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Abstract

A three-dimensional (3D) global analysis was carried out numerically for a small silicon Czochralski (CZ) furnace in
a transverse magnetic field by a proposed 3D global model. The modeling was conducted with moderate requirements
of computer resources and computation time. Most 3D features of the melt flow and thermal field in the furnace could
be reproduced in the modeling. The results showed that the melt-crystal interface shape is three-dimensional and tem-
perature difference over the circumference on the crystal and crucible sidewalls is prominent. The non-uniformity of
temperature in the azimuthal direction decreases with increase in distance from the melt region. The influence of a trans-
verse magnetic field on the flow pattern of melt and global thermal field in the furnace was analyzed.
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1. Introduction

Application of magnetic fields in silicon CZ growth is
an effective method for controlling the melt—crystal
interface shape and the melt convection in a crucible,
and therefore for improving crystal quality. Active con-
trol by applying a transverse magnetic field to silicon CZ
growth processes (TMCZ) is gaining more and more
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attention. The melt flow in a crucible and, hence, the
global thermal field within the furnace are principally
three-dimensional under the influence of a transverse
magnetic field. Although there are many excellent pub-
lished works on numerical modeling of a TMCZ growth
[1-6], these models are limited to the melt only. Since a
TMCZ growth furnace is a highly non-linear and conju-
gated system, 3D global modeling is obviously neces-
sary. Liu and Kakimoto [7] recently proposed a 3D
global model that makes 3D global modeling be feasible
with moderate requirements of computer resources and
computation time. For the purpose of a better under-
standing of realistic phenomena and the physics of a
TMCZ growth process, we applied this 3D global model
to analyzing a small TMCZ furnace in this paper.
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Nomenclature

magnetic flux density (T)

heat capacity (J/kg K)

electric field (m kg/s*> A)
gravitational acceleration (m/s?)
electrical current density (kg/s*> A Q)
thermal conductivity (W/m K)

unit normal vector

melt pressure (P,)

radial coordinate (m)

crystal radius (m)

temperature (K)

melting temperature of silicon (K)
velocity of melt relative to the magnetic field
(m/s)

melt velocity (m/s)
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Greek symbols

P thermal expansion coefficient (1/K)

[ electrical potential (m” kg/s* A)

u melt viscosity (kg/m s)

o melt density (kg/m?)

om, 05 electrical conductivities of molten silicon

and crystal (S/m)

Subscripts

m melt

S solid

n normal direction

2. Governing equations of melt flow under a transverse
magnetic field

The imposed magnetic field influences the growth
process through the melt convection in the crucible by
exerting Lorentz force on the molten silicon. With the
assumptions of a quasi-steady system and incompress-
ible laminar flow of the melt, the governing equations
for the melt convection under the influence of a trans-
verse magnetic field are as follows:

V-V =0, (1)

pV NV = —Vp+ V- [u(VP + Vi)
_pgﬁT(T_Tm)+jX§7 (2)

pcV -NT =V - (kVT). (3)

The last two terms in Eq. (2) are the thermal buoyancy
and the Lorentz force.

In order to determine the Lorentz force exerted on
the molten silicon, we need to solve the electrical field in-
duced by the imposed magnetic field and governed by

v.J=0, )
J= (rm(E" + Uy ¥ f?) in the melt, (5.1)
J =0,(E+ Uy x B) in the crystal, (5.2)
E=-Vo. (6)

The effect of the induced magnetic field on the applied
field is neglected. The crucible, pulling rod and ambient
gas are electrically insulated, while the silicon crystal is
an electrical conductor. Therefore, the calculation of
electromagnetic field is limited to the melt—crystal
domain.

The boundary conditions are given as follows for the
electromagnetic field. On all of the external boundaries

of the melt—crystal domain, a non-penetration condition
for electrical current density is imposed, i.e.,

J-ii=0, (7.1)
or in the form

b .
5= (OuxB)-i (7.2)

On the melt—crystal interface,
or in the form

T T
as{(UMxB)n—a} :am{(UMxB)n—a] . (82)

3. Results and discussion

In this section, results of analysis of a silicon TMCZ
furnace obtained by using the proposed 3D global
model [7] are presented. The magnetic field is homo-
geneous with intensity of 0.1 T oriented in the x-direc-
tion. The crystal diameter is 32 mm. The diameter of
the crucible inside wall is 64 mm. The depth of the melt
is 28 mm. A typical crystal growth rate of 0.3 mm/min is
applied. The crucible and the crystal are non-rotating.
The material properties of the constituents of the fur-
nace are listed in Table 1.

The 3D domain includes the crystal, melt, crucible
and heater. The discrete system is constituted by
364,500 control volumes and 22,400 radiative surface
elements in the 3D domain and by 6170 control volumes
and 1609 radiative surface elements in the 2D domain. A
computation run takes about 10 days on a HP ITA-
NIUM-2 workstation with memory capacity of 2.6
gigabytes.
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Table 1
Material properties and process parameters

Density

p = 2520 kg/m> (melt), p = 2305 kg/m> (crystal),

p = 2190 kg/m? (quartz crucible),

p = 2262 kg/m> (heater, pedestal, seed/puller, heat insulators)

Thermal conductivity

k=354 W/mK (melt), k =25.7W/m K (crystal),

k=15.0 W/mK (quartz crucible),

k=42 W/m K (heater, pedestal, seed/puller, heat insulators)

Heat capacity

¢=1000J/kg K (melt), ¢ =946 J/kg K (crystal),

¢ =1525J/kg K (quartz crucible),

¢ =2050 J/kg K (heater, pedestal, seed/puller, heat insulators)

Emissivity factor

& =10.30 (melt), ¢ = 0.58 (crystal), ¢ = 0.35 (chamber walls),
& =0.50 (quartz crucible),

& =0.80 (heater, pedestal, seed/puller, heat insulators)

Electrical conductivity
om = 1.29 % 10° S/m (melt), o5 = 1.20 x 10°> S/m (crystal)

Melting temperature of silicon 7, = 1685 K

Thermal expansion coefficient of melt fr=1.4x10"*K™!
Latent heat of solidification AH = 1411 x 10° J/kg
Dynamic viscosity of melt u = 7.0 x 10~* kg/m s

Coolant temperature 7w = 350 K

Stefan—Boltzmann constant ¢ = 5.6696 x 107 * Wm 2 K~*

Fig. 1 shows the electrical scalar potential distribu-
tion in the melt—crystal domain. The field is symmetric
about the plane x = 0, and the gradient in the crystal do-
main is quite small compared to that in the melt domain.
The overall temperature distributions in symmetric
planes x =0 and y =0 are respectively shown in the
right and left half-planes of Fig. 2, while a local temper-
ature distribution in the 3D domain is presented in
Fig. 3. The thermal field is symmetric about both plane
x =0 and plane y =0. Only the thermal fields on the
half-planes are therefore shown in Fig. 2 for both sym-

melt

-4.20%10°°

~1.06x107° T

Fig. 1. Contour lines of electrical scalar potential plotted every
8x 107" m? kg/s* A.
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Fig. 2. Isotherms in symmetric planes x = 0 (right half-plane)
and y = 0 (left half-plane) plotted every 40 K.

metric planes x =0 and y = 0. From Fig. 3, it is appar-
ent that the thermal field in the core regions is
characterized by three-dimensionality, especially in the
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Fig. 3. Local temperature distribution in the crystal, melt,
crucible and heater. Isotherms are plotted every 7.5 K.
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melt. Even the inhomogeneity of temperature distribu-
tion in the azimuthal direction on the outside wall of
crucible is noticeable. The highest temperature occurring
on the inside wall of the heater is as high as 1862 K. The
converged value of the heater input power obtained
from the modeling is 16.0 kW for this test case.

Fig. 4 shows the melt flow, thermal field and melt—
crystal interface profiles in the half-planes of x =0 and

crystal

Fig. 4. Melt flow, thermal field and melt—crystal interface
profiles in symmetric planes x = 0 (right half-plane) and y =0
(left half-plane). Isotherms are plotted every 15 K in the crystal
and every 5 K in the melt.

5 mm/s

y = 0. The melt—crystal interface corresponds to the iso-
therm of 1685 K. A pair of strong vortexes occupies the
symmetric plane x =0, while in the symmetric plane
y =0, the melt flows downward to the bottom of the
crucible. This is due to the influence of the transverse
magnetic field that leads the melt flows toward the sym-
metric plane y =0 on the melt surface and flows away
from it at the bottom. Meanwhile, the velocity compo-
nent in the x-direction nearly vanishes. The convective
flow structure of melt can be seen in Fig. 5(a), which
shows the convective flow patterns of melt in three rep-
resentative planes that are respectively located at 5%,
50% and 95% depth of melt in the crucible. Correspond-
ing to the three-dimensional convective flow pattern of
melt, the patterns of the temperature distribution in
the half-planes x =0 and y =0, as shown in Fig. 4,
and the temperature distributions in the three horizontal
planes at different depths in the melt, as shown in
Fig. 5(b), are distinctly different.

As a result of the three-dimensional feature of the
convective flow and thermal field in the melt, the melt—
crystal interface is also characterized by distinct three-
dimensionality. This feature can be seen in Fig. 6.
Fig. 6(a) shows the three-dimensional shape of the
melt-crystal interface and the temperature distribution
on the melt surface as well as on the interface.
Fig. 6(b) shows the distributions of interface deflection
in the azimuthal direction at three radial locations where

Fig. 5. Convective flow patterns and temperature distributions in three planes at 5%, 50% and 95% depth of melt (from top to bottom).
(a) Convective melt flow. (b) Temperature distribution. Isotherms are plotted every 5 K.
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Fig. 6. The melt—crystal interface shape. (a) A 3D view of the
melt—crystal interface and the temperature distribution on the
melt top surface as well as on the interface. Isotherms are
plotted every 3 K. (b) Interface deflection distributions in the
azimuthal direction at three radial locations.

R =0.25, 0.50, 0.75, respectively, and R* =r/R.y. An
elliptic region of low temperature is generated on the
melt surface in the magnetic field direction, as shown
in Fig. 6(a), resulting in the ridge of the interface in
the x-direction. The calculated melt—crystal interface is
an isothermal surface except in the narrow region near
the crystal edge where the temperature is not precisely
equal to the melting point of silicon because of the
assumption of axisymmetric geometry of the model.
However, as can be known from Fig. 6(a) by noting
the temperature field around the crystal, the calculated
interface shape is very close to the surface shape ob-
tained by identification to the isothermal surface of
melting temperature (1685 K), which is slightly elliptic.
We can thus take the calculated interface shape by using
this model as a good approximation of the actual one. A
clearer image about the three-dimensional character of
the interface can be obtained in Fig. 6(b), in which it
is shown that the difference in interface deflection over
the circumference can be as large as one eighth of the
crystal radius and more than one third of the maximal
deflection at the axis.
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Fig. 7. Non-uniform temperature distributions in the azimuthal
direction. (a) Locations under consideration. (b) A, the crystal
sidewall; B, the melt top surface; C, the melt bottom; D, the
melt sidewall; E, the crucible outside wall. (c) F, the inside wall
of the heater; G, the outside wall of the heater.

In order to examine the non-uniformity of the ther-
mal field in the azimuthal direction, we select seven typ-
ical monitoring locations for study. The monitoring
locations are on the crystal sidewall, the melt surface,
the melt bottom, the melt sidewall, the crucible outside
wall and the inside and outside walls of the heater, as
illustrated in Fig. 7(a). The non-uniform temperature
distributions in the azimuthal direction at these loca-
tions are shown in Fig. 7(b) and (c). From Fig. 7(b),
we can notice distinct non-uniformity of the temperature
distribution in the azimuthal direction. The maximal dif-
ference in temperature over the circumference occurs on
the melt surface with a value as high as 13.2 K. We can
also confirm the complexity of the temperature distribu-
tion in the melt by observing the different curve shapes
of the temperature distribution in the azimuthal direc-
tion at different locations in the melt, as shown in
Fig. 7(b) by curves B, C and D. This diversity is due
to the convective flow of the melt under the influence
of the transverse magnetic field. The non-uniformity is
small at the melt bottom (curve C) compared to that
at the melt top surface (curve B) and that at the melt
sidewall (curve D), and this non-uniformity decreases
further with increase in distance from the melt domain.
This can be confirmed from Fig. 7(b), in which it can be
seen that the non-uniformity of 10.0 K at the melt side-
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wall (location D) decreases to 4.9 K at the outside wall
of the crucible (location E). Furthermore, this non-uni-
formity becomes obscure in the heater. As can be seen
in Fig. 7(c), the maximal temperature difference over
the circumference is about 0.3 K on the inside wall and
deceases to about 0.2 K on the outside wall of the
heater. This is partly because the furnace is very
small. The non-uniformity might be more distinct in a
furnace with larger dimensions. However, we can
reasonably expect that the non-uniformity in the heat
insulators, which are far away from the melt domain,
should be more obscure if fully 3D global modeling is
performed under this growth condition. This confirms
that the proposed 3D global model is reasonable and
efficient.

4. Conclusions

A 3D global analysis was conducted using the pro-
posed model for a silicon CZ growth furnace in a trans-
verse magnetic field. The modeling was conducted with
moderate requirements of computer resources and com-
putation time. The global iteration is proved to be satis-
factorily stable. Three-dimensional features of the melt
flow in the crucible and the thermal field in the furnace,
along with the 3D melt—crystal interface shape, were rea-
sonably reproduced in the modeling. The results of sim-
ulation also revealed that 3D features are mainly
displayed in the core region of a CZ furnace and gradu-
ally disappear with increase in distance from the melt
domain. The influence of the transverse magnetic field
was analyzed.
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