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Abstract

By examining the morphologies of the recalescence interface and the growing crystal, direct evidence for silicon to grow in interme-
diary mode has been found, and the critical undercooling for silicon from lateral growth to intermediary growth AT™* and that from inter-
mediary growth to continuous growth A7 have been determined. A method that predicts the solid-liquid interface energy on the basis
of the critical growth transition undercooling has been developed. The solid-liquid interface energy predicted from AT™ for silicon is in
very good agreement with that from AT™**. The percentage error between the solid and liquid interface energies predicted from AT* and A
T** is smaller than 0.59% when the temperature is in the range 783-1683 K. The results obtained for the solid-liquid interface energy
predicted from the critical growth transition undercoolings for silicon are also consistent with the reported results from the nucleation

method and the grain boundary method. Their percentage errors are in the range 0.24-4.55%.
© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The solid-liquid interface energy is an important physi-
cal parameter in research into solidification. It is impossible
to comprehend the essences of nucleation and growth of
crystals without a clear knowledge of the solid-liquid inter-
face energy.

Direct measurements of the solid-liquid interface energy
have been possible in opaque alloy systems [1-4] and trans-
parent materials [4-6]. For opaque pure materials, it is dif-
ficult to measure directly the solid-liquid interface energy.
These values have usually had to be extrapolated from the
dependence of the solid-liquid interface energy of an alloy
on composition, which can be measured using the grain
boundary method [7] or estimated from the nucleation
undercooling method on basis of the homogenous nucle-
ation theory and the measured undercooling [8-11].
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As is well known, the grain boundary method can only
measure the solid-liquid interface energy at melting point,
while the nucleation-undercooling method can only deter-
mine the solid-liquid interface energy at the undercooled
state. Recently, Jian et al. [12] developed a model of the
solid-liquid interface energy for lateral growth materials
such as semiconductors. In terms of this model, the
solid-liquid interface energy of a lateral growth material
at any temperature can be determined if the critical growth
transition undercooling is known. However, it is unclear
whether the model corresponds to reality because the
results of the model have not been reported.

Determination of the critical undercooling for a material
to grow from lateral to intermediary mode or that from
intermediary to continuous mode is crucial for applying
the model developed by Jian et al. to predict the solid—
liquid interface energy. It has been reported that the
growth modes of silicon and germanium vary with increas-
ing undercooling, and there are obvious different features
when silicon and germanium grow in continuous mode
and lateral mode [11,13-20]. However, direct evidence for
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a semiconductor growing in intermediary mode has not
been reported.

The purpose of this paper, by examining the features for
silicon growing in lateral, intermediary and continuous
mode as well as the critical growth transition undercooling,
is to introduce a useful method for determining the solid-
liquid interface energy of lateral growth materials.

2. Experimental

Experiments to determine the critical undercooling for
the growth transition of silicon were performed in an elec-
tromagnetic levitation facility that could be evacuated and
filled with gases. The chamber of the electromagnetic levi-
tation facility was firstly evacuated to 10~ Pa using a tur-
bomolecular pump and then filled with purified argon gas.
A continuous-wave CO, laser was used to preheat a silicon
sample of 99.999% purity so as to cause it to be levitated by
an applied electromagnetic force. A high-speed camera was
used to capture images of samples during the solidification
process. The temperature was measured with a two-color
pyrometer with 1 mm spot size. The spectral emissivity of
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silicon was determined in terms of the pyrometer tempera-
tures measured at the solid-liquid coexistence.

3. Results and discussion
3.1. Critical undercooling for the growth transition of silicon

The growth mode of silicon can be predicted according
to the morphologies of the recalescence interface and the
growing crystal during the solidification process. Figs. 1-3
show the morphologies of the recalescence interface and
the growing crystal during the solidification process as
observed with the high-speed camera. The dark, gray and
bright parts in the figures are the undercooled liquid, the
reheated liquid resulting from the release of latent heat
and the solid that has solidified from the liquid, respectively.
When the undercooling is less than 100 K, as shown in
Fig. 1(a), the crystal can be detected during the recalescence
process. The initial image of the crystal, as shown in
Fig. 1(a) and (b), is a discontinuous line or several discon-
tinuous lines. As time goes on, as shown in Fig. 1(c), the dis-
continuous lines develop into continuous strips. This

Fig. 1. Surface morphology of silicon with undercooling of 52 K observed with a high-speed camera: (a) t =2 ms, (b) 1 =8 ms and (c) t = 1040 ms

(where 7 is the time after nucleation takes place).
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Fig. 2. Surface morphology of silicon with undercooling of 152 K observed with a high-speed camera: (a) = 0 ms and (b) © = 372 ms (where 7 is the time

after nucleation takes place).
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