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For silicon CZ crystal growth, the effect of a radiation shield inserted in a furnace on the thermal stress field
was studied theoretically by the finite-element method based on thermoelastic analysis.

It is found that a radiation shield lowers the maximum (thermally induced) shear stress, since it reduces the
temperature gradient, especiilly in the radial direction, in a crystal. There is an optimum location for placement
of the radiation shield so as to realize the smallest shear stress. From the viewpoint of thermal stress, a radiation

shield can allow a higher pull rate of defect-free crystal.

Introduction

Thermal stress induced by temperature variations
during crystal growth is an important problem in the
quality control of single crystals. If the local thermal
stress exceeds the critical value, i.e. the yield stress,
the crystal deforms plastically and dislocations occur.

A number of theoretical studies! ~7-° =1 of thermal
stress in crystals have been carried out, especially for
GaAs single crystals. Some of them are based on
assumptions of the flat melt/crystal interface or of
planar strain. Since the interface shape is not flat and
an axial temperature gradient exists in the crystal,
the analyses based on the above assumptions seem
insufficient. In the course of developing this paper,
Lambropoulos ez al.® discussed the effect of interface
shape on thermal stress. Their analysis was based on
unrealistic thermal boundary conditions and modeled
a parabolic interface shape.

Recently, the finite element method® has been
developed to predict temperature distribution and
thermal stress field in a growing crystal with a curved
melt/crystal interface.

We have reported our finite element analyses'3-1%
of a CZ puller. In these reports, temperature dis-
tributions in the melt and crystal and the effect of
a‘radiation shield were discussed on the basis of our
analyses, in which the shapes of melt/crystal and
melt/gas interfaces along with the directed and
reflected radiative heat transfer were taken into
account. From the thermal point of view, it was found

* Received April 17, 1989. Correspondence concerning this article should be
addressed to T. Tsukada.
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that a radiation shield, placed at an appropriate
position in the furnace, can (1) flatten the melt/crystal
interface shape, (2) increase the pull rate and (3) reduce
power consumption.!*'% But its effect on thermal
stresses in the crystal rod was not discussed in the
previous reports.

The aim of this work is to develop a thermal stress
analysis by means of the finite element method based
on thermoelastic analysis, and to investigate the effect
of a radiation shield on the thermal stress field.

1. Theory

The thermal stress analysis by the finite element
method in the present work is similar to that by the
previous workers.?” =% Figure 1 shows the cylindrical
coordinate system used here. The following assump-
tions are used in calculations. (1) The material is
linearly elastic and isotropic. (2) The thermoelastic
field is axisymmetric. (3) The body forces applied to
the material are zero. (4) The crystal is free from
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Fig. 1. Model of CZ crystal puller
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surface traction. (5) The mechanical properties are
independent of temperature, although the tempera-
ture dependency can be easily incorporated into our
calculation program.

The constitutive equation for linear elastic material
in case of axisymmetry is expressed as follows.
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where E'is Young’s modulus and v is Poisson’s ratio.
g, is the initial strain which corresponds to free
expansion or contraction caused by temperature
variations and is given by Eq. (2).

80=B(T’_ Tref)
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T is the local temperature in the crystal.
The strain-displacement equation is given by the
following equation.

dfor , 0
0 , dfoz .
o= / {”}:Ad 3)
ir , 0 v
d/oz , dfor
The finite element method is applied to the thermal
stress analysis, in which four-node quadrilateral

elements are used. In each element, the displacement
vector is approximated by

d=¢a “

where a is the nodal displacement vector.
Substituting Eq. (4) into Eq. (3), the strain is
described by nodal displacements by Eq. (5).

e=Adpa=Ba &)

where B is the matrix derived from the derivatives of
shape functions. :

In the thermal stress analysis, the equilibrium
equation and mechanical boundary conditions are
necessary in addition to the above equations, and the
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virtual work principle is applied in this calculation.
Under the assumptions of (3) and (4), the virtual work
principle gives the following equations.

f deTadV =0 (6)
v

Substituting Egs. (1) and (5) into Eq. (6), the set of
algebraic equations is given by Eq. (7).

J BTDBdVa=J B"DeydV @)
v 14

Eq. (7) is solved for nodal displacements under the
boundary condition that the radial component of
displacements is zero at the z axis.

Finally, the thermal stress field can be obtained by
Eq. (8).

6=D(Ba—z¢g,) 8

A dislocation occurs in the crystal when the local
stress exceeds the critical value, i.e. the yield stress. It
is generally known that the shear stress is the most
important factor in the initiation of a dislocation.
Therefore, the maximum shear stress (Tresca stress),
defined by Eq. (9), is used to present the final results
of this analysis.

Tmax = (0-1 - 0-3)/2 (9)
where o, and o5 are principal stress (6, >0, >03).
2. Results and Discussion

We computed the thermal stress fields in the crystal
during silicon CZ crystal growth with and without an
annular radiation shield as shown in Fig. 1. The
temperature distributions in the crystal obtained in
our previous work!® were used in this thermal stress
analysis. The mechanical properties, Young’s modulus
E and Poisson’s ratio v were assumed to be constant,
1.56 x 10° [MPa] and 0.25 respectively, because of the
lack of reliable data for these properties dependent
on temperature. Also, the linear expansion coeffi-
cient'? expressed by the following equation was
used.

B=1.887x107°+3.868 x 107 °T"
—13.632x 1071372 (10)

Physical properties and processing parameters are the
same as in our previous work.!3:1%

In the previous works,! ~%7°711 thermal stress in
a cylindrical crystal with a flat melt/crystal interface
was extensively analyzed. To investigate the effect
of melt/crystal interface shape on the thermal stress
field, a thermal stress analysis for the crystal with a
flat interface was carried out, using the analytical
solution of temperature distribution in the crystal
expressed by Eq. (11), similarly to some previous
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workers. >3

0

T= 3, AuJo(s,r)exp(—0,2) 11

n=1
where s, is the nth root of sJ,(s)— BiJy(s)=0
An = 2Bl/[(Blz + S%)JO(Sn)]
o, = — Pe/2 +[(Pe/2)? + s2]*/?

In Eq. (11), Bi is the Biot number, defined by (Ary/k)),
where the surface heat transfer coefficient 4 should be
read as egT* since radiation is dominant in the CZ
system. In this work, Bi was assumed to be constant
at the value evaluated at T, =T, regardless of the fact
that 77, (or Bi) decreases rapidly with axial distance
from the melt/crystal interface. Figure 2 shows the
isotherms (on the left) and isostress contours of 7,
(maximum shear stresses) (on the right) in the crystal
with flat melt/crystal interface. A relatively small t,,,,,
appears near the melt/crystal interface, especially near
the contact line of three phases (melt, crystal and gas
phases), because the melt/crystal interface shape is flat
and thus the temperature gradient, especially in the
radial direction, is small near the melt/crystal interface.
The small thermal stress thus estimated near the
interface is contradictory to the fact that, even in an
industrial Si CZ puller, dislocation occasionally begins
but only at a certain point near the three-phase con-

tact line, although the mechanism is not yet well.

understood.

In our previous papers, 34 the temperature dis-
tributions in the crystal were obtained By the finite
element analysis based on the assumption of con-
duction dominant in the melt and crystal, taking
non-flat melt/crystal and melt/gas interfaces into
account. Figure 3 shows isotherms then obtained and
isostress contours of t,,, in the crystal without a
radiation shield at different stages of crystal growth,
i.e. the different melt volumes (a) V,,=0.23 and (b)
V,=0.125. 1,,. shows a maximum near the three-
phase contact line corresponding to the steepest ra-
dial temperature gradient there. Figure 3 indicates
that in order to estimate a thermal stress field in a
crystal, the shape of the melt/crystal interface must
be correctly taken into account.

Figure 4 shows the radial distribution of 7,,,, on the
melt/crystal interface at various values of Peclet
number Pe, nondimensional pull rate, without a
radiation shield. z,,,, along the melt/crystal interface
shows a minimum at #/r;=0.7-0.8 and a maximum
at the periphery of the crystal, and thus the distribution
on the interface is W-shaped. This result can be
explained from Fig. 5, which shows the distribution
of normal strain in radial, axial and azimuthal
directions on the melt/crystal interface. In Fig. 5, the
sum of all strain components, i.e. total strain, has
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Fig. 2. Isotherms and isostress contours of maximum shear
stress in a crystal with flat melt/crystal interface
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Fig. 3. Isotherms and isostress contours of maximum shear
stress in a crystal without a radiation shield
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Fig. 4. Effect of Pe on the distribution of maximum shear
stress on the melt/crystal interface without a radiation shield

minimum value at #/r;=0.7-0.8. Since the strain
distribution is closely related to the stress distribution,
thermal stress on the interface also shows minimum
value at almost the same point. Figure 4 shows that
the absolute value of shear stresses on the interface
increases with Pe, and also that the location of the
minimum value of shear stress shifts slightly inward
as Pe increases.
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Fig. 5. Distribution of normal strain on the melt/crystal
interface. (V,,=0.23, Pe=0.1216)

These results suggest that the non-flat melt/crystal
interface, which is convex to the crystal, causes large
shear stress near the interface, and that generation of
dislocation there becomes highly probable at very
large pull rates. Therefore, there must exist an upper
limit of pull rate to produce a dislocation-free single
crystal. Accordingly, to reduce the thermal stress near
the melt/crystal interface it is desirable to make the
interface shape as flat as possible.

We reported in the previous work!3!¥ that a
radiation shield inserted into the furnace is effective
in reducing the arc height of the interface. In the
following section, the effect of a radiation shield on
the thermal stress field is investigated.

Figure 6 shows the isotherms and isostress contours
of 1,,,, in the crystal with a radiation shield as shown
in Fig. 1, for (a) V,,=0.23 and (b) V,,=0.125. An
annular radiation shield with /,;,=0.15, r;,=0.5 and
wg=0.35 is located at z,=0.65 in Fig. 6(a), and at
z5,=0.5 in Fig. 6(b). Compared with Fig. 3, it can be
seen that with a radiation shield, t,,, in the crystal,
especially near the melt/crystal interface, is reduced
by as much as 25-30%, because the melt/crystal
interface becomes less convex to the crystal. The radial
temperature gradient near the interface becomes
smaller by insertion of the radiation shield.

Figure 7 shows the distribution of t,,. on the
melt/crystal interface at various zg values for (a)
V,=0.23 and (b) V,=0.125. In Fig. 7 the solid line
shows the distribution with a radiation shield placed
at various heights and the dotted line shows that
without a shield. There exists an optimum value of
zg, at which the shear stresses on the melt/crystal
interface become smallest.

Figure 8 shows the effect of zJ, on 1, at the center
axis (r=0) and the periphery (» =r,) on the melt/crystal
interface, for (a) V,,=0.23 and (b) V,,=0.125. Figure
8 also shows the effects of z/, on the minimum value
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Fig. 6. Isotherms and isostress contours of maximum shear
stress in a crystal with a radiation shield
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Fig. 7. Distribution of maximum shear stress on the
melt/crystal interface at various zg,

of 7,.. on the interface, and on the maximum arc
height of the interface, 4z'. For two melt volumes, the
maximum shear stresses at both r=0 and r=r, have
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minimum values at certain z,. z},, corresponding to
the smallest shear stress at the r=r,, almost coincides
with that corresponding to the smallest Az’, while t,,,,

at r=0 shows its minimum at a slightly higher shield

location.

Figure 9 shows the effect of Peclet number Pe, i.c.
the pull rate, on the distribution of t,,. on the
melt/crystal interface. Apparently, the maximum
shear stress becomes larger as Pe increases. The shear
stress always shows a maximum at the periphery of
the crystal. The radial position of the minimum shear
stress shifts slightly inward as Pe increases. Compared
with the results in Fig. 4, the maximum shear stress
on the melt/crystal interface is considerably reduced
by insertion of a radiation shield at any pull rate. In
short, if there is a limited highest shear stress value
to produce high quality crystal such as dislocation-free
crystal, the pull rate with a radiation shield can be
made higher than that without a shield, until
maximum thermal stress value exceeds the limiting
value.

In this work, the condition for generation of
dislocation in the crystal could not be studied
quantitatively, due to the lack of reliable data and
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Fig. 9. Effect of Pe on distribution of maximum shear stress
on the melt/crystal interface with a radiation shield

knowledge both of the yield stress of silicon at high,
near melting, temperature and of the mechanism of
the generation, propagation and growth of disloca-
tions in so-called dislocation-free silicon crystals.
However, the results of the present work can definitely
explain the fact that the dislocation generates from
the bottom of the crystal, although only qualitative-
ly.

Conclusions

For silicon CZ crystal growth, a finite-element
analysis of thermal stress in the crystal was carried
out and the effect of a radiation shield inserted into
the furnace on the thermal stress distribution was
investigated theoretically. The following conclusions
were obtained.

(1) A non-flat melt/crystal interface is one of the
major reasons for the incipience of dislocations from
the bottom of a crystal, incidentally encountered dur-
ing industrial single crystal growth.

(2) A radiation shield can reduce the maximum
shear stress, and there is an optimum location of the
shield.

(3) Maximum shear stress becomes larger as the
Peclet number, i.e. the pulling rate, increases. From
the viewpoint of thermal stress, a radiation shield
allows a higher pull rate.

Nomenclature

A = matrix defined by Eq. (3) [1/m]
a = nodal displacement vector [m]
B = strain-nodal displacement matrix [1/m]
Cp, = specific heat of crystal [J/kg K]
D = eclastic stress-strain matrix [Pa]
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’
Wsn
Wsh

'
Zsh

Z, Zsp
Az’

I

i

displacement vector [m]
Young’s modulus [Pa]
thermal conductivity of melt [W/m-K]
Peclet number (= Cp, V. /k;) [
radial distance in cylindrical coordinates [m]
crucible radius [m]
crystal radius [m]
radiation shield radius [m]
Flre rifre rafr. [l
temperature ‘ K]
radial component of displacement vector [m]
melt volume [m3}
Vil2mrd [—1
crystal pull rate [m/s]
axial component of displacement vector [m]
radiation shield width [m]
Wor, -
axial distance in cylindrical coordinates [m]
distance between crucible bottom and

lower end of radiation shield [m]
Z'fre zalre ]
maximum arc height of melt/crystal

interface [m]
linear thermal expansion coefficient [1/K]
strain ]
initial strain [l
Poisson’s ratio 1
density of crystal [kg/m3]
stress [Pa]
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g, 65, 03 = principal stress [Pa]
Tynax = maximum shear stress [Pa]
] = trial function —]
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