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ABSTRACT: In Cz-Si the shape of the crystallization front, which is essentially controlled by the interaction of the 
various convection phenomena, determines the radial distribution of the crystal properties and is the subject of 
numerous publications. In our former investigations [1] on the limits of the pull speed in the Czochralski process, we 
were able to determine a clear influence of an active crystal cooling on the extent of the deflection of the phase boundary 
in the growing crystal. In order to investigate the influence of the crystal cooling element on the shape of the interface 
in more detail, two different series of crystal growth experiments were carried out and interpreted with 2D numerical 
simulations. For this purpose the shapes of the phase boundaries of the grown crystals were made visible by means of 
LPS measurements and compared with the calculated interface shapes. In one of the two series, the influence of a 
certain crystal cooling element in connection with the growth configuration was investigated. In the other series, the 
influence of different crystal cooling elements on the phase boundary was examined. Based on the heat flux balance at 
the crystallization front, the essential parameters for stable crystal growth conditions were evaluated. For all 
experiments performed, the cooling rate of the growing crystal in its growth environment were calculated from the 
point of view of the distribution of intrinsic defects. 
Keywords: crystal cooling, pull speed, melt/crystal interface shape, Czochralski process 
 

 
1 INTRODUCTION 
 
 The motivation for the development of an active 
crystal cooling was the increase of the average pull speed 
for a higher productivity of the Czochralski process. The 
first experiments with a water-cooled coil as an active 
cooling element were reported by Samuel N. Rea in 1977 
in a research report on the development of "low-cost solar 
arrays" [2]. In the meantime, the Czochralski technology 
has undergone a rapid development for both, the 
production of crystals for photovoltaics and for 
microelectronics. At the same time, the use of active 
crystal cooling has also become established, albeit with 
different objectives. In this paper, the effects of active 
crystal cooling are investigated from the point of view of 
an increase in pull speed and from the point of view of the 
influence on the shape of the solidification front and on the 
distribution and concentration of the intrinsic defects in the 
crystal. The interface shape has an influence on the 
thermo-elastic stresses at the solidification front. Strongly 
W-shaped phase boundaries are considered to be one of 
the root causes of dislocation formation [3]. For the studies 
in this report, 8-inch crystals were grown in different 
growth configurations with and without active crystal 
cooling. The growth conditions have been simulated with 
the commercially available 2D software code CGSIM [4] 
and compared with experimental results.  
 
2 EXPERIMENTAL 
 
2.1 Crystal growth  
 The crystal growth experiments presented in this paper 
were performed in different growth configurations in a 
SC22 and a SC24/26 Czochralski-puller from PVA 
Crystal Growing Systems GmbH. The SC24/26 puller can 
be equipped optionally with a 24-inch or a 26-inch 
hotzone. The different crystal growth configurations are 
sketched in Fig.1 and summarized in Tab.1. 
 

 
Figure 1: Crystal growth configuration Va, V1, V2b (left), 
V2, V3 (middle), V3 (right). 
 

 
Table I: Main parameter of the different growth 
configurations. 
 
For our investigations, we used five different cooling 
devices which differed in their geometry and position 
within the hotzone. The water-containing elements were 
made of heat-resistant stainless steel embedded in different 
radiation absorbers.  
Two series of crystal growth experiments were realized. 
The first one (Series A) was performed from the standpoint 
of maximizing the average pull speed (Tab.II).  
A second series of crystal growth experiments (Series B) 
was carried out (Tab.III) to investigate the influence of the 
different cooling elements (geometry and position) on the 
shape of the crystallization front. These growth 
experiments were all executed in the same crystal growth 
configuration with the almost identical growth parameters.  
Vertically cut slices were prepared from all crystals, and 
the solid liquid interface shapes were made visible by 

growth 
configuration

Cz-puller 
type

crucible 
dimension 

[inch]

bottom 
heater cooling element

Va SC24 24 no -
V1 SC22 22 no A
V2 SC24/26 24, 26 yes A
V2b SC24 24 no -
V3 SC26 26 yes A, B, C, D, E
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means of LPS measurements [5]. To ensure the 
comparability between the growth experiments, the LPS 
measurements as well as the numerical simulations of the 
crystal growth conditions were all done at the growth stage 
of the body of 500 mm.  
 
2.2 Numerical simulation  
 All crystal growth runs were simulated using the 
commercially available CGSIM software [4]. The results 
presented here are derived from 2D simulations which 
depict the axially symmetric formation of the calculated 
interface shape. The situation of the heat fluxes at the 
solidification front (Eq. 1) is given by the heat flow 
balance: 
 

𝑣𝑔 =
𝜆𝑠𝐺𝑠 − 𝜆𝑙𝐺𝑙

𝜌𝑠𝐿
   (1) 

 
in which λ is the thermal conductivity, G is the axial 
temperature gradient, vg is the constant growth velocity, ρs 
is the crystal density, L is the latent heat of fusion and s,l 
are the subscripts for the solid and liquid phase.  
In the melt, heat transport by conduction and convection is 
simulated, taking buoyancy, Marangoni and forced 
convection into account. The crystal is assumed to be 
opaque, and heat transport from the interface in the crystal 
takes place through conduction. Heat exchange with the 
environment is driven by radiation and convection, and the 
gas atmosphere is assumed to be transparent for radiation 
under the growth conditions. The main results of the 
numerical simulations are the deflection and the shape of 
the interface, the heat flows and the axial temperature 
gradients at the crystallization front as well as the 
distribution of the isotherms and the von Mises-stresses in 
the growing crystal. 
Based on the comparison of the calculated and 
experimentally determined interface shapes, the boundary 
conditions for the simulation calculations were adjusted in 
such way that experiment and simulation showed 
satisfactory agreement. 
 
3 RESULTS AND DISCUSSION 
 
3.1 Characterization of the crystals 

The shape of the phase boundary can be described by 
two key figures, one by the deflection in the crystal center 
H (Fig. 2) and the other by the W-shape factor ϕ (Eq. 2), 
according to Noghabi et al. [6]. 

 
Figure 2: Sketch of a cooling element and the inner heat 
shield, H indicates the interface deflection. 

 

Φ[%] =
(𝛿𝑚𝑎𝑥 − 𝛿𝑐𝑒𝑛𝑡𝑒𝑟)

𝛿𝑚𝑎𝑥
   (2) 

 
δmax and δcenter describe the distance between the two 
extreme values of the deflection and the value of the 
deflection in the crystal center. A W-factor of 0 means a 
concave, convex or planar interface. A positive sign of H 
denotes a concave deflection (Fig.2) and a negative sign a 

convex deflection of the interface. The results from the 
crystal growth experiments are listed in Tab.II and Tab.III. 
Examples of the LPS-measurements are shown for the 
growth condition CC227V2 in Fig.3 and CC262V3 in 
Fig.4. 

 
 
Table II: Interface parameters of Series A. 
 

 
Table III: Interface parameters of Series B. 
 
Figs. 6-10 show the phase boundary shapes (thin lines) 
derived from the LPS-measurements together with the 
phase boundary calculated for a body length of 500 mm 
(blue line).  
 

 
Figure 3: Shape of the interface (CC227V2) revealed by 
LPS-measurement, image width equals 8 inches. 
 

 
Figure 4: Shape of the interface (CC262V3) revealed by 
LPS-measurement, image width equals 8 inches. 

Ingot/growth 
configuration

active 
cooling 
element

average pull 
speed 

[mm/min]

deflection 
H [mm] 

measured 

deflection 
H [mm] 

calculated 

W-shape 
ϕ [%] 

measured 

W-shape 
ϕ [%] 

calculated

CC212 Va - 0.9 12 12 4 0
CC213 V2b - 1.25 16 20 0 0
CC227 V2 A 1.8 20 22 0 0
CC246 V3 A 1.6 13 13 0 0
CC249 V1 A 1.2 1 to 2 1 35 68

Ingot/growth 
configuration

active 
cooling 
element

average 
pull speed 
[mm/min]

deflection H 
[mm] 

measured 

deflection 
H [mm] 

calculated 

W-shape ϕ 
[%] 

measured 

W-shape 
ϕ [%] 

calculated

CC262 V3 E 0.9 -2 -3 55 33
CC263 V3 B 0.9 -5 to -7 -5 0 15
CC265 V3 B 0.9 -6 to -8 -5 0 18

CC266 V3 D 0.9 -0.9 to -1.8 -4 60 25

CC267 V3 C 0.9 -3.1 to -4.1 -3 38 21
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3.1.1 Growth experiments of Series A  
 The main growth parameters of Series A are 
summarized in Tab. IV. 
  

 
Table IV: Main growth parameters of Series A, gap 
denotes the distance between the melt surface and the 
lower edge of the inner heat shield. 
 
The calculated interface deflection H versus the average 
pull speed for the different growth configurations at a body 
length of 480 mm - 520 mm of the growing ingot is shown 
in Fig.5. The symbols in this figure represent individual 
results of the simulations. A linear relationship between 
the average pull speed and the deflection of the phase 
boundary is evident and indicated by the inserted lines. 
The figure represents a stability diagram in which three 
areas are marked. In the stable growth region (green) the 
system is insensitive to changes in the average pull speed. 
This region is robust and suitable for industrial production. 
In the metastable growth region (yellow) all growth 
parameters have to be well tuned. Small changes can lead 
to unstable growth with loss of shape, i.e. spiral growth. In 
the unstable growth region (red) no regular crystal growth 
is possible. The theoretical results were confirmed by LPS-
measurements and are indicated in the graph by the open 
red circles. In the growth configuration V2 an average pull 
speed of 1.8 mm/min was maintained over the entire body 
length (CC227V2).  
 

 
Figure 5: Stability diagram for different crystal growth 
configurations (Series A). 
 
Fig.5 is an empirically determined diagram and does not 
represent an analytical model. Fig.6 and fig.7 show the 
concave phase boundaries of the two experiments 
CC212Va and CC227V2 as extreme examples. The 
calculated shapes agree well with the measured ones as 
indicated by the symbols in fig.5. For the shapes of the 
phase boundary of series B the simple linear relationship 
from Fig.5 holds no longer. The growth configuration of 
CC249V1 (Fig.8) shows the transition from a purely 
concave to a convex shaped interface with a wavelike 
formation. 
 
 

The coloured thin lines in Figs. 6-10 represent different 
LPS- measurements on a sample. These lines are shown as 
an example in Fig.4. 
 
 

 
Figure 6: Calculated (blue line) and from LPS-
measurement deduced interface shape (coloured thin lines) 
of CC212Va. 
 

 
Figure 7: Calculated (blue line) and from LPS-
measurement deduced interface shape (coloured thin lines) 
of CC227V2 (see also Fig. 3). 
 

 
 
Figure 8: Calculated (blue line) and from LPS-
measurement deduced interface shape (coloured thin lines) 
of CC249V1. 
 
 
 
 
 
 
 
 
 
 
 
 

ingot/growth 
configuration

average pull 
speed 

[mm/min] 

crystal 
rotation 
[rpm]

crucible 
rotation 
[rpm]

gap 
[mm]

bottom 
heater

cooling 
element

CC212 Va 0.9 10 10 25 no -
CC213 V2b 1.25 10 10 17 no -
CC227 V2 1.8 10 6 17 yes A
CC246 V3 1.6 10 6 17 yes A
CC249 V1 1.2 10 10 25 no A
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3.1.2 Growth experiments of Series B 
 The main growth parameters of Series B are 
summarized in Tab.V. 
 

 
Table V: Main growth parameters of Series B, gap 
denotes the distance between the melt surface and the 
lower edge of the inner heat shield. 
 
All interface shapes of series B show a more or less similar 
wave-shaped formation of the phase boundary (W-shape). 
Two examples of the series are given in Fig.9 and Fig.10. 
  

 
Figure 9: Calculated (blue line) and from LPS-
measurement deduced interface shape (coloured thin lines) 
of CC262V3. 
 

 
Figure 10: Calculated (blue line) and from LPS-
measurement deduced interface shape (coloured thin lines) 
of CC267V3. 
 
3.2 Influence of active crystal cooling on the heat fluxes 
and temperature gradients at the interface of the growing 
crystal 
 The temperature gradients at the phase boundary 
derived from the calculated heat flows are given in Tab.VI 
and Tab.VII.  
 

 
Table VI: Thermal boundary conditions at the 
crystallization front of Series A. 
 
 

 
Table VII: Thermal boundary conditions at the 
crystallization front of Series B. 
 
At this point, it should be pointed out that, when estimating 
the melt-side temperature gradient by means of the thermal 
conductivity λl in the liquid phase, the convective 
contribution to the heat transport at the phase boundary is 
neglected. However, this fact seems to be justified within 
certain limits from the point of view of impulse 
momentum boundary layer, which is in the order of the 
meniscus height. 
The radial temperature distribution on the melt meniscus 
at the crystal edge is an important criterion for the stability 
of the growth process, especially with regard to the 
limitations of the growth rate [5]. Therefore, the radial 
temperature gradient Gcr at the crystal edge was 
determined from the simulation calculations as shown in 
Figure 11.  
 

 
Figure 11: Definition of the temperature gradient Gcr at 
the crystal rim. 
 
Here, Ti is the solidification temperature and Tm is the 
temperature on the melt meniscus at a distance of 5 mm 
from the crystal edge. Tm is therefore still within the 
thermal boundary layer which corresponds to the meniscus 
height hi (~ 6.9 mm). This key figure among others is used 
to judge the process stability. 
 

ingot/growth 
configuration

average pull 
speed 

[mm/min] 

crystal 
rotation 
[rpm]

crucible 
rotation 
[rpm]

gap 
[mm]

bottom 
heater

cooling 
device

CC262 V3 0.9 10 6 25 yes E
CC263 V3 0.9 10 6 25 yes B
CC265 V3 0.9 10 6 25 yes B
CC266 V3 0.9 10 6 25 yes D
CC267 V3 0.9 10 6 25 yes C

Ingot/growth 
configuration

latent 
heat of 
fusion 
[W]

heat flow 
crystal 
[W]

heat flow 
melt [W]

Gl~Q/(Aλ) 
[K/cm]

Gs~Q/(Aλ) 
[K/cm]

Gcr 

[K/cm]

CC212 Va 2033 2990 960 4.8 45.3 3.7
CC213 V2b 2847 3470 625 3.1 52.6 1.3
CC249 V1 2727 4510 1780 8.9 68.3 7.9
CC246 V3 3639 4860 1220 6.1 73.6 5.6
CC227 V2 4102 4780 680 3.4 72.4 0.8

Ingot/growth 
configuration

latent 
heat of 
fusion 
[W]

heat flow 
crystal 
[W]

heat flow 
melt [W]

Gl~Q/(Aλ) 
[K/cm]

Gs~Q/(Aλ) 
[K/cm]

Gcr 

[K/cm]

CC262 V3 2053 3528 1475 7.3 53.5 7.8
CC263 V3 2046 3894 1848 9.2 59.0 9.5
CC265 V3 2047 3794 1746 8.7 57.5 8.4
CC266 V3 2043 3641 1604 8.0 55.2 7.5
CC267 V3 2057 3450 1400 7.0 52.3 6.4
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Figure 12: Calculated temperature gradient Gcr at the 
crystal rim. 
 
From the experimental results of CC213V2b and 
CC227V2, which represent the stability limit of the 
average pull speed in the body, it can be concluded that a 
minimum temperature gradient in the melt Gl and at the 
crystal edge Gcr must be ensured for stable growth 
conditions. 
 
3.3 Influence of active crystal cooling on the distribution 
of isotherms and von-Mises stresses in the growing crystal 
 Due to the presence of non-linear temperature 
gradients during the cooling of the growing ingot, thermal 
stresses are induced inside the crystal, which play an 
essential role as a source for defect formation. The thermal 
stress state can be represented by a single value, the von-
Mises stress. 
As expected, the calculated von-Mises stresses show a 
clear dependence on the growth rate (Fig.13). For crystals 
with a concave interface shape of Series A, the maximum 
of the von Mises stresses is located at the crystallization 
front in the crystal center. The exception in series A is the 
crystal growth configuration CC249V1. In this experiment 
no pronounced maximum appears. The stress distribution 
is rather uniform and decreases towards the crystal edge. 

 
Figure 13: Von-Mises stress at the crystallization front of 
Series A. 
 
In the growth configurations of series B the maxima of the 
stresses on the crystallization front are approximately at 
the turning point (half radius) of the interface (Fig.14). The 
maximum stress levels in the crystals (Fig.15) are located 
at the crystal edge at some distance from the interface 
(Figs.16-19).   
 

 
Figure 14: Von-Mises stress at the crystallization front of 
Series B. 
 
The crystals CC212 and CC262 as well as the crystals 
CC213 and CC249 were produced under comparable 
conditions regarding the growth rate. CC212 und CC213 
were grown without crystal cooling in contrast to CC249 
and CC262 which were grown with crystal cooling. The 
comparison of the growth experiments show that the 
maxima of the stresses are comparable (dashed lines in 
fig.15). The main difference is the local distribution of the 
stresses. In the two crystals grown with crystal cooling the 
maxima of the von-Mises stresses is moved towards the 
crystal edge with a certain distance to the interface 
whereas the stress maxima of the two crystals grown 
without crystal cooling are situated at the crystal center on 
the crystallization front (Fig.13). 
 

 
Figure 15: Calculated maximum von-Mises stress at a 
body length of 500 mm of the growing ingot. 
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Figure 16: Distribution of the von-Mises stresses [MPa] 
(left) and isotherms (right) of CC212Va.  
 
 

 
Figure 17: Distribution of the von-Mises stresses [MPa] 
(left) and isotherms (right) of CC262V3 (cooling element 
E).  
 
 

 
Figure 18: Distribution of the von-Mises stresses [MPa] 
(left) and isotherms (right) of CC213V2b.   
 

 
Figure 19: Distribution of the von-Mises stresses [MPa] 
(left) and isotherms (right) of CC249V1 (cooling element 
A).  
 
3.4 Influence of active crystal cooling on the axial 
temperature profile in the growing crystal 
 While the temperature gradient on the solid side of the 
interface Gs in connection with the growth rate vg 
determines the concentration and radial distribution of the 
intrinsic defects in the crystal, another important factor for 
the controlled incorporation of the intrinsic defects is the 
cooling rate of the growing crystal. The dwell time of the 
growing crystal in the temperature range between 900 °C 
and 1050 °C affects the density and size of the defects. 
Thus, the formation of vacancy clusters (voids) is strongest 
in this temperature range. The average size of the voids 
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increases with the dwell time in this temperature range at 
the expense of their density. A simple empirical relation 
can be given for the density of the void clusters NVoid as a 
function of time with A as a constant [7]. 
 

𝑁𝑣𝑜𝑖𝑑 = 𝐴𝑒−0.011𝑚𝑖𝑛−1𝑡      (3) 
 

 
Figure 20: Estimated cooling behavior along the axes of 
the ingots of Series A. 
 
 

 
Figure 21: Estimated cooling behavior along the axes of 
the ingots of Series B. 
 
The numerical simulation was also used to estimate the 
temporal temperature profile in the growing crystals. The 
cooling trends were obtained from the calculated 
temperature profiles along the central axis of the growing 
crystal versus body length. 
The results for series A and B are plotted separately in 
Fig.20 and Fig.21. 
The diagram in Fig.20 clearly shows the influence of the 
average pulling speed on the dwell time of the growing 
crystal in the critical temperature range between 900 °C 
and 1050 °C. The graph in Figure 21 shows the influence 
of the different cooling elements on the cooling behavior 
of the growing crystal. The time span of the growing 
crystal in the critical temperature range is by far the 
shortest when cooling element E is used. 
 
3.5 Influence of active crystal cooling on the Voronkov 
parameter v/G 
 The radial distribution of the heat flux density from the 
melt into the crystal depends not only on the heat transport 
by convection and conduction in the melt, but also on the 
transport in the crystal and the heat release from the crystal 
to its surroundings. The interface shape is determined by 
this interplay, which includes the heat of crystallization 
released by the imposed growth rate. The temperature 
gradients resulting from the heat flow balance determine 
the intrinsic defect distribution in connection with the 
growth rate. The Voronkov parameter vg/Gs takes into 

account the convective (vg) and diffusive (Gs) transport 
processes in the crystal. For the critical value of the 
Voronkov parameter, which is given with different values 
in the literature, the solid side of the crystallization front is 
considered. 
Another point of view results also from the one-
dimensional heat balance (Eq. 1) at the solidification front: 
 

𝐺𝑙

𝐺𝑠
=

𝜆𝑠

𝜆𝑙
− Г𝑐𝑟𝑖𝑡

𝜌𝑠𝐿

𝜆𝑙
       𝑚𝑖𝑡       Г =

𝑣𝑔

𝐺𝑠
      (4) 

 
For a literature value of the critical Voronkov parameter 
Гcrit=1.34*10-3cm2/K.min [12], a certain ratio of the 
temperature gradients at the phase boundary is obtained, 
in the example given here of Gs/Gl=5.3. 
The gradient ratios of the studied crystal growth 
configurations are listed in Tab.VIII and Tab.IX. A ratio 
of the temperature gradients Gs/Gl > 5.3 is obtained in all 
listed growth configurations. Thus, under the assumptions 
made, all crystals were grown under vacancy rich 
conditions. 
 

 
Table VIII: Ratio of the temperature gradients Gs/Gl at the 
crystallization front averaged over the interface of Series 
A. 

 
Table IX: Ratio of the temperature gradients Gs/Gl at the 
crystallization front averaged over the interface of Series 
B. 
 
4 CONCLUSIONS 
 
 The essential prerequisite for increasing the pull speed 
is to increase the temperature gradient Gs at the 
crystallization front in the crystal. With the application of 
an active cooling element during crystal growth, the 
effective radiation exchange with the crystal surface and 
thus the heat flux in the crystal can be increased. If the 
pulling speed exceeds a critical value, cylindrical growth 
is no longer possible. So-called spiral growth occurs. The 
limit of the pulling speed correlates in certain limits with 
the deflection of the phase boundary (Fig.5). Other growth 
parameters that are critical for high growth rates are the 
temperature gradient at the liquid side of the interface and 
the temperature gradient in the meniscus region of the 
crystal edge. Numerical simulations can obtain these 
mentioned parameters. From the calculated heat fluxes at 
the phase boundary a temperature gradient in the melt of 3 
K/cm and a temperature gradient at the crystal rim Gcr of 
1 K/cm can be estimated, which of course depends on its 
definition. 
Another key feature of the active crystal cooling is the 
ability to influence the shape of the interface at moderate 
growth rates. Crystal cooling causes an increased heat 
exchange of the crystal with its environment, resulting in 
an increased heat conduction in the crystal center. As a 
consequence, the phase boundary undergoes a convex 
deflection resulting in a wave-shaped phase boundary. By 
additionally adjusting the rotation rates of the crystal and 
crucible, it should be possible to establish an 
approximately flat phase boundary. Fig.22 shows a 
theoretical example obtained by numerical simulation. 
 

Ingot/growth 
configuration

CC212 Va CC213 V2b CC249 V1 CC246 V3 CC227 V2

Gs/Gl 9.49 16.91 7.72 12.13 21.41

Ingot/growth 
configuration

CC262 V3 CC263 V3 CC265 V3 CC266 V3 CC267 V3

Gs/Gl 7.29 6.42 6.61 6.91 7.5
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Figure 22: Calculated interface deflection for different 
rotation conditions at an average pull speed of 0.9 mm/min 
and active crystal cooling. The legend gives crystal 
rotation/pull speed/crucible rotation, opposed. 
 
 
The type of the cooling element does not seem to have any 
noticeable influence on the shape of the phase boundary 
but on the cooling behavior of the growing crystal. Thus, 
cooling can also be used for shorter cooling times of the 
crystal, which in turn leads to an increase in productivity 
(Fig.23). 
 

 
Figure 23: Estimated temperature profiles along the axes 
of the ingots CC212 grown without crystal cooling and 
CC262 grown with cooling element E. Both crystals were 
grown with an average pull speed of 0.9 mm/min. 
 
By tailoring the temperature-time profile in the growing 
crystal, it should be also possible to influence the 
development of the defect structure in the growing crystal. 
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