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Accurate thermal transport properties of high-temperature liquid silicon, such as those of heat
capacity, emissivity, and thermal conductivity, are required for improving numerical modeling to
produce high-quality silicon crystals using the Czochralski method. However, contamination from
contact material and convection complicates measurements of these properties. The authors
developed a noncontact modulated laser calorimetry using electromagnetic levitation in a static
magnetic field. The isobaric molar heat capacity, thermal conductivity, and hemispherical total
emissivity of liquid silicon were measured simultaneously at temperatures of 1750-2050 K.

Convection in the levitated liquid silicon was suppressed above a static magnetic field of 2 T.
© 2008 American Institute of Physics. [DOIL: 10.1063/1.2966455]

I. INTRODUCTION

To maintain global competitiveness in the silicon wafer
industry, demand is a growing for large, high-quality silicon
crystals. Bulk silicon crystal is currently produced with a 12
in. diameter using the Czochralski method. Furthermore,
production of 16 in. diameter crystals is anticipated in the
near future. To realize such a large crystal, heat transport
across the solid/liquid interface of silicon must be well un-
derstood by numerical modeling. For that modeling, accurate
knowledge of liquid silicon’s thermophysical properties,
such as heat capacity, thermal conductivity, and emissivity, is
indispensable.l However, these properties, which are used in
numerical modeling, present a wide variation.” The salient
difficulties of the measurement of thermal conductivity are
posed by natural and Marangoni convections. Chemical re-
actions between molten silicon and contact materials also
increase the experimental uncertainty.

Fecht and co-workers™™® developed ac calorimetry for an
electromagnetically levitated high-temperature metallic lig-
uid using a radio-frequency (rf) coil. The modulated power
of the rf coil sinusoidally heats the samples. Using such a
coil, they measured the heat capacity and emissivity without
contamination. In theory, the thermal conductivity can be
measured by analyzing the phase shift between the modula-
tion heating and temperature response. However, the thermal
conductivity measured using this technique is affected by
convection in the melt. Yasuda ef al.’ reported that surface
oscillations and convection in the electromagnetically levi-
tated liquid metal were suppressed by the Lorenz force in a
static magnetic field.
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Based on the technique described above,3_7 we have de-
veloped a noncontact modulated laser calorimetry technique
for the electromagnetically levitated high-temperature liquid
in a static magnetic field with suppression of convection.
Tsukada et al.® described the theory and validity of this tech-
nique using numerical simulation. In addition, the experi-
mental principle was verified using a solid platinum sphere
as a reference.” Results of thermal conductivity of liquid sili-
con were separately reported;10 they show that the electron
contribution is dominant for thermal transport in liquid sili-
con. This report describes more details related to the noncon-
tact calorimetry of liquid silicon. Results of the heat capacity
and hemispherical total emissivity are presented with those
for thermal conductivity.

Il. PRINCIPLE OF MODULATED LASER CALORIMETRY
A. Heat capacity

Details of the experimental principle are explained by
Fukuyama et al’ Here, a brief outline is described. Figures
1(a) and 1(b), respectively, portray schematic illustrations of
the experimental apparatus and a heat flow model of noncon-
tact modulated laser calorimetry. The top surface of the sili-
con droplet, levitated in vacuum, is heated with angular fre-
quency o (rad s™!) using a modulated laser with a form of
po(1+cos wt) (W m™2). The temperature response at the bot-
tom surface of the droplet is measured using a pyrometer.
The heat balances in this system are as follows.

The heat balance at laser-irradiated part is

dT,

1 =Qu+ aSAp,(1+ cos i) - SyAeo(T) - Ts)

V,C,

- KTy, = T),, (1)

that at the laser-nonirradiated part is

© 2008 American Institute of Physics
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FIG. 1. (Color online) (a) Schematic illustration of the electromagnetic levi-
tation apparatus and (b) heat flow model for this noncontact modulated laser
calorimetry.

d
(1- Vh)c,,j? =Q,+(1=S)Aea(T} - T2) + KT, - T),.

)

In those equations, S, is the fraction of the irradiated surface
area that is heated by the laser, V), denotes the volume frac-
tion corresponding to S, C, (J K=!) represents the isobaric
heat capacity, T (K) is the absolute temperature, Q (W) is the
power input from the rf coil, « is the absorptivity, A (m?) is
the surface area of the droplet, K. (W K~!) is the thermal
conductance for conductive heat transfer from the laser-
irradiated part to the nonirradiated part, K, (W K!) is the
thermal conductance for radiative heat transfer from the
sample surface to the heat reservoir in vacuum, & is the
hemispherical total emissivity, and (W m=2 K™*) is the
Stefan—Boltzmann constant. Subscripts / and [, respectively,
denote the laser-irradiated part and nonirradiated part. The
sample temperature is expressed as the sum of the initial
temperature T, the average increase in temperature ATy, (dc
component), and the modulation amplitude AT, cos(wt— ¢)
(ac component) as

T=Ty+ ATy + AT, cos(wt — ). (3)

By solving Egs. (1) and (2) under the condition of
K,/K.=1, where K,=4A80'T(3), the phase shift ¢ between the
laser signal and temperature response and the temperature
amplitude AT, are expressed as follows:’

aS 1 -1/2
AT, = P 1+ —5+ wzrf , (4)
wC, T
7] 1 1 -2
COS(P:Z :_wz 1+w2—72+w27§ . (5)

Therein, 7, (s) is the external thermal relaxation time attrib-
utable to the radiative heat transfer and 7, (s) is the internal
thermal relaxation time attributable to the conductive heat
transfer in the silicon. These relaxation times are defined as
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C C
n=Z=—ts (©)
K, 4AsoT,
and
(o
Tc‘:_E:Vh(l_Vh)’ (7)

where o is the Stefan—Boltzmann constant. The term «S,Ap,
in Eq. (4) is evaluated quantitatively using the products of
the laser power and the normal spectral emissivity at a laser
wavelength of the object. Assuming Kirchhoff’s law, the nor-
mal spectral emissivity is used as the absorptivity. For this
study, the value of the normal spectral emissivity of liquid
silicon g, is 0.223 at the laser wavelength (807 nm) mea-
sured at 1553-1797 K with an uncertainty of 5%."" The dis-
tribution of the laser intensity is Gaussian; the ¢2 radius of
the laser beam is 2 mm for a liquid silicon droplet of 4 mm
radius. Effects of the sample curvature on the absorptivity
were ignored.

The correction function f is defined as

1 -1/2
f=yl+ 55+’ . (8)
(O

The condition w’7>1>w?7%, which satisfies f=1, is
achieved by a proper choice of the modulation frequency.
The heat capacity is therefore determined by the temperature
amplitude from Eq. (4). Under this condition, the correction
function f has a maximum value, close to unity, against the
modulation frequency, i.e., the function wAT,, has a maxi-
mum value as a function of the modulation frequency. At that
modulation frequency, the phase difference is equal to 90°,
as derived from the requirement of df/dw=0. Therefore, the
heat capacity is determined experimentally from the tem-
perature amplitude, satisfying the above requirement.

Equation (5) shows that the phase shift at a lower modu-
lation frequency is strongly dependent on the external ther-
mal relaxation time; the phase shift at higher frequency is
controlled by the internal thermal relaxation time. However,
this simple treatment described above is insufficient to deter-
mine both thermal conductivity and emissivity of the liquid
silicon. It is necessary to analyze the heat flow in the droplet
more accurately to determine both thermal conductivity and
emissivity from the phase shift. The theory of the measure-
ments of the thermal conductivity and hemispherical total
emissivity will be explained in Sec. II B.

B. Measurement of thermal conductivity and
hemispherical total emissivity from the phase shift

The relation between ¢ and w as a function of the ther-
mal conductivity and the hemispherical total emissivity is
obtainable by solving the following unsteady equation of
heat conduction using finite element analysis:&10

aT 1 d(,0T 1 a( . aT
pey =kl 3 \r"— |+ 5 ;\sin6—
ot redr\ Jr r~sin 696 a6

+0(r,0). &)
In this equation, p is the density (=2X107*T+2.9147
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FIG. 2. Schematic diagram of modulated laser calorimetry in spherical
coordinates.

X 10° kg m™3);" c,, represents the isobaric mass heat capac-
ity (1061+ 184 Jkg™' K1), which was measured for the
present study, as shown in the Sec. IV; « is the thermal
conductivity (W m~' K~); and Q(r,6) (W m™>) is the heat
generation rate attributable to electromagnetic induction
heating. In the spherical coordinate system presented in Fig.
2, r[m] and #[rad], respectively, denote the radial distance
and polar angle. The following assumptions are made to ap-
ply this unsteady heat conduction equation to our experimen-
tal condition: (1) the system is axially symmetric; (2) the
thermophysical properties are constant within the tempera-
ture variation during the calorimetry measurement; (3) laser
power is absorbed on the liquid surface depending on its
absorptivity; (4) the distribution of laser intensity is Gauss-
ian; (5) the heat loss from the sample surface is that by
radiation alone; and (6) the heat transfer in the liquid silicon
is governed by conduction.

Boundary conditions (i) of the laser-irradiated area, (ii)
of the non-laser-irradiated area, and (iii) of the centerline of
the liquid silicon are given as

T 2aP, 2R? sin 6
—Ka—:a's(ﬂ—ffo)— a2 Oexp|:— %}
n

T aser Maser

X(_n 'elaser)7 (10)

—KZ—Tws(ﬂ-Tj;), (11)

and
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FIG. 3. wAT,,, and phase difference ¢ as a function of the modulation
angular frequency. The solid line depicts the curve fit for determination of
the hemispherical total emissivity and thermal conductivity.

aT
Km9 =0, (12)
where P, (W) is the laser power, R (m) is the radius of the
sample, n is the normal unit vector, and rj,e, (M) and e,
respectively, denote the radius and unit vector of the laser.
Solving the equation of heat conduction (6) with the bound-
ary conditions, the phase shift is expressed as

. _l<average(AT§é’t)

= . 13
¢=tan average(AT,.) (13)

C

. 1 . —_—
average(AT,.) = —J AT (r, O)r sin 0\ (dr)* + (rd6)*,
pyrometer 7 §

(14)
and
1
average(ATY) = —f AT (r, O)r sin 6
pyrometer < §
XN (dr)? + (rd6)?, (15)

where AT™ and AT, respectively, denote the in phase and
out of phase of the temperature amplitude and Spyometer 18 the
spot area of the pyrometer.

Figure 3 shows an example of the relation between ¢
and w. The solid circles represent the experimentally ob-
tained phase shifts from a series of modulation heating; the
solid line shows the curve fitted to the numerically obtained
- relation®'" from experimentally obtained data. The
phase shift at lower modulation frequency is controlled pre-
dominantly by hemispherical total emissivity. On the other
hand, the phase shift at a higher frequency is controlled
mainly by thermal conductivity. Consequently, this curve fit-
ting over the entire frequency range can separately determine
both thermal conductivity and hemispherical total emissivity.

An example of wAT,., dependence on w, is also shown
as solid diamonds in Fig. 3. The value of wAT,. has a maxi-
mum around w, which gives $=90°, as predicted by the
principle of ac calorimetry. The adiabatic condition was sat-
isfied at this modulation frequency. Therefore, the isobaric
molar heat capacity of the sample was determined using this
maximum value of wAT,.
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C. Measurement of hemispherical total emissivity
from the cooling curve

When the isobaric molar heat capacity was determined
independently using Eq. (4), the hemispherical total emissiv-
ity of the levitated liquid silicon droplet in vacuum can also
be determined from the radiative cooling curve. Under the
condition of T,> AT}, the time dependence of the tempera-
ture after laser irradiation ceases is expressible as follows:

T(t) = TO + ATdC eXp(— t/'Tr) . (16)

By fitting the cooling curve to the exponential function pre-
sented above, the value of 7, is determined; consequently, the
emissivity can be determined using Eq. (6).

lll. EXPERIMENTAL

A single crystalline silicon cube (7X7X7 mm?®) was
placed at the center of the rf coil (15 kW, 200 kHz) in a
vacuum chamber. Before the experiment, the chamber was
evacuated using a rotary pump in combination with a turbo-
molecular pump to obtain a vacuum level of 10~ Pa. The
silicon was preheated using irradiation of a semiconductor
laser up to a temperature at which the electrical resistivity
was reduced sufficiently to levitate liquid silicon using the
applied electromagnetic force. A superconducting magnet
with a 220 mm bore was used to impose a static magnetic
field. The strength of the static magnetic field was 0-4 T to
suppress convection in the liquid silicon. The initial tempera-
ture of the liquid silicon was controlled using the electric
power supply to the rf coil. The top surface of the levitated
silicon droplet was heated sinusoidally using a laser. A laser
apparatus (NBT-S140-mk II; JENOPTIK Laserdiode Japan
Co., Ltd., Tokyo, Japan) was equipped with a fiber-coupling-
type cw laser diode. The maximum output power was 140 W
at a wavelength of 807 =3 nm. A calibrated laser power
meter (FieldMate; Coherent, Inc., Portland, OR, USA) evalu-
ated the net laser power through the optical system, which
consisted of an optical fiber, a corrective lens, and a glass
window within an uncertainty of =2.4%. A two-color py-
rometer (IR-CAQ2CS; Chino Corp., Tokyo, Japan) was used
with the emissivity ratio of two wavelengths (1350 and 900
nm). The relative uncertainty of the pyrometer is +0.5% of
the temperature; the temperature resolution is 1 K. An aper-
ture was placed between the liquid silicon and the two-color
pyrometer to block off the incident laser noise to the pyrom-
eter. The laser power was turned off after the succession of
the modulated laser calorimetry; then the silicon liquid was
cooled by radiation.

The weight of the silicon sample before and after the
experiment was measured to determine the isobaric molar
heat capacity. The pyrometer was calibrated using the melt-
ing point of the liquid silicon during solidification. Both the
laser power and temperature data were recorded with a sam-
pling interval of 20 ms. The crystalline silicon grain reflects
the flow in the liquid silicon; it was observed using a high-
speed charge coupled device camera to evaluate the effect of
the static magnetic field on the convective flow.

J. Appl. Phys. 104, 054901 (2008)
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FIG. 4. An example of time dependence of the laser power and the tem-
perature response of liquid silicon during modulated laser calorimetry.

IV. RESULTS

A. Temperature response

Figure 4 shows an example of the temperature response
of the noncontact modulated laser calorimetry for the elec-
tromagnetically levitated liquid silicon. Initially, the silicon
droplet temperature was maintained at 7,, with balancing be-
tween the radiative heat loss and rf induction heating. Then
the droplet was heated sinusoidally using the laser. The drop-
let’s average temperature gradually increased by ATy, from
T, until the radiative heat loss was balanced with the sum of
the rf induction heating and modulated laser heating; subse-
quently, the temperature reached an ac steady state. A typical
example of the temperature response in the ac steady state is
shown in Fig. 5 for the modulation frequency of
0.628 rad s~!. The temperature amplitude and the phase shift
were measured by changing the modulation angular fre-
quency to obtain both the ¢-w and the wAT, -w relation.

Temperature heterogeneity in the sample resulting from
modulated laser heating was investigated quantitatively by
Tsukada ef al.® In their investigation, the temperature differ-
ence between maximum and minimum in the sample was
about 13 K because of the high thermal conductivity of lig-
uid silicon. In this experiment, the thermophysical properties
of liquid silicon are assumed to be constant during calorim-
etry measurements within this range of temperature varia-
tion.

B. Isobaric molar heat capacity

Figure 6 shows the isobaric molar heat capacity of liquid
silicon with data from literature.">™'® A clear temperature or
static magnetic field dependence of the molar heat capacity
was not observed. The experimental uncertainty of the molar
heat capacity measurements will be discussed in Sec. V A.

50 1850
z 40 H
4
~ 1840 3
& 30 <
2 2
s g
g 20 E’
e 11830 5
— =
10
0 - - - 1820
0 10 20 30 40
Time/s

FIG. 5. Temperature response in an ac steady state.
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FIG. 6. The isobaric molar heat capacity measured in a static magnetic field
at 0.5 T (diamond), 1.0 T (cross), 2.0 (square), 3.0 T (triangle), and 4.0 T
(circle) with data from literature. The numbers denote reference numbers.
The dotted line indicates the average of our experimental data. The solid line
depicts the average of this study.

The average isobaric molar heat capacity of liquid silicon is
30+5 Jmol™! K~ at temperatures of 1750-2050 K. The
experimental uncertainty presented in the above value is
double the standard deviation for all the presented data. The
present results show good agreement with the literature data
reported by Kantor et al.,” Yamaguchi and Itagaki,14 and
Olette,'® which were measured using the drop calorimetry
method.

C. Hemispherical total emissivity

The hemispherical total emissivity of liquid silicon de-
termined from the phase shift is shown in Fig. 7. Similarly to
the case of the molar heat capacity, neither clear temperature
nor static magnetic field dependence of the hemispherical
total emissivity was observed. The average hemispherical to-
tal emissivity is 0.27 = 0.03 at temperatures of 1750-1910 K.
Recently, the ratio of the hemispherical total emissivity to the
molar heat capacity of liquid silicon was measured using the
radiative cooling curve of electrostatically levitated liquid
silicon.!” On the other hand, the hemispherical total emissiv-
ity and the molar heat capacity were determined indepen-
dently using modulated laser calorimetry.

The hemispherical total emissivity of the liquid silicon
was also obtained from the radiative cooling curve. Figure
8(a) shows the radiative cooling curve of the liquid silicon.

0.40
Average of present study
030 /
O A
&, B
W
020
A8 Melting point of Si
0.00 . . .
1650 1750 1850 1950 2050

Temperature / K

FIG. 7. The hemispherical total emissivity of the liquid silicon obtained
from the phase shift measured in a static magnetic field at 0.5 T (diamonds),
1.0 T (crosses), 2.0 (squares), 3.0 T (triangles), and 4.0 T (circles). The solid
line depicts the average obtained in this study.
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FIG. 8. (a) Change in temperature of silicon droplet after turning off the
laser power. (b) The hemispherical total emissivity determined from the
radiative cooling curve measured in a static magnetic field at 0.5 T (dia-
mond), 1.0 T (cross), 2.0 (square), 3.0 T (triangle), and 4.0 T (circle). The
solid line in (b) depicts the average of this study.

By curve fitting of Eq. (16), the external thermal relaxation
time attributable to radiative cooling was 12.1 s. The hemi-
spherical total emissivity of liquid silicon determined from

100
(@
80
® [23]
£ L 118,19, :
E 6o e
* ]
40
Melting point of Si
20 : : :

1600 1700 1800 1800 2000 2100

Temperature / K
100

(b)

80 r

Kk IWm'K'

40 1 I . L
0 1 2 3 4 5
Strength of the static magnetic field/ T

FIG. 9. (a) The thermal conductivity measured in a static magnetic field at
0.5 T (diamonds), 1.0 T (crosses), 2.0 (squares), 3.0 T (triangles), and 4.0 T
(circles) together with data from literature. The numbers are reference num-
bers. The solid lines show the average of our experimental data obtained at
respective strengths of the static magnetic field. (b) The apparent thermal
conductivity measured at respective strengths of the static magnetic field.
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FIG. 10. AQ: PLEASE PROVIDE CAPTION FOR FIGURE 10, SINCE IT
IS CITED IN TEXT.

the radiative cooling curve is shown in Fig. 8(b). The aver-
age of the hemispherical total emissivity determined from
the radiative cooling curve is 0.25 = 0.04. This result agrees
with data obtained from the phase shift (Fig. 7) within ex-
perimental uncertainty. Both experimental uncertainties of
the hemispherical total emissivity are double of the standard
deviation for all present data.

D. Thermal conductivity

Figure 9(a) shows the thermal conductivity of liquid sili-
con against the temperature, with data from literature.'® 2
Figure 9(b) shows the dependence of the average apparent
thermal conductivity on the strength of static magnetic field.
The apparent thermal conductivity is 88 W m™' K='at 0.5 T.
However, the apparent thermal conductivity decreases as the
strength of the static magnetic field increases. Finally, the
value converges on the value of 66+11 Wm™' K at2 T
or larger. The experimental uncertainty of the thermal con-
ductivity is double the standard deviation for all data greater
than 2 T. No marked temperature dependence of thermal
conductivity was observed in the experimental temperature
region. Our data measured above 2 T are in the high-
temperature extended region of the literature thermal con-
ductivities that have been measured'®** or calculated using
the Wiedemann—Franz law> ¢ [Fig. 9(a)].

Figure 10 shows a top view of the motion of the nucle-
ated silicon grains on levitated liquid silicon at 1 T. The
grains are arranged concentrically. This observation also sug-
gests that convection is suppressed in the static magnetic
field. The agreement indicates that the convergence at 2 T or
larger is attributable to suppression of convection, as dis-
cussed in Sec. V C.

J. Appl. Phys. 104, 054901 (2008)

V. DISCUSSION

A. Verification of K,/K.=0.01 in modulation
calorimetry

The condition of K,/K.=0.01 should be satisfied for
justification of the modulated laser calorimetry for liquid sili-
con. However, it is difficult to estimate the volume that is
heated directly by laser irradiation (V,) for quantitative
evaluation of K. Here, the Biot number relevant to the value
of K,/K,, defined as

) 480’TS

Bi R 17
K/R (17)

is used for evaluation. The estimated Bi number is 0.019-
0.031 under the present conditions, depending on tempera-
ture. This value indicates that the experimental postulate that
heat transfer to the external heat bath is much less than the
heat transfer to the inner part, i.e., the condition of K,/K,
=0.01 would be fundamentally satisfied.

The correction function f is obtainable from the external
and internal thermal relaxation times using Eq. (8). The ex-
ternal relaxation time 7, is estimated from the cooling curve
analysis. Using 7, and Eq. (5), the internal relaxation time 7,
is evaluated by fitting the frequency dependence of the phase
shift in Fig. 3. The values of 7, and 7, are 12.1 and 0.16 s,
respectively. Consequently, the value of f has a maximum
value of 099 at frequencies between 0.628 and
0.754 rads™'.

B. Uncertainty in the molar heat capacity
measurements

The uncertainty in the heat capacity depends not only on
the correction function but also on the uncertainties of (1)
normal spectral emissivity, (2) laser power, (3) modulation
frequency, (4) temperature amplitude, and (5) sample mass.
The respective contributions of uncertainty factors on the
measurement are listed in Table I. The uncertainty in the
sample mass results from evaporation during the modulation
experiment. Results show that uncertainties in normal spec-
tral emissivity and temperature amplitude are a major contri-
bution. The combined uncertainty on the ¢, measurement is
expressed using the following:

TABLE I. List of uncertainty factors of the isobaric molar heat capacity measurement. Experimental condition:
T=1827 K, R=4.1 mm, 0=0.63 rads™', and ¢,=26.71 J mol™' K.

Factor Standard uncertainty Sensitivity coefficient Contribution
£ 0.223 +0.001 dc,/ dey=121.69 J mol™' K~! 0.122
P 19.40+0.46 W dc,/ 9P=131 s mol™! K™ 0.61
) 0.63*1.5X 107 rads™  dc,/dw=-40.56 Jrad mol' K~'s™'  6.44x 107
AT, 10.14=0.5 K dc,/ IAT,.=—2.52 J mol~! K2 1.26
m 0.701+0.01 g e,/ dm=-36.46 J g K 0.36
Combined uncertainty e 1.9
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TABLE II. List of uncertainty factors for total hemispherical emissivity measurement

Factor Standard uncertainty Sensitivity coefficient Contribution
c, 29.8+5.2 Jmol™! K™! de/dc,=0.31 J~" mol K 0.063
T, 12.1+0.1 s de/d1,=—0.02 s~ —0.002
T, 1792+ 18 K de/ IT,=-4.88 X 107+ K~! —0.009
m 0.701£0.01 g de/dm=-0.44 g! —0.004
r 4.03+10X 107 mm delgr=-0.01 m™! -1.00% 1077
Combined uncertainty e e 0.05

[o(c,) = {(j—ﬂ) x a(ss>]2+ [(a—ﬂ) X aoa)]z

2
o[ (G o] | (G52
2 P 2
X O’(ATac):| + {(—E> X O'(I’i’l):| . (18)
om

Consequently, the combined uncertainty is evaluated as
1.9 J mol™! K~! in the molar heat capacity of liquid silicon.

C. Uncertainty in the hemispherical total
emissivity

The uncertainty in the hemispherical total emissivity
measured using the radiative cooling curve depends on the
uncertainties of (1) heat capacity, (2) external relaxation
time, (3) initial temperature, (4) sample radius, and (5) mass.
Consequently, the combined uncertainty of the ¢ is expressed
using the following equation:

o= (2 ) otep [+ (2] ot |
[()]_Kac,, Xo(c,) | + a7 X a(r,)
de 2 de 2
+ |:((9_T0> X O'(TO):| + |:<(9_R> X O'(R):|
de 2
+[(%> Xo-(m)} ) (19)

The contribution of each uncertainty factor on the mea-
surement of the hemispherical total emissivity is listed in
Table II. The uncertainty of the external relaxation time ob-
tained from the fitting curve is 0.1 s. The relative uncertainty
of T is 1%. The uncertainty in the sample radius is calcu-
lated from the sample mass using the liquid silicon density
reported in an earlier study.12 Consequently, the combined
uncertainty in hemispherical total emissivity is *£0.05.

D. Validity of the thermal conductivity and emissivity
of the silicon liquid

The velocity of magnetohydrodynamic convection in the
electromagnetically levitated droplet generally reaches
10-40 cm s~! without a static magnetic field.”’ " Tsukada
et al! demonstrated, using numerical analysis, that the
maximum flow rate in the electromagnetically levitated lig-
uid silicon is significantly reduced with increasing strength
of the static magnetic field. At 4 T of the static magnetic
field, the maximum flow velocity near the centerline is re-
duced to less than 1 cm s~'. The converged thermal conduc-

tivity of liquid silicon in the static magnetic field of greater
than 2 T suggests that the convection was suppressed to a
sufficiently low level to measure the thermal conductivity. It
can be concluded that applying the static magnetic field of 2
T enables accurate measurement of the thermal conductivity
of liquid silicon.

Sensitivity analysis of the determination of thermal con-
ductivity of the liquid silicon by fitting the relation between
¢ and w was carried out by Tsukada et al® using a numerical
simulation. The sensitivity of the phase shift for thermal con-
ductivity is considerable at higher modulation frequency. The
deviation of 4° corresponds to the uncertainty of 10% in the
thermal conductivity at the modulation frequency of
1.57 rad s~

On the other hand, the sensitivity for hemispherical total
emissivity becomes significant at a lower frequency. For pre-
cise determination of emissivity, ¢ at w<<0.3 rad s7l s
necessary.9 In this study, the frequency range is sufficiently
wide to determine both thermal conductivity and emissivity
experimentally.

VI. CONCLUSION

We measured the thermophysical properties of liquid
silicon by conducting levitation calorimetry coupled with the
imposition of the static magnetic field for suppression of
convection. The results are summarized as follows.

The isobaric molar heat capacity is 305 J mol~! K~!
(1750-2050 K). The hemispherical total emissivity is
0.27+£0.02 (1750-1910 K); the thermal conductivity is
6611 Wm™' K™ (1750-2050 K). The convection in the
electromagnetically liquid silicon droplet is suppressed suf-
ficiently to enable measurement of the thermal conductivity
in the static magnetic field above 2 T.
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