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For silicon CZ crystal growth, the effect of inserting a radiation shield into the furnace on the temperature profile
in the melt and crystal and on the shape of the melt/crystal interface was studied theoretically by use of finite

element analysis based on the conduction-dominated model.

It was found that inserting a radiation shield makes the interface shape less convex to the crystal in comparison
with that without the shield except for the initial stage. Also, with use of a short radiation shield there is a
possibility of obtaining a higher pull rate because the temperature gradient near the interface becomes steeper than

that without the shield.

Introduction

Single crystals supplied for semiconductor devices
are mostly pulled by the Czochralski (CZ) method. In
crystal growth by the CZ method, the shape of the
melt/crystal interface affects crystal perfection and
radial distribution of dopant, while the temperature
variation in the crystal produces thermal stress and
leads to the generation of dislocations. Accordingly, it
Is important to acquire knowledge about the heat
transfer mechanism in both the melt and crystal and
the shape of the melt/crystal interface for various
growing conditions.

Though heat transfer in the melt and the shape of
the melt/crystal interface are influenced by convection
in the melt, those for a system with small Prandtl
number, such as silicon and germanium, can be
approximated by the conduction-dominated model.

There are two theoretical methods to obtain the
temperature distribution in the melt or/and crystal for
CZ growth. The first method gives the temperature
profile in the crystal, assuming the interface to be flat
and at the melting-point temperature. Rea® and Hart
et al® solved the one-dimensional conduction-
dominated problem and provided guidance for the
operational mode of crystal growth. Williams et al.'?
developed the two-dimensional heat transfer model
and computed the temperature profile in the growing
crystal by use of the finite element method.

The second method determines the melt/crystal
interface shape and the temperature fields in the melt
and crystal simultaneously. Arizumi et a/.>*? obtained
the interface shape and the temperature distribution
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by solving the Laplace equation numerically by use of
the finite difference method and suggested for ger-
manium crystal growth that the interface shape was a
function of convection heat loss from crystal surface,
crystal length, crystal radius and crucible temper-
ature.

Recently, Derby er al>”> carried out a finite
element analysis of the CZ and Liquid Encapsulated
Czochralski crystal growth based on the thermal-
capillary model. They computed the heat transfer in
the melt and crystal and the shapes of melt/crystal
and melt/gas interfaces for various conditions and
proposed processing strategies for uniform crystal
growth.

Also, Ramachandran ez a/.®'") simulated numer-
ically the temperature profile and both interface
shapes by use of the finite element method, account-
ing for both directed and reflected radiation, and in-
vestigated the effect of various process parameters on
the melt/crystal interface shape and the pull rate.

However, there have been no reports which give
details of the heat transfer mechanism in the melt and
crystal in the case where a radiation obstacle is
present.

The aim of this theoretical work is to analyze the
effect of a radiation shield inserted between the crystal
rod and crucible, as shown in Fig. 1, on the tempera-
ture distribution in the melt and crystal and the
melt/crystal interface shape, by use of the thermal-
capillary model.

1. Theory

Figure 1 shows the coordinate system used here.
The cylindrical-shaped radiation shield is placed in
the furnace.
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Fig. 1. Coordinate system.

The following assumptions are made in the numeri-
cal simulations. 1) The crystal is pulled continuously
from the melt at a constant rate, but the system is
supposed to be in a pseudo-steady state, since the pull
rate is very small. 2) The system is rotationally
symmetric. 3) The heat transfer within the melt,
crystal and radiation shield is dominated only by
conduction. 4) The crucible and the ambient tem-
perature are constant. 5) The heat loss from each
boundary surface is due only to radiation. 6) The
melt/crystal interface is at the melting-point tempera-
ture. 7) The contact angles of melt against the crystal
and the crucible are constant.

Under the above assumptions, the dimensionless
forms of the energy equations for the melt, crystal and
radiation shield are given as follows, where the length
and temperature are non-dimensionalized by crucible
radius r. and melting-point temperature T, respec-
tively.

V-yT,=0 (1)
Pee, VI,;=V - {k(TJVT} 2
V- (KshVTsh):O (3)

where suffixes /, s and sh mean the melt, crystal and
radiation shield respectively, x, kg, are thermal con-
ductivity ratio to that of the melt, and Pe corresponds
to the dimensionless pull rate.
The boundary conditions are expressed as follows.
At the side and bottom of the crucible:

T,=T, (4-1)
At the melt/gas interface:
=1 VT=q, (4-2)
At the melt/crystal interface:
n-VI,—xn-VI,=PeStn-e, (4-3)
I=T,=1 4-49)
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At the side and top of the crystal:
- Ksn . VTs: qrad,s (4—5)

At the inside, outside, bottom and top of the
radiation shield:

Kt 4 Txh = qrad,sh (4-6)
At the center line:
n-VIli=n-VI,=0 4-7)

In the above equations, ¢,,. (k =/, s and sh) is heat
loss per unit area on the boundary surface due to
radiation, taking both directed and reflected radiation
heat exchange between individual surface element and
all surrounding surfaces into account. g,,,, on the
surface element at temperature 7, is described as
follows, by use of the enclosure analysis method by
Gebhart.!?

N
rad,k :(Rl/gl){gk(’l;c)T: ”‘< Z Aj’ng?ij>/Ak} (5)
i=1

where R, is radiation number, N is total number of
radiation surface elements present and Gy is
Gebhart’s absorption factor, which is the fraction of
the emission from surface 4; that reaches 4, and is
absorbed. In calculation of G, in Eq. (5), a con-
figuration factor F; is required. Fj, is obtained by
numerical integration since the radiation shield makes
the geometrical configuration complicated and makes
the analytical solution®!?) of F, quite cumbersome.

Accordingly, the temperature fields in the melt,
crystal and radiation shield are given by solving Egs.
(1)—(3) under the boundary conditions.

The melt/crystal interface shape z, is determined
such that Eq. (4-4), where the interface is at the
melting-point isotherm, is satisfied.

The melt/gas interface shape z, and the crystal
radius are obtained by solving the Young-Laplace
equation Eq. (6) under the following conditions.

2H=Boz,+ (6)

The boundary conditions are expressed as follows.
0=0, at r=r, (7-1)

=6, at r=1 (7-2)

The melt volume is given by Eq. (8).

V,= lerdr+ fzzrdr (8)

To solve the above problem, the Galerkin finite
element method® ~>-%'1) was used. Use of this method
allows easy handling of the curved shapes of melt/
crystal and melt/gas interfaces in comparison with the
finite difference method.!® The present program in-
corporates isoparametric elements consisting of nine-
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noded quadrilateral as shown in Fig. 2.
In each finite element, temperature is approximated
as follows.

T(r,2)=Y.¢:T; ©

where ¢, is a biquadratic trial function.
The shape of the gas/melt interface is expressed by
the following equation.

= Z‘//kZZk (10)

where ¥, 1s a quadratic trial function.

By substituting Eqgs. (9) and (10) into Egs. (1)-(3)
and (6), the Galerkin procedure gives a set of alge-
braic equations which was solved by an iterative
Newton-Raphson scheme. To solve the matrix equa-
tions, the frontal solution technique by Hood” was
used.

2. Results and Discussion

We compute the temperature fields in the melt and
the silicon crystal rod of more than 12.5cm in di-
ameter. The physical properties and the processing
parameters used in the numerical calculations are
listed in Table 1,%'V where the temperature de-
pendency of the thermal conductivity of crystal and
the emissivity of crystal and radiation shield is taken
into account.

Figures 3 and 4 show the effect of dimensionless
pull rate Pe and crucible temperature 7, on the crystal
radius and the melt/crystal interface shape without
the radiation shield, where A4z’ is defined as the
difference between z{ and z; at r'=r/ as shown in Fig.
1. Apparently, the crystal radius decreases as Pe or 7,
increases and the interface shape becomes less convex
to crystal as Pe decreases. These results are in coinci-
dence with the results of the previous workers.>!" It
is concluded from the two figures that the interface
becomes less convex by increasing crucible tempera-
ture and decreasing pull rate when the crystal radius is
kept constant.

It is necessary to make the melt/crystal interface
flatter in order to attain crystal perfection and homo-
geneous radial distribution of dopant, while, from the
industrial point of view, single crystals must be pulled
as fast as possible. Accordingly, the method based on
the above conclusion is inadequate. Thus we examine
the effect of a cylindrical radiation shield installed in
the furnace as shown in Fig. 1.

Figure 5 shows the melt/crystal interface shapes for
various values of radiation shield length /,, where Pe
is constant but 7, changes in order to keep the crystal
radius constant. The dotted line shows the interface
shape without the radiation shield. It is found that
inserting the radiation shield makes the melt/crystal
interface less convex to the crystal in comparison with
that without the shield, and that its effect becomes
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Discretization of calculation domain for finite ele-

ment method.

Table 1. Physical properties and processing parameter for
silicon crystal growth

1.

Physical properties

Melting point 7',,: 1683 [K]
Latent heat of solidification 4H: 1.8 x 10° {J/kg]
Thermal conductivity
melt k;: 64 {W/m-K]
crystal k;: 98.8924—9.4286595 x 10727
+2.889x 107572 [W/m-K]
radiation shield kg, 64 [W/m-K]
Density
melt p; 2420 [kg/m’]
crystal pg: 2300 [kg/m?]
Heat capacity
melt C,;: 1000 [J/kg- K]
crystal C,;: 1000 [J/kg-K]
Emissivity
melt ¢;: 0.3
crystal g; 0.9016—2.616 x 1074T
0.64 if T<1000 [K]
radiation shield &g 0.3789+2.015%x 107*T
crucible wall g 0.59
ambient wall g,: 0.8
Surface tension y: 0.72 [N/m)]
Contact angle
against crystal 0 11 [deg]
against crucible 8,: 90 [deg]

Processing parameter

Crucible radius r/: 0.203 [m]

Crucible height z/: 0.203 [m]

Crystal length /;: 0.1624 [m] or 0.3654 [m}
Radiation shield length /J: 0.07105-0.3045 [m]
Radiation shield radius rg,: 0.1218 [m]

Melt volume ¥ /: 0.016425 [m®] or 0.012089 [m?]
Ambient wall area 4;: 0.3884 [m?]

Ambient wall temperature 7,: 673 [K]

Crucible temperature 7°:1751-1856 [K]

Pull rate ¥ 4.167x 1076 —2.5x 107° [m/s]
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Fig. 3. Effect of Pe on crystal radius and melt/crystal
interface shape.
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Fig. 4. Effect of crucible temperature on crystal radius and
melt/crystal interface.
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Fig. 5. Effect of radiation shield length on melt/crystal
interface shape.

more remarkable as /;, decreases. The isotherms in the
melt, crystal and radiation shield for (a) no radiation
shield and (b) /,=0.5 are given in Fig. 6.

Figure 7 shows the temperature distribution along
the center line (r=0) and the crystal surface (r=r,) for
[, =0, 0.5 and 1.5. With the shorter radiation shield,
the temperature gradient in the crystal, particularly
near the melt/crystal interface, is steeper than that
without the radiation shield because of reducing the
radiated energy influx from the exposed hot crucible
wall. It is found that with a short radiation shield
(l,,=0.5), the radial temperature difference near the
interface becomes smaller than that without the ra-
diation shield and also the axial temperature gra-
dients at r=0 and r=r, become almost the same,
providing a flatter interface shape. With the longer
radiation shield, the temperature gradient near the
interface is almost the same as that without the shield,
but is less steep far from the interface. These results
suggest that the radiation shield provides the possi-
bility of a higher pull rate for a given interface shape
or a flatter interface shape for a given pull rate. The
larger thermal gradient, however, may produce larger
thermal stress in the crystal. The smaller radial tem-
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Fig. 7. Axial temperature distribution in melt and crystal.

perature difference may reduce the generation of
dislocations caused by the thermal stress. The effect of
the steeper lateral temperature gradient on the ther-
mal stress should be further examined.

In general, in order to keep the crystal diameter
constant during crystal growth it is necessary to
change the pull rate or crucible temperature. Thus
knowledge of the response of the crystal radius to
both the pull rate and the crucible temperature are
required. Figures 8 and 9 show the effect of pull rate
and crucible temperature on the crystal radius in the
presence of a radiation shield. Apparently, the crystal
radius decreases as the pull rate or the crucible
temperature increases, and both the gradients, partic-
ularly for [, =0.5, are less steep than those without
radiation shield. It is found that by inserting the
radiation shield the control of crystal diameter be-
comes easier.

Figure 10 shows how the melt/crystal interface
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Fig. 10. Effect of radiation shield position on melt/crystal
interface shape.

shape varies with the radiation shield position, that is,
the distance z;, between the crucible bottom and the
lower end of the radiation shield. Apparently there
exists an optimum position which makes the interface
flattest.

Figure 11 shows the effect of emissivity of the
radiation shield on the melt/crystal interface shape,
where the shield length is 0.5. It is seen that as
emissivity decreases the crucible temperature must be
raised to keep the crystal radius constant and at the
same time the interface becomes slightly less convex
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Fig. 13. Isotherms in melt and crystal at initial stage.

to the crystal.

So far we have discussed only the case with longer
crystal rod. However, Fig. 12 shows the effect of the
radiation shield at the initial stage where the crucible
height is higher than the crystal top surface, and the
calculated temperature fields are shown in Fig. 13.
Apparently, inserting the radiation shield into the
furnace makes the interface shape more convex to the
crystal than is true without the shield, except for
z4,=0.75. Although there is an optimum position of
the radiation shield similar to that in Fig. 10, the
radiation shield has little effect on the flattening of the
interface at the initial stage of growth.

Conclusion

For the silicon CZ system, the effect of inserting a
radiation shield into the furnace on the temperature
distribution in the melt and crystal and on the
melt/crystal interface shape was studied theoretically
and the following conclusions were obtained.
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(1) A radiation shield makes the interface shape
less convex to the crystal except at the initial stage.

(2) With a short radiation shield, there is a possi-
bility of higher pull rate by increasing the temperature
gradient near the melt/crystal interface.
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Nomenclature
Ay = area of surface element [m?]
A, = A 2mr? [—]
Bo = Bond number (=p;/? g/y) [—]
Cps = heat capacity [J/kg-K]
Fy = Configuration factor [—]
Gy = Gebhart’s absorption factor ]
g = gravitational acceleration [m/s?]
H’ = mean curvature [1/m]
H = r/H [—]
AH, = latent heat of solidification [J/kg]
k = thermal conductivity [W/m-K]
I = crystal length [m]
Ly = radiation shield length [m]
Lo Lo = Lri Llre [—]
n = outward-pointing normal at the boundary [—]
Pe = Peclet number (=p,C, V [r//k) [—]
D6 = pressure in gas phase [Pa]
J 28 = pressure at reference position [Pa]
Grad = heat flux due to radiation [J/m?-s]
Grad = q;adrc,/k . Tr;: [_]
R, = Radiation number (=¢0r.T2/k;) —]
¥ = radial distance in cylindrical coordinates [m]
¥ = crucible radius [m]
ry = crystal radius [m]
Vi = radiation shield radius [m]
Ty Fso Fon = r//r;,rs’/rc’,r;,,/rc’ {_]
St = Stefan number (=4H,;/C,; T) [—1
T’ = temperature [K]
T, = ambient temperature K]
T = crucible temperature K]
T, = melting-point temperature K]
T,T. =TT, T T, T]T, =]
AT = interval of isotherms K]
AT = AT'|T}, [—]
144 = melt volume [m3]
Vi = V,2u? ]
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14 = crystal pull rate [m/s]
z’ = axial distance in cylindrical coordinates [m]
z; = crucible height [m]
z = distance between crucible bottom and

lower end of radiation shield [m]
2,2, 29 = 2L 2l 2g/r =]
24 = distance between crucible bottom and

melt/crystal interface [m]
z5 = distance between crucible bottom and

melt/gas interface [m]
Zi 2 = zJr}, z3/r; !
Az’ = z{—z{(r'=r)) [m]
Y = surface tension [N/m]
£ = emissivity —1
8., 0, = contact angle [deg]
K = ratio of thermal conductivity [—]
A = (po—pa)rily ]
p = density [kg/m]
o = Stefan-Boltzman constant [W/m?-K#]
b,y = trial function 1
{Subscripts)
l = melt
s = crystal
sh = radiation shield
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