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Abstract-Silicon single crystals are usually grown from melt in a rotating crucible by the Czochralski 
method. The purpose of the present paper is to make the velocity profile in the azimuthal direction clear. 
The flow velocity profile has been obtained from numerical simulation and flow visuali~tion by X-ray 
radiography. Numerical simulation and experimental flow visualization have made it clear that the flow 
in the azimuthal direction is modulated by the Coriolis force because the radial flow velocity is relatively 
high. The azimuthal flow velocity near a crucible wall has a smaller (or negative) value compared with the 
angular velocity of the crucible, while the flow with a larger azimuthal velocity exists in the center of the 

crucible. 

1. INTRODUCTION 

MOST SILICON single crystals for VLSIs arc grown by 
the Czochralski (Cz) method. Generally, a crucible 
containing molten silicon is rotated during crystal 
growth to homogenize and/or to control the oxygen 
concentration in the grown crystals [l-3]. Since the 
oxygen concentration is affected by a how field, the 
flow field should be clearly understood to obtain an 
exact oxygen concentration in the grown crystal. 
However, the flow velocity, especially the azimuthal 
component of the flow, has scarcely been discussed 
141. The reason may be as follows : the flow fields have 
been discussed only on the meridional plane since the 
Cz system has almost axisymmetric geometry. 

From the above view points, we wifi discuss the 
azimuthal velocity of molten silicon convection in the 
Cz system in the present paper. Using the individually 
designed furnace with a double beam X-ray radi- 
ography system, we have obtained a three-dimen- 
sional flow pattern for the axisymmetric flow case in 
a crucible [S]. We also performed numerical simul- 
ation by a local model which contains convection 
in an axisymmetric geometry. Subsequently, we will 
discuss the characteristics of molten silicon convec- 
tion, especially the Coriolis effect on the azimuthal 
velocity in the Cz system. 

2. CORIOLIS AND CENTRIFUGAL FORCES 

Let us consider the cylindrical coordinates as shown 
in Fig. 1. i, j, k are the unit vectors along the main 
axes in the cylindrical coordinates. The momentum 
equation (the Navier-Stokes equation) of rotating 
fluid contains terms of the Coriolis and the centrifugal 
forces as shown in equation (1) in a rotating coor- 
dinate system 

&+3t = - UVU - Z(Qk) x u= (!2k) x (SLk) x I 

- l/pVp+Irldu+gP(T-To) (1) 

where II and r are the vectors of relative velocity on a 
rotational basis and position, respectively, fi denotes 
the crucible rotation rate, p and p represent pressure 
and viscosity of the fluid, g, p and TO are the vector 
of gravitational acceleration, the volume expansion 
coefficient, and the reference temperature corre- 
sponding to specific mass, respectively. The second 
and third terms of the right-hand side of equation (1) 
express the Coriolis and the centrifugal accelerations, 
respectively. The notation of velocities in the radial 
(r), azimuthal (#), axial (z) components are v,, u2 and 
rj, respectively. The vector of the crucible rotation is 
identical with the z direction as shown in Fig. 1. The 
Coriolis acceleration vector (acor) along the azimuthal 

-i(r) 

FIG. 1. Cylindrical coordinates in the Cz system. 
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NOMENCLATURE 

&r acceleration by the Coriolis force [m so ‘1 z’, relative radial velocity in the rotating 
a ten acceleration by the centrifugal force basis [m s- ‘1 

[rns--27 1’2 relative azimuthal velocity in the rotating 
f 

d 

heat capacity [J kg _ ’ K- ‘1 basis [m s ‘1 
gravitational acceleration [m s- ‘1 1’1 relative axial velocity in the rotating basis 

Ra Raleigh number (g/IATL”p*c,/$) [m s- ‘1 
i unit vector along radial direction V, absolute azimuthal velocity in a inertial 
j unit vector along azimuthal direction basis [m s- ‘1 
k unit vector along axial direction Z axial position [ml. 
k thermal conductivity [W m- ’ Km- ‘1 
L angular momentum 
1 characteristic length [m] 

P pressure [kg m- ‘1 Greek symbols 
r radial position [m] B volume expansion coefficient [Km ‘1 
T temperature [K] c1 viscosity [kg m- ’ s‘ ‘1 
u relative velocity vector in the rotating density [kg m- 3] 

basis [m s- ‘1 ; rotation rate [rad s- ‘1. 

direction in the cylindrical coordinates can be trans- volume element moves instantaneously from the pos- 
formed as shown in equation (2) ition r to r’ ( = r + AI), excess force 

a co, = -2((Rk) x u} 

= -2(fZv,j-fJu,i). (2) 

First, let us consider the azimuthal component, j 
component, at point A in Fig. 1 for simplification. The 
radial component of the flow has a negative value 
(u, < 0) at point A. The negative value is attributed 
to natural convection since the melt is heated from 
the side wall of a crucible by a resistor and cooled at 
the center of the melt surface. Therefore, the Coriolis 
force shown in equation (2) acts positively along the 
azimuthal direction on account of the positive Q and 
negative v ,. Consequently, we can understand that the 
azimuthal flow velocity becomes large. Subsequently, 
let us consider point B in Fig. 1. The radial component 
of the flow has a positive value (v, > 0). Therefore, 
the Coriolis force acts in the negative direction which 
is opposite to the directional force at point A. This 
means that the azimuthal flow velocity becomes small 
or may be negative. Thus, the Coriolis force becomes 
large when the radial component of flow velocity is 
large, because the origin of the force is attributed 
to the coupling of the radial and azimuthal velocity 
components. The effect of the Coriolis force in the Cz 
system will be discussed in the next section. 

Subsequently, we will consider the centrifugal force 
shown in the third term on the right-hand side of 
equation (1). The centrifugal acceleration vector (a,,) 
can be transformed as equation (3) 

a,,, = Q*ri 

= L’/r’i, (3) 

where L(w) is the angular momentum. When a small 

Aace” = L’(l/r’” - I/r3)i, (4) 

is caused by the conservation of angular momentum. 
Consequently, the centrifugal force always acts in the 
opposite direction as shown in equation (4). This 
means that the melt motion along the radial direction 
is suppressed by the crucible rotation. In the next 
section, we will discuss which force is more dominant 
in the Cz system, the Coriolis or the centrifugal force 
from the point of view of both experimental and 
numerical analysis. 

3. EFFECT OF THE CORIOLIS AND 

CENTRIFUGAL FORCES IN THE Cz SYSTEM 

As reported in previous work, the flow pattern is 
sensitive to the melt geometry in the silicon Cz system 
[6]. If the aspect ratio R (= melt radius/melt depth) 
is large, the Bow pattern becomes axisymmetric, i.e. a 
torus-like pattern, although the flow becomes non- 
axisymmet~c for small R. We will focus on the 
axisymmetric flow pattern in the present paper. The 
radial velocity component for the silicon melt becomes 
large because of the large Grashof number [7] to 
satisfy the continuity equation. Therefore, the Coriolis 
force effect becomes large for molten silicon in the Cz 
system. This is also the case for molten semicon- 
ductors with similar thermophys~cal properties to 
those of molten silicon. From the above viewpoint, 
the Coriolis force affects and moduiates the azimuthal 
component of the flow in the Cz system by considering 
equation (2) because the fluid is usually rotating. 

Figure 2(a) shows the plane view of particle path 
during 60 s observation obtained from the double X- 
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ray beam radiography system and Fig. 2(b) shows 
the time-dependent velocity of the Vz component. 
V, represents the absolute velocity of the azimuthal 
component on an inertial basis. The axes direction in 
Fig. 2 is different from that in Fig. 1. The rotation 
rates of the crucible and crystal are + 1 (+ 0.105 rad 
SK’) and - 1 rpm (-0.105 rad s-l), respectively. The 
flow direction is identical to the crucible rotation, as 
shown in Fig. 2(a). A sharp tooth-like path near the 
crucible wall, indicated by an open arrow, can be 
found, while a dull tooth-like path in the center of the 
crucible, indicated by a closed arrow, was also found 
in the same figure. The moments marked by the open 
and closed arrows in Fig. 2(b) correspond to those in 
Fig. 2(a). Consequently, we can estimate from the 
above results that the azimuthal velocity near the 
crucible wall is smaller than the azimuthal velocity in 
the center of the crucible. To make the variation of 
the azimuthal velocity (I’*) in the azimuthal direction 
clear, the time dependence of the VZ velocity for 90 s 
is shown in Fig. 2(b). We find that the angular velocity 
( V2) oscillates drastically on account of variation of 
the tracer position by the natural convection in the 
meridional plane. Flow with a smaller or negative 
azimuthal velocity exists near the periphery of the 
crucible while a flow with a velocity larger than that 
at a periphery of the crucible exists at the center of 
the crucible. The above experimental result is quali- 
tatively identical to the phenomena explained in the 
previous section. If the centrifugal force is dominant 
in the crucible, the force acts in the opposite direction 
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FIG. 2. (a) Plane view of the particle path with crucible 
and crystal rotation rates as + 1 and - 1 rpm, respectively, 
obtained by X-ray radiography experiment. (b) Time depen- 

dence of the azimuthal velocity component for 90 s. 

as shown in equations (3) and (4) [l]. Therefore, the 
flow velocity, especially the radial velocity, will be 
decreased by the force. Consequently, the Coriolis 
effect which couples with the radial velocity becomes 
smaller. From the above consideration, we can con- 
firm that the Coriolis force is more dominant than the 
centrifugal force for the silicon Cz case. 

Subsequently, the flow pattern will be discussed 
from the numerical simulation. We have also per- 
formed the numerical simulation by the finite differ- 
ence method with an assumption of axisymmetric flow 
as the experimental result was axisymmetric. The cal- 
culation was performed only within the melt using a 
commercially available code of FLUENT prepared 
by Creare Corp. [8]. This means that the calculation 
was not performed with a global model which con- 
tained the heat balance calculation in a whole furnace 
but a local model in which a thermal boundary con- 
dition was imposed. The simultaneously solved equa- 
tions are the continuity, momentum (Navier-Stokes), 
and energy equations shown in the following equations 
for the cylindrical coordinate. 

l/r ~(ru,)/dr+dv,/& = 0, (54 

V, ~v,jdr+v, au,@-0:/r 

= -UP ap/~r+~/p(A~I -v,/r2L VW 

V, av2/ai+v, av,/&+v,v& = ~/p(A~,--v~/r~), 

(SC) 

V, au,lartv,av,laz 

= - I/P aPiaz+dP .b +gw-- To), (54 

PC,(V, aT/ar+v, azyaz) = kAT, (54 

where 

A = a2idr2+ I/r aj&+a2/az2, 

c, and k are the specific heat and thermal conductivity, 
respectively. The Boussinesq approximation has been 
applied in the present work. The analytical conditions 
and thermophysical properties used in the calculation 
are shown in Tables 1 and 2, respectively. The Ra 

Table 1. Analytical conditions 

Parameters 
____ 

Crystal radius (m) 
Crucible radius (m) 
Crystal rotation rate (rpm) 
Crucible rotation rate (rpm) 
Aspect rotation (melt 

radius/melt depth) 
Crucible temperature (K) 
Solid-liquid interface 

temperature (K) 
Free surface temperature 

Free surface velocity 
Velocity boundary condition 

at the crucible and solid- 
liquid interface 

Values 

0.0188 
0.0375 
-1 
+ 1 
1 

1705 
1686 

Linearly interpolated 
between 1685 and 
1705 K 

Free slip 
Non-slip 



2554 K. KAKIMOTO et ul. 

Table 2. Thermophysical properties of molten silicon 

Thermal conductivity (W rn- ’ K- ‘) 42.9 
Volume expansion coefficient (K-- ‘) 1.43 x 1o--4 
Density (kg mm ?) 2520 
Viscosity (kg mm ’ s ‘) 0.7x 10 ~J 
Specific heat (J kg- ’ Km ‘) 9.683 x IO’ 

number of the present system is 2.87 x 10’ where the 
radius of the crucible was adopted as the characteristic 

length (I) in the Ra number: 0.0375 m. Figure 3 shows 
the finite different mesh of 40 x 40. The smaller mesh 

was set near the boundaries, such as the crucible wall 
and the solid-liquid interface. Figures 4(a) and (b) 

t 

I r e 

FIG. 3. The finite difference mesh (axisymmetric view) 

FIG. 4. (a) Calculated temperature distribution. (b) Cal- 
culated stream function. 

show the contours of the calculated temperature dis- 
tribution and stream function, respectively. We found 
that the temperature distribution in the molten silicon 
is modulated by the buoyancy convection, as shown 
in Fig. 4(a), and that the buoyancy convection is 
dominant in the stream function, as shown in Fig. 

4(b). Figure 5 shows the contours of the relative azi- 

muthal velocity component (cJ on a rotating basis. 
The upper part of the figure shows the velocity profile 

along A-A’. We identified that flow with larger azi- 
muthal velocity exists at the center of the crucible 

while flow with smaller azimuthal velocity exists near 
the periphery of the crucible. 

From both experimental and numerical results, we 
are able to conclude that the angular momentum 
obtained at the periphery of a crucible is conserved 

even at as low a rotation rate as I rpm when the low 
Prandtl number melt, such as silicon, rotates under 

high Grashof number conditions. Consequently, flow 
at the center of a crucible has a larger velocity. In the 
present work, we compared experimental and numeri- 

cal results quantitatively because the thermal bound- 
ary condition on a crucible wall was not calculated 

using a global model but imposed. The previously 
reported flow pattern [9], especially the azimuthal 
velocity component, has not been modulated by the 
Coriolis force because one order of magnitude smaller 

value of the volume expansion coefficient (/I = 1.43 x 
10 ’ K ‘) was adopted. The calculated flow velocity 
was about one order of magnitude smaller than the 

experimentally obtained one owing to the smaller 

V= r ~105 radhec 

Contours of the azimuthal velocity component. 
ocity distribution along A-A’ (upper). 

Vel- 
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Grashof number. Consequently, the calculated Cori- 
ohs force was smaller than that obtained from a larger 
value of volume expansion (/I = 1.43 X 10m4 Km ‘). 
When the diameter of the crucible becomes larger the 
flow velocity increases owing to the high Grashof 
number which contains a characteristic length, such 
as the crucible radius. Moreover, since the generally 
used rotation rate of a crucible is as large as 5-10 rpm, 
the Coriolis force modulates the azimuthal velocity 
component drastically in an industrially used system. 

4. SUMMARY 3. 

The flow velocity along the azimuthal direction has 
been analyzed from the points of view of experiment 
and numerical calculation. It has become clear that 
the rotating molten silicon has velocity modulation in 
the azimuthal direction. The velocity modulation can 
be explained by the Coriolis force. It has also been 
made clear that the Coriolis force is more dominant 
than the centrifugal force. 

4. 

5. 
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EFFET DE CORIOLIS SUR LA CONVECTION DE SILICE FONDUE DANS UN 
CREUSET TOURNANT 

RCsum&--Des cristaux uniques de silice croissent d partir d’un bain darts un creuset tournant, selon la 
methode de Czochralski. On veut ici connaitre le profil de vitesse dans la direction azimutale. Le profil de 
vitesse est obtenu par simulation numerique et la visualisation de l’ecoulement par radiographie X. La 
simulation numtrique et la visualisation montrent clairement que l’ecoulement dans la direction azimutale 
est modulee par la force de Coriolis parce que la vitesse radiale de l’ecoulement est relativement elevte. La 
vitesse azimutale prts de la paroi du creuset a une vaieur plus faible (ou negative) comparee a la vitesse 

angulaire du creuset, tandis qu’un ecoulement & grande vitesse azimutale existe au centre du creuset. 

EINFLUSS DER CORIOLIS-KRAFT AUF DIE KONVEKTION VON GESCHMOLZENEM 
SILIZIUM IN EINEM ROTIERENDEN TIEGEL 

Zusemmenfassung-Silizium-Einkristalle werden im allgemeinen nach der Czochralski-Methode in einem 
rotierenden Tiegel geziichtet. In der voriiegenden Arbeit werden die Geschwindigkeitsprofile in azimutaler 
Richtung dargestellt. Das Profil der Striimungsgeschwindigkeit wird durch numerische Simulation ermittelt 
und durch Radiografie in der Stromung sichtbar gemacht. Sowohl die numerische Simulation als such das 
Experiment machen deutlich. da8 die Stromung in azimutaler Richtung von der Coriolis-Kraft ~einflu~t 
wird, da die Radialge~h~ndigkeit relativ grog ist. Die azimutale Str~mungsgeschwindigkeit nimmt nahe 
der Tiegelwand im Vergleich zur Drehgeschwindigkeit des Tiegels kleinere (oder negative) Werte an. In 

der Mitte des Tiegels weist die Striimung dagegen eine grBl3ere Azimutalgeschwindigkeit auf. 

BJIRIIHME KOPHOJIHCOBbIX CHJI HA KOHBEKHMIO B PACHJ’IABE KPEMHMII, 
I-IOMEIQEHHOM BO BPAIlIAK)UI;H~CR TMFEJIb 

AHUOT~QIW-MOHOK~EWWIJI~ K~+MH%~Js 06b1wo abrpaurirBaroTC~ MeTOnoM ~OXpaAbCKOrO 113 pacn- 
AaBa,Haxo~~ero~K 90 9pa~a~~eMcK TwAe. UeAbro Ha~o~~e~o ~~AeAoBa~x KBnseTcs onpenene- 

Hue npo+k~nn cKopocTeii TeSeHwi B ~~~T~bHoM ~anpaBAeHHH. llpo@Ab cKoponeii nonyreH 

OOC~~CTBOM wcneflHor0 hio~e~ripo~anan H mr3yanriaauaa c ~~nonb309~~eM perirrefrorpa#nin. Hpn 
3TOM nOKiS3aHO,YTOTeYeHHe Bii3HMyT~bHOM HalTpKBJIeHUU MOAyJlEipyeTCs KOpUOJUiCOBOiiCHnOii,~OC- 

KOJIbKy pa4HilJIbHKK CKOpOCTb TeYeHElK CpaBHSiTeAbHO BbICOKP. A3Ni%yTKAbHaP CKOpOCTb Te'IeHHII 

B60AiWi CTeHKA THrJlR HMeeT Ma.AyIO(HJIEi OTpeuaTeAbH~)BeAagHHy II0 CpzlBHeHHSO C yUIOBOii CKO- 

pOCTbM TWWIR, B TO BpeMZ4 K2lK B UeHTpe THrJIlI OCylueCTBJlSIeTCR Te'ieHHe C BbICOKOii a3EiMyTWTbHO8 

CKOpOclbIO. 


