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Marangoni flow of molten silicon: The effects

of oxygen partial pressure
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Instability of the Marangoni flow of molten silicon is discussed. Time-dependent behavior
of azimuthal wave numbers (m) for flow instability was investigated based on temperature
oscillation measurements using a θ -t analysis, and appearance ratio of each azimuthal
wave number is analyzed. The relationship between frequency and azimuthal wave
numbers is deduced from an analysis of appearance ratios at a decomposed frequency
band using a wavelet analysis. Oxygen partial pressure at the melt surface can be predicted
using the Ratto-Ricci-Arato model. Anomalous recalescence behavior and surface oxidation
of levitated molten silicon are shown. Growth striation is induced in silicon crystals grown
even under high oxygen-partial pressure. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The Marangoni flow of a molten semiconductor is
one of the typical features of high temperature cap-
illarity. The existence of Marangoni flow in a silicon
melt was experimentally confirmed for the first time
through crystal growth experiments under micrograv-
ity [1]. In order to simulate the Marangoni flow in float-
ing zone crystal growth and to simplify the phenomena
to be observed, a half-zone configuration has been em-
ployed [2]. Experimental research on Marangoni flow
of low Pr (Prandtl number) fluids such as molten metals
and semiconductors has been difficult due to the char-
acteristics of these melts, i.e., high temperature, oxida-
tion of the melt surface and opaqueness to the visible
light. Marangoni flow shows instability; it changes from
an axisymmetric stationary flow to three-dimensional
stationary flow, and then to oscillatory flow. A critical
Marangoni number for conversion of the flow mode
from a stationary to an oscillatory flow mode is small
for low Pr fluids [3]. However, since it is difficult to
generate experimentally small Marangoni numbers for
low Pr fluids [4], experimental approaches have been
carried out in the high Marangoni number ranges, i.e.
Ma ≈ 103–104. The Marangoni number Ma is defined
as follows,

Ma = (−∂σ/∂T ) · �T · h

µ · κ
, (1)

Where ∂σ/∂σ T is the temperature coefficient of the
surface tension, µ and κ are viscosity and thermal dif-
fusivity, respectively. �T is the temperature difference
and h is the characteristic length of the system defined
as height of the bridge.

On the other hand, numerical research has been con-
centrated on the low Marangoni number, i.e. Ma ≈
102. Research has been carried out to observe flow
mode conversion from axisymmetric stationary flow

to three-dimensional stationary flow and from three
dimensional stationary flow to oscillatory flow [5–8].
Thus, the Marangoni number used for numerical mod-
eling has been lower one just above the second critical
number, Mac2, where the stationary flow changes to
oscillatory flow. The relationship between the aspect
ratio (As) and the wave number (m) of flow instability
has been clarified, as follows,

As · m = 2 ∼ 2.2 (2)

In this Marangoni number range, Imaishi et al. reported
that evolution of flow instability takes place as time
passes [8, 9].

In experimental approaches to this topic,
temperature- and flow-fields have been observed
by measuring temperature oscillation using thermo-
couples [2] and a fiber sensor [10], and by observing
flow using X-ray radiography with tracer particles [11].
Crystal growth and observation of growth striation are
important methods for correlating instability of the
Marangoni flow with qualities of the crystals [12, 13].
The Marangoni flow study at high Marangoni number
ranges (such as 1000–10000) is important from the
crystal growth viewpoint, since the Marangoni flow
during floating-zone crystal growth has such high
Marangoni numbers, i.e. almost chaotic.

The flow structure at high Marangoni numbers has
not yet been clarified either experimentally or nu-
merically, although Nakamura et al. analyzed the fre-
quency of temperature oscillations using a FFT (fast
Fourier transformation) technique. They experimen-
tally confirmed the formation of a non-axisymmetric
temperature field and its oscillation through analyz-
ing the phase relationship of temperature oscillation
and flow visualization using X-ray and tracer particles
[2, 14]. However, frequencies of corresponding wave
numbers, dependence of frequency on aspect ratio and
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time evolution of mode structures have not been clar-
ified. As long as the FFT technique is employed, it
is difficult to extract time-dependent data in the long
range.

Another important feature of the Marangoni flow for
a low Pr fluid, such as molten silicon, is the effect of
oxygen partial pressure. For the Marangoni flow of
molten silicon, it has been found that the velocity of
the flow and the temperature oscillation mode are de-
pendent upon the oxygen partial pressure of an ambient
atmosphere [15, 16]. The amplitude of the melt/solid
interface oscillation has also indicated effects caused
by oxygen partial pressure [17]. The effects of oxy-
gen partial pressure on the temperature coefficient of
the surface tension were capable of explaining these
phenomena, because the temperature coefficient of the
surface tension is a driving force of the Marangoni flow
[18]. However, the oxygen partial pressure range mea-
sured in Marangoni flow experiments and in the case
of surface tension measurements show very large dif-
ferences, exceeding ten orders of magnitude. Although
they must be the same, they exhibit very large differ-
ences. Because physicochemical phenomena take place
at the melt surface, it has been necessary to know the
oxygen partial pressures at the melt surface. However,
experimentally it is almost impossible to measure oxy-
gen partial pressures at the melt surface; in the case
of Azami’s (Marangoni flow) [15], the oxygen partial
pressure was measured when the quartz ampoule was
sealed, whereas for Mukai’s (surface tension measure-
ment) experiments, [18], it was measured at the exit of
the gas flow system. Thus, it is necessary to estimate the
oxygen partial pressure at the melt surface either from
that measured at the inlet or at the exit of the gas flow
system. According to Ratto and his coworkers, there is
big difference in oxygen partial pressure depending on
the measurement location; measurements tend to show
high oxygen partial pressures at the inlet of the system,
whereas they tend to be lower at the exit of the system
[19]. This is due to the fact that the system contains
volatile oxides [20]. Taking into account the chemi-
cal equilibrium at the melt gas interface and transport
of oxygen from and to the melt surface, Ratto and his
coworkers presented a model to estimate oxygen par-
tial pressure at the melt surface. This can be done either
through measuring oxygen partial pressure at the inlet
of the system or through measuring it at the exit of the
system, as follows [19],

P inlet
O2

= Psurface
O2

+ Psaturation
Si

2∑

j=1

α j K j

× (1 + Pe)

(1 + Pe/|ψ j |) Psurfaceα j

O2
(3)

Pexit
O2

= Psurface
O2

+ Psaturation
Si

2∑

j=1

α j K j

× (Pe)(
1 + Pe/|ψ j |

) Psurfaceα j

O2
(4)

Si + αjO2 = SiO2α, αSiO = 1/2, αSiO2 = 1.0 (5)

for j = 1, Si(l) + 1/2 O2(g) → SiO(g) and α1 = 1/2,
and for j = 2, Si(l) + O2(g) → SiO2(s) and α2 = 1.

Here, K j is the dimensionless equilibrium constant
for the j th reaction, � j is the dimensionless diffusion
constant of oxygen, and Pe, the Peclet number, is de-
fined as the ratio of flow to diffusion of oxygen. In order
to check if this model is valid or not, simultaneous mea-
surements of oxygen partial pressure both at the inlet
and exit of the system are required.

As a result of the determination of the influence
of oxygen partial pressure on the surface tension of
molten silicon by Mukai et al. [18], it is suggested
that the surface tension of molten silicon in an oxygen-
supersaturated environment can be measured, if a con-
tainerless technique is employed to avoid nucleation of
the SiO2 phase. This is a metastable surface tension
with respect to oxygen.

In the present paper, the time evolution of the
Marangoni flow instability is discussed. Frequency
bands for the azimuthal wave numbers, m = 1 and
m = 3, are determined and the aspect ratio (As) de-
pendence of frequency is discussed. The Ratto model,
which can show the oxygen partial of melt surface, re-
gardless of measurement locations, i.e., inlet or exit,
is experimentally validated. Also, the possibility of
the measuring surface tension of molten silicon under
supersaturated oxygen condition is discussed. Crystal
growth was attempted in an atmosphere with various
oxygen partial pressure conditions to observe the effect
of oxygen partial pressure on growth striation intro-
duced by oscillatory Marangoni flow.

2. Experimental setup
Figs. 1a–c show a setup for the Marangoni flow ex-
periment. A molten silicon bridge was prepared be-
tween the upper and the lower carbon shafts within a
mono-ellipsoidal infrared furnace, so that a unidirec-
tional temperature gradient was attained from the top
to the bottom of the bridge. We measured temperature
oscillation using six R-type thermocouples, which were
set 60˚-apart from each other azimuthally in the liquid
bridge close to the cold shaft. Temperature oscillation
data were analyzed by using a θ -t plot of the temper-
ature oscillations of six thermocouples and a wavelet
transformation using the spline-4 function [21]. Defor-
mation and oscillation of the liquid bridge surface due
to flow instability was observed by a phase shift in-
terferometry combined with a wavelet transformation
using the Gabor function, so that the time dependence
of the oscillation could be analyzed [22].

In order to validate Ratto’s model, the oxygen partial
pressure was measured simultaneously at the inlet and
the exit of the gas flow system changing gas flow rate,
as shown in Fig. 2 [23]. In order to observe the surface
behavior of silicon melt with respect to oxygen partial
pressure, the surface of electromagnetically-levitated
molten silicon was observed in an ambient atmo-
sphere with various oxygen partial pressures and var-
ious temperatures; oxygen partial pressures including
super-saturation conditions and temperature ranges in-
cluding undercooled conditions [24].
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Figure 1 Configuration of sample. (a) Layout of thermocouples (top view), (b) side view and (c) photograph.

Figure 2 Silicon droplet in gas flow condition.

Silicon single crystals were prepared by a float-
ing zone technique using an infrared mirror furnace.
Growth striation was observed using NDIC (Nomarski
differential interference contrast) microscopy [13].

3. Results and discussion
3.1. Time dependent behavior

of flow instability
Fig. 3a and b show azimuthal distributions for a non-
axisymmetric temperature field and its time depen-
dence for a molten silicon bridge with an aspect ratio of
As = 2.0 and Marangoni number of Ma ≈ 14000. De-
tails of the method used to obtain temperature field are
explained in ref. [21]. Temperature oscillation data ob-
tained by six thermocouples were interpolated along the
azimuthal direction using a cubic spline function to in-
dicate symmetry and oscillation of the temperature field
visually. Fig. 3a shows a snapshot of the azimuthal dis-

Figure 3 The θ -t analysis of temperature oscillation showing time evolution of azimuthal distribution of non-axisymmetric temperature field for the
liquid bridge with an aspect ratio of As = 2.0 and Marangoni number of Ma = 14000. One-fold symmetric temperature field (m = 1) rotates.

tribution of a temperature field at 7.5s of the θ -t plot of
oscillation of the temperature field (Fig. 3b). Note that
information along the radial direction has no meaning
in Fig. 3a. As shown in Fig. 3a and b, azimuthal tem-
perature distribution shows almost one-fold symmetry;
i.e. the azimuthal wave number m = 1. It is clear that
the one-fold symmetric temperature field starts to rotate
three seconds after the start of observation, as shown
in Fig. 3b. Before that two fold symmetry (m = 2) is
likely to exist. However, when the m = 1 mode was
observed using four thermocouples under microgravity
conditions [2], rotation was not observed. Through the
θ -t plot analysis, the three-fold symmetric temperature
field was observed; this was impossible when four ther-
mocouples were used. Formation of non-axisymmetric
temperature fields with m-fold symmetry is explained
by Wanschura et al. [6]. It is noteworthy that the rela-
tionship between the azimuthal wave number and the
aspect ratio is valid even with such a high Marangoni
numbers, where flow is almost turbulent. The existence
of a basic structure even at high Marangoni numbers
was also confirmed by decomposing the temperature
oscillation data using a wavelet transformation analysis
and the spline-4 function. For example, the frequency
observed in the present study of f = 0.08–0.2 Hz for
the As = 2.0 case agrees with that for f = 0.2 Hz for
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Figure 4 Frequency plane obtained by a wavelet transformation analysis using a Gabor function for the liquid bridge with an aspect ratio of As = 1.0
and estimated Marangoni number of Ma = 5000.

the As = 2.0 case using a FFT technique [2]. Further
discussion of this point can be found elsewhere [21].

Fig. 4 shows an example of a wavelet transformation
analysis for surface oscillation of the liquid bridge us-
ing phase-shift interferometry. This shows a frequency-
time relationship (a frequency plane) of oscillation of
the azimuthal gradient of the bridge with an aspect ra-
tio of As = 1.0 and an estimated Marangoni number of
Ma ≈ 5000. Because surface oscillation was observed
using a combination of FFT and wavelet transforma-
tion analyses, it was possible to confirm that two fre-
quency bands are likely to exist. The lower frequency
band appeared during entire observation period and its
frequency ranged from 0.1 to 0.5 Hz. The higher fre-
quency band appeared intermittently and the central
frequency ranged form 0.5 to 1.2 Hz. Since the fre-
quencies for the m = 1 and m = 3 modes were esti-
mated to be 0.08–0.2 Hz and 0.01–0.2 Hz, respectively,
from the frequency band analysis [21], the higher fre-
quency band, which ranged from 0.5 to 1.2 Hz, could
be interpreted to be specific to the m = 2 mode, al-
though the frequency band analysis cannot predict the
frequency for the m = 2 mode [21], because higher az-
imuthal wave numbers such as m = 4 can be identified
as m = 2 whenever six thermocouples are used. Further
discussion on this point can be found elsewhere [22].

Figure 5 The effect of the flow rate of inlet gas on the oxygen partial pressure measured at the exit [23].

3.2. Oxygen partial pressure at
the Simelt surface

In order to observe whether Ratto’s model is valid, oxy-
gen partial pressures were measured using the gas flow
conditions at both the inlet and exit of the system (see
Fig. 2): Poinlet

2 and Poexit
2 . As shown in Fig. 5, Poinlet

2
and Poexit

2 show differences, and Poexit
2 depends on the

flow rate of mixed gas (0.5 to 5.0 l·min−1), even though
Poinlet

2 was fixed at 1.1 × 10−1Pa. Poexit
2 was also mea-

sured as a function of the Poinlet
2 at a constant flow rate

of mixed gas (3.0 l·min−1) (see Fig. 6). Although the
Poexit

2 depends on the Poinlet
2 , the Poexit

2 and Poinlet
2 are

almost the same when the Poinlet
2 was 7.5 × 102Pa (and

Poexit
2 was 4.8 × 102Pa). This means that under these

conditions, the silicon melt surface became coated with
a SiO2 film and no more oxygen gas could react with the
molten silicon. This Poinlet

2 of 7.5 × 102Pa almost cor-
responds to the oxygen partial pressure for saturation,
defined at the inlet, which corresponds to the Posurface

2
of 2.8 × 10−14 Pa, as shown in Fig. 7. This figure was
plotted by substituting the above experimental results
into Equation 3 and this shows the relationships be-
tween Posurface

2 and Poinlet
2 . It is clear that a Posurface

2 of
2.8 × 10−14 Pa is of the same order of magnitude as
the theoretical oxygen partial pressure for saturation at
1688 K, i.e., Posaturation

2 of 1.1 × 10−14Pa, and also Po2
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Figure 6 Relationship between oxygen partial pressures measured at the inlet and at the exit of the furnace for constant flow rate of mixed gas (3.0
l·min−1) [23].

Figure 7 The relationship between the Posrface
2 and the Poinlet

2 [23].

corresponds to the kink in the surface tension values
measured by Mukai et al. as a function of oxygen par-
tial pressure (Fig. 8). In the case of the surface tension
measurements by Mukai et al., Po2 was measured at
the exit of the furnace. Because the gas flow rate was
160 ml·m−1, Posurface

2 can be estimated to be almost that
of the Poexit

2 . Through the simultaneous measurements
of Poinlet

2 and Poexit
2 , Ratto’s model was validated as an

estimate for Posurface
2 either from Poinlet

2 or Poexit
2 .

3.3. Surface oxidation of molten silicon
As shown in Fig. 8, oxygen partial pressure dependence
of surface tension exhibits marked difference above and
below the equilibrium oxygen partial pressure for for-
mation of SiO2 phase, PoSiO2

2 . Above the PoSiO2
2 , SiO2

films are formed on the surface of a silicon droplet sus-
tained on the substrate. A solid state substrate could
have played a role as a nucleation site for a SiO2 phase
formation. Thus, if a silicon droplet is levitated using
a containerless technique, the nucleation of the SiO2
phase can be suppressed and then supersaturation of

Figure 8 Surface tension of molten silicon as a function of oxygen par-
tial pressure for various temperatures [18].

the oxygen can be realized. In such a condition, the
surface tension value is on the extrapolated line of sur-
face tension from the region of Po2 < PoSiO2

2 . This is
another metastable condition in addition to undercool-
ing, because the system is univariant for the chemical
reaction of Si (liquid) + O2 (gas) = SiO2(solid) and Po2
is also a parameter to describe a chemical equilibrium.
In order to determine the above mentioned possibility,
a silicon droplet was electromagnetically levitated us-
ing combinations of various temperatures and oxygen
partial pressures. A mixture of 6N-Ar and 3%O2-Ar
was flowed through a quartz tube that was inserted in
a levitation coil, in which a silicon droplet was levi-
tated, as shown in Fig. 9. Employing this configura-
tion, Ratto’s required conditions were satisfied so that
Posurface

2 was controlled by changing the Poinlet
2 of the

gas flow system.
Fig. 10 shows formation of a SiO2 phase at the silicon

melt surface at 1620K and at Posurface
2 = 3.5×10−14 Pa.

The SiO2 phase formation does not cause solidification
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Figure 9 Quartz glass tube installed within a levitation coil; oxygen partial pressure of molten silicon at the melt surface can be controlled. An arrow
shows gas flow direction.

Figure 10 Formation of an oxide film on the levitated silicon surface.

of a Si phase. After the surface of the silicon melt was
coated with a SiO2 film completely, the temperature of
the levitated silicon droplet drops spontaneously (with-
out control) with temperature oscillation. The observed
phenomenon can be explained as follows. When the
temperature of the molten silicon droplet is lowered
intentionally at a given Po2, crossing the equilibrium
condition with respect to temperature and oxygen par-
tial pressure for formation of a SiO2 phase, the system
becomes supersaturated. Surface oxidation takes place
under an undercooling level of 100 K and supersatura-
tion of over one order magnitude of Po2. The silicon
melt surface is oxidized by oxygen from both the gas
and the melt phases. The formation of a SiO2 phase
is an exothermic reaction. Thus, the temperature rises

unless the chemical reaction takes place very slowly.
On the other hand, under these conditions, the equilib-
rium partial pressure of SiO is so high that this results
in sublimation of SiO decomposed from SiO2: SiO2
(solid ) = SiO (gas) +1/2O2 (gas). Since this reaction
is endothermic, the silicon droplet is undercooled spon-
taneously. This abrupt temperature decrease results in
supersaturation of oxygen followed by exothermic ox-
idation reaction. Consequently, temperature oscillation
takes place.

3.4. Crystal growth of silicon in an
atmosphere with various Po2

Single crystal growth of silicon was attempted in an
atmosphere with various oxygen partial pressures, in
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Figure 11 Frequency of growth striation for a silicon single crystal
grown at Posurface

2 = 1.4 × 10−16 Pa (Ma = 1120).

order to observe the effect of oxygen partial pressure
on the formation of growth striation. Because the di-
mensions of the molten zone are so small, the effect of
buoyancy is almost negligible.

The oxygen partial pressure of the atmosphere at the
surface was controlled within a range from Posurface

2 =
5.3 × 10−24 Pa to 3.6 ×10−14 Pa so that the estimated
temperature coefficient of surface tension according to
Mukai’s measurement changed from ∂σ /∂T = −0.74
to −0.22 × 10−3 N/K-m; the corresponding Marangoni
number ranged from 2000 to 616. Because the oxy-
gen partial pressure of Posurface

2 = 3.6 × 10−14Pa is
higher than that of the equilibrium condition for the
SiO2 phase formation, the surface of molten zone be-
came coated with oxide film. This agrees with the ex-
perimental result mentioned in Section 3.3; The surface
of the molten silicon droplet was oxidized at Posurface

2 =
3.5 × 10−14Pa. This means that the temperature coeffi-
cient of ∂σ /∂T = −0.22 × 10−3N/K-m and the corre-
sponding Marangoni number of Ma = 616 are not real-
istic, although a temperature coefficient ∂σ /∂T smaller
than this value has been generally reported in numerical
modeling, because conventionally surface tension mea-
surement was carried out without taking oxygen partial
pressure into consideration. In such a case, the surface
of the molten silicon was coated with SiO2 film. This
means that measured values are surface stress and its
temperature coefficient. The smallest temperature co-
efficient would be ∂σ /∂T = |−0.25 ∼ −0.30×10−3|
N/K-m, where the silicon melt coexists with SiO2.

Fig. 11 shows a result of FFT analysis of growth stri-
ation for a crystal grown at Posurface

2 = 1.4 × 10−16Pa,
i.e. Ma = 1120. Growth striation was observed for
all absolute value specimens; this means that an in-
crease in oxygen partial pressure can neither stop the
flow nor suppress the formation of growth striation at
Po2 < PoSiO2

2 . Preliminary results on the observation
of growth striation suggest that striation becomes in-
tense with increasing Po2. This could be caused by
increases in temperature oscillation due to strong evap-
oration of SiO.

4. Conclusion
Marangoni flow of the molten silicon has been inten-
sively investigated. In particular, the time dependent be-
havior was experimentally studied for the first time. In
the future, the Marangoni flow with medium Marangoni

numbers (Ma = 100–1000) should be studied so that
the time evolution of the instability mode can be un-
derstood more clearly. The effects of oxygen partial
pressure on the Marangoni flow should be studied more
using an ideal material, because, for the silicon case, the
melt surface becomes coated with a SiO2 film before
exhibiting a conversion of the sign of the temperature
coefficient from negative to positive.
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