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Abstract

For the mvestigation of the influence of an active crystal cooling device on the shape of the crystallisation
front, two different series of crystal growth experiments were carried out and interpreted with 2D numerical
simulations. The deflections 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, especially the pull speed, was
investigated. In the other series, the influence of different crystal cooling elements on the phase boundary at a
certain growth rate was examined. Based on the heat flux balance at the crystallization front, the essential
parameters for stable crystal growth conditions were evaluated.

Crystal growth equipment

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
summarized in Tab.1.

growih Cz-puller ',:mdh,le bottom ,
. dimension coolng element
configuration type , heater
[nch]

Va SC24 24 no -

W1 SC22 22 110 A

V2 SC24/26 2426 VES A

V2b SC24 24 o -

W3 SC26 26 VES ABCDE

Tab.1: Main parameter of the different growth configurations

Crystal growth experiments

Two series of crystal growth experiments were realized:

Series A was performed from the standpoint of maximizing the average pull speed (Tab.2).

Series B was carried out (Tab.3) to investigate the influence of the different cooling elements (geometry
and position) on the shape of the crystallization front.

Crystal growth configuration Va, V1, V2b (left),
V2, V3 (middle), V3 (right)

ingot growth average pul u:rcstal Emd!jk gap | bottom | cooling | | mgot'arowth average pul mﬂal Emd!jk gap | bottom | cooling
. speed rotation | rotation . speed rotation | rotation .
configuration . [mm] | heater |element| | configuration o [mm)] | heater | dewice
[mm/min] | [rpm] | [rpm] [mm'min] | [rpm] | [rpm]
CC212WVa 0.9 10 10 25 10 CC262 V3 0.9 10 6 25 VES E
CC213V2b 1.25 10 10 17 no CC263 V3 0.9 10 6 25 VES B
CC227 V2 1.8 10 6 17 Ves A CC265 V3 0.9 10 6 25 VES B
CC2Z46 V3 1.6 10 6 17 VEes A CC266 V3 0.9 10 6 25 VES D
CC249 V1 1.2 10 10 25 10 A CC267 V3 0.9 10 6 25 VES C

Tab.2: Main growth parameters of Series A Tab.3: Main growth parameters of Series B

Numerical simulation

All crystal growth runs were simulated using the commercially available FEM software CGSIM. The results
presented here are derived from 2D simulations, which depict the axially symmetric formation of the
calculated interface shape. 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 480 mm - 520 mm.

Characterization of the crystals

Vertically cut slices were prepared from all crystals and the solid liquid interface shapes were made visible by
means of LPS measurements.

The shape of the phase boundary can be described by the deflection in the
crystal center H and by the W-shape factor ¢

(6max _ 5center)

D[%] =
. . Omax
Sketch of a cooling element and the inner heat

shield, H indicates the interface deflection

Influence of the crystal cooling on the interface shape Series A

Calculated (blue line) and from LPS-measurement deduced interface shape (coloured thin lines)

CC212 CC213 CC227

CC246 CC249
Influence of the crystal cooling on the interface shape Series B

Calculated (blue line) and from LPS-measurement deduced interface shape (coloured thin lines)

CC265

CC262 CC263

CC266 CC267 LPS-image

active |average pull | deflection | deflection | W-shape | W-shape

Ingot/growth :
o cooling speed H[mm] | H[mm] | ¢[%] ¢ [%]

COMIEUATON o ement [mm/min] | measured |calculated | measured |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 1to?2 1 35 68

Insotiorowh active | average |deflechonH | defecton |W-shape ¢ | W-shape
confiourafion cooling |pull speed|  [num] H [mm] o] o [Fo]
cement | [mm'min]| measured |caloulated | measured |calculated
CC262 V3 E 09 2 -3 55 33
CC263 V3 B 09 -3 -7 -3 0 15
CC265 V3 B 09 -6 o -8 -3 0 18
CC266 V3 D 09 |[-09to-1.8 -4 60 25
CC267 V3 C 09 |[-31to-4.1 -3 38 21

Tab.4: Interface parameters of Series A

Tab.5: Interface parameters of Series B

Influence of the crystal cooling on the heat fluxes and temperature gradients at
the interface of the growing crystal

Tab.6: Thermal boundary conditions at the crystallization front of

Series A

Calculated temperature gradient G, at the crystal rim

Influence of active crystal cooling on the distribution of isotherms and von-

Mises stresses In the growing crystal
Distribution of the von-Mises stresses [MPa] (left) and 1sotherms (right)

CC212

CC213

Von-Mises stress at the crystallisation front of Series A

Tnsot/srowth 13'?;:? IE;‘E__E" heat fow |G~Q/AL) |G~QAaN| G, | |heoterowh If?;:;t m;j__i;" heat fow |G~Q/(AX)|G.~Q/(AM)| G..
configuration [W] [ﬁ,] melt [W] | [K/cm] [K/iom] |[K/cm]| |configuraton [W] [ﬁ,] melt [W]| [K/cm] [K/iom] | [K/cm]
CC212Va| 2033 | 2990 | 960 48 453 | 374 | [ccasava| 2053 | 3528 | 1475 73 535 | 775
CC213V2b| 2847 | 3470 | 625 @ 526 (134 |ccee3va| 2046 | 3894 | 1848 02 500 | 946
CC249V1 | 2727 | 4510 | 1780 3.0 683 | 780 | [ccaesva| 2047 | 3704 | 1746 87 575 | 840
CC246V3 | 3630 | 4860 | 1220 136 | 5.63 | [ccaeeva| 2043 | 3641 | 1604 3.0 552 | 7.3
cc227v2 | 4102 | 4780 | 680 724 ({082} [cca67v3 [ 2057 | 3450 [ 1400 70 23 | 640
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Tab.7: Thermal boundary conditions at the crystallization front of
Series B

Here,

T

1

i1s the solidification temperature, T
temperature on the melt meniscus at a distance of 5 mm
from the crystal edge. T, 1s therefore still within the thermal
boundary layer, which corresponds to the meniscus height h.
(~ 6.9 mm). This key figure among others 1s used to judge
the process stability.

m

1s the

CC249

CC262

Von-Mises stress at the crystallisation front of Series B

Conclusions

From the calculated heat fluxes at the phase boundary, a
temperature gradient in the melt G, should be > 3 K/cm
and a temperature gradient at the crystal rim G_, (melt
meniscus) should be > 1 K/cm to establish stable
growth conditions. At moderate growth rates the crystal
cooling shows a clear impact on the shape of the
interface. The axial temperature-time profile 1n the
growing crystal can be effectively influenced by an
active crystal cooling.

Calculated maximum von-Mises stress at a body length of 500 mm of the growing ingot

Influence of active crystal cooling on the axial temperature profile in the
growing crystal

Calculated temperature profiles of Series A

Calculated temperature profiles of Series B
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