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Abstract The radial position of QiSF-ring has been meaningful data in industry. Thus ifs position was calculated by
application of (V/G)u, = 0.138 mm*/minK and point defect dynamics for industrial scale grower with various pull rates.
After the calculation, compared with experimental result. QiSF-ring diameters expected with calculation were good
agreement with experimental results. In order to show validity of the predicted temperature distribution using STHAMAS
which is one of the global simulator for Cz crystal growing, temperature was measured along the axis of crystal using
thermocouples, and compared with the calculated temperature. We found the effective thermal conductivity K, (r) which
gives in accordance with the temperature distribution at the axis of crystal and crystal/melt interface shape between
experimental and computational results. Therefore, effective thermal conductivity K, (r) was applied instead of solving

melt convection problem.

1. Introduction

Oxidation Induced Staking Faults (OiSFs) which
appear in a ring pattern distribution have been consid-
ered as very urgent problem for many years. Many
researchers have tried to explain the behavior of those
staking faults created during cooling of silicon crystal
in the Czochralski process. It was found that the ring
diameter is a sensitive function of the crystal pull rate
[1], and temperature gradient at the near the crystal/
melt interface in the crystal [2]. The ring radius of
OiSF decreases with decreasing growth rate until at
the critical value that depends on temperature gradi-
ent. A representative OiSF-Ring is shown in Fig. 1 in
the MCLT map of an axial cross-section of Czochralski
grown silicon crystal after 2 step heat treatments
(800°C 4 hours, 1000°C 16 hours).

Inside the OiSF-Ring, high concentration of vacancy-
related defects is present. These defects are measured
as flow pattern defects (FPDs) or crystal originated
particles (COPs). The presence of these and other
microdefects has been linked to the failure of devices
[3, 4]. Therefore, a few theoretical studies have been
attempted to reduce OiSF-Ring diameter. One is the
model which is able to predict quantitatively the varia-
tion of the OiSF-Ring diameter with simple approach
which is based on experimental results [5, 6].

Voronkov [7] has explained microdefect formation in
silicon in terms of intrinsic point defect dynamics.

Brown et al. [8] described the first step of an attempt
to the model formation of microdefects by combining
atomistic level simulation of the transport and reac-
tion. And Sinno et al. [9] described a two-dimensional
model for point defect dynamics includes point defect
convection by crystal motion, Fickian diffusion, thermo
diffusion, and point defect recombination. Sino’s de-
scription of point defect dynamics is also similar to the
model proposed by Voronkov [7] and Brown ef al. [8].
At least, all of these results offered consistent descrip-
tion of OiSF-Ring dynamics. We also used the same
model to calculate the point defect concentration and
the OiSF-Ring diameter.

As mentioned before, many researchers have tried
to explain the behavior of QiSF-Ring and predict it’s
location on the wafer by calculation, because the loca-
tion of OiSF-Ring is a significant data in industry.
Especially, we are interested in reducing vacancy rich
region without LDP (Large Dislocation Pit) which is
generated in interstitial rich region. Furthermore we
are concentrating our effort to make COP free wafer
has no COP throughout the wafer without any aggre-
gation of interstitial typed defects with one other.

Therefore, we must control the size of V/I boundary
(boundary of vacancy rich region and interstitial rich
region) to handle the number of vacancy related de-
fects. It is known that V/I boundary and OiSF-Ring are
located at almost same position on the wafer although
OiSF-Ring is a little bit smaller than V/I boundary. So,
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Fig. 1. MCLT map of an axial cross section of 8" Cz-grown silicon crystal and imposed pull speed for the different hot zone
configuration HZ1 and HZ2.

if we could calculate OiSF-Ring diameter we could
expect the number of vacancy related defects (COP
FPD). In this sense, if we could directly compare
numerically simulated OiSF-Ring diameter with real
growing data, it would be very useful to develop the
advanced wafer in industry undoubtedly. In this work,
quantitative agreement was demonstrated for OQiSF-
Ring diameter between numerical simulation and ex-
periment in an industrial scale Cz silicon crystal
growth.

2. Numerical methods
2.1. V/G Fitting

It is known that, OiSF-Ring diameter can be pre-
dicted with V/G = 0.138 mm”minK [1.2]. Here, V is a
pull speed of crystal as an operating variable, and G is
an axial temperature gradient at the crystal/melt inter-

face. We have applied this value to our 200 mm CZ
growing crystal for two different hot zone configura-
tions. The two systems are denoted as HZ1 and HZ2.
In this work G was obtained from numerically simu-
lated temperature distribution using STHAMAS.

STHAMAS developed by Mueller at the University
of Erlangen-Nurnberg was used to simulate the tem-
perature distribution in all parts of a crystal puller. It
was designed to be used as a tool for the analysis of
heat, stress, and mass transfer analysis using multigrid
accelerated solver. Different numerical codes for Cz
crystal growing are FEMAG and IHTCM which were
developed by Dupret and Brown respectively. All three
codes are global simulator for Cz crystal growing,
namely they predict the temperature distribution in all
parts of a crystal puller including crystal, melt, cruci-
ble, suscepter, heater, heat shield and insulation. Some
differences and common features were discussed in
detail by Donberger et al. [10].

STHAMAS is a finite volume code based on axially
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symmetric geometry and assumed quasi-steady state.
In the growth chamber enclosure heat is transferred
by radiation which couples the heat flux which is emit-
ted, absorbed and, reflected by solid and liquid surface.
All surfaces are included while specular radiation is
neglected. And actually, melt flow is 3 dimensional tur-
bulent flow for the industrial scale. However the exact
prediction of the melt convection would require the
solution of complete set of the Navier-stokes equation
with appropriate turbulence model. Up to now this is
only possible with super computer. Therefore STHA-
MAS uses laminar flow model, where the viscosity of
liquid silicon is increased by factor of 100 in order to
obtain converged solution. This magnifies the viscous
force comparing the inertia and buoyancy terms, hence
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damps the melt flow turbulence.

For the convenience of calculation, we also approxi-
mated the melt convection using effective thermal
conductivity. Additionally the effective conductivity was
locally refined near the crystal/melt interface by ana-
lyzing the crystal/melt interface deflection. Figure 2(a)
shows the normalized effective conductivity from the
center to the crystal radius R near the crystal/melt
interface. Figure 2(b) shows the crystal/melt interface
deflection when 4 different effective conductivities are
imposed. When we used a effective conductivity corre-
sponding case 2, the crystal/melt interface shape was
in accordance with experimental data. The case 1
leads more concave interface than experimental data,
meanwhile a deep convex interface shapes were calcu-
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Fig. 2. Relationship between normalized effective thermal conductivity and crystal/melt interface deflection. (a)
normalized effective thermal conductivity along the radial direction. (b) Crystal/melt interface deflection when 4 different
effective thermal conductivity are imposed.
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Fig. 3. Temperature measurement experiment using static method. (a) Schematic figure of thermocouple measurement
(b) comparison of simulation result and experiment result for 3 points in a Cz grown crystal.
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Fig. 4. V/G along the crystal/melt interface for HZ1 con

figuration according to the crystal length (20 cm, 40 cm,
60 cm, 80 cm).

lated for case 3 and case 4. Therefore we chose case
2 as an effective conductivity for the calculation of
temperature distribution.

In order to show validity of predicted temperature
distribution using STHAMAS, temperature was mea-
sured along the axis of crystal using thermocouples
and then compared with computational results. Sche-
matic figure and result are shown in Fig. 3(a) and 3(b).
We preferred a static method instead of dynamic
method. The 53 cm grown crystal having thermocou-
ples in 3 holes along the axis of crystal was mounted
in a Cz silicon puller for 8" crystal. After the steady
state was established, temperature was measured by
thermocouples. Figure 3(b) represent that measured
temperature distribution was quite good agreement
with computational result.

Figure 4 shows V/G (1) calculated at the crystal/melt
interface from the crystal center to the full radius of
8" crystal with designed pull speed in the fixed hot
zone configuration, HZ1, along to the crystal length
(20 cm, 40 cm, 60 cm, 80 cm). The straight dotted line
represents (V/G) =&, = 0.138 mm?min which is the
critical condition for the disappearance/appearance of
the OiSF-Ring on the wafer surface. The position of
OiSF-Ring can be determined at the intersection of V/
G curve and &, straight dotted line. OiSF-Ring diame-
ter decreased along the crystal length up to 60 cm. As
passed 60 cm, OiSF-Ring diameter increased due to
increasing pull speed.

2.2. Point Defect Dynamics

OiSF-Ring diameter is also predicted by point defect
by dynamics. The model equation to predict the point

defect concentration was developed. The continuum
balance equations for the transport and interaction of
vacancies and interstitials without accounting for the
formation of aggregates are written in terms of C; and
Cy (atoms/cm®).

DC; C,DH]
— = V.|D,V(, - VT
Dt kT2
+ ky[CCY! - C,Cyl, o)
f
DC CyDyH
“_VN_vy. DyVCy - NV Ny
Dt kTZ
+ ky[CTICH - CCyl @)

Where kyy is the kinetic rate constant for the rate of
recombination of vacancies and interstitials and, Cp*
(T) and Cy* (T) are the equilibrium concentrations of
interstitials and vacancies, respectively, at the local
temperature T of the crystal. D; and Dy are the diffu-
sion coefficients and Hi and H! are the enthalpies of
formation of the point defects and k is the Boltzman
constant. Point defect concentrations in the crystal are
calculated by using Egs. (1) and (2) with proper
boundary condition. These equations are including bulk
convection of point defects due to crystal motion,
Fickian diffusion, thermo diffusion, and solid state
reactions for self-interstitial and vacancy recombination
and generation.

.For the boundary condition, symmetry condition is
applied at the axis and no flux condition is applied
along the crystal surface. Finally at the crystal/melt
interface, the following equilibrium conditions are ap-
plied.

G =0 (Tw ®)
Cv=C (T @

And relative supersaturation is interpreted in terms of
the quantity like as A=C;- Cy The OiSF is assumed
to occur at A = 0.

For the modeling of point defect dynamics in silicon,
estimating thermo physical parameters and their de-
pendence on temperature are one of the most impor-
tant problem. The thermo-physical properties of point
defect dynamics are as follows;

3.943 eV

CYT) = 3.945 x 107 exp(- 298 ey

)atoms/ cm3,

6
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D((T) = 2.101x 10" exp(— %ﬂ)cmz/s, ®)
Cf,q(T) = 2.675x 107 exp(- z'slt%l)atoms/cms,

@)
Dy(T) = 1.000x 10" * exp(- %l)cmz/s ®

Although the enthalpies of formation of vacancies
and interstitials depend on the temperature, we used
the mean value in calculation as Hf = 3.66 eV and
Hy= 2.66 V. '

The kinetic constant kpy is written as

4ma AG
c r(DI +Dy) exp(— —IV) 9
s

kiv() = ¢ kT

where a, = 10 A is the capture radius for recombina-
tion, W = 1/8a° is the volume occupied by a host atom
(@=5.53A for silicon) and ¢, = 5x10? atoms/cm® is
the atomic density. The free energy barrier for recom-
bination is termed as AGy=AHy-TASy Unfortu-
nately, there are no precise calculations of these
contributions. The enthalpic barrier is used as AHy =
3.173 ¢V and we use 15k for ASyy The values of the
equilibrium, transport and kinetic constants described
above can be compared with those from the literature
[11, 12]. We believe that our kinetic constants are in
the reasonable range comparing others [11].

The finite element method is used for discretization
of the complete set of the mathematical model. The
concentration fields are represented in expansions of
Lagrangian biquadratic basis functions. A mesh is
formed of quadrilateral elements which span the com-
putational domains corresponding to the crystal phase.
The nonlinear algebraic equations set in linearized by
Newton-Raphson method. All unknowns are obtained
simultaneously using the Newton iteration scheme. All
the contribution to the jacobian matrix are computed
in closed form. Numerical nine-point Gaussian quadra-
ture for the volume integrals and three point Gaussian
quadrature for the surface integrals are used to calcu-
lating the residual and Jacobian matrix. A Frontal
solver was imposed to solve the entire set of linear
equations and minimize the core memory.

3. Comparison of simulation and experiment
for OiISF-Ring

Experimental results for two crystal growth sys-
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Fig. 5. Comparison of simulation and experiment for

OiSF-Ring for HZ1 and HZ2, Solid line present OiSF-Ring

obtained by experiment, and circles are by V/G fit, and
triangles are by point defect dynamics.

tems, HZ1 and HZ2, are compared to the simulation
results by the V/G fitting and the point defect dynam-
ics. Figure 1(a) shows MCLT map of an axial cross-
section of Czochralski grown 8" silicon crystal which is
grown with decreasing and increasing of pull speed
along the crystal length. Figure. 1(b) is same as Fig.
1(a) for the other hot zone configuration HZ2. As the
temperature gradient G for HZ1 is larger than for HZ2,
the OiSF-Ring diameter decreases more rapidly corre-
spond to the applied pull speed. It can be explained by
critical value, (V/G)q = 0.138 mm%/minK, which deter-
mines the OiSF-Ring diameter. Namely, in the case (V/
G) > (V/G)yy, vacancy type defects are dominant and
(V/G) < (V/G)y, interstitial type defects are dominant.
Therefore when the same pull speed is imposed in the
different hot zone configurations, larger G leads small
OiSF-Ring, otherwise smaller G leads large OiSF-Ring.
Figure 5(a) and 5(b) represent our experimental
results and simulation results which are based on V/G
fitting and point defect dynamics. The OiSF-Ring diam-
eters are strongly affected temperature gradient at the
crystal/melt interface and pull speed. We found the
same tendency from both simulation results. In addi-
tion, the position of OiSF-Ring calculated by numerical
simulation is very close to the experimental one.

4. Conclusion

The radial position of OiSF-Ring was calculated by
(V/G) fitting and point defect dynamics for industrial
scale grower with various pull rates. And it was com-
pared with experimental result. In this work, quantita-
tive agreement was obtained between computational
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and experimental results.

For the convenience of calculation, we approximated
the melt convection using effective thermal conductiv-
ity. Additionally the effective thermal conductivity was
locally refined near the crystal/melt interface by ana-
lyzing the crystal/melt interface deflection.
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