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Numerical Study on Flow Field and Temperature Distribution in
Growth Process of 200 mm Czochralski Silicon Crystals
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Abstract: The melt flow and temperature distribution in a 200 mm silicon Czochralski furnace with a cusp magnetic field
was modeled and simulated by using a finite-volume based FLUTRAPP (Fluid Flow and Transport Phenomena Program)
code. The melt flow in the crucible was focused, which is a result of the competition of buoyancy, the centrifugal forces
caused by the rotations of the crucible and crystal, the thermocapillary force on the free surfaces and the Lorentz force in-
duced by the cusp magnetic field. The zonal method for radiative heat transfer was used in the growth chamber, which was
confined by the crystal surface, melt surface, crucible, heat shield, and pull chamber. It was found that the cusp magnetic
field could strength the dominant counter-rotating switling flow cell in the crucible and reduce the flow oscillation and the
pulling-rate fluctuation. The fluctuation of dopant and oxygen concentration in the growing crystal could thus be smoothed .
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Czochralski (Cz) crystal growth process is the
most dominant technique in manufacturing of silicon
crystals. Many investigators have devoted their efforts
to the improvement of large diameter crystal growth
technology'") . Recently, the Czochralski method is be-
ing used to grow silicon single crystal with a diameter
of 300 mm and more. Compared to a smaller size, the
increase of the crystal diameter from 200 to 300 mm
and therefore of the crucible causes the melt flow to be
more three-dimensional, time-dependent and turbu-
lent, which in most cases has a detrimental effect on
the heat and mass transfer and thereby on the crystal
quality'’. Physics-based modeling and numerical sim-
ulation of Cz silicon single crystal growth have been
used to understand the characteristics of different fac-
tors, and to identify the essential roles they played in
improving the crystal quality.

In the early 1980s, the cusp magnetic scheme
was introduced to achieve a lower oxygen concentiration
and good radial uniformity’® *! by adopting the advan-
tages of axial magnetic field'*! and transverse magnetic
field”®’. Hicks et al.'® investigated the oxygen trans-
port in magnetic Cz growth of silicon with a non-uni-
form magnetic field. Sabhapathy and Salcudean!”
studied the melt motions in the silicon Cz growth in an
axisymmetric magnetic field. The magnetic field has
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since been applied to control the stability of the melt
convection, the dopant and oxygen concentrations. Ma
et al.' studied the defects in the crystals grown under
three different cusp magnetic fields by using the infra-
red light scattering tomography . They found that defect
density decreases by changing the centre position of
the cusp magnetic fields from “outside” to “inside”,
and they considered the “inside” configuration to be
the most effective to obtain a low defects density and
oxygen content uniformity. Kim and Lee" studied the
non-linear behavior of melt motions in different cruci-
ble rotation rates and magnetic field strengths. Sim et
al.!"® studied the oxygen concentration distribution in
the Cz silicon crystals grown in the cusp magnetic
field. While the size of the melt enlarges, the oxygen
concentration in the crystal increases due to the stron-
ger nature convection caused by the enlarged melt vol-
ume, which leads to the increase of the dissolution of
oxygen from the crucible into the melt. Moreover,
Kishida et al.!""! studied the geostrophic turbulence in
the melt under a cusp magnetic field by CCD melt sur-
face observations in a conventional Cz furnace. The
Coriolis effect also plays a role in the melt motions,
competing with the forced convections by the rotations
of crystal and crucible, the buoyancy flow, the
Lorentz force-induced convection, and the thermocap-
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illary convection induced by non-uniform temperature
distributions on the free surface.

A multiphase system for a 200 mm industrial sili-
con growth system consisting of the melt, crystal and
furnace was considered. The transport phenomena in
the process was focused by using the finite volume
method'™ *). The zonal method for radiative heat
transfer in the growth chamber was used, which was
confined by the crystal surface, melt surface, cruci-
ble, heat shield, and pull chamber . The effects of
a cusp magnetic field on the growth process were stud-
ied.

1 Physical and Mathematical Models

A sketch of cusp magnetic field configuration for
the growth of silicon single crystals is shown in Fig.1.
The cusp magnetic field configuration consists of two
circular, current-carrying loops that are located out-
side the crucible with one placed above the melt sur-
face and another one below the melt surface. The
magnetic field is assumed to be axisymmetric and
steady, and has no normal component at the free sur-
face. The ambient gases are electrical insulators,
while the melt is an electrical conductor'”.

Hicks et al.'® gave a classical solution for a sin-
gle current loop and applied it to a two-loop configura-

tion. The magnetic induction is assumed as B = ~ B,

V ¢ where potential ¢ has the form of,

90=Zazm(15 )P, 1 (cos) (1)
n=0 coil

In (1), R =+/ r*+ (z - z0)*/R., the angel between

the vertical axis and the line from the center of loop to
the point (r, z), @ =tan™ ' (r/(z = z9)), z, is the
vertical position of the current loop, R.; = R..a/R.,
R..: is the radius of the loop, and R, is the radius of

the crucible . The typical magnetic induction , By =

o r—
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Fig.1 Scheme of a cusp magnetic field configuration
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unl/R., I is the electrical current in the loop, and
{to is the permeability. P,(x) is an n degree Legend-
re polynomial, and

a = -1/2, -,
_L (n+1)1X3X"‘X(2n—1)
a1 =5 (1) 2x4xx2n
Considering the cusp magnetic field configura-
tion, we can get the magnetic induction,
B = "BOV(QDx‘*'{Dz) (2)

where subscripts 1 and 2 represent the two coils, re-

spectively .
The components of the current density vector are
defined as,

_o. ¥

Jr'_r az (3)
_o. 9¥

Jz_'r ar (4)

where o, is the electric conductivity of the melt, and
V¥ is the electric current stream function. The

equation for ¥ is then written as,

I b a_q/) +i(i 3_‘?)_3(”Bz)+8(”3r) (5)
dz r 9dz dr r dr’ " 9z ar

where v is the velocity in azimuthal direction. B, and

B, are the radial and axial components of the magnetic
induction, respectively. The remaining component of
the current density vector foliows from the Ohm Law,
Jo=0.(wB, - uB,) (6)

After the electric density and the magnetic induc-
tion are calculated, the components of Lorentz force
can be written as F = Jx B

F,=JB. (7)
Fo=-JB.+]B, (8)
F.= - JsB, (9)

Assuming that the Boussinesq’ s approximation
can be applied to the buoyancy effect and the flow is
incompressible, the governing equations can be written

as,

vV u=0 (10)

a
a—t(pu)+(pu~v)u= -Vp+uViu+pg+F (11)

d
a(pcpT)+(pCPU'V)T=kV2T+ radi (12)
where g is the viscosity, and ¢4 is the radiative heat

transfer source term.

2 Results and Discussion

By employing the classical solution of magnetic
field for a single current loop (Eq.1), we are able to
calculate the magnetic field for a cusp magnetic-field
configuration (Eq.2). Fig.2 shows the magnetic field
of a cusp configuration when B,=1T, L=1.45R,,
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Fig.2 Calculated cusp magnetic field
(when By=1T, L=1.45R,, R,z =2.9R,)

and R,;=2.9R,. We assume that the magnetic field
is unaffected by the fluid motions. After obtaining the
magnetic field, the electric current stream function ¥
can be obtained by solving Eq. (5) and the Lorentz
force can be obtained from Eqs.(7 ~9).

In the following calculation, the crucible radius
is R, =0.24 m, the crystal is rotating at 15 r*min™",
and the crucible is rotating in the opposite direction at
2 r*min~'. Hartmann number is defined as, Ha =
ByR. +/o./p. The dimensionless parameters are, Pr
=0.018, Gr=1.15x10°, Ma =1.12x 10*, and Ha
=20 corresponding to By =0.002 T. The applied mag-
netic field for the 200 mm industrial growth is up to
0.04~0.12 T. Our purpose here is to give some pre-
liminary results on the effects of cusp magnetic field.

Growth Process of 200 mm Czochralski Silicon Crystals
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The crystal rotation ensures the radial symmetry
of thermal condition, so that the crystal grows as a cyl-
inder. Furthermore, the crystal rotation leads to a low-
er density of any disturbing crystallographically related
effects. The crucible rotation is to even out variation
in the thermal gradients, dopant distributions, etc.,
in the azimuthal direction. The crucible rotation also
serves the purpose of tuning oxygen concentration, as
the crucible wall is the major source of oxygen in the
silicon melt.

Figs.3(a) and (b) indicate the melt motions and
temperature distribution in a 200 mm Cz silicon single
crystal furnace. The high temperatures on the crucible
wall result in buoyancy-driven flows in the melt as the
Grashof number in this case is very high. Due to the
crystal rotation, the fluid under the triple point is
pumped radially outwards, competing with the inward
flow caused by the melt surface tension. A boundary
layer is formed adjacent to the melt/crystal interface
known as Ekmon boundary layer. This layer to some
extent shields the interface from the vagaries of melt
flow thus helping in maintaining uniformity of the in-
terface which is important from the crystal quality
point of view.

It is found that the application of a cusp magnetic
field can strength the dominant counter-rotating swirl-
ing flow cell. Consequently, the oscillation of melt
flow and the fluctuation of pumling rate can be re-
duced. As a result, the fluctnation of dopant and oxy-
gen concentration in the growing crystal can be
smoothed .
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Fig.3 Melt flow (2) and temperature distribution (b) in a 200 mm silicon growth furnace

3 Conclusion

The flow patterns and temperature distributions in
a 200 mm Cz silicon growth furnace were modeled and

simulated by using the FLUTRAPP (Fluid Flow and
Transport Phenomena Program ) code, which was
based on the non-orthogonal finite-volume scheme.
The effects of the cusp magnetic field were studied. It
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was found that the cusp magnetic field could strength
the dominant counter-rotating swirling flow cell, and
could reduce the flow oscillation and the pulling rate
fluctuation. The fluctuation of dopant and oxygen con-
centration in the growing crystal could thus be

smoothed .
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