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The contact angle between liquid Si and SiO2 was measured with the sessile drop method
at 1723 K. The contact angle changed very unusually due to the evolution of SiO gas at the
solid/liquid interface. It was found that the real contact angle between liquid Si and SiO2 is
about 80◦ or less at 1723 K though the apparent contact angle of 95◦ was observed for a
long time during the experiment. The difference in the contact angle can be explained with
a model of a composite material. Although the real contact angle is more important in a
physical point of view, the apparent contact angle should be adopted in some cases such as
simulation works. C© 1999 Kluwer Academic Publishers

1. Introduction
The wettability of SiO2 by liquid Si is one of the most
important thermophysical values in the semi-conductor
industry. As the degree of integration of LSI is increas-
ing, the optimization of the producing condition of Si
single crystals is strongly required to produce wafers
with higher quality and larger diameter. A computer
simulation is one of the most effective methods for the
optimization. However, the results of the simulation are
very dependent on the adopted thermophysical values
and there are few reliable data for them. The contact
angle between liquid Si and SiO2 is the one of the most
important thermophysical values for the simulation be-
cause a SiO2 crucible is used in the Czochralski method.

It is well known that Si reacts with SiO2 very quickly
producing a gas phase of SiO at elevated temperature.
When the wetting in such a system is measured, the
formed gas is expected to affect the apparent contact an-
gle. For example, in liquid Al/Al2O3 system, the Al2O3
substrate is eroded and the apparent contact angle de-
creases with time while the real contact angle is con-
stant. In the system, Al reacts with Al2O3 producing a
gas phase of Al2O [1, 2].

In this study, the effect of the evolution of gas phases
on wetting is also investigated in detail using the liq-
uid Si/SiO2 system and a method is suggested of the
evaluation of the wetting in such a system.

2. Experimental
The sessile drop method was used to measure the con-
tact angle. The Si samples used were non-doped mate-
rials and 9N pure. The Si samples had about 150 mm3

volume each and were preheated by immersion in 20%
hydrofluoric acid to remove the oxide film on the sur-
face, then in water and acetone. Since only a few im-
purities in substrates can also affect the wetting [3, 4],
high purity SiO2 samples were used. Table 1 gives the
chemical composition of the SiO2 samples. The plates
had dimensions of 20(l)× 20(w)× 5(t) mm.

The sample was heated using a tantalum cylindrical
heater and five concentric molybdenum reflectors. The
contact angle was measured at 1723 K (1450◦C) in
a vacuum of less than 1× 10−5 Torr (1.3× 10−3 Pa).
It was also measured in an Ar atmosphere as a refer-
ence experiment. In both environments, the formation
of SiO, a gas phase, was dominant in the reactions near
the sample surface and therefore the partial pressure of
SiO and oxygen around the sample surface were esti-
mated to be less than 1.6× 10−3 and 4.3× 10−14 Pa,
respectively [5]. The temperature was measured using
an R type thermocouple (Pt/Pt13%Rh) located closed
to the sample. The temperature was calibrated using the
melting points of pure Au and Si.

The sessile drop was photographed with a 35 mm
camera with bellows and macro lenses. The coordi-
nates of twenty points on the outline of the droplet were
measured on projections of the monochrome negatives
(magnification 20×) and the contact angles were cal-
culated using the Laplace equation.

3. Experimental results and discussion
3.1. Unusual change in contact angle
The wetting phenomenon of SiO2 by liquid Si was
very complicated. The Si droplet vibrated intensively
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TABLE I Chemical composition of SiO2 (ppm)

SiO2 Al Fe Na K Cu B

> 99.9 mass % 0.1 0.05 0.05 0.05 <0.01 <0.01

Figure 1 Appearance of vibrating droplet in the periodic period.

on the SiO2 substrate and it sometimes jumped up off
the SiO2 substrate. Fig. 1 shows typical appearances of
a vibrating droplet. Their apparent contact angles are
very different. The change in the contact angle during
an experiment is shown schematically in Fig. 2. The
change consists of stationary periods and periodic pe-
riods. For the initial about 200 seconds in the experi-
ments, a stationary period is maintained. The contact
angle in this period is about 95◦. Then, there is a periodic
period where the contact angle changes from about 110◦
to about 80◦ with a very high frequency of about 1 Hz.
After the periodic changes occurred several times or
several tens of times, another stationary period started
again. The contact angle in the stationary period was
about 95◦ again.

This unusual changes are caused by the evolution of
SiO gas at the solid-liquid interface.

Si(l)+ SiO2(s)→ 2SiO(g)↑ (1)

Figure 2 Schematic diagram of change in contact angle between Si and
SiO2.

The SiO2 substrate was eroded due to the reaction, as
shown in Fig. 3. There is a series of rings, which in-
dicates the movement of the droplet during the exper-
iment. The quantity of SiO gas produced can be esti-
mated from the decrease in mass of the sample when it
is assumed that all the decrease in mass was caused by
the evolution of SiO gas. About 5.0× 10−3 mol of SiO
was formed per hour, that is, about 0.20 ml of SiO was
formed per second under the atmospheric pressure.

When an atmospheric gas is used instead of the vac-
uum condition, the rate of the evolution of gas phases
is expected to be reduced. Accordingly, Ar atmosphere
was also used in this study. However, there was not a
big difference in the change of contact angle as well as
in the movement of the droplet.

Fig. 4 shows the change in the state of the droplet dur-
ing the experiment. When the substrate is rough enough,
the produced SiO gas can be released from the gaps be-
tween the liquid Si and the valleys of the roughness of
the substrate. However, the mountains (pointed parts)
are more easily eroded because the curvatures of the
points are larger and hence the points are more surface-
active. Consequently, the surface of the substrate be-
comes flatter and flatter with time. About 200 seconds
after the initial contact of Si with SiO2, the surface of
the substrate was not rough enough for the gas to be re-
leased. In this case, a large amount of the gas is released
intermittently and the apparent contact angle increases
to 110◦ because of the impact of the gas release. The
droplet sometimes jump up off the substrate for the gas
to be released. When the droplet is located on the flat
surface, the periodic period is maintained. However,
the droplet sometimes changes its position, as shown
in Fig. 3. In this case, the change in contact angle enters
the stationary period again.

3.2. Equilibrium contact angle
The initial value of the contact angle between liquid Si
and solid SiO2 was about 95◦. The period where the
value is observed is much longer than any other period.
The value is close to the previously reported values
[6–8], as shown in Table 2. However, it seems that the
value does not correspond to the real contact angle of
this system.

In the periodic period, the contact angle changes from
about 110◦ to about 80◦ in a very short period. The
larger value of 110◦ is an unstable value caused by the
impact occurring when the accumulated gas is released.
Thus, the contact angle is approaching to the equilib-
rium contact angle in the periodic period. Because the
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Figure 3 Trace of Corrosion of SiO2 substrate.

Figure 4 Change in state of SiO gas and droplet.

contact angle decreased to about 80◦ continuously, the
equilibrium value should be equal to or less than 80◦,
not equal to 95◦. In this period, the three phase line may
be pushed forward due to the accumulated gas at the
solid/liquid interface, and the contact angle can hence
be an advancing contact angle. An advancing contact
angle is generally larger than the equilibrium contact
angle. When the solid surface is completely flat, the
advancing contact angle is equal to the equilibrium con-
tact angle. As mentioned before, because the change in
the contact angle in this period occurs on a flat solid
surface, the difference between the equilibrium contact
angle and the advancing contact angle should be very
small [9, 10]. Therefore, it can be concluded that the
equilibrium contact angle of the liquid Si/SiO2 system
is equal to or less than 80◦, and that the value of 95◦ is
not the real contact angle.

TABLE I I Comparison of contact angles of SiO2/Si system

Temperature Contact angle
Researcher (K) Atmosphere (deg)

Li [6] 1703 Ar 92
Sangiorgi [7] 1723 Ar 87
Kalmicov [8] 1753 Ar 90
This study 1723 Ar 96
(Stationary period) 1723 10−5 Torr 95
This study 1723 Ar <80
(Periodic period) 1723 10−5 Torr <80

3.3. Apparent contact angle
Why or how can the value of 95◦ be observed in the sta-
tionary period? The period where the value is observed
is much longer than any other period.

This phenomenon can be explained when the sub-
strate is regarded as a composite of solid SiO2 and a
gas phase. The contact angle,θC, of a composite con-
sisting of material A and material B is expressed with
the following equation [11].

cosθC = FA cosθA + FB cosθB (2)

where,FA andFB are the ratios of A phase and B phase
at the three phase line [12].θA andθB are the contact
angle for the pure A phase material and the pure B
phase material. When B phase is a gas phase, the above
equation can be changed as follows.

cosθC = FA cosθA − FB (3)

The equation is called Cassie’s equation. When 95◦ is
substituted intoθC and 80◦ is substituted intoθA, FA
and FB is calculated to be 0.78 and 0.22 respectively.
Consequently, the substrate can be regarded as a com-
posite material including about 20% SiO gas phase.
Thus, it has been clear that the apparent contact angle
does not always represent the real contact angle in reac-
tive systems where a large amount of gas is evolved. In
a physical point of view, the apparent contact angle is
less important than the real contact angle. In some cases
such as a simulation of a production process, however,
the apparent contact angle should be adopted instead of
the real contact angle.

4. Summary
The contact angle between liquid Si and SiO2 was mea-
sured at 1723 K and the following points have been
found.
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(1) When a large amount of gas phase is produced by
interfacial reactions in a system, the evolution of the gas
phase can affect the apparent contact angle and hence
the apparent contact angle is not always equal to the
real contact angle.
(2) The real contact angle between liquid Si and solid

SiO2 is about 80◦ or less at 1723 K.
(3) The apparent contact angle which is observed for a

longer time than any other value is about 95◦ at 1723 K.
The substrate can be regarded as a composite material
including about 20% gas phase.
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