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Abstract

The melt flow in a Czochralski system with radiative cooling from the melt surface under a horizontal magnetic field
was studied by transient three-dimensional numerical computation. A quite peculiar convection mode was obtained
under the present magnetic field. Velocity components were all downwards in a vertical cross-section parallel to the
magnetic field, while those in a plane perpendicular to the magnetic field were natural convection dominant. A top view
of temperature contours represented an elliptic shape which was supported by a practically grown crystal rod with an

elliptic cross-section. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The silicon single crystals are mainly manufactured
by Czochralski crystal growing methods. The wafers of
the silicon single crystals are used for the basis of the
integrated circuits. From a productive viewpoint, pro-
ductions of the silicon single crystals with the large di-
ameter are required at present. The convectional
control in a Czochralski crucible is one of the most
important subjects to obtain a high quality crystal.
However, it is difficult to control thermal convection in
a crucible with the large diameter only by the rotation
of a crucible and a crystal. One way of the convection
control is the application of the magnetic field, since the
melt in a crucible for a Czochralski crystal growing
system has high electric conductivity. The electric cur-
rents are produced when the melt with high electric
conductivity is moving under a magnetic field, and the
electric currents interact with a magnetic field to gen-
erate Lorentz force. This force can modify the convec-
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tion of the melt such as the melt of silicon during single
crystal growth. Therefore, it is considered that the ap-
plication of the magnetic field is the important tech-
nology for single crystal growth with large diameter in
the future. Followings are some recent works related to
this application.

The effect of vertical, horizontal magnetic fields for a
Czochralski crystal growing system is investigated ex-
perimentally [1-5]. The suppression of thermal fluctua-
tion in the melt is reported by the application of an
external magnetic field. The effects of axial and trans-
verse magnetic fields on the Czochralski crystal growth
were studied theoretically in terms of a simple model by
Kobayashi [6]. Yi et al. [7] reported the influence of a
vertical magnetic field on the velocity in molten silicon
theoretically and experimentally. They measured vel-
ocity in the melt by X-ray radiography and clarified the
tendency of the velocity by experimental measurement
and numerical calculation. The melt flow and oxygen
transfer during crystal growth under a magnetic field are
investigated numerically [8-11]. The research of the ox-
ygen transfer in the Czochralski melt is important like
that of the thermal convection. The effects of the various
external magnetic fields have been reported numerically
and experimentally for a Czochralski crystal growing
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Nomenclature

b uniform magnetic flux density (T)

B dimensionless magnetic flux density vector
(dimensionless)

C,  specific heat of melt (J/(kg K))

E dimensionless electric field vector
(dimensionless)

e intensity of electric field (V/m)

F dimensionless Lorentz force vector
(dimensionless)

f Lorentz force (N/m?)

G geometrical factor (dimensionless)

g acceleration due to gravity (m/s?)

H  dimensionless height of melt in a crucible

(dimensionless)

h height of melt in a crucible (m)

Ha Hartmann number (dimensionless)

J dimensionless electric current density vector
(dimensionless)

J electric current density (A/m?)

Nu  Nusselt number (dimensionless)

Prandtl number (dimensionless)

dimensionless pressure (dimensionless)
pressure (Pa)

heat loss (W/m?)

Rayleigh number (dimensionless)

rotational Reynolds number (dimensionless)
dimensionless radial coordinate (dimensionless)
radial coordinate (m)

Stefan—Boltzmann constant (W/(m? K*))
dimensionless temperature (dimensionless)
time (s)

dimensionless velocity vector (dimensionless)
velocity component in the radial direction (m/s)
velocity component in the circumferential
direction (m/s)

SEATNUTYRIFIOT Y

w velocity component in the axial direction (m/s)
Z dimensionless axial coordinate (dimensionless)
z axial coordinate (m)

Subscripts

c cold wall

cond conductive heat transfer
conv convective heat transfer
cru crucible

cry crystal rod

hot wall

radial component

axial component
circumferential component
reference value for dimensionless variable
melt

furnace

N —Oos N X B

Greek symbols

o thermal diffusivity of melt (m?/s)

B volumetric coefficient of expansion (K™!)

e emissivity (dimensionless)

dimensionless temperature gradient at the melt
surface (dimensionless)

temperature (K)

thermal conductivity of melt (W/(m K))
viscosity of melt (Pa s)

kinematic viscosity of melt (m?/s)

density of melt (kg/m?)

electric conductivity of melt (Q~' m™")
dimensionless time (dimensionless)
circumferential coordinate (rad)
dimensionless electric scalar potential
(dimensionless)

electric scalar potential (V)

dimensionless angular velocity (dimensionless)
angular velocity (rad/s)

LS 9D == > =

ER0s

system. However, the effect of Lorentz force to control
the convection has been sought only by a trial and error
basis. In the present paper, the works of Lorentz force
could be well understood with the detailed information
on the electrical fields.

The purpose of this paper is to clarify them in order
to understand detailed characteristics under a horizontal
magnetic field for a crystal growing system by using the
fully three-dimensional numerical calculation.

2. Model system

Fig. 1(a) and (b) shows two model systems of the
present calculation with different crystal diameters

both subject to uniform horizontal magnetic field.
These modeled systems consist of a crucible, melt and
a crystal rod. The diameter of a crystal rod for model
1 is 0.5 times that of a crucible. On the other hand,
the diameter of a crystal rod for model 2 is 0.08 times
that of a crucible. A uniform horizontal magnetic field
is impressed in the direction from ¢ =n to ¢ =0. A
liquid metal whose Prandtl number is 0.0374 was as-
sumed to fill the crucible. Out going heat flux was
imposed on the surface of the melt, since radiative
heat transfer becomes dominant at the top of melt due
to high temperature. The crystal rod is assumed to be
static. The model equations consist of the equation of
continuity (Eq. (1)), the momentum equations with the
Lorentz force term in the radial (Eq. (2)), in the cir-



M. Akamatsu et al. | International Journal of Heat and Mass Transfer 44 (2001) 3253-3264 3255

0.625h

Uniform
magnetic
field

>0 =nf- - e

Radiation

(@

0.1h

Uniform
magnetic
field

Radiation

Fig. 1. Two model systems of the present calculation with different crystal diameters both subject to uniform horizontal magnetic field:
(a) model 1 with a large crystal rod at the top; (b) model 2 with a small crystal rod at the top.

cumferential (Eq. (3)) and in the axial direction (Eq.
(4)) and the energy equation (Eq. (5)) and conserva-
tion of electric current density (Eq. (6)) and Ohm’s
law (Eq. (7)). They are as follows with dimensionless
variables.

Equation of continuity
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Induced electromotive force
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Lorentz force
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Following dimensionless variables and reference
values were employed in the above equations:
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Initial and boundary conditions are given as follows
for two model systems with different crystal diameters.
The crucible is heated from the sidewall and the bottom
isothermally. On the other hand, the crystal rod is
cooled isothermally. All the boundaries are electrically
insulated.

Initial conditions are:

T=05 U=W=0, V=RQuu, Jr=0, 6_'1’:0’
OR
at 0 S R <0.625H and Z = H:
T=05 U=W=0, V=RQmu,
oY
J; =0, —=—VB
Z ) oZ Ry
at 0 S R<0.3125H or 0 S R < 0.05H and Z = 0:
oY
I'=-05 U=V=w=0, J;=0, —=0
) ) z ; aZ )

at 0.3125H < R < 0.625H or 0.05H < R < 0.625H and
Z=0:

or ou or
Z~" ez O =0 =0
oY

Heat loss from the melt surface was assumed to be
given as follows:

or ORa™ (0t _ g
(a?)zzo = 0, — 0/ 0 = Seea(0y — 03)Ga

(11)

T=0, U=V=W=0, Jr=Jy=J,=0, ¥=0. Here, O, S, ¢, &, 0y, 0, and Gy, are the heat loss from
. the melt surface, Stefan-Boltzmann constant, emissivity
Boundary conditions are: of the melt, emissivity of the furnace, melting point of
at R = 0.625H and 0 < Z < fH: the melt, temperature of the furnace and geometrical
factor, respectively. Dimensionless temperature gradient
Table 1
Physical properties of InSb melt and furnace [15,16]
p (kg/m’) 6.48 x 10° Table 3 .
B (K™ 9.81 x 10-5 Dimensional equivalence values
1 (kg/(m s)) 2.34 x 1073 h (m) 0.04
2 (W/(m K)) 17.7 7o (m) 6.84 x 10
v (m?/s) 3.61 x 1077 uy (m/s) 1.41 x 102
o (m?/s) 9.65 x 10-° wy (571 20.6
Cp (JI(kg K)) 0.283 x 10° ty (s) 0.048
c(Q'm™) 0.95 x 10° 6, — 0. (°C) 11.32
& (dimensionless) 0.30 b (T) 0.124 (Ha = 100)
0, (K) 798 o (Pa) 1.29
S (W/(m? K*)) 5.669 x 107% eo (V/m) 1.75 x 1073
& (dimensionless) 0.35 Wy (V) 1.20 x 10-¢
6, (K) 300 Jjo (A/m?) 1.66 x 1073
G)> (dimensionless) 1 fo (N/m?®) 1.88 x 1073
Table 2
Numerical conditions
Type Model Ha Ra Pr Regry Reqry n
(dimensionless) (dimensionless)  (dimensionless)  (dimensionless) (dimensionless)  (dimensionless)
A 1 100 2% 10° 0.0374 0 -362 8.09 x 1073
B 200
C 300
D 2 200
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for the melt surface (=#) was presumed to be
8.09 x 1073.

The dimensionless heat transfer rate through phase
change interface, i.e., at the bottom of a crystal rod, is
designated by the Nusselt number defined as follows:

_ Qconv

Nu = .
Qcond

(12)

MAX. VEL.
—0.91439

Fig. 2. Converged velocity profiles and isothermal lines in a stationary coordinate at three levels for type A (Ha = 100, Ra = 2 x 10°,
Pr=0.0374, Rery = 0, Recry = —362, 1 = 8.09 x 107%): (a) Z = 0.05H; (b) Z = 0.5H; (c) Z = 0.95H.

3. Computational schemes

An axial symmetric flow was not presumed in the
crucible, so that fully three-dimensional results can be
expected. Since staggered grid was employed, mass
balance can be satisfied in each grid cell. Difficulty in
solving for velocity components at a radial center could
have been circumvented by the technique of Ozoe and
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Toh [12]. Fluid region was divided into sub-spaces for
which velocity, temperature, pressure and electromag-
netic force were computed. The grid numbers to give
sub-spaces were 30 x 36 x 40 in the radial, in the cir-
cumferential and in the axial directions, respectively.
Uniform grids were employed. The basic mathematical
equations were approximated by a finite difference
method. Inertial terms were approximated by a QUICK
scheme [13] and the second-order central difference ap-
proximation was adopted for all other geometrical de-
rivatives. Pressure and velocity corrections were solved
with HSMAC scheme [14]. In the same way, electric
scalar potential and electric current density corrections
were solved by HSMAC method. Tables 1-3 show
physical properties of InSb melt and furnace, numerical
conditions and dimensional equivalence values, re-
spectively.

(a) MAX . VEL.
~1.23922 X 1.0
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4. Computed results

At first, transient three-dimensional numerical com-
putations were carried out for cases Ra =2 x 10°,
Pr=0.0374, Reqy =0, Reey = —362, n=28.09 x 1073
with a horizontal magnetic field of Ha = 100 (type A),
200 (type B) and 300 (type C). Model system used in
these calculations is (a) model 1 with a large crystal rod
at the top in Fig. 1. A steady-state convection was ob-
tained even with transient calculation for these numeri-
cal conditions.

Fig. 2 shows converged velocity profiles and
isothermal lines in a stationary coordinate at three
levels: (a) Z=0.05H (near the melt surface), (b)
Z = 0.5H (near the middle height of the melt) and (c)
Z =0095H (near the crucible bottom) for type A
(Ha =100, Ra=2x 105, Pr=0.0374, Recry =0, Reey =

TMAX=0.5000 TMIN=-0.5000

|
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Fig. 3. Converged velocity profiles and isothermal lines for type A (Ha = 100, Ra =2 x 10°, Pr = 0.0374, Recy = 0, Regy = —362,
n = 8.09 x 107%): (a) in a vertical cross-section at a line AB of Fig. 2(a); (b) in a vertical cross-section at a line CD of Fig. 2(a).
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—362, 5 = 8.09 x 1073). Rotation of a crucible is
counterclockwise. In Fig. 2(a), fluid ascends from a line
CD which is perpendicular to the magnetic field and
descends from a line AB which is parallel to the
magnetic field near the free surface. In Fig. 2(c), fluid
springs from a line EF and flows to the direction of a
line GH near the bottom of a crucible. The melt flow in
the circumferential direction with the direction of a
crucible rotation can be seen slightly along the crucible
wall at all levels. Temperature contours become almost
an elliptic shape. This is because fluid is cooled radi-
antly during the convection along the free surface and
the colder fluid descends along the A-B line. Along the
same radius of the melt, the fluid is colder in the A-B
line than that along the C-D line. This explains the
formation of elliptic isotherms. However, isothermal
contour lines are tilted slightly due to the rotation of a
crucible rotating counterclockwise.

Fig. 3 shows converged velocity profiles and iso-
thermal lines in a vertical cross-section along lines, (a)
A-B and (b) C-D of Fig. 2(a). In Fig. 3(a), the eminent
result is that the flow in a vertical cross-section, which is
parallel to the magnetic fields, is almost downward even

@ MAX. E

— 1.21283

\\“

i ““

)&\&&%‘sz‘;‘r

Fig. 4. The converged electrical field for type A (Ha = 100, Ra = 2 x 10°, Pr

over the heated vertical walls. On the other hand, in
Fig. 3(b), strong natural convection prevailed with two
roll cells in a vertical cross-section perpendicular to the
magnetic field. Ascending fluid is also supplied from
those descended in a cross-section at AB. Although they
are not shown herein, flow patterns in horizontal and
vertical cross-sections were almost identical under two
different magnetic strength Ha = 200 (type B) and 300
(type C) for otherwise the same conditions as type A.
However, with the increase in the magnetic strength,
convection was more suppressed by Lorentz force.
Moreover, temperature field approached to conduction
condition.

Fig. 4(a)—(c) shows the converged electric field vec-
tors E, the induced electromotive force vectors U x B
and the electric current density vectors J in a stationary
coordinate at Z = 0.5H for type A. Electric current
density can be calculated by the Ohm’s law
J=E+ U x B as shown in Eq. (7). The electric field
vectors E are produced approximately in the opposite
direction of U x B vectors. In a horizontal cross-section,
U x B vectors are decided only by an axial velocity W as
shown in Eq. (9). That is, the downward flow is domi-

(b) MAX.UXB
—1.23206
1.0

i,

MAX.F

-~ 0.03034 X 100.0

CRYSTAL

|

=0.0374, Regy = 0, Ry = —362, = 8.09 x 1073): (a)

the electric field vectors E; (b) the induced electromotive force vectors U x B; (c) the electric current density vectors J in a stationary
coordinate at Z = 0.5H; (d) Lorentz force vectors F in a vertical cross-section along a line AB.
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nant near a line AB. On the other hand, the upward flow
is dominant near a line CD. In Fig. 4(c), large electric
current densities are produced along a crucible wall. It is
considered that the electric current density is approxi-
mately decided by the electric field near the vertical
crucible wall. U x B vectors become small near the
sidewall since an axial velocity is 0 on the vertical cru-
cible wall. The resulted J vectors are produced in the
direction of E vectors. On the other hand, U x B vectors
are produced with the almost same magnitude as E
vectors for the inside of fluid. Therefore, J vectors be-
come quite small compared with those along a crucible
wall for the inside of fluid. Fig. 4(d) shows converged
Lorentz force vectors F in a vertical cross-section along
a line AB. The downward Lorentz forces are quite
dominant along the vertical heated crucible wall. These
forces are induced by large electric current densities
along a crucible wall as seen in Fig. 4(c). These forces
suppress the buoyant flow along a vertical heated cru-
cible wall. Under a crystal rod, upward Lorentz forces
are dominant which suppresses the downward natural
convection from a cold crystal rod. Apparently, it is

MAX. E
~1.09813 X 6.0

A
o=m

()

CRYSTAL

M. Akamatsu et al. | International Journal of Heat and Mass Transfer 44 (2001) 3253-3264

considered that these combinations of the Lorentz forces
rectify the downward flow as shown in Fig. 3(a). Similar
effect was computed for natural convection of liquid
metal in a cube heated and cooled from vertical walls
[17].

Fig. 5(a)—~(c) shows the converged electric field vec-
tors E, the induced electromotive force vectors U x B
and the electric current density vectors J = E+ U x Bin
a vertical cross-section along a line AB for type A. In
Fig. 5(c), large electric current densities are produced
near the vertical crucible wall. These directions agree
with the directions of U x B vectors. The induced elec-
tromotive force in the vertical cross-section, which is
parallel to the magnetic field, is decided by circumfer-
ential velocity as shown in Eq. (9). Therefore, J vectors
with the direction of U x B vectors along a vertical
crucible wall are produced dependent on the flow in the
circumferential direction with the rotational direction of
a crucible. Moreover, these electric current densities in-
duce Lorentz forces as seen in Fig. 5(d). Fig. 5(d) shows
converged Lorentz force vectors F in a stationary co-
ordinate at Z = 0.5H for type A. The directions of the

.UXB
.11673 X 6.0

CRYSTAL

ittt

MAX. J

(c) .. 0.24802 X 20.0

CRYSTAL

HHITLY)

MAX.F
-—~0.02418

Fig. 5. The converged electrical field for type A (Ha = 100, Ra =2 x 10°, Pr=0.0374, Reqy = 0, Reey = —362, 1= 8.09 x 107%):
(a) the electric field vectors E; (b) the induced electromotive force vectors U x B; (c) the electric current density vectors J in a vertical
cross-section along a line AB; (d) Lorentz force vectors F in a stationary coordinate at Z = 0.5H.
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occurrence of these forces are opposite to the rotational
direction of a crucible. It is considered that the isotherms
become elliptic in a Czochralski system with a crucible
rotation since the buoyant flow and the melt flow in the
circumferential direction with the direction of a crucible
rotation are suppressed by the Lorentz force and
moreover the natural convection becomes dominant in a
vertical cross-section perpendicular to the magnetic
field. Even if the crucible rotates, the melt appears to be
fixed in a space and both velocity and temperature fields
become similar to those in a quiescent crucible [18].

Next, transient three-dimensional numerical compu-
tation of type D was carried out under the same con-
ditions as type B. However, model system used in this
calculation is (b) model 2 with a small crystal rod at the
top in Fig. 1. A steady-state convection was obtained
like types A-C.

Fig. 6(a) and (b) shows converged velocity profiles
and isothermal lines in a stationary coordinate at
Z =0.05H for type D (Ha =200, Ra=2x10°, Pr=
0.0374, Reery =0, Rey = —362, 1= 28.09 x 107*). Ro-
tation of a crucible is counterclockwise. In Fig. 6(a), the

MAX. VEL

"',,,,mnn
ey B

Iy, 1
iy
I //,,/ I[,, " m,

Ty

A i,

~ 0.28245

— 0.37107
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influence of the crucible rotation is represented quite
strongly compared with the melt flow of type A as
shown in Fig. 2(a). However, temperature contours be-
come almost an elliptic shape. Fig. 6(c) and (d) shows
converged velocity profiles in a vertical cross-section
along lines, A-B and C-D of Fig. 6(a). Flow patterns in
these vertical cross-section are the almost same as type
A. However, convection in these planes is rather weak
because of diminution of a phase change interface.

These two computed cases for different sizes of a
crystal rod suggest that formation of elliptic shape iso-
therms are not affected by the size of a crystal rod but
due to the horizontal magnetic field. Such elliptic iso-
therms have already been established even at the time of
necking stage and may develop a whole growth of an
elliptic cross-sectional crystal rod.

We then computed the streak lines to study the flow
mode more in detail. Fig. 7 shows particle paths in a
stationary coordinate for type A. Square symbols indi-
cate starting location. Triangle symbols indicate final
location. Duration of the computation of particle path is
T = 2000. Picture (a) is a top view. Picture (b) is a side

MAX.VEL.
-~ 0.28245

AN
\

2l2:

SISSISSSSSIASIIICCCIillll
4
:

22222222212

Fig. 6. Converged velocity profiles and isothermal lines for type D
n =8.09 x 1073): (a), (b) at Z = 0.05H; (c) in a vertical cross-section

(Ha =200, Ra =2 x 10%, Pr = 0.0374, Regy = 0, Reery, = —362,
along a line AB; (d) in a vertical cross-section along a line CD.
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Fig. 7. Particle paths in a stationary coordinate for type A (Ha =100, Ra=2x 105, Pr=0.0374, Reuy =0, Reqy = —362,
7 = 8.09 x 1073). Square symbols indicate starting location. Triangle symbols indicate final location. (a) Top view, (b) side view.
(c) Perspective view of (a) and (b). Square symbols indicate starting location. Triangle symbols indicate final location.

view. Rotation of a crucible is counterclockwise. Four
particles are moving in a separate area. Convection
domains are separated into four regions due to a mag-
netic field although the particles move helically still in-
side each region.

Fig. 7(c) shows a perspective view of Fig. 7(a) and
(b). This represents more clearly the general behavior of
the present flow field.

Under a horizontal magnetic field applied for lig-
uid-encapsulated Czochralski technique, the elliptic
cross-sectional crystal rod was grown practically by

Kajigaya et al. [19]. They grew a single crystal of
GaAs as reproduced in Fig. 8. The conditions are
New = 2 rpm, Nyog = 0 rpm. Picture “a” is a top view
of the ingot. Picture “b” is a side view of the ingot.
The major diameter of the elliptic crystal is parallel to
the direction of the magnetic field and the minor di-
ameter is normal to the direction of the magnetic field.
In this way, they grew a single crystal rod with an
elliptic cross-section actually under a horizontal mag-
netic field which supports the present computation
extensively.
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Fig. 8. The pulled ingot grown under a horizontal magnetic
field applied for liquid-encapsulated Czochralski technique [19]:
(a) top view of the ingot; (b) side view of the ingot.

Fig. 9 shows the effect of the Hartmann number on
the volume-averaged velocity components and the av-
eraged Nusselt number at the phase change interface for
types A-D. The volume-averaged velocity components
in the radial (U), in the circumferential (7)), in the axial
(W) directions and the average Nu number decreased
monotonously with the increase in the strength of
magnetic field. This means that convection was sup-
pressed by Lorentz force. Each value of model 2 is quite
small compared with that of model 1 because of dim-
inution of a phase change interface.
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Fig. 9. Effect of the Hartmann number on the volume-averaged
velocity components and the averaged Nusselt number at the
phase change interface for types A-D (Ha = 100, 200 and 300,
Ra=2x10°, Pr=0.0374, Reyy =0, Rey,=-362, n=
8.09 x 1073).

5. Conclusions

Transient three-dimensional numerical computations
were carried out for the melt flow in a Czochralski sys-
tem with a horizontal magnetic field for the two different
diameters of a crystal rod with a rotating crucible. The
computed velocity fields were quite peculiar. In a vertical
cross-section parallel to the magnetic field all the fluid
descends evenly along a vertical heated wall. On the
other hand, the fluid ascends strongly along heated side
walls in a vertical plane perpendicular to the magnetic
field. These flows being cooled from the free surface gave
elliptic shape isotherms in the melts. These results nicely
explain the fore-reported elliptic cross-sectional crystal
rod by Kajigaya et al. for GaAs in a horizontal magnetic
field.
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