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Abstract

Travelling magnet fields (TMF’s) have be shown to be a powerful tool to influence the
melt convection in crystal growth processes. In this paper we present the results of a systematic
study on the influence of a TMF on the solid/melt interface for different materials in the same
kind of environment.

Introduction

Travelling magnet fields (TMF’s) can be used to influence the melt convection in dif-
ferent ways: damping temperature oscillations [1], smooting the melt/solid interface [2], in-
creasing the mixing [3] and others. In order to get high Lorentz forces in the melt by using
low power input a modified resistent heater is used as the generator of the electro-magnet field
[4]. In this paper we present the results of a systematic study on the influence of a TMF on the
solid/melt interface for different materials in the same kind of environment. For this purpose we
choose a typical furnace used for the vertical gradient freeze (VGF) method of crystal growth.
In a VGF furnace Ge crystals has been successfully grown with a heater-magnet module [5].
The parameters for the TMF in order to obtain an almost flat interface have been evaluated
by means of axi-symmetric numerical calculations [2]. In this paper we present the results of
axi-symmetric numerical calculations with the software package CrysMAS[6] to show the in-
fluence of different TMF’s on the melt convection rather than to optimize process. In particular,
we have performed calculations for Ge, Si, and BaF,.

1. Calculations

We use a typical VGF configuration (see Fig. 1), where the ampoule (diameter: 113 mm)
is half filled by already crystallized material. The top and bottom resistance heaters are only
for heating, whereas the three side heaters are used both for heating and producing a TMF. The
phase shift in the side heaters is counted from top to bottom. The software package CrysMAS[6]
was used to perform the following steps:

263



1. Calculation of temperature field without melt convection and fixed interface.
Adjusting power of heaters.

2. Calculation of buoyancy convection and interface shape.
Taking the heater power from step 1.

3. Calculation of buoyancy and forced convection caused by Lorentz forces.

In order to have the same relation of heat

z flux through the melt and through the isolation we
T__, r set the heat conduction of the latter according to:

Steel )\iso )\CBCF )\gelt
= NCPOF e, (1)

melt
ACBCFE s the heat conductivity of the original ma-
CBCF terial (CBCF), A, is the heat conductivity of ma-

terial X in the melt.
In step 1 the heater power was adjusted
so that there is the melting-point temperature 77,
at point A and 7;,, + 10 K at point B (see Fig. 1).
l%“g For point C a temperature of T = 7, — 40 K
CBCF was achieved for Ge. We consider the heat fluxes
5 gmelt_lrii through melt and crystal defined by the temper-
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- [F5-Pottom heater spectively. The heights of the melt A, and the
_ solid hgoiq are the same (64mm). For the other ma-
graphite . .
terials we use the same relation of the heat fluxes
CBCF JGe/JGe. and adjust the power of the heaters in
Steel order to get
X NGl
N . TS =T — 40K TE T, @)
gure 1: VGF furnace for computations. melt “\solid

where A\X ., is heat conductivity of material X for

the solid. From the calculated temperature field A7 in Table 1 was computed as the radial
temperature on the melt surface, which is largest radial one in the melt.

Amelt | Asolid L Oel v a Pmelt AT | Fhuoy
W/(mK) Jm—3 S/m m?/s K1 kgm=3 || K | Nm=3
Ge 39.0 17 40%x10% | 1.7x10% | 14x1077 | 1.1 x10~* | 5500 2K 11
Si 67.0 22 46x10% [ 1.2x10% | 34x1077 [ 1.5 x10~* | 2530 7K 26
BaF, | 0.2 20 |1.83x10%|39x10%]25x107%]20x10"°| 4830 - -

Table 1: Table of material parameters. The temperature difference AT is defined by the difference of
temperatures on the melt surface at the center and the rim.

In step 2 the heater powers of step 1 were used and the growth velocity was set to
Vgrowth = 3 mm/h for Ge. For the other materials the growth velocity was obtained from:

Ge
X Ge L

v (Y

growth L—X ) (3)

growth —

where L is the latent heat of material X.
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We have performed
runs for Ge, Si, and BaF,.
The latter has a much smaller
thermal conductivity than the
others (see Table 1). It was
not possible to get a reason-
able temperature field with the
furnace configuration shown in
Fig. 1. Therefore, for BaF, we
calculated Lorentz forces only.

The computations for
TMEF’s were done with a vari-
ation in the phase shifts (¢ =
+30°, £60°, +£120°) of the Az/mm
three heater segments and the 0
frequency (20 Hz, 50 Hz, -10
200 Hz, 500 Hz). So, in total —20

1
f/ Hz 10047150 ¢

LI N B B B B A A |

we have performed 24 calcula- :ig
tions with TMF for every ma- .

terial.

In order to apply the same or-
der of Lorentz forces for the 500 m
different materials we take the 300 :

electrical current in the case of f/Hz 100 5750 10 p
material x according to:

Figure 2: Deflection Az for the interface for Ge (top) and Si (bot-
Ge
o
]X — IGe el ) (4)

tom) as a function of the frequency f and the phase shift ¢. For com-
gé’l( parison the deflection in the case of buoyancy flow only is shown as
a plane. Isolines of Az are plotted on the bottom plane.
Here o is the electrical con-
ductivity of material X. For Ge
we used 100 A, which gives Lorentz force densities larger than the estimated buouyancy force
densities (see Table 1).

X

2. Results

For Ge and Si we have obtained the temperature field and the shape of the solid/melt
interface. The Lorentz force densities are always larger than the estimated buoyancy force den-
sities, even for the lowest frequency f = 20 Hz. Therefore, the forced convection is dominating.
This is of advantage for a good mixing but it is not optimal for getting a flat interface. However,
the thermal optimization of the furnace was not subject of investigation, because it should be
done according to the material to be crystallized.

Firstly, we compare the results for Ge and Si, which have similiar physical properties
(see Table 1). In Figure 2 the deflection of the interface is shown, where Az is measured at
the axis. If there is buoyancy convection only the interface is slighlty concave in the case of Ge
(Az = —1 mm) and more concave in the case of Si (Az = —6 mm). For most parameters of the
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TMF the induced convection rolls enhance the concavity of the interface. A positiv deflection
(Az > 0) is obtained for the smallest frequency (f = 20 Hz) both for Ge and Si. Unfortunately,
the interface is concave in the vicinity of the three phase junction (melt/crystal/crucible) as

shown in Figure 3.

Figure 3:

¢ = —120°).

and middle inductors meet.

F, is about the
same for all materials up
to f = 50 Hz but for
larger frequencies F, be-
comes negativ near the
melt surface for Ge and Si
(actually the same region,
where F,. becomes positiv
for BaF5) and the (positiv)
maximum is about double
the one in the case of BaF,
(see Figure 5). For a more
detailed look on the force
density field we chose the
runs for f = 50 Hz (and
¢ = 30°. In Figure 6
we show the F’, field for Si
and Ge, which looks very
similar. For BaF, the max-
imum F, is in the same

Streamlines and interface
shapes for Si and Ge, presented left and
right of the symmetry axis (f = 20 Hz,
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As already mentioned no proper thermal con-
ditions could be achieved for BaF,. Here we compare
Lorentz forces only. Firstly, we address the question
if setting the electrical current according to Eq. 4 leads
to the same order of magnitude of Lorentz force den-
sitites. In Figures 4 and 5 we show minima and max-
ima of F,. and F, for all three materials in the case of
¢ = 30° respectively. Ge and Si give very similar
results whereas BaF, with its much smaller electrical
conductivity exhibits some differences. Concerning F,
the maximum F). directing towards the axis (F, < 0) is
very small compared to Si and Ge. On the other hand
there regions in BaF, melt, where the Lorentz force is
directing outwards (F,. > 0), which does not occur in
the case of Si and Ge. The maximum of F). for Ge and
Si is zero (see Figure 4). The positive F,. in the case of
BaF; is induced near the melt surface, where the upper
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Figure 4: Minima (F™™) and maxima (F™®¥) of the radial component
F,. of the Lorentz force density as a function of the applied frequency f

for all three materials investigated.

range as for the other two materials but the distribution is quite different. In addition, the
required electrical current is rather high: I = 6585 A. Such a high electrical current is not
useful from a practical point of view. As we saw from Figures 4 and 5 the maximum of the
Lorentz force densities increases with increasing frequencies. For BaFy we chose f = 15 kHz
and reduced the current to / = 750 A, which is in the range used in crystal growth of such
material. The resulting Lorentz force densities F, are shown on the right hand side of Figure 7.

266



There is not much difference between field distribution of F’, for low frequency and high current
and that for high frequency and low current.

We did not yet

1200 . . . . . discuss the penetration of

0o | the electro-magnetic field

4 into the melt. For f =

800 | in 50 Hz the skin depth is

600 | 1 6 = 55 mm for the mate-

- rial with highest electrical
P conductivity (Ge). This
E 200 | of the order of the radius
< ol of the crucible. For the
= 00 next frequency computed
£ (f = 200 Hz) the skin

-400 & depth is only half of that

-600 | at f = 50 Hz and the field

800 . . . . . is significantly reduced in

0 100 200 300 400 500 the melt. Because of its

f/ Hz small electrical conductiv-

. ity the skin depth for BaF,
Figure 5: Minima (F;™") and maxima (F}"**) of the vertical component ig very large in all cases,
of the Lorentz force density F. as a function of the applied frequency f even for f = 15 kHz we
for all three materials investigated. have § = 210 mm. The
different skin depth might

be the reason for the different results for F). and F), at f = 200 Hz and f = 500 Hz.
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Figure 6: Vertical component of the Lorentz force densities for f = 50 Hz and ¢ = 3(°. Left: Ge.
Right: Si.

Conclusions

We have performed global calculations of the temperature field, the Lorentz forces, the
melt convection, and the melt/solid interface for a set of TMF’s with different phase shifts and
frequencies using the software package CrysMas. Also for materials with small conductivity
Lorentz force densities comparable or larger than the buoyancy force densities can be achieved
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Figure 7: Vertical component of the Lorentz force densities for BaF, and a phase shift of ¢ = 30°.
Left: An electrical current of I = 6585 A and f = 50 Hz was applied. Right: An electrical current of
I =750 A and f = 15 kHz was applied.

by using moderate electrical currents. For such materials high frequencies should be chosen.

For crystal growth the thermal field defined by heating and isolation is the most im-
portant point. A TMF can be used to optimize the process further by flatening the interface and
better mixing of the melt. The AC current needed for the TMF can be accomplished bei a DC
current in order to meet the required total current for the heating.
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