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Abstract

Recently, a novel method of measuring the thermophysical properties, especially thermal conductivity, of high-temperature molten
materials using the electromagnetic levitation technique has been developed by [H. Fukuyama, H. Kobatake, I. Minato, K. Takahashi,
T. Tsukada, S. Awaji, Establishment of noncontact AC calorimetry of high-temperature melts using solid platinum spheres as a
reference, in: Proceedings of 16th Symposium on Thermophysical Properties, CD-ROM, 2006, p. 937; H. Kobatake, H. Fukuyama,
I. Minato, T. Tsukada, S. Awaji, Noncontact AC calorimetry of liquid silicon with suppressing convections in a static magnetic field,
in: Proceedings of 16th Symposium on Thermophysical Properties, CD-ROM, 2006, p. 625], where the method was based on periodic
laser-heating, and a static magnetic field was superimposed to suppress convection in an electromagnetically levitated droplet. In the
present work, the periodic laser-heating method was modeled to estimate the thermal conductivity and emissivity of the electromagnet-
ically levitated droplet using a measured parameter, i.e., the phase lag between the modulated light and the temperature variations
detected by a pyrometer, A¢s, at various frequencies of the modulated light w. Here, the unsteady-state heat conduction equation for
the droplet accompanying radiative heat transfer to the ambient was simplified and transformed to steady-state linear equations. The
experimental relation between A¢g and o was fitted by the mathematical model proposed here to estimate simultaneously the thermal
conductivity and emissivity of molten silicon. Also, the numerical simulations for unsteady thermal field in the electromagnetically lev-
itated droplet which was periodically laser-heated were carried out to demonstrate the validity of the proposed simplified model, and then
to investigate the sensitivity of the thermophysical properties to the relation between A¢g and .
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern information technology (IT), which requires
high-speed data processing and high-speed data transmis-
sion, is supported by high-quality and large semiconductor,
silicon crystals. Silicon crystals are mostly grown by the
Czochralski (CZ) method, one of the methods for produc-
ing single crystals from the melt. Because the melt flow and
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other transport phenomena in the CZ furnace affect
strongly the shape of the melt/crystal interface, the distri-
butions of the temperature, oxygen concentration and
point defects in the crystal, and consequently the crystal
quality, it is very important to have a clear understanding
of the physical processes in the CZ furnace in order to
produce high-quality silicon single crystals efficiently and
economically. The silicon crystal diameter is increasing
markedly from 8 to 12 in. nowadays and to 16 inches in
the near future, and consequently the melt convection
behavior becomes very complicated, i.e., turbulent and
oscillatory. Therefore, the experimental investigations of
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Nomenclature

C, specific heat (J/kg K)

easer  UNIt vector pointing out the incident direction of
laser beam

1 laser intensity at the centerline (W/m?)

k thermal conductivity (W/m K)

n normal distance from the droplet surface

n unit normal vector at the droplet surface

Py laser power (W)

0 heat generation rate (W/m?)

Ry radial distance of droplet surface (m)

r radial distance in spherical coordinates (m)

Faser € - radius of laser beam (m)

Spyrometer SPOt area of pyrometer (m?)

T temperature (K)

To initial temperature (K)
T. ambient temperature (K)
AT,, average temperature (K)

AT,q modulation amplitude (K)

t time (s)

x, y and z each distance in Cartesian coordinates (m)
o absorptivity (-)

& emissivity ()

¢ azimuthal angle in spherical coordinates (rad)
Ay phase lag (deg)

0 polar angle in spherical coordinates (rad)

o density (kg/m?)

OsB Stefan—Boltzmann constant (W/m? K4)

W frequency of modulated laser beam (rad/s)
Superscripts

in in-phase component

out out-of-phase component

the phenomena in the melt are not so easy, and thus many
numerical studies have been carried out to explore the melt
convection in the real crystal growth process [1-3].

To obtain accurate results by numerical simulation, the
precise thermophysical properties that serve as the input
data of the simulation are absolutely necessary as well as
the elaborate mathematical model, such as the appropriate
turbulence model for melt convection in a large crucible.
However, it is difficult to measure the thermophysical prop-
erties of molten silicon because of its high melting point
temperature and high reactivity, and consequently contam-
ination from the container wall. Recently, the precise
measurement of the thermophysical properties of molten
silicon, such as density, surface tension, and viscosity, has
been carried out using the electromagnetic and electrostatic
levitation technique under both terrestrial and micrograv-
ity conditions [4-13], since they allow the properties to be
measured precisely over a wide temperature range includ-
ing the undercooled condition without contamination.
However, even using the electromagnetic levitation tech-
nique, measuring precisely the thermal conductivity of mol-
ten silicon has still been considered to be difficult, because
convection driven by the buoyancy force, thermocapillary
force due to the temperature dependence of the surface
tension on the melt surface, and electromagnetic force to
levitate the molten silicon droplet strongly affects the mea-
surement of thermal conductivity. In particular, it is well-
known that the flow velocity of the magnetohydrodynamic
(MHD) convection induced by the electromagnetic force
reaches 10-40 cm/s [14-17]. This means that the measured
value is an effective thermal conductivity contributed by
convective heat transfer in addition to conduction.
Although such a strong MHD convection might be sup-
pressed in a microgravity environment because of the much
smaller lifting force of sample, we can seldom have a

chance to measure the thermal conductivity of the molten
silicon under microgravity.

Recently, Fukuyama et al. [18,19] have developed a
novel method of measuring the thermal conductivity, spe-
cific heat and emissivity of molten material using the elec-
tromagnetic levitation technique, where the method was
based on periodic laser-heating and a static magnetic field
was superimposed to suppress melt convection in an elec-
tromagnetically levitated droplet, as shown in Fig. 1. Using
the electromagnetic levitator installed inside a superconduc-
ting magnet, a molten silicon droplet was heated and levi-
tated, and additionally convection in the droplet was
suppressed by the Lorentz force due to the interaction
between the electrically conductive fluid flow and the static
magnetic field. This technique can allow us to measure sta-
bly thermophysical properties other than these, such as den-
sity and surface tension, over a wide temperature range
including the undercooled condition without any possible
contamination. In this paper, the mathematical model pro-
posed to determine simultaneously the thermal conductivity
and emissivity of an electromagnetically levitated droplet,
using an electromagnetic levitator with a static magnetic
field, is presented in detail. The specific heat of the droplet,
which is needed to determine the thermal conductivity, can
be separately measured with the same electromagnetic levi-
tator, being based on ac calorimetry. The details of specific
heat measurement are described in Ref. [18].

2. Model formulations and methodology
2.1. Governing equations and boundary conditions
Fig. 2 shows a schematic diagram of a periodic laser-

heating method. The upper part of an electromagnetically
levitated droplet is periodically heated by a modulated light
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Fig. 1. A schematic diagram of the electromagnetic levitator developed to
measure the thermal conductivity of molten silicon [18].

source, i.e., a semiconductor laser in this work, and then
the temperature variation at the lower part of the droplet
caused by heat flow from the upper part through the drop-
let is detected by a pyrometer. In the experiment, the phase
lag between the modulated light and the temperature vari-
ations detected by the pyrometer, A¢, is measured at var-
ious frequencies of the modulated light, w, where Ay
depends on the thermal conductivity, emissivity and diam-
eter of the droplet.

In the analysis of the temperature variations in an elec-
tromagnetically levitated droplet whose upper part is irra-
diated by a modulated light source, the following are
assumed: (1) the system is axially symmetric, (2) the ther-
mophysical properties of the droplet are constant, (3) the
droplet is opaque to the light source, i.e., the light source
is partially absorbed at the surface and the rest is reflected,
(4) the distribution of laser intensity is Gaussian, (5) the
heat loss from the droplet surface is radiation alone, and
(6) the heat transfer in the droplet is governed by conduc-
tion alone, because convection in the droplet is completely
suppressed by applying a static magnetic field.

Under the above assumptions, the unsteady-state heat
conduction equation in the spherical coordinate system is
expressed as follows:

or 10 [ ,oT 1 o/, or
pCpa—kL—za(r 5) t 500 <s1n0@>} +0(r,0)
(1)

where Q(r,0) is the heat generation rate due to electromag-
netically induction heating.

rlaser

Fig. 2. A schematic diagram of a periodic laser-heating method.

The boundary conditions are given by the following
equations:

at the droplet surface irradiated by the laser:

or 2R?sin* 0
—k—— = ospe(T* — T%) — alo(t) exp —sti (—n- easer)

an ¢ rlaser

(2)

at the droplet surface without the light source:

or
—ka = O'SBS(T4 — Ti) (3)
at the centerline:

oT
—k@ =0 (4)
and the initial condition is as follows:
T =Ty(r,0) (5)

Here, in Eq. (2), n is the unit normal vector at the droplet
surface, e, 1S the unit vector pointing out the incident
direction of the laser, and I, is the intensity of the laser
beam at the centerline which is related to the power of
the modulated laser beam, Py(coswt + 1), as follows:

2 2
Iy(t) = — P(t) = ——Py(coswt + 1) (6)
laser laser

In Eq. (5), Ty(r,0) is the initial temperature distribution
in the droplet just before laser heating, which is determined
by considering the electromagnetically induced Joule
heat.
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2.2. Simplified model

Basically, the thermal conductivity and emissivity of the
droplet may be determined by fitting the experimental tem-
perature response detected by a pyrometer with the results
obtained by solving numerically Egs. (1)-(6) if the thermo-
physical properties other than these parameters, i.e., den-
sity and specific heat, are known. However, since Eq. (1)
gives the unsteady-state solutions and the boundary condi-
tions for radiation at the droplet surface, Eqgs. (2) and (3),
are nonlinear, it seems that they are too troublesome to use
as the system of equations for determining the thermophys-
ical properties. In addition, the ambient temperature 7,
and Ty(r,0) must be predetermined experimentally, but it
is difficult to measure these values. Therefore, in the present
analysis, Eqgs. (1)-(6) are simplified as described below.

When the upper part of the droplet is irradiated by the
modulated laser beam as shown in Fig. 2, the temperature
at each point in the droplet, 7{(r, 0, t), exhibits increases in
average temperature and modulation amplitude from the
initial temperature, and then reaches the stationary modu-
lation state with certain constant average temperature and
amplitude, depending on the power and frequency of the
laser beam. In the present analysis, we consider only the
temperature response at the stationary modulation state,
and express the temperature 71(r,0,¢) as follows:

T(r,0,t) = To+ AT (7, 0) + AT a(r, 0, 1), (7)

where AT,,(r,0) is the increase in average temperature and
ATn4(r,0,1) is the modulation amplitude. In addition, the
initial temperature T} is assumed to be uniform throughout
the droplet. At the stationary modulation state where the
temperature varies sinusoidally with time, ATq4(r,0,1) is
expressed in the following form:

AT pa(r,0,t) = AT™,(r,0) cos wt + AT (r, 0) sin wt (8)
where AT™(r,0) and AT (r, 0) are the in-phase and out-
of-phase components of AT.4(r,0,t), respectively. Then,
substituting Eqgs. (7) and (8) into Eq. (1), the following
steady-state linear equation systems for AT™ (r,0) and
AT (r,0) are obtained

1 0 [ ,d(AT™) 1 0 (. 9Arh)
k{ﬁ&(” & ) Trsnoao \SM0 2

— pCy0AT i =0 )

10 [ ,0(AT™) 10 (. AT
k{rzér(r o) Trsmoan S04

+ pC,oATR, =0 (10)

Additionally, assuming that the increases in both average
temperature and modulation amplitude, AT,.(r,0) and
AT4(r,0,1), are much less than initial temperature 7y, i.e.,
(To + AToy + ATa)* = TH{1 4+ 4((ATyy + ATwa)/To)}

(11)

the boundary conditions for AT™,(r, 0) and AT%%(r, 0) are
given by the following linear equations:

at the droplet surface irradiated by the laser:

o(AT™ o 2aP 2R?sin* 0
K] aroriare, - 25 exp | - 2L ()
laser laser
(12)
out
—kia(Ade) :4GSBST8AT§$ (13)
on
at the droplet surface without the light source:
a(AT;l; ) in
—de: 4GSBST8Ade (14)
a ATOUt
—k%zél-O'SBSTSAT?&; (15)
at the centerline:
O(AT™,)
T md/ 16
30 (16)
(AT
_ 2 md/ 17
30 (17)

Egs. (9) and (10) are solved with the boundary conditions
equations (12)—(17) to determine the distributions of
AT™ (r,0) and AT®%(r,0) in the droplet. Then, using
AT™, (r,0) and AT%%(r,0), the distributions of the phase

lag A¢gy(r,0) in the droplet can be obtained with the follow-
ing equation:

Ag(r,0) = tan™! (AT%> (18)

AT,

2.3. Determination of thermal conductivity and emissivity

To determine simultaneously the thermal conductivity
and emissivity of the droplet, the experimental results for
A¢ at various frequencies of the modulated light w are fit-
ted with the numerical results obtained by the above-men-
tioned simplified model. Here, the finite element method
was adopted to solve numerically Egs. (9)—(17) for the
droplet with arbitrary shape. The calculation domain is dis-
cretized by isoparametric nine-noded quadrilateral ele-
ments, and AT™ (r,0) and AT"(r,0) are approximated
with biquadratic interpolation functions. To fit the experi-
mental values of phase lag A¢, the integral mean value of
A¢s in Eq. (18) over the spot area of the pyrometer was
evaluated using the following equation:

out
Ad, = tan! (%Wmd)) (19)
average(AT,)
where



3058 T. Tsukada et al. | International Journal of Heat and Mass Transfer 50 (2007) 3054-3061

average(AT™,) = /AT‘“ r,0)rsin04/ (dr)* + (rd6)*
pyrometer

(20)

average(AT:’n‘g):%/AT:;}‘J(r,O)rSinH (dr)* + (rd0)’
pyrometer J §

(1)

and Spyrometer 18 the spot area of the pyrometer. The above
numerical simulations are incorporated into the Leven-
berg-Marquardt method, which enables us to compute
the nonlinear least squares solutions, as a model function,
in order to determine simultaneously the thermal conduc-
tivity and emissivity of the molten droplet from the exper-
imental relation between A¢ and w.

3. Verification of present model

Before the estimation of the thermal conductivity and
emissivity of molten silicon using the above mathematical
model, it is important to ascertain the reliability and accu-
racy of the model. Therefore, the virtual measurement of
the properties was carried out by numerical simulation.
Here, the electromagnetic field in the electromagnetic levi-
tator shown in Fig. 3, which was actually used to measure
the thermal conductivity and emissivity of molten silicon,
was analyzed numerically by using the hybrid finite differ-
ence and boundary element methods [20]. Then, the
temperature fields in the electromagnetically levitated sili-
con droplet during periodic laser-heating were obtained
by solving Eq. (1) with the boundary conditions, Egs.
(2)—(4), using a control volume method. Fig. 4a shows
the calculated temperature response at the lower part of

| ¢ 41

Molten silicon droplet

©
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| I
$46

Fig. 3. Details of the geometry of RF coil in an electromagnetic levitator
shown in Fig. 1.
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Fig. 4. (a) Calculated temperature responds at the lower part of the
droplet. (b) Temperature distributions in the droplet.

the droplet, i.e., the integral mean value of temperature
over the region corresponding to the spot area of the
pyrometer, for w/2x =0.1 Hz, and additionally Fig. 4b
shows the temperature distributions in the droplet for (i)
to (iv) in Fig. 4a. The physical properties of the molten sil-
icon and processing parameters used in the calculations are
listed in Table 1. From the figures, it can be seen that the
isotherms in the droplet are affected by the electromagnet-
ically induced heterogeneous heat.

Calculations similar to those in Fig. 4a were carried out
by varying the frequency of the modulated laser beam w.
The plots in Fig. 5 show the relation between the phase
lag A¢s and w calculated numerically. Then, the simplified
mathematical model described in Section 2 was adopted to
the plots in Fig. 5, as shown by a fitting line in the figure,
and consequently the values 63.93 W/m K and 0.321 were
obtained as thermal conductivity and emissivity, respec-
tively. Comparing them with the input data in Table 1,
the estimated value of thermal conductivity, 63.93
W/mK, is in good agreement with the input data,
64.00 W/m K, and it can be concluded that the present
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Table 1
Physical properties and operating conditions used in calculations

Physical properties of molten silicon

Density [kg/m’] 2530
Thermal conductivity [W/(m K)] 64.0
Emissivity [-] 0.3
Specific heat [J/(kg K)] 1000
Electric conductivity [S/m] 1.2 x 10°
Melting temperature [K] 1683
Operating conditions
Electric current in RF coil [A] 375
Frequency of electric current in RF coil [kHz] 200
Laser power [W] 9.56
Ambient temperature [K] 323
Droplet diameter [m] 8 x 1073
e~2 radius of semiconductor laser beam [m] 2% 1073
Spot radius of pyrometer [m] 2% 1072
140
120 [
100
£ 80
< L
3 60
40 + o numerical results
20t fitting line
0 L L L
0 0.1 0.2 0.3 0.4

w/2r [Hz]

Fig. 5. Calculated relation between phase lag A¢, and frequency w.

simplified model is appropriate for estimating the thermal
conductivity of the electromagnetically levitated droplet.
In addition, such agreement suggests that the electromag-
netically induced heterogeneous thermal field in the droplet
shown in Fig. 4b is not significant for the determination of
thermal conductivity by the present model. On the other
hand, the estimated value of emissivity, 0.321, is larger than
that in Table 1, i.e., 0.3. The integral mean value of temper-
ature over the region corresponding to the spot area of the
pyrometer before being irradiated by a laser beam is
1768 K, and thus Eq. (11) is approximately satisfied. There-
fore, it is inferred that the discrepancy between the esti-
mated value and the emissivity in Table 1 is due to the
fact that, actually, the initial temperature 7| is not constant
throughout the droplet.

4. Sensitivity analysis of thermophysical properties

Next, the sensitivity analyses of thermal conductivity
and emissivity of molten silicon were carried out being
based on the same numerical simulation as that in the pre-
vious section, where the effect of variations in these proper-
ties on the relation between A¢g and » was investigated
numerically. Fig. 6a and b show the calculated relations
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Fig. 6. Effect of variations in thermal conductivity and emissivity on the
relation between A¢g and w.

between A¢g and w for three different values of thermal
conductivity and emissivity, respectively, where the values
in Table 1 were varied by +10% for thermal conductivity
and by +20% for emissivity. In the calculations for emissiv-
ity, the initial temperatures in the droplet before laser-heat-
ing were equalized in all three cases by adjusting the value
of the RF current. From the figure, it is found that the sen-
sitivity of A¢ for thermal conductivity is significant over a
wide range of frequency, while the sensitivity for emissivity
becomes significant only at a much lower frequency, i.e.,
@ <0.05 Hz. Such an insensitivity of A¢s for emissivity
was also reported by Wunderlich and Fecht [21], who mea-
sured the thermophysical properties of molten metal alloys
by a modulated electromagnetic induction calorimetry.
Consequently, it is suggested from Fig. 6 that the simulta-
neous determination of thermal conductivity and emissivity
of molten silicon by the present model should be performed
from the relation between A¢ and w measured over a wide
range of w, particularly A¢, at low w is essential for the
precise determination of emissivity.

5. Measurement of thermal conductivity and emissivity of
molten silicon

Fig. 7 shows the experimental relation between the
phase lag A¢ and o for a molten silicon droplet with a
diameter of 8§ mm obtained using the electromagnetic
levitator shown in Fig. 1. Here, the upper part of an
electromagnetically levitated silicon droplet was periodi-
cally heated by a semiconductor laser beam with a given
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Fig. 7. Experimental relation between phase lag A¢, and frequency w of
molten silicon droplet.

frequency, and then the temperature variation at the lower
part of the droplet was detected by a pyrometer, superim-
posing a static magnetic field of 4 T to suppress melt con-
vection. The e radius of the laser beam was 2.0 mm
and the spot radius of the pyrometer was 2.0 mm. The mea-
sured values are shown by the plots in the figure, and then
were fitted with the mathematical model described in Sec-
tion 2, as shown by the solid line. Consequently, the values
67.6 W/m K and 0.23 were obtained as the thermal con-
ductivity and emissivity of molten silicon at 1780 K, respec-
tively, where the predetermined value 948 J/kg K was used
as the specific heat of molten silicon [19], and the density
was assumed to be 2446 kg/m?, a literature value [12].

6. Conclusions

Recently, a novel method of measuring the thermophys-
ical properties, especially thermal conductivity, of high-
temperature molten droplets using the electromagnetic
levitation technique has been developed by Fukuyama
et al. [18,19], where the method was based on periodic
laser-heating, and a static magnetic field was superimposed
to suppress the melt convection in an electromagnetically
levitated droplet. In the present work, the periodic laser-
heating method was modeled to estimate the thermal con-
ductivity and emissivity of the electromagnetically levitated
droplet using a measured parameter, i.e., the phase lag
between the modulated light and the temperature varia-
tions detected by a pyrometer, A¢,, at various frequencies
of the modulated light w. Here, the unsteady-state heat
conduction equation with radiative heat transfer to the
ambient was simplified and transformed to the steady-state
linear equations. The experimental relation between A
and o was fitted by the mathematical model proposed here
to estimate simultaneously the thermal conductivity and
emissivity of molten silicon. Also, the numerical simula-
tions for unsteady thermal field in the electromagnetically
levitated droplet which was periodically laser-heated were
carried out to demonstrate the validity of the proposed
simplified model, and then to investigate the sensitivity of
the thermophysical properties to the relation between Ay
and w.
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