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Abstract

The surface tension of molten silicon was measured using both the oscillating drop method and an improved sessile drop method. The
oscillating drop method was used under microgravity conditions. The purity of the silicon sample was 9N. The atmosphere was Ar-3%
H, gas purified using platinum asbestos and magnesium perchlorate. The result measured using the oscillating drop method agrees very
well with that measured using the sessile drop method, and is expressed by the following equation: y = 733 — 0.062(T — 1687), where 7 is
the surface tension (mN/m) and T is the temperature (K). The standard deviation of the scatter of the values obtained by the oscillating
drop method is less than 1% which is smaller than that obtained by the sessile drop method. In addition, the surface tension can be mea-
sured over a wider temperature range including the undercooled state using the oscillating drop method. Accordingly, a much more accu-

rate temperature dependence is obtained.

© 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The requirement for high-quality silicon single crystals
has recently been increasing, because of the need for
high-performance integrated circuits (LSIs) and central
processing units (CPUs) in computers and other devices.
Although a computer simulation is one of the most effec-
tive methods to optimize the production of silicon for use
in LSIs and CPUs, various precise thermophysical data
such as surface tension, density, viscosity, and thermal con-
ductivity of molten silicon are necessary in this case. How-
ever, there are few available data for these properties, and
where they are available different values are reported by
different researchers partly because silicon is a very reactive
element and its surface tension is sensitive to contamina-
tion such as by oxygen [1].
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In this study, the surface tension of molten silicon was
measured under the same conditions using both a new
oscillating drop method and the sessile drop method, which
is the most commonly used for the measurement of surface
tension. The oscillating drop method was carried out under
microgravity conditions.

The oscillating drop method has several advantages in
terms of measuring the surface tension precisely. First,
the purity of the sample is maintained because the sample
materials are melted without any container or substrate.
Second, the accuracy of the surface tension values obtained
is increased: the surface tension can be calculated using the
sample mass and the frequency of the surface oscillation,
not the density. The mass of the sample is measured easily
and precisely while the density, which generally contains
large scatter, is not. Third, because the frequency of the
surface tension is simplified under microgravity conditions,
the surface tension can be computed without any correc-
tion formulas. Fourth, the surface tension can be measured
over a wide temperature range including the undercooled
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state, because there is no nucleation site due to the absence
of any container. This advantage enables the temperature
dependence to be determined much more accurately.

The sessile drop method is one of the most commonly
used methods to measure surface tension. This method is
carried out under terrestrial conditions in order to confirm
the accuracy of results obtained from the oscillating drop
method. For this purpose, the same experimental condi-
tions were used. In this study, some improvements have
also been made in order to improve the accuracy. The sys-
tem is equipped with a He—Ne laser, a band-pass filter, and
a high-resolution digital camera. Coupling of the laser and
the band-pass filter makes the droplet profile clearer and
allows the surface tension to be precisely measured.

2. Experimental
2.1. Oscillating drop method

The oscillating drop method was conducted under
microgravity to obtain a spherical drop shape. The experi-
mental apparatus is equipped with a radio frequency gener-
ator, batteries, a pyrometer, high-speed video cameras,
three coils, and an infrared radiation furnace, as shown
in Fig. 1. The coil system is composed of a positioning coil,
heating coil, and detecting coil. The positioning coil is con-
nected to the 12 kW radio frequency generator operating at
a frequency of 400 kHz. In the same way, a 2 kW radio fre-
quency RF current is supplied for the heating coil with a
frequency of 1 MHz. The positioning coil forms a quadru-
pole electromagnetic field that makes the sample oblate.
The heating coil forms a dipole electromagnetic field that
makes the sample prolate. Accordingly, the current ratio
between the positioning coil and the heating coil controls
the spherical droplet shape. The detecting coil determines
the position of the sample.

The silicon samples were of 9N purity and weighed
about 0.7 g. The samples were immersed in acetone and
ultrasonically cleaned three times for 3 min. The atmo-
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Fig. 1. Schematic of the oscillating drop method system.

sphere gas was Ar—3% H, purified using platinum asbestos
and magnesium perchlorate. Its oxygen partial pressure
was estimated to be less than 10~'* Pa [2]. The samples
were preheated in the infrared furnace to overcome the
high electric resistance at room temperature. After reaching
the critical temperature, an eddy current can flow on the
sample surface, and the sample is electromagnetically levi-
tated and melted by the eddy current. The temperature of
the droplet was measured using a two-color pyrometer.

A microgravity environment was achieved using the
710 m drop-shaft facility at JAMIC (Japan Microgravity
Center) [3]. After the oscillation of the sample droplet
decreased, the drop of the capsule was started. The gravity
level then changed from lg to 10 °g. The strength of the
electromagnetic field was adjusted in order to control the
position and the shape of the sample. The surface oscilla-
tion was recorded with two high-speed cameras from the
top and the side. Two hundred frames were recorded per
second. After the freefall was finished, the silicon sample
was caught in a copper mold, and its mass was measured.
When the change in the droplet mass was less than
0.01%, the data were used.

When the equilibrium shape is spherical, the surface ten-
sion can be calculated from the surface oscillation fre-
quency obtained using the following equation [4]:

) 4 7
o —gnl(l—l)(l-i-Z)A—d (1)

where w is the angular frequency of the surface oscillation,
M is the droplet mass, and / is the label of the oscillation
modes. In the case of /=2, the frequency is called Ray-
leigh’s frequency and is expressed by the following Ray-
leigh formula [4]:

ey (2)
where w; = 2nvR.
2.2. Improved sessile drop method

The experimental apparatus was equipped with a sample
dropping device [5,6], a tantalum cylindrical heater, five
concentric reflectors, a boron nitride substrate, a 10 mW
He-Ne laser, a band-pass filter, a high-resolution digital
camera, a B-type thermocouple (Pt—6%Rh/Pt-30%Rh),
and a digital program controller, as shown in Fig. 2.

The sample was the same as that used for the oscillating
drop method. The weight was 0.7 g. A BN substrate of 99%
purity was used. Before the experiment, both the BN and
the silicon sample were immersed in acetone and ultrason-
ically cleaned three times for 3 min. The substrate was then
adjusted horizontally before each experiment. The silicon
sample was placed in a glass tube with a spring connector
on the top of the dropping device outside the chamber,
as shown in Fig. 3.

The atmospheric gas was also the same as that used for
the oscillating drop method. The sample was heated at a
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Fig. 2. Schematic of the improved sessile drop method system.

rate of 10 K/min. After reaching the measurement temper-
ature, the sample was inserted into the bottom of the alu-
mina dropping tube and held for 60 s for it to melt, as
shown in Fig. 3. Molten silicon was then forced from a
small ¢1 hole at the bottom of the alumina dropping tube

and dropped onto the BN substrate by a small difference
between the chamber and the alumina tube. As soon as
the molten silicon came into contact with the BN substrate,
photographs were taken of the drop profile. The coordi-
nates of the droplet profile were determined from the
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Fig. 4. Effect of laser and band-pass filter on droplet appearance: (a)
without laser and band-pass filter, (b) with laser and band-pass filter.
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Fig. 3. Dropping device of the improved sessile drop method. The silicon sample was first placed in a glass tube outside the chamber. After reaching the
measurement temperature, the sample was inserted into the bottom of the alumina dropping tube and molten silicon was then forced from a small ¢1 hole

at the bottom of the alumina dropping tube.
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images. The photographs obtained were analyzed using a
computer with automatic image processing programs, in
which the surface tension could be calculated; this elimi-
nated any operator subjectivity.

The 10 mW He-Ne laser was used as a backlight to
observe the droplet. The diameter of the laser beam was
2 mm, and was expanded to 20 mm. The band-pass filter
was positioned between the digital camera and the cham-
ber to remove the irradiation of the droplet itself and the
heater. The filter could absorb all wavelengths other than
the laser wavelength of 632 nm. As a result, a very clear
droplet shape can be observed, as shown in Fig. 4. The
droplet images were obtained using the digital camera.
The camera has a high resolution of 2000 x 1312 pixels
and 256 gray levels. In addition, a large charge-coupled
device (CCD) size of 15.6 x 23.7 mm in the camera was
used to decrease the error from the lens curvature. The
temperature controlled by the digital program controller
was measured by the thermocouple. The thermocouple
was positioned close to the sample. The temperature
was calibrated using the melting points of some pure
metals.

3. Results and discussion

The results of the surface tension measurements using
the oscillating drop method are shown in Fig. 5. The calcu-
lated surface tension of silicon is expressed as follows:

y =733 — 0.062(T — 1687) (3)

where 7y is the surface tension (mN/m) and T is temperature
(K). The surface tension was measured over a wide temper-
ature range (1357-1890 K). This range includes an under-
cooled state (up to 330 K below the melting point). The
standard deviation of the data scatter were 7 K, which
was less than 1% of the surface tension values: much smal-
ler than the values measured by conventional methods
[7-11].

The results obtained using the sessile drop method are
also shown in Fig. 5. These values were measured only
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Fig. 5. Surface tension of molten silicon measured using the oscillating
drop method and sessile drop method.

from 1700 to 1809 K. The temperature range was restricted
due to droplet solidification, reaction with the substrate,
and the heater durability. The standard deviation of the
scatter was less than 3%. The results of the sessile drop
method agree with those of the oscillating drop method.

The oscillating drop method has several advantages.
The surface tension can be calculated using only the surface
oscillation frequency and the mass, not using the density.
This leads to a smaller scatter, because the volume of the
sample, namely the conversion to the real scale, is unneces-
sary. When a size is measured from the recorded-image
data, as in the conventional methods, the determination
of the interface is a significant problem that may cause a
large error in the values of surface tension.

In addition, the sample is levitated and does not come
into contact with any crucibles or substrates, and conse-
quently the sample is free of contamination. Also, because
there is no nucleation site, a wide undercooled range
(330 K below the melting point) was available, which led
the expanded measurement temperature range. Thus, the
surface tension and particularly its temperature depen-
dence measured using the oscillating drop method are more
reliable. This accurate temperature dependence is very use-
ful for precisely estimating the degree of the Marangoni
convection. This is almost always true, particularly for
high-melting materials or very reactive materials.

The sessile drop method used in this study is also
improved in several respects. A band-pass filter was used
to eliminate the irradiation wavelengths from the sample
and the heater. Only the wavelength of the laser can pass
through the filter. This produces a clearer sample contour
which leads to a decrease in the reading errors. The high-
resolution digital camera was used in order to analyze the
droplet profile digitally. In addition, the large CCD size
in the camera decreased the error from the lens curvature.
In this study, the droplet was photographed in two direc-
tions to confirm the symmetry of the droplet. When the
surface tension values obtained from the two directions
were different by over 30 mN/m, the data were rejected.

The temperature range was restricted between 1700 and
1809 K for the sessile drop method due to droplet solidifi-
cation, reaction with the substrate, and the heater durabil-
ity. Accordingly, if there are no data from the oscillating
drop method, it seems that another temperature depen-
dence is easily misled from Fig. 5. The main contamination
source is generally the substrate. The BN substrate is suit-
able for silicon, because the contact angle is large and the
reaction is small [12]. Especially, boron barely affects the
surface tension [13].

Fig. 6 shows a comparison between the measured and
previously reported values of silicon surface tension. The
present values agree well with many previous results. How-
ever, these values cannot simply be compared with each
other because the surface tension of molten silicon is very
sensitive to contaminants such as oxygen. The details of
the experimental conditions cannot always be obtained
from the literature.
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Fig. 6. Comparison between measured values and previously reported
values of silicon surface tension: (1) Ref. [7], (2) Ref. [14], (3) Ref. [15], (4)
Ref. [10], (5) Ref. [16], (6) Ref. [17], (7) Ref. [18], (8) Ref. [19], (9) Ref. [20],
(10) Ref. [21], (11) this work.

4. Conclusion

The surface tension was measured by the oscillating
drop method and the improved sessile drop method. The
former method was used under conditions of microgravity.
The results obtained from the oscillating drop method
agree with those obtained from the sessile drop method.
The temperature dependence of the surface tension can
be expressed as follows:

y =733 — 0.062(T — 1687)

where y is the surface tension (mN/m) and 7 is the temper-
ature (K). The temperature ranges for the two methods
were 1357-1890 and 1700-1809 K, respectively. The stan-
dard deviation of the scatter is less than 1% for the oscillat-
ing drop method and 3% for the sessile drop method. Thus,
the surface tension and particularly its temperature depen-
dence measured using the oscillating drop method are more
reliable than those measured using the sessile drop method.
The accurate temperature dependence is very useful for

precisely estimating the degree of the Marangoni convec-
tion. This is almost always true, particularly for high-melt-
ing materials or very reactive materials.
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