Marangoni Convection of Molten Silicon
under Microgravity '

Taketoshi HIBIYA
NEC Corporation
34 Miyukigaoka, Tsukuba 305, Japan

1. Introduction

One of the important phenomena for a heat and mass transport process during
melt crystal growth is Marangoni flow, which takes place on the surface of the melt.
Marangoni flow might be useful in discussing the formation of the network pattern?
and asymmetric temperature distribution® in the Czochralski melt, but the
Marangoni flow of molten silicon has not yet been clearly explained due to the
difficulty of performing experiments. For example, the existence of a strong
buoyancy force on earth makes it difficult to distinguish Marangoni flow from
buoyancy flow. The temperature oscillation due to Marangoni convection in a silicon
melt column was precisely measured under microgravity on board the rocket TR-IA
#4 launched by the National Space Development Agency of Japan (NASDA).

2. Experimental

A molten silicon column 10 mm in diameter and 10 mm high was formed under
microgravity using carbon rods, as shown in Fig. 1. The specimen was set into a
silica glass ampoule through which s-grade argon gas was flowed to prevent
oxidization of the sample. The specimen was heated in an infrared image furnace,
High Temperature Furnace Type II (HTF-II), as shown in Fig.2. Two sets of
thermocouples were set near the upper and lower solid-liquid interfaces to monitor
the temperature difference between the two interfaces. Four sets of thermocouples
0.1 mm in diameter within a quartz glass sheath 1.0 mm in diameter were
immersed into the silicon melt 2 mm above the lower solid-liquid interface at the
periphery of the melt to measure temperature oscillation. The temperature
sampling speed was 40Hz. The melt shape and surface oscillation were recorded
using a video camera. Microgravity of 10-4g, was obtained for six minutes on board
the NASDA TR-IA #4 rocket launched on August 25, 1995 from Tanegashima Space
Center of NASDA.

3. Results and Discussion

Figure 3 shows the temperature oscillation detected by the thermocouples in the
silicon melt column (T3-T6). Note that the temperature measured in the solid part
did not show any oscillation (T1-T2). Figures 4a and 4b show the results of
Fourier-transform analysis of the oscillation frequency. A particular frequency of
0.1 Hz was observed while the column was formed. After the column had finished
forming, the temperature oscillation did not show any particular frequency. These
results suggest that the flow mode is periodic-oscillatory during column formation
and non-periodic-oscillatory after formation of the liquid column. In order to explain
the flow mode of molten silicon, one must discuss the temperature coefficient of
surface tension for molten silicon, i.e. the driving force for the Marangoni flow. As
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reported recently, the temperature coefficient of surface tension of molten silicon
shows various values depending on the oxygen partial pressure of the ambient
atmosphere, suggesting that it would depend on oxygen concentration of the melt3-9,
Oxygen concentration analyzed for a flight sample was 7 x 10!8atoms/cm3, which
was one order of magnitude higher than those measured for samples processed in a
containerless condition or under finely controlled oxygen partial pressure45. The
high measured oxygen concentration was probably due to the use of a quartz sheath
for the thermocouples which touched the silicon melt column as this would have
dissolved slightly into molten silicon. Although the relationship between
temperature coefficient and oxygen concentration has not yet been quantitatively
clarified for samples with such a high concentration of oxygen, a flight sample
probably has a rather small temperature coefficient. However, the Marangoni
number for the present experimental system would have been sufficiently larger
than the critical value of 100-2009 for the steady to periodic-oscillatory flow and
also larger than the expected critical value for the periodic- to non-periodic-
oscillatory flow.
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Quartz Ampoule

Figure 1 Quartz ampoule containing silicon sample,
carbon rods and thermocouples.
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Figure 3 Temperature oscillation
detected by thermocouples in the
molten silicon column (T3 - T6) and at
the solid-liquid interface (T'1-T2). At
point A, input power was changed
from 1300W to 900W. Thermo-
couples touched the melt at point B.
The molten silicon column was
completely formed at point C.
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