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Abstract

Control of melt flow in crystal growth process by application of the magnetic field is a practical technique for silicon
single crystals. In order to understand the influence of axial magnetic field on the silicon melt flow and oxygen transport
in a silicon Czochralski (Cz) furnace, a set of global numerical simulations was conducted using the finite-element
method for the magnetic field strength from 0 to 0.3 T, the crystal rotation rates from 0 to 30 rpm and the crucible
counter-rotation rates from 0 to —15 rpm. It was assumed that the flow was axisymmetric laminar in both the melt and
the gas, the melt was incompressible and a constant temperature was imposed on the outer wall of the Cz furnace. The
results indicate significantly different flow patterns, thermal and oxygen concentration fields in the melt pool when a

uniform axial magnetic field is applied.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

The Czochralski (Cz) crystal growth is one of the
most important methods of producing single crystal
from the melt, in which the quality of single crystal de-
pends mainly on the melt flow status. In the terrestrial
environment, buoyancy and thermocapillary force are
two major causes for melt convection. As the silicon
melt is highly electrically conducting, application of
magnetic field becomes a practical method to suppress
flows induced by the buoyancy and thermocapillary
force for the silicon crystal growth [1]. In this way, it is
very important to have a clear understanding of the
physical processes in a Cz furnace with variations of
magnetic fields in order to produce high quality silicon
crystal efficiently and economically. In recent years,
many numerical simulations [2-10], experimental studies

" Corresponding author. Tel.: +86-23-6510-4834; fax: +86-
23-6510-2473.
E-mail address: liyourong@yahoo.com (Y.-R. Li).

[4-6,11] and theoretical analyses [12,13] have been con-
ducted on the melt flow and the oxygen transport in the
silicon melt for the Cz furnace with the magnetic fields.
But, in these numerical simulations, boundary condition
for the heat transfer equation at the crucible wall was
considered to be either a given temperature distribution
[3,4,8,10] or a constant heat flux [2,9], and that at the
melt/gas interface was approximated by a radiation heat
loss to a constant ambient temperature [2,4,8]. Fur-
thermore, boundary condition for the oxygen diffusion
equation at the melt/gas interface was considered to be
either a zero oxygen concentration [3,4] or a constant
evaporation coefficient [5-7], which is in contrast to the
experimental results obtained by Machida et al. [14].
Obviously, these reported numerical models could not
adopt the real boundary conditions in a Cz furnace. In
fact, in the Cz furnace crystal growth, heat transfer and
oxygen mass transfer, as well as the flows in gas and melt
phases are all closely related to each other. In order to
understand the overall characteristics of a Cz furnace, it
is necessary to apply a global numerical simulation
which includes the whole heat exchange in the entire
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Nomenclature

the ith surface area

magnetic field strength

molar density

heat capacity

mass diffusivity

unit vector

gravitational acceleration constant
Gebhart’s absorption factor

temperature gradient in the normal direc-
tion of the melt/crystal interface

latent heat of fusion

electric current

segregation coeflicient

unit normal vector of the interface element
rotation rate

pressure

net radiative heat flux on the ith surface
internal heat resource in the heater

radius

unit tangent vector of each interface element
temperature

the radial, axial and azimuthal components
of velocity

velocity vector

crystal pulling rate

molar fraction of oxygen in the melt

molar fraction of SiO in the gas phase
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Greek symbols

thermal expansion coefficient
surface tension temperature coefficient
emissivity

thermal conductivity
dynamic viscosity

density

electric conductivity

stress tensor

electric scalar potential
stream function

angular rotation rate
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Subscripts
C crucible or center
furnace
gas
heater
melt
melting point
ax maximum
in minimum
oxygen
crystal
axial direction
azimuthal direction
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furnace, melt and gas flows, and the transport of oxygen
and SiO in the melt and in the gas, respectively. In our
previous papers [15,16], the global numerical simulation
for a small silicon Cz furnace was conducted, which
clarified the significant influences of gas-phase transport
phenomena, the Marangoni effect and the crystal and
crucible rotations on the thermal environment, flow
patterns, oxygen transport and oxygen concentrations
on the melt/crystal interface. However, the application
of magnetic field was neglected for the sake of simplicity.
In this paper, the global numerical simulation was
conducted to reveal the influence of the axial magnetic
field on the silicon melt flow and oxygen transport.

2. Formulation of the problem

The configuration of the Cz furnace adopted in the
present global numerical simulation is shown in Fig. 1.
The inner diameter of crucible is 7.2 ¢cm, and the di-
ameter of crystal is 3.5 cm. A constant temperature 7
(=350 K) is imposed on the outer wall of the Cz fur-
nace. Argon gas flow rate is 0.5 L/min.

Chamber Chamber
Puller Puller
Radiation Radiation -
Shield Crystal Shield Gas Guide
Heater Heater
Pedestal Pedestal
1)| ||C
(@ ®)

Fig. 1. The configuration of the Cz furnaces. (a) Without gas
guide; (b) with gas guide.
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The basic assumptions are introduced here as: (1) the
flow is laminar in both the melt and the gas and the melt
is incompressible Newtonian fluid satisfying the Bous-
sinesq approximation except for the surface tension; (2)
P-V-T relation of argon gas is expressed by the ideal gas
law; (3) no supercooling occurs at the melt/crystal in-
terface and the interface shape coincides with the melt-
ing temperature isotherm; (4) the oxygen concentration
and the partial pressure of SiO are in chemical equilib-
rium at the melt-gas interface [17]; (5) the evaporated
SiO does not deposit on any solid surface; (6) the melt
and the crystal are considered to be surrounded by in-
sulators at all boundaries, therefore the electric current
is taken to be zero. Then, the governing equations for
flow, temperature and concentration fields can be given
as follows: In the melt

V-n =0, (1)
pv- Vi ==Vp =V -1+ pgh(li — Tn)e: + F1,  (2)
pCpvi - VI = 4V - VT, (3)
v - Vxo = DoV - Vxo. )
In the gas

V- (pgre) =0, (5)
Pe¥y - Vg = —=Vp, =V -1, — p,ge., (6)
PeCogPe - VIy =V - (45VTy), (7)
V- (Cgrersio) = V - (CeDsio Vsio)- (8)
In the crystal

pCpsVie: - VT, =V - (A VTy). )
In the heater

V- (V) +0=0. (10)
In the other solid materials

V- (LVT) =0. (11)
In Eq. (2), F; is the Lorentz force given by

Fi=JxB. (12)
Taking into account Ohm’s law and Kirchhoff’s law,
J=0a(nxB-V), (13)
V-J=0, (14)

we can obtain the following equation for the electric
scalar potential @:

V2@ = V(» x B). (15)

The Boundary conditions will be:
At the side wall and the bottom of the crucible

u=0, =0 w=rQ, (16a—c)

xo = 0.01 x e78-2570/1) (16d)
n-J=0. (16e)
At the melt/gas interface

n-v=0 n-v,=0, (17a-b)
Tt — 1, :nt =pVT-t, (17¢)
t-y—t-v, =0, (17d)
T 1 ney — T, neg = V7T - e, (17e)
eg-v —ey-v, =0, (17f)
—un VT = —ign - VT, + qraai; (17g)
Vsio = 101325x0e178-210000/T) /. (17h)
—cyDsion - Vysio = —ciDon - Vxo, (171)
n-J,=0. (17))
At the melt/crystal interface

u=0, v=0 w=rQ, (18a—c)
An-NVT— An-VT, = p,V;AH;n - ¢, (18d)
=T =T, (18e)
n-Vxo =V,,(1 — k)xo/Do, (18f)
n-Ji—n-J,=0. (18g)
At the inlet of Ar gas

Uy =wy =0, Vg = Ui, (19a—c)
Ty = Ty, (19d)
¥sio = 0. (19)
At the outlet of gas

t-n=0, (20a)
n-VI,=0, (20b)
6?;0 -0 (20¢)
At the other exposed surfaces

—0in - VT, = —)gn - VT, + Graas, (21a)
n-Vyso = 0. (21b)

At the other crucible surfaces and the pedestal surface
uy =0, =0, wy=r (22a-c)

At the other surfaces of crystal and the puller surface

uy =0, =0, wy,=r0 (23a—c)
At other motionless solid surfaces
Uy =V =wy =0 (24a—c)



2890 Y.-R. Li et al. | International Journal of Heat and Mass Transfer 46 (2003) 2887-2898

At the crystal side and top
n-J;=0. (25)

The melt/crystal interface shape is determined such
that Eq. (18e) is satisfied, i.e., the interface coincides
with the melting-point isotherm.

In above equations, ¢.q, 1S given by

Gradi = €i0B [T;‘ - <ZA/’§/Z?G;’1’> /Ai/si:| . (26)
J

G; and as the view factors between any two surface
elements in the furnace are calculated using our code [18].

3. Numerical procedure and calculation conditions

To solve this problem, the Galerkin finite-element
method is used. The total numbers of elements, nodal
points and unknowns are 54542, 55107 and 242486, re-
spectively. For mass transfer calculations, we use much
finer elements, especially in the melt phase, with 177,973
elements, 179,170 nodal points and 179,381 unknown
variables. The sizes of the minimum elements that are
located at the corner of the melt/gas interface and the
crucible wall in the melt are Aryi, = 0.125 mm, Az, =
0.073 mm for the flow, heat transfer and electric scalar
potential analysis, and Ary, = 2.60 pm, Azy, = 0.71
um for the oxygen transport analysis. We are confident
that these meshes are adequate for predicting the ve-
locity, temperature and oxygen concentration distribu-
tion. The other descriptions and validation of the
numerical procedure can be found in Refs. [15,16].

In the present work, the diameter and length of the
crystal and the heater power are given. The crystal pull
rate is treated as one of the unknown variables, together
with velocities, pressures, temperatures, the electric
scalar potential and the melt/crystal interface coordi-
nates, by simultaneously solving the set of nonlinear al-
gebraic equations using the Newton—Raphson method.
The code requires only a set of operating conditions as
input data, such as gas flow rate, gas phase pressure,
heater power, furnace chamber wall temperature, geo-
metry of the furnace, diameter and length of the crystal,
and total volume of silicon (melt and crystal). Typical
conditions and the thermophysical properties used in
this work are listed in Table 1. The temperature coeffi-
cient of surface tension is assumed to be —7 x 10° N/
m K, which is taken from the recent experiments of Nogi
[19].

4. Results and discussion

A series of simulations has been conducted under
different magnetic field strength (0.0-0.3) T for crystal

rotation rates from 0 to 30 rpm, the crucible counter-
rotation rates from 0 to —15 rpm, the total pressure 10
Torr and the gas flow rate 0.5 L/min (L: 1073 m? at 0.1
MPa and 273 K). The typical values of the simulations
are listed in Table 2 for a conventional Cz furnace and in
Table 3 for a Cz furnace with a gas guide. To make the
comparison valid, the pull rate is rigorously maintained
at around 1.1 mm/min for all the results by adjusting the
heater power properly. The maximum error of the
pulling rate is less than 0.08 mm/min.

In the silicon melt, the centrifugal forces produced by
crystal and/or crucible rotation and the Lorentz forces
by the axial magnetic field suppress the large natural
convection along the crucible wall as well as the heat
transfer rate from the crucible wall. Therefore, the
temperature difference between crucible wall and crystal
across melt/gas interface tends to increase. To grow a
crystal with the same diameter under the same pulling
rate, the heater power input must be increased slightly
compared with that without the magnetic field and/or
rotation cases (see Tables 2 and 3).

The flow in the gas phase will be discussed now. Fig.
2 shows the isotherms (left) in the Cz furnace and the
stream function (right) in gas phase at B=0.1 T,
ns = 30 rpm and n, = —10 rpm. A large toroidal roll cell
caused by the buoyancy occupies the upper chamber,
and fresh gas flows down along the cold chamber wall.
In the hot zone, the gas guide changes the temperature
and flow fields. To compare Fig. 2 with that in Ref. [15],
the overall flow patterns in the gas phase are almost the
same as those without rotation and magnetic field. Ro-
tations of crucible, pedestal, crystal and pulling rod, as
well as the axial magnetic field give insignificant effect on
the strong natural convection in the gas phase.

4.1. Hot zone in a conventional Cz furnace

Fig. 3 shows the contours of the stream function and
the azimuthal velocity, the temperature and the oxygen
concentration distributions in the melt, the contours of
SiO and the gas flow vectors near the melt/crystal in-
terface, and the isotherms in the crystal in a conven-
tional Cz furnace. In Fig. 3a, the crystal and the crucible
are all stationary, melt flow is driven by the buoyancy
and the Lorentz force. There is only a large toroidal roll
cell in the melt pool, which flows upward along the
crucible and extends throughout most of the melt pool.
Because of the suppression action of Lorentz force, the
flow in the melt pool becomes weaker and the temper-
ature goes up, oxygen concentration at the melt/crucible
interface increases thereby. This high-oxygen-concen-
tration melt near the melt/crucible interface is effectively
carried to the area below the melt/crystal by the natural
convection. Then, the oxygen concentration in the
crystal becomes higher than that without the magnetic
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Table 1
Physical properties and processing parameters

Thermal conductivity
A =220 WmK (crystal), 2 = 64.0 W/mK (melt), 1 = 2.98 W/mK (quartz)
4 =60.0 WmK (graphite, heater, pedestal, radiation shield and gas guide)
A =159.0 WmK (puller)
Viscosity
u="17.0x10"* kg/ms (melt)
Diffusivity
Do = 5x10°8 mz/s, Dsio = 8.626 x 107° x T]'75/P m?2/s
Density
p = 2530.0 kg/m? (melt), p = PM/RT kg/m® (argon gas)
Electrical conductivity
6 =1.2x 10° (S/m) (melt), ¢ = 5.8 x 10* (S/m) (crystal)
Thermal expansion coefficient of melt
B=15x10"*K"!
Segregation coefficient of oxygen
k=08
Surface tension and its temperature coefficient
y =0.735 N/m, y; = —7.0 x 107> N/mK
Heat of fusion
AH, = 1410 J/kg
Heat capacity
Cp = 1000 J/kgK, C,s = 1000 J/kgK, Cp, = 521.5 J/kgK
Melting temperature 1683.0 K
Furnace pressure 1333 Pa (10 Torr)
Argon gas flow rate 0.5 normal I/min

Chamber wall temperature 350.0 K
Crucible inner diameter 0.072 m
Crystal diameter 0.035 m
Crystal rotation rates 0-30 rpm
Crucible counter-rotation rates 0-15 rpm
Contact angle between melt and crystal 0. =11°
Emissivity

¢ = 0.55 (Crystal, Chamber wall), ¢ = 0.318 (Melt), ¢ = 0.50 (quartz)
¢ = 0.9 (graphite, heater, pedestal, radiation shield, gas guide and puller)

field (see Fig. 4a). On the other hand, the increased
temperature difference between crucible wall and crystal
across melt/gas interface enhances the Marangoni effect,
and radial surface flow is accelerated. Thus the oxygen
concentration distribution along the melt/crystal and
melt/gas interfaces becomes more uniform.

When the crucible rotates, the melt flow pattern
shown in Fig. 3b is similar to that of Fig. 3a. But it is
very different from that without the magnetic field (as
reported in Ref. [16]), in which there is a strong annular
column of upward flow under the stationary crystal.
This slow crucible rotation rate induces rigid-body-like
rotation in a large volume of the melt phase, thus the
contours of the azimuthal velocity are almost vertical.
The application of the axial magnetic field makes the
melt flow pattern much simpler. At the same time, the
strength of the melt flow decreases with increasing of
the crucible rotation rate, but the oxygen concentration
at the center of the melt/crystal interface and the average
oxygen concentration (averaged over the whole area of

the melt/crystal interface) are very insensitive to the
crucible rotation rate (see Table 2).

When the crystal rotates (Fig. 3c), the rotating crystal
exerts a shear force on the melt at the melt/crystal in-
terface, which drives an azimuthal flow through viscous
forces. The centrifugal force induced by rotation pro-
duces a stable radial outward flow beneath the outside
part of the crystal, which pumps up the melt from the
bottom of the crucible where the oxygen concentration
is high. When the crystal rotation rate is low, the
buoyancy and thermocapillary force cooperate to induce
a strong convection cell in the melt phase. The surface
flow penetrates under the melt/crystal interface to the
center. The low oxygen concentration melt in the very
thin layer under the melt surface is carried to the center
by this strong surface flow. However, when the crystal
rotation rate exceeds about 14 rpm, the upwelling flow
of high oxygen concentration melt from the crucible
bottom reaches the melt/crystal interface. The oxygen
concentration on the melt/crystal interface becomes



Table 2

Summary of simulation results for a conventional Cz furnace

UN (rpm) e (rpm) B (T) Heater TmaxI Tmaxm AT (K) [O}max [O]min [O]lc (atoms/cm3) Vsio,max llll,min wl.mux Umax,m
power (kW) (K) (K) (atoms/em®)  (atoms/cm’) 1 the Average (cm’/s)  (cm’/s)  (cml/s)
axis
0 0 0.1 17.43 1794.8 17059  21.16 2.68 x 10'8 6.54 x 10" 7.37 x 107 7.06 x 10'7  0.884 -0.549 0 5.20
0 -2 0.1 17.43 1794.8 17059  21.16 2.68 x 10" 6.53 x 10" 7.34 x 107 7.05 x 1017 0.884 -0.542 0 5.20
0 -6 0.1 17.43 1794.8 17059  21.12 2.68 x 10'8 6.53 x 10" 7.36 x 107 7.05 x 10'7  0.883 -0.537 0 5.20
0 -10 0.1 17.44 17949 17059  21.05 2.68 x 108 6.50 x 10" 7.33 x 107 7.02 x 10'7  0.882 -0.512 0 5.18
0 -15 0.1 17.45 1795.4 1706.2  21.02 2.69 x 10'8 6.48 x 10" 7.31 x 107 7.00 x 10'7  0.882 -0.490 0 5.12
10 0 0.1 17.44 17952 1706.2  21.45 2.68 x 108 6.58 x 10" 7.34 x 1017 7.10 x 10'7  0.888 —-0.547  0.003 5.26
20 0 0.1 17.52 1796.2 1707.1 22.35 2.70 x 10" 6.76 x 10" 1.39 x 10" 1.16 x 10"  0.900 -0.574 0.189 5.38
30 0 0.1 17.50 1797.0  1707.7  22.97 2.72 x 10" 6.93 x 10V 1.77 x 10" 1.49 x 10" 0.908 -0.625  0.370 5.39
10 -10 0.1 17.47 1795.8 1706.6  21.62 2.69 x 10" 6.53 x 10" 7.30 x 107 7.07 x 10'7  0.890 -0.509 0.027 5.19
20 -10 0.1 17.52 1797.5  1708.0  22.90 2.72 x 10'8 6.75 x 10" 1.37 x 10" 1.22 x 10" 0.907 -0.502  0.267 5.27
30 -10 0.1 17.57 1799.0 1708.8  23.76 2.74 x 10" 7.11 x 10" 1.70 x 10" 1.53 x 10" 0.919 -0.389 0.489 4.74
20 -6 0.1 17.47 1798.2  1708.6  23.80 2.73 x 10" 6.95 x 10" 142 x 10" 122 x 10" 0.919 -0.524  0.291 5.16
20 -15 0.1 17.59 1799.6 1709.6  24.08 2.76 x 10" 6.86 x 10" 1.34 x 10" 1.19 x 10" 0.923 —-0.253 0.262 4.79
20 -10 0.05 17.46 1795.5 17064  21.55 2.69 x 108 6.72 x 10V 1.63 x 10" 1.24 x 10" 0.889 -0.698  0.280 5.63
20 -10 0.2 17.59 1799.8 1709.9  24.35 2.76 x 10" 6.81 x 10" 1.34 x 10" 1.20 x 10" 0.927 -0.279 0.208 4.33
20 -10 0.3 17.61 1800.2  1710.3  24.48 2.77 x 10" 6.76 x 10V 1.28 x 10" 1.16 x 10" 0.929 -0.252  0.171 3.96
Table 3
Summary of simulation results for a Cz furnace with a gas guide
ng (rpm) n. (rpm) B (7) Heater Trnax.t Tmaxm AT (K)  [O],u [O)in [0],. (atoms/cm?®) VSi0.max Wi min Wimas Umax,m
power (kW) (K) (K) (atoms/cm®)  (atoms/cm®) 51 the Average (cm?/s)  (cm?/s)  (cm/s)
axis
0 0 01 1650 1768.9 17020 1850 260 x 10" 877x 10"  852x 10 7.89x 10 0849  -0409 0015 381
0 -2 0.1 1651 17689 17020 1851 260 x 10 878 x 101  852x 10 7.90x 10 0849  -0409 0015 381
0 -6 0.1 1650 17689 17020 1846  2.60x 10"  8.88x 10  858x 10! 796x 10 0849  -0395 0015 381
0 -10 0.1 1551 1769.0 17020 1841 260 x 10  9.17x 10 883 x 10 8.19x 10 0848  —-0386 0015 381
0 -15 0.1 1651 1769.0 17020 1831  2.60x 10"  9.84x 10 948 x 10" 879 x 10 0.847  -0.384 0016 3.0
10 0 0.1 1652 17693 17023 1884 261 x 10"  923x 10" 878 x 10 823x 10 0.854  -0408 0014  3.85
20 0 01 1656 1770.6 17034 1986  2.63x 10®  1.00x 10  9.90x 107 7.30x 10" 0867  -0411 0228  3.86
30 0 0.1 1657 1771 17037 2019 264 x 10 1.04x 10 145x 10® 116x 10 0871  —-0422 0400  3.64
20 -6 0.1 1655 17705 17033 1978 2.63x 10"  1.02x 10 1.10x 10 8.10x 107 0866  -0407 0214  3.86
20 -10 0.1 1656 17705 17034 1975 263x10®  105x 10"  112x 10% 831 x 107 0865  -0397 0219  3.85
20 -15 0.1 1657 17710 17036 1977 2.63x10®  1.07x 10  1.07x 10® 8.05x 107 0866  -0358 0251  3.77
10 -10 0.1 1653 1769.6  1702.5 1881  2.61x 10"  937x 10  3.97x 107 153x107 0853  -0.386 0031  3.83
30 -0 01 1638 17714 17038 2006  2.64x 10°  1.02x 10  141x10® LI7x10% 0869  -0382 0450 3.8
20 -10 005 1653 17706 17033 1965 263 x 10 945x 10  138x 10" 899x 107 0864  -0396 0261  3.99
20 -0 02 1659 17717 17042 2023 2.64x10®  1.06x 10 103 x10® 829x 107 0871  -0.199 0188  3.42
30 -10 03 16.60 1779 17043 2026 265x10®  110x 10 101 x 10" 834x 107 0872  -0.132 0144  3.12

68T

9687-L88T (£002) 9% 42fSupAL SSOJY puv 1D3[] fo [puinop [puonvwIIL | Ip 12 IT Y~X
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@ ()

Fig. 2. Isotherms over the global furnace (left) and the stream
functions in the gas phase (right). AT = 70 K, Ay = 0.0001 m?/s,
Vimax = 0.00196 m3/s, ... = —0.000110 m?/s. (a) Without gas
guide. (b) With gas guide.

high, slightly decreasing in the radial direction, as shown
in Fig. 4b. This decrease is caused by mixing with the
melt that is flowing inward along the surface and de-
sorbs oxygen into gas phase. The melt of the outward
flow driven by the crystal rotation beneath the crystal is
mixed with that of the inward flow by the natural con-
vection along the melt surface and ascends near the
periphery of the crystal; therefore, there appears a
strong annular column of downward flow. Furthermore,
another weaker counter-clock flow cell is formed under
the crystal of » < r;/2, which causes another cold plume
of downward flow along the axis and an annular column
of upward flow at around r = r,/2. This complex flow
makes the oxygen concentration distribution become
more uniform in the area near the center of the melt/
crystal interface.

Under the combined crystal and crucible rotation,
the melt flow pattern shown in Fig. 3d is similar to that
of Fig. 3c. The crucible rotation makes the natural
convective roll cell under the melt surface weaken and
the melt flow under the crystal enhance (see Table 2).
The enhanced melt flow under the crystal produces the
more uniform oxygen concentration on the melt/crystal
interface, as shown in Fig. 4c.

The strength of the magnetic field has significant
effect on the melt flow pattern and the oxygen transport,
as shown in Fig. 3e and f. With the increasing of the
strength of the magnetic field, the counter-clockwise roll

cell driven by the buoyancy and clockwise that by the
crystal rotation are all suppressed, the stream functions
corresponding to these two cells reduce, as shown in Fig.
S5a. However, the counter-clock flow cell under the arca
near the crystal center is enhanced. Then, the oxygen
concentration distribution on the melt/crystal interface
becomes uniform and low because of the decreasing high
concentration melt flow upwelling near » = r,/2 and the
enhancing flow downward near the axis (see Fig. 5b).
Fig. 5S¢ summarizes the variation of the oxygen con-
centration at the center of the crystal and average oxy-
gen concentration on the melt/crystal interface as a
function of the magnetic field strength. These results
suggest that, in a small conventional Cz furnace, the
oxygen concentration in the crystal decreases mono-
tonically with the magnetic field strength.

The melt convection pattern also plays an important
role in the shape of the melt/crystal interface and the
radial distribution of the term (V;,/G,) at the melt/
crystal interface. Fig. 5d shows the radial distribution of
(Ven/G,) for the conventional Cz furnace at the different
magnetic field strength. Obviously, the values of
(Vin/G,) show its maximum at the axis and monotoni-
cally decreases toward the crystal periphery. These re-
sults predict that, in this small Cz furnace, the vacancy
and the intrinsic type point defects are dominant in the
inner and the outer region of the crystal, respectively,
which is the same as the results without the magnetic
field [16].

4.2. Hot zone with a gas guide

Fig. 6 shows the contours of the stream function and
the azimuthal velocity, the temperature and the oxygen
concentration distributions in the melt, the contours of
SiO and the gas flow vectors near the melt/crystal in-
terface, and the isotherms in the crystal in a Cz furnace
with a gas guide. At the same gas flow rate, installing a
cylindrical gas guide decreases the heater power. At the
same time, the maximum temperature at the melt/cru-
cible interface as well as the maximum oxygen concen-
tration are both decreased (compared Table 3 with
Table 2). Besides these thermal effects, the gas guide
exerts significant effects on the melt flow pattern and the
oxygen mass transfer, as shown in Fig. 6a. The gas guide
directs all of the gas to the melt surface. By flowing
along the melt surface, gas induces shear stress in the
melt. There appears a clockwise roll cell with low oxygen
concentration in a restricted area below the gas guide,
where the shear stress from gas flow becomes the largest.
In this case, the low-oxygen-concentration melt collected
in the shear-driven circulating flow zone is efficiently
conveyed to the area beneath the melt/crystal interface
by the Marangoni-driven inward surface flow through a
very thin layer near the crystal. Therefore the oxygen
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Fig. 3. Contours of stream function, ¥, and azimuthal velocity, w, temperature (7, color sacle on the right) and oxygen concentra-
tion (xo, color scale on the left) in the melt, the contours of ysio and the gas flow vectors above the melt/gas interface, and the iso-
therms 7; in the crystal for a conventional Cz furnace, Ay = 0.03 x 107° m%/s, Aw = (w(+) — w(=))/10, Aysio = 0.02, AT, = 5 K. (a)
ne=0,m=0,B=0.1T, . =0, ¥, =—0.549 x 105 m*/s, ysiomax = 0.884. (b) ny =0, n, = —10tpm, B = 0.1 T, ¢y, = 0, Y =
—0.512 x 107% m%/s, ysio.max = 0.882, w(+) = 0.19 cm/s, w(—) = —3.77 cm/s. (c) ny = 20 rpm, n. = 0, B =0.1 T, ., = 0.189 x 107°
m/s, Yo = —0.574 x 107° m3/s, ysiomax = 0.900, w(+) = 3.30 cm/s, w(—) = —0.18 cm/s. (d) n, = 20 rpm, n, = —10 rpm, B = 0.1 T,
Winax = 0.267 x 107% m3/s, i, = —0.502 x 107° m>/s, ysiomax = 0.907, w(+) = 3.35 cm/s, w(—) = —3.77 cm/s. (e) ny =20 rpm,
ne = —10 rpm, B =0.05 T, Y, = 0.280 x 1076 m3/s, .. = —0.698 x 107¢ m3/s, ¥siomax = 0.889, w(+) = 3.08 cm/s, w(—) = —3.77
cm/s. (f) ng = 20 rpm, n, = —10 rpm, B = 0.3 T, ¥, = 0.171 x 107 m?/s, ,;, = —0.252 x 107° m%/s, ysiomax = 0.929, w(+) = 3.61
cm/s, w(—) = —3.77 cm/s.

concentration on the melt/crystal interface is very low. When the crucible rotates, the melt flow pattern
But compared with the results without the magnetic field shown in Fig. 6b and the oxygen concentration distri-
(see Fig. 7 in Ref. [16]), it is found that the melt pool bution are similar to those without the crucible rotation.
with low oxygen concentration becomes small and the In this case, the natural convection roll cell prevails al-
oxygen concentration on the melt/crystal interface in- most throughout the melt pool, and the strength of

creases slightly, as shown in Fig. 7a. the melt flow decreases with increasing of the crucible
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Fig. 4. Radial distributions of oxygen concentration at inter-
faces. (a) Without rotation. (b) Crystal rotation. (¢) Combined
crystal and crucible rotation.

rotation rate (see Table 3). When the crystal rotates, as
pointed out in the previous part, there is an annular
column of upward flow near r =r;/2, which pumps
up the melt from the bottom of the crucible where the
oxygen concentration is high, as shown in Fig. 6c.
Therefore the oxygen concentration on the melt/crystal
interface becomes high. But when the crystal rotation is
slower, such as ng = 10 rpm, the pump-effect becomes
weaker. The upwelling flow does not reach the melt/
crystal interface. The oxygen concentration level at the
melt/crystal interface is lower than that of ny = 20 rpm,
as shown in Fig. 7b.

Under the combined crystal and crucible rotation,
the predicted results are shown in Fig. 6d under n, = 20
rpm and n. = —10 rpm. In this case, the magnetic field
combined with the gas shear makes the flow pattern
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Fig. 5. Effect of the axial magnetic field at n, =20 rpm and
ne = —10 rpm. (a) Stream functions and the maximum surface
velocity. (b) Radial distributions of oxygen concentration at
interfaces. (c¢) The oxygen concentration at the center of the
melt/crystal interface and the average oxygen concentration
(averaged over the whole area of the melt/crystal interface). (d)
Radial distributions of (¥;,/G,) [mm*/(min. K)] on the melt/
crystal interface.
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Fig. 6. Contours of stream function, ¥, and azimuthal velocity, w, temperature (7, on color scale the right) and oxygen concentration
(x0, color scale on the left) in the melt, the contours of ysio and the gas flow vectors above the melt/gas interface, and the isotherms 7; in
the crystal for a Cz furnace with a gas guide, Ay = 0.03 x 107% m’/s, Aw = (w(+) — w(—))/10, Aysio = 0.02, AT, = 5 K. (a) ny = 0,

ne=0,B=01T,y

max

=0.015 x 1076 m/s, Y, = —0.409 x 1075 m*/s, Ysiomax = 0.849. (b) n, = 0, nc = —10 rpm, B = 0.1 T,y =

0.015 x 1076 m>/s, 1, = —0.386 x 1076 /s, ysi0 max = 0.848, w(+) = 0.23 cm/s, w(—) = —3.73 cm/s. (c) ny =20 rpm, n, =0, B=0.1T,
Winax = 0.228 x 1076 m3/s, i, = —0.411 x 1076 m3/s, ysio max = 0.867, w(+) = 3.02 cm/s, w(—) = —0.39 cm/s. (d) n; = 20 rpm, n. = —10
rpm, B=0.1 T, Y =0.219 x 107° m3/s, ;. = —0.397 x 107¢ m’/s, ysiomax = 0.865, w(+) =3.02 cm/s, w(—)=—3.72 cm/s. (e)
ng =20 rpm, n.=—10 rpm, B=0.05 T, Y, = 0.261 x 107 m%/s, ., = —0.396 x 107 m%/s, ysiomax = 0.864, w(+) =2.93 cm/s,
w(=) = =3.76 cm/s. (f) ns =20 rpm, n. = —10 rpm, B=0.3 T, Y/, = 0.144 x 107 m>/s, i, = —0.132 x 107° m/s, ysi0 max = 0.872,

w(+) = 3.04 cm/s, w(—) = —3.77 cmis.

more complex. The intensity of the upwelling flow near
r =r,/2 and the oxygen concentration distribution on
the melt/crystal interface are very sensitive to the both
rotation rates of crystal and crucible. For example, when
ns =10 rpm and n, = —10 rpm, thermocapillary flow
conveys the low oxygen concentration melt to beneath
the crystal, and this low oxygen melt is mixed with the
high oxygen melt pumped up from the crucible bottom.

Therefore, the oxygen concentration distribution on the
melt/crystal interface exhibits a steep change near r =
rs/2, as shown in Fig. 7c.

Fig. 6e and f give the results of the melt flow pattern
and the oxygen transport at B =0.05 and 0.3 T, re-
spectively. Obviously, the effect of magnetic field
strength on the melt flow pattern and the oxygen
transport in the Cz furnace with a gas guide is similar
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Fig. 7. Radial distributions of oxygen concentration at inter-
faces. (a) Without rotation. (b) Crystal rotation. (¢) Combined
crystal and crucible rotation.

with that in a conventional Cz furnace. The variations of
the maximum and minimum stream functions, the
maximum velocity at the melt/gas interface, as well as
the oxygen concentration at the center of the crystal and
average oxygen concentration on the melt/crystal inter-
face as a function of the magnetic field strength are
shown in Fig. 8a and b, respectively.

5. Conclusions
A set of global numerical simulations based on a

simple, laminar, axisymmetric and pseudo-steady model
of a small silicon Cz furnace was conducted to reveal the
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Fig. 8. Effect of the axial magnetic field at n, =20 rpm and
n. = —10 rpm. (a) Stream functions and the maximum surface
velocity. (b) The oxygen concentration at the center of the melt/
crystal interface and the average oxygen concentration (aver-
aged over the whole area of the melt/crystal interface).

influence of the axial magnetic field. The results confirm
that the axial magnetic field suppresses the natural
convection driven by buoyancy, retards heat transfer,
increases the temperature difference between the crucible
wall and crystal, and requires an increase of heater
power.

When there is only the crucible rotation, the magnetic
field makes the melt flow pattern become much simpler.
But when the crystal rotates, three convective flow roll
cells, driven by the thermal instability, the crystal rota-
tion and the buoyancy respectively, appear in the melt
pool. The melt flows under the rotating crystal (Coch-
lane flow and the slow upward flow near » = r;/2) play
important roles to determine the shape of the melt/
crystal interface and the radial distributions of oxygen
concentration.

The present results are not directly applicable to
large industrial Cz furnaces because of the assumptions
of laminar, axisymmetric and pseudo-steady-states.
Further developments of numerical codes, which can
combine the three-dimensional time-dependent melt
flow and the turbulent flow in the gas phase, are need
to extend the global analyses to more realistic condi-
tions.
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