis. It is the 
point closet to the minimum temperature along the crystal wall, 
and so all the calculated temperature differences can be re-
garded as overheating temperatures. From Fig. 2, the numeri-
cal results by Reynolds stress model had a good agreement 
with experimental data. 
 

3. Results and discussion 

To obtain the optimum solidification and the effects be-
tween the crystal rotation and crucible rotation, the same ge-
ometry with Fig. 1 was used in numerical analysis. A crucible 
of 483mm in diameter is filled with silicon melt as high as 
140mm. A heat flux on the crucible outside surface has been 
set to 10, 20 and 30 W/cm2 and a crystal model, 150mm in 
diameter, has been set to a constant temperature of 288K; the 
liquid silicon is crystallized near the crystal rotation disc, and 
it can be controlled by the heat flux and rotations of the physi-
cal model. 

The silicon melt free surface, which is the free surface ex-
cept for the crystal rotation disc as shown Fig.1, has a bound-
ary condition of free stream temperature of 2000K and con-
vective heat transfer coefficient of 100 W/m2K. The crystal 
rotation, Rc and the crucible rotation, Rs were set to a range of 
0 to 20 rpm. Constant physical property values for silicon 
were used in calculations: dynamic viscosity η=0.00086 kg/ 
(ms), density ρ=2530 kg/m3, melting point temperature 
Tm=1688K, solidus temperature Ts=1663K, liquidius tempera-
ture Tl =1713K, thermal conductivity k=67 W/ (m-K), and 
specific heat capacity Cp=716 J/ (kg-K). Fig. 3 shows the 
temperature distributions on centerline depth of crucible for 
various wall heat flux in case of Rc= -5rpm and Rs=5, and 
also each figure has the parameters of heat fluxes, qw= 10, 20 
and 30 W/cm2. As the heat flux increases, the temperature 
distribution is changed smooth, but a small heat flux of qw= 
10W/cm2 has an abrupt change of the temperature near the 
crystal rotation disc. This can show that the heat generation on 
crucible wall is not dominant compared to the cooling effect 
from the crystal rotation disc. The same phenomenon occurs 
in the liquid fraction distributions as shown in Fig. 4. When  
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Fig. 4. Liquid fraction distributions on centerline depth of crucible for 
various wall heat flux in case of Rc= -5 rpm and Rs= 5 rpm. 

 

 
 
Fig. 5. Mean temperature, Nusselt nu. and solidification length accord-
ing to crucible wall heat flux in case of Rc=-5 rpm and Rs= 5 rpm. 

 

 
 
Fig. 6. Liquid fraction and temperature contours in case of Rc= -5 rpm 
and Rs= 5 rpm with qw= 20 W/cm2. 

 
the heat flux is greater than 20 W/cm2, the liquid fraction has 
not changed much. The value of liquid fraction such as Fig. 4 
is between 0 and 1, and the solid state represents 0 and fluid 
state has a value of 1.  

Fig. 5 represents the mean temperature, mean Nusselt num-
ber and solidification length according to crucible wall heat 
flux in case of Rc = -5 rpm and Rs=5 rpm. The mean tempera-
ture is the area based mean temperature inside of the calcula-
tion domain; the mean Nusselt number shows the value at the 
crucible wall, and the solidification length shows the solid 
state length. As the crucible wall heat flux increases, qw=10-
30W/cm2, the mean temperature increases with a range of 
2000 to 3000K. This mean temperature is a general phenome-
non, but the changes of Nusselt number and solidification 
length with crucible heat flux have different patterns. The case  

 
(a) Rc= -5 rpm, Rs= 2.5 rpm 

 

 
(b) Rc= -5 rpm, Rs= 5 rpm 

 

 
(c) Rc= -5 rpm, Rs= 7.5 rpm 

 

 
(d) Rc= -5 rpm, Rs= 10 rpm 

 
Fig. 7. Changes of liquid fraction and temperature contours for various 
Rs with qw= 20 W/cm2. 
 

 
of qw=20 W/cm2 shows the maximum values of Nusselt num-
ber and solidification length. This means that the heat transfer 
is high and more large scale solidification can be produced, 
and we can conclude that the economic crucible wall heat flux 
is 20 W/cm2.  

Fig. 6 represents the liquid fraction and temperature con-
tours in case of Rc= -5 rpm and Rs= 5 rpm with qw=20 W/cm2. 
From the left figure of Fig. 6, the crystal formation is clear and 
has about 60mm in diameter. The right figure of Fig. 6 shows  
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the temperature contours and has more dense temperature 
distributions near the crystal rotation disc; the maximum tem-
perature is shown at the right top corner because of centrifugal 
force by crucible rotation. 

Fig. 7 show the changes of liquid fraction and temperature 
contours for various crucible rotation, Rs with qw= 20 W/cm2. 
These figures are drawn near the crystal rotation disc because 
of understanding the crystallization. The solidification process 
is changed to the crucible rotation and most stable solidifica-
tion is found in case of Rc= -5 rpm and Rs= 5 rpm; this solidi-
fication boundary is formed at the solidus temperature of 
Ts=1663K. These temperatures and liquid fractions of varia-
tion to crucible rotation are shown Fig. 8 and Fig.9. The tem-
perature and liquid fraction in case of Rc= -5 rpm and Rs= 5 
rpm shows the most smooth and best solidification process. 

Fig. 10 shows the mean temperature inside the crucible for 
various crucible rotation rates in case of Rc= -5rpm and qw= 
20 W/cm2. The maximum temperature is found at crucible 
rotation of Rs=5 rpm, which means that the most active heat 
transfer is occurring on the crucible wall compared to other 
crucible rotation in spite of the same heat flux of the crucible 
wall. Fig. 11 shows the changes of liquid fraction and tem-
perature contours for increasing Rc and Rs with qw=20 W/cm2. 
When there is no rotation, the solidification is better than the 
case of large rotation such as 15 rpm, but it becomes worse 
than 5 rpm. Comparing the 1600K isotherm in Fig. 11, it can 
be seen that this contour is closer near crystal disc than case 
Fig. 11(b) and (c). This is because the heat transfer from the 
crucible wall is not affecting the crystal. Fig. 12 and Fig. 13 
show the temperature and liquid fraction distributions on cen-
terline depth of crucible for various revolution rates in case of 
qw=20 W/cm2. 

As the revolutions increase in Fig. 11(b), (c) and (d), the 
temperature gradient in the solidified region is large near the 
crystal rotating disc and the solid silicon area becomes smaller. 
Increasing the revolution of the crucible reduces the effects of 
the heat generation from the crucible wall. This Czochralski 
growth of silicon has two rotating mechanisms such as crystal 
and crucible rotation in Fig. 1, and these rotating forces can 
affect the crystallization of silicon. The diameter in the crystal 
rotation disc is smaller than that of the crucible and the effect 
of rotation on the silicon melt cannot spread to the silicon melt. 
Conversely, the crucible rotation effects are more dominant on 
the silicon melt and this can change the temperature profiles 
and lead to changes of the liquid fraction. If the crucible rota-
tion is higher than 15 rpm in Fig. 11(d), the temperature gradi-
ent will be denser at near crystal rotation disc and the liquid 
fraction area becomes smaller. An excessive rotation of the 
crucible causes a large centrifugal force and this becomes like 
a barrier which interrupts the propagation of high temperature 
from crucible to the center of the crucible.  

Fig. 14 shows the mean temperature inside the crucible for 
various crucible rotation rates in case of qw=20 W/cm2. There 
is a distinct point at Rs=5 rpm which shows the maximum 
mean temperature. Increasing the crucible rotation reduces the  

 
 
Fig. 8. Temperature distributions on centerline depth of crucible for 
various rotation rate in case of qw=20 W/cm2.  

 

 
 
Fig. 9. Liquid fraction distributions on centerline depth of crucible for 
various rotation rate in case of qw= 20 W/cm2. 

 

 
 
Fig. 10. Mean temperature of inside crucible for various crucible rota-
tion rates in case of Rc=-5rpm and qw=20 W/cm2. 
 
mean temperature, but the mean temperature is constant more 
than crucible rotation Rs=25 rpm. This indicates that the heat 
transfer from the crucible wall does not expand to the center 
of the crucible because of exceeding centrifugal force. 

A plot of solidification depth as a function of crucible rota-
tion is given in Fig. 15. This figure shows that the maximum 
solidification depth of 58mm is found at a crucible rotation of 
5 rpm. Even if there is no rotation, the solidification depth 
shows about 35mm, but increasing the rotation to 2.5 rpm, the 
solidification depth is decreased under 5mm rapidly. When  
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(a) Rc= -0 rpm, Rs= 0 rpm 

 

 
(b) Rc= -5 rpm, Rs= 5 rpm 

 

 
(c) Rc= -10 rpm, Rs= 10 rpm 

 

 
(d) Rc= -15 rpm, Rs= 15 rpm 

 
Fig. 11. Changes of liquid fraction and temperature contours for in-
creasing Rc and Rs with qw= 20 W/cm2. 

 

 
 
Fig. 12. Temperature distributions on centerline depth of crucible for 
various revolution rates in case of qw=20 W/cm2.  

 
 
Fig. 13. Liquid fraction distributions on centerline depth of crucible for 
various revolution rates in case of qw=20 W/cm2.  
 

 
 
Fig. 14. Mean temperature of inside crucible for various crucible rota-
tion rates in case of qw=20 W/cm2. 

 

 
 
Fig.15. Solidification depth for various crucible rotation rates in case of 
qw=20 W/cm2. 

 
the rotation is increased again the maximum solidification 
depth of 58mm is found at a crucible rotation of 5 rpm. This 
means that the rotation rates can strongly affect the solidifica-
tion condition. For the range over 15 rpm, the solidification 
depth is not changed and is almost same with about 10mm; 
this phenomenon is related to the mean temperature of Fig.14. 
Therefore, an exceeding crucible rotation isolates the propaga-
tion from heat generation on crucible to the center of the crys-
tal rotation disc. 
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4. Conclusions 

The Czochralski crystal process is a powerful method for 
silicon wafer manufacturing, and this process or performance 
depends on the crucible rotation factors. The thermal and fluid 
condition of the Czochralski crystal process is very important; 
when there is no rotation of the crucible the natural convection 
is dominant, so the melt silicon with high temperature moves 
to the center along the surface. As the crucible has some rota-
tion, the melt silicon cannot move to the center because of 
centrifugal force and a good solidification condition can be 
obtained. This reason is why the crucible rotation factors are 
significant in the Czochralski crystal process.  

Thus, to get economic solidification conditions, a numerical 
analysis has been carried out by using various parameters such 
as crucible rotations, crystal rotations and heat generation rates 
on crucible wall. The crystal revolution rates, Rc , are set in 
the range of 0 to -15 rpm, and the crucible revolution rates, Rs, 
are set in the range of 0 to 50 rpm; the heat fluxes rates on 
crucible wall, qw are changed to 10 to 30 W/cm2 for the main 
calculation parameters.  

The economic heat flux is estimated as 20 W/cm2 and this 
condition has the maximum solidification depth and the 
maximum mean Nusselt number. It is shown that the changes 
of crucible rotations highly affect the silicon solidification 
process rather than that of crystal rotation, which is installed at 
the center of the crucible.  

Therefore, the effective method for the process of wafer 
manufacturing is not to adjust the crystal rotation but to con-
trol crucible rotation. The crucible rotation of Rc= 5 rpm and 
crystal rotation of Rc= -5 rpm are considered as the economic 
solidification conditions for silicon wafer manufacturing. 

 From the comparison of no-crucible rotation and with cru-
cible rotation, the case of crucible rotation of 5 rpm has almost 
twice the solidification effect. This is why the crucible rotation 
is important in silicon wafer manufacturing process and these 
conditions will be used for a more economic process and 
lower cost. 
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