Korean J. Chem. Engl§1), 81-87 (2001)

Numerical Analysis for the Dynamics of the Oxidation-Induced Stacking
Fault in Czochralski-Grown Silicon Crystals

Jong Hoe Wang, Hyun Jung Oh and Hak-Do Yoo

R&D Center, LG Siltron Inc., 283 Imsoo-Dong, Kumi, Kyung-Buk 730-350, Korea
(Received 18 July 2000 « accepted 7 November)2000

Abstract—The continuum model of point defect dynamics to predict the concentration of interstitial and vacancy is
established by estimating expressions for the thermophysical properties of point defects and the point defect distribution
in a silicon crystal and the position of oxidation-induced stacking fault ring (R-OiSF) created during the cooling of
crystals in Czochralski silicon growth process are calculated by using the finite element analysis. Temperature dis-
tributions in the silicon crystal in an industrial Czochralski growth configuration are measured and compared with
finite volume simulation results. These temperature fields obtained from finite volume analysis are used as input data
for the calculation of point defect distribution and R-OiSF position. Calculations of continuum point defect distributions
predict the transition between vacancy and interstitial dominated precipitations of microdefects as a function of crys-
tal pull rate (V). The dependence of the radius of R-OiSkJR®n the crystal length with fixed growth rate for a
given hot zone configuration is examined. Thg:Rs increased with the increase of crystal length. These predictions
from point defect dynamics are well agreed with experiments and empirical V/G correlation qualitatively, where G is
the axial temperature gradient at the melt/crystal interface.
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INTRODUCTION proaches. Conversely, the slower the crystal pull rate, the smaller
the R-OISF radius, and, consequently, the R-OiSF moves nearer to
The Czochralski crystal growth technique is the most widely usedhe center of the crystal. When the crystal pull rate is further slowed
method for producing large silicon single crystals as substrates ilown to a specific value,.) the R-OiSF contracts toward the cen-
the fabrication of electronic devices. The silicon wafers typically ter of the crystal and disappears. The dependence of the R-OiSF
used in device fabrication are populated by distributions of micro-on the crystal pull rate is shown schematically in Fig. 1.
scopic precipitates, stacking faults and dislocation loops that result The control of microscopic defects formed during crystal growth
from the interactions of point defects - interstitials and vacancies or subsequent anneal is one of the most important problems in the
and impurities in the crystal during crystal growth, subsequent anproduction of silicon wafer. It is well known that these defects have
nealing of the crystal and device processing. Especially silicon cry

stals grown by Czochralski method are plagued by the appearan
of oxidation-induced stacking faults ring (R-OiSF). (a) @ @ @ O
OISF are plane defects generated in the surface region of silico
Z; Z, Zy z

wafers during thermal oxidation process at typical temperature rang
between 900 and 1,200. Although OiSF does not exist in as-
grown crystals, their nuclei have already been formed during growtt
[Dornberger and Ammon, 1996]. The R-OiSF appears as an annt

lar ring in which there is a high density of stacking faults after the (b)
silicon wafer is oxidized and etched. The OIiSF distribution on a
wafer surface after wet oxidation reflects the grown-in defect dis-
tribution of crystal and the R-OiSF separates a vacancy-rich inne
and an interstitial-rich outer region of a wafer [Dornberger et al.,
1997].

The radius of R-OiSF has been documented to be a function c
the crystal pull rate (V) and the temperature field in the crystal dur- 1 3 5 ; 3
ing the crystal growth process [Hasebe et al., 1989; Ammon et al ? S e S .
1995]. The faster the crystal pull rate, the larger the radius of the R Growth Height
OiSF becomes and the closer to the crystal surface the R-OiSF aPig. 1. Schematic diagram for the dependence of the R-OiSF on
the crystal pull rate V. V>V >V >V .

"To whom correspondence should be addressed. (a) OISF on the wafer (b) an axial perspective of the R-OiSF
E-mail: wiha@lgsiltron.co.kr and (c) the crystal pull rate.
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effects on device performance inversely. In order to control micro-transport and kinetic parameters and finite element analysis is per-
defect formation the precise control of impurity and temperatureformed to study the point defect distribution in a crystal and the po-
distribution is required during growing, cooling, and annealing of sition of the R-OiSF created during the cooling of silicon crystals
the crystal. The thermal history of Czochralski silicon crystals hasin Czochralski growth process. The transition from interstitial to
a dominating influence on the formation of microdefects [Dorn- vacancy dominated precipitations of microdefects is studied numer-
berger and Ammon, 1996; Puzanov and Eidenzon, 1992; Wijaranically with the increase of the crystal pull rate. These predictions
akula, 1993]. are compared qualitatively with the empirical V/G correlations. The

Temperature field used in this work are taken directly from finite dependence of the radius of R-OiSE{JRon the crystal length at
volume analysis of heat transfer in the crystal and throughout thdixed growth rate for a given hot zone configuration is studied the-
Czochralski growth system for a particular hot zone configurationoretically using the numerical simulation of the point defect dy-
and growth rate. These temperature fields obtained from finite volnamics for the first time. The results from point defect dynamics
ume analysis are interpolated onto biquadratic finite element basiare in qualitative agreement with the experiment of Park et al.
used for the defect concentrations and used as input in this worf1999].

The shape of the melt/crystal interface is calculated in the heat trans-
fer analysis and is used to define the shape of the mesh in the point MATHEMATICAL MODEL
defect simulations.

Starting with Voronkov [1982], several models [Brown et al., The model equation to predict the point defect concentration is
1994; Habu et al., 1993a, 1993b, 1993c, 1994; Sinno et al., 199developed and shown in this section. Computed temperature distri-
1998; Hu, 1985; Voronkov and Falster, 1998] have been presenteoltions in the crystals were used as input for the calculation of ther-
to explain microdefect formation in silicon in terms of the dynam- mophysical properties of | and V.
ics of intrinsic point defect. The model of point defect dynamics The continuum balance equations for the transport and interac-
includes point defect convection by crystal motion, diffusion by tions of vacancies and interstitials without accounting for the for-
both Fickian and thermodiffusion driving force, and point defect mation of aggregates are written in terms of concentratiandC
recombination. This description of point defect dynamics is similarC, (atoms/crf) as
to the model proposed by Voronkov, Brown et al., Habu et al. and .

Sinno et al. O [%LD,DC, +C'L'2H'DT%+V?

Voronkov's analysis [1982] described the transition between in- kT z
terstitial-related and vacancy-related defect regions in small-scale
floating zone crystals. His approach gave V/G, where G is a cha-

racteristic temperature gradient at the melt/solid interface, as the cn;c/—v here k is the kinetic rate constant for the rate of recombination

ical parameter for determining whether vacancy or interstitial was f vacancies and interstiials angf (T) and G (T) are the equi-

in excess. Brown et al. [1994] describes the first step of an attempt . . . iy . .
. ; s . 'lbrium concentrations of interstitials and vacancies, respectively, at
to model the formation of microdefects by combining atomistic-

level simulation of the equilibrium, transport, and kinetics of point the local temperature T of the crysta.and [ are the diffusion

. Y } - ; coefficients and [Hand H; are the enthalpies of formation of the
defects and impurities in silicon with continuum modelling of de- oint defects and K is the Bolzmann constant. The defect concen-
fect transport and reaction. Their calculations of continuum pointIO :

defect distribution predict the transition between vacancy and interEratlon profiles are taken to be axisymmetric about the axis (z) of

stitial dominated precipitation of microdefects as a function of tem-the crystal. The cylindrical co-ordinate system (i, 2) is centered at

perature gradient, crystal pull rate and crystal radius (0.63, l.25the center of the melt/crystal interface. In a nonisothermal environ-

2.50, 5.00 cm). These predictions are in qualitative agreement Witrr]‘nent, point defects migrate both by Fickian diffusion through the

experiments for FZ-grown crystals. Habu et al. [1993a, 1993b,fr¥:talr£tit§ri and by thermodiffusion caused by the local tempera-
1993c, 1994] have assumed that point defect thermo-diffusion ana ¢ 9 '

radial transport play key roles in describing R-OiSF dynamics. Ne-(l)P;r(;t g‘;f\?v?;chgczgﬁglggts(;? tt)]; i:&ﬂa::z;zg;endslc;idtgf? Es?als
glecting point defect recombination and solving the point defect P Y Y

! . . . - surfaces. We assume that the self-interstitial and vacancy concen-
equations numerically lead to a correlation of the R-OiSF Iocatlontrations are in equilibrium at the melticrystal interface: this gives
in terms of VG. Sinno et al. [1997, 1998] have presented and an- '
alyzed the model for the point defect dynamics in single crystal sil-  C, =C{(T,.), (3)
icon. They used finite element simulation and asymptotic analysis C,=C(T) 4
to describe the appearance of the R-OiSF created during the cool- "
ing of silicon crystal in the Czochralski growth process. They gave The axis of the crystal (r=0) is taken as an axis of symmetry and

a closed-form expression for the critical value of V/G for the lo- we also assume that the flux of point defects is zero along the ex-
cation of the R-OiSF by using the asymptotic analysis of the poinfposed crystal surface. The defect profiles are assumed to be in
defect dynamics model. steady-state so that the time-dependence is neglected.

The present paper focuses on the numerical analysis for the po- Other boundary conditions are possible. For example, Brown et
int defect dynamics and the position of the R-OiSF in Czochralski-al. [1994] and Habu et al. [1994] assume that point defect along
grown single crystal silicon. The continuum model of point defectthe surface of the crystal are in equilibrium at the local tempera-

dynamics is established by estimating expressions for equilibriumture. Hu [1985] has proposed a Robin condition that lies between

+ky[C,C, —CI'CY] =0 1)

C.DHY, - —,.,0C,  eged] —
D[%LDVDCV+#’DTD+VE+KV[C,CV Cr'cy1=0 (2)
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the no-flux condition and the infinitely fast source/sink model, and 1.E+420
Sinno et al. [1998] have examined the effects of equilibrium con- @)
ditions at the crystal surface. 1.E+15 |
The OISF subdivides the crystal into a self-interstitial rich outer ~ C*
region and vacancy rich inner region. A param&(C,—C,)/C? LEHO [
is defined, which is positive for the self-interstitial and negative for
the vacancy dominated part of the crystal. The OISF is assumed t 16405
occur atA=0, where Cis equal to ¢ The reason for the formation 1.E+00 )
of a high density of stacking fault nucleistO is still under dis-
cussion [Dornberger et al., 1997]. 1LE05 |
1. Thermophysical Properties of Point Defects D,
The continuum description of point defect dynamics is completed 1ES0 T
by supplying expressions for the equilibrium, transport and kinetic
parameters. Estimating these parameters and their dependence 1.E-15
temperature is one of the most important components of modelling 1.E420
defect dynamics in silicon [Brown et al., 1994]. (c)
The thermophysical properties of point defects used in this an 1EHS |
alysis are Cyoe
1.EH0 |
C(T) =3.945x 16° ex p%s 943 e\‘Gatomsz{ cnl, (5) e
D\(T) =2.101x 10" exp%'o 207 e\%mz/sec ®) 1850 @ .
16-05 | ~— Tl
CIY(T) =2.675x 16’ exp%z'slf_? e\%atoms’ cn, @ Dy el - —~———
T)=1. 10* exp- 2489 €\ e 8 - . ‘ ‘ :
D/T)=1.000¢ 107 pEL \% ® s 06 a7 o8 09 1o
Although the Gibbs free energy and enthalpies of formation of 1000/T [K-1]

interstitials and vacancies depend on the temperature, only the me% 2. Comparison of thermophysical properties to literature es-
values were used in the calculation presented here. The enthalpies”  timates. Solid line represents the value used in this work

of formation of interstitials (| and vacancies (flare used as 3.66 and the short and long dotted line are literature estimates
eV and 2.66 eV, respectively. in references [Habu and Tomiura, 1996; Zimmermann and
The kinetic constant,kis the last remaining parameter needed Ryssel, 1992], respectively.

for specification of the defect dynamic model. The expression for
a diffusion-limited process with a subsequent activation barrier forsjcal properties to experimental data. The objective funaiipis (

recombination is [Brown et al., 1994] as follows
_4ma 0. AGyvo
ky(T) = D, tDy)exp——= 9 n
D =0 (PPN T D O A= S Retv) REEF (10)
i1

where @10 A is the capture radius for recombinatio 1/8&

is the volume occupied by a host atom (a=5.53 A for silicon) andwhere {\}} is a set of crystal pull rates within a range for which R-
¢.=5x10" atoms/crhis the lattice concentration of atoms. The free OiSF is observed experimentally. The values of the equilibrium,
energy barrier for recombinatidG, =AH, —TAS, includes both  transport and kinetic constants described above are compared in
enthalpic and entropic contributions from the recombination eventFig. 2 with those from the literature [Habu and Tomiura, 1996; Zim-
Unfortunately, there are no precise calculations of these contribumermann and Ryssel, 1992]. The mathematically elliptic balance
tions. The enthalpic barrier is used¥4,=3.173 eV and we use equations with boundary conditions are solved numerically.

15 k forAS,.

The thermophysical parameters were selected to minimize the NUMERICAL ANALYSIS
difference between the results of defect dynamic analysis and the
experimental measurements and predict quantitatively fr a In many materials processing technologies like casting and crys-

given hot zone configuration [Oh et al., 2000]. Although there is tal growth, the process are controlled by heat transfer in complex
no rigorous method to estimate the optimum parameter set whiclgeometry. The computer code STHAMAS is designed to be used
enables to minimize the difference between the results of defect dyas a tool for the analysis of heat transfer problems in crystal growth
namic analysis and the experimental measurements, the objectivenfigurations. STHAMAS stands for Stress, Heat and mass Trans-
function is used to quantify the goodness of fitting the thermophy-fer Analysis using a Multigrid Accelerated Solver.

Korean J. Chem. Eng.(Vol. 18, No. 1)
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Temperature distributions in growing Czochralski crystals and
in a given hot zone assembly for various growth conditions were
calculated by employing the finite volume code STHAMAS in or-
der to establish a quantitative model for the dependence of OIS
diameter on pull speed and crystal length. These temperature fielc
are used as input in the point defect simulations.

Dornberger et al. [1997] measured the temperature within an in
dustrial Czochralski silicon puller and compared with simulation
results. The temperature distribution of the furnace was compute
with three different software codes; FEMAG, STHAMAS, IHTCM.
They have demonstrated that these models can be used to prec
the temperature distribution of growing silicon crystals in the case
of Czochralski growth configuration, by exception of the melt con-
vection problem, which has not yet been satisfactorily solved.

Based on the symmetric condition, the code takes into accour
heat transfer by conduction in solid parts and radiative heat transfe
in furnace enclosures. The schematic drawing of thermocouple
measurement are shown in Fig. 3(a). Computed temperatures we
verified in Fig. 3(b) by comparison with thermo-couple measure-
ments in crystals. Fig. 3(b) shows the validity of the predictied tem-
perature distrinutions in silicon crystal phase. Radial variations of

the growing crystals were determined from computed temperature

(a) (b) (© (d)
the axial temperature gradients, G(r), at the crystal/melt interface irll:i 9. 4. Typical mesh shape used in the numerical Analaysis for

the distributions of vacancies and interstitials.
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Fig. 3. (&) Schematic drawing of thermocouples measurement
and (b) computed and measured temperature in crystal
phase.
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(@) 20 cm, (b) 40 cm, (c) 60 cm, and (d) 80 cm crystal length.

distributions.

The finite element method is used for discretization of the com-
plete set of the mathematical model. The concentration fields are
represented in expansions of Lagrangian biquadratic basis func-
tions. A mesh is formed of quadrilateral elements which span the
compuational domains corresponding to the crystal phase. Sample
meshes are shown in Fig. 4. The field equations are put into the
weak form and boundary conditions are imposed in the normal
manner [Wang et al., 1996; Na et al., 1995].

The nonlinear algebraic equations set is 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 Gauss-
ian quadrature for volume integrals and three-point Gaussian quad-
rature for the surface integrals are used to calculating the residual
equations and Jacobian matrix. A frontal solution algorithm [Hood,
1976] was employed to solve the entire set of linear equations and
minimize the core memaory.

RESULTS AND DISCUSSIONS

The interstitial and vacancy concentration fields in the silicon
crystal phase was obtained by applying the numerical method to
the mathematical model for the growth of 200 mm silicon single
crystal in a given hot zone configuration. The effects of crystal pull
rate and crystal length on the location of R-OiSF was investigated
numerically.

The temperature fields in the crystal phase at several crystal length
are shown in Fig. 5 for calculations at crystal pull rates of 0.6 mm/
min. The thermal surrounding of the crystal such as heat shield and
hot zone configurations is shown schematically in Fig. 6. The in-
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Fig. 5. Predicted temperature distributions of 200 mm crystal
growth system.
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(@) 20 cm, (b) 40 cm, (c) 60 cm, and (d) 80 cm crystal length. Fig. 7. Sample profiles of (a) interstitial, G, (b) vacancy concen-

The spacing of the isotherms is 50 K and the thick line repre-
sents the melt/crystal interface isotherm at 1,685 K.
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Fig. 6. The schematic drawing of hot zone configurations in a sil-

icon Czochralski crystal growth furnace. Fi
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terstitial and vacancy concentration fields and contoufsaoé
shown in Fig. 7 at crystal pull rates of 0.6 mm/min and crystal length

trations, C, fields and (c) relative super-saturationA for
V=0.6 mm/min and crystal length of 80 cm.
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. 8. Radial variation of interstitial and vacancy concentration
in a silicon single crystal for different pull rates. Solid and
dotted lines represent G and G, respectively. The range of
crystal pull rate is between 0.4 and 0.9 mm/min and the in-
crease of V is 0.1 mm/min.
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of 80 cm. General characteristics of these results are typical for po-
int defect dynamics in silicon. The gradient of the point defect con-
centration is steeper axially near the melt/crystal interface, and the
point defect distributions are effectively frozen as shown by the con-
tours for G; G, andA. The variation of the contod=0 empha-
sizes the competition between interstitial and vacancy for dominance
in the crystal. The interesting feature of this field is the transition in

i = radial direction between an excess of vacafeyy in the crystal
; [ core and an excess of interstitidbQ) in an annular ring around
S the crystal surface.
A 4 Lhartz 1. Effects of Crystal Pull Rate
& Increasing the crystal pull rate at fixed crystal length simply causes
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0.0025 . LE+16
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Q
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Fig. 9. VIG as a function of r for crystal pull rate from 0.4 to 0.9 radial position (cm)
mm/min with 0.1 mm/min spacing. The dotted line repre- 100
sentsE. . , : : )
. . g’ 50 A Point Defect Dynamics
the crystal to move more rapidly through a certain temperature rang % & Empirical V/G correlation
and lessons the effects of radial diffusion. The effects of the cryste & 25
pull rate on the concentrations of interstitial and vacancy and the 0 : :
location of R-OiSF are shown in Fig. 8. The concentrations of po- 0 20 40 60 80 100
int defect in the figure are the values at the top of the crystal. The crystal length (cm)
fully developed profile of Cand G in axial direction makes it con-  Fig. 10. The effects of crystal length on (a) the radial variation of
venient to represent the results in terms of the radial variation of the interstitial and vacancy concentration and (b) the radius
defect concentrations at the top of the crystal. Such results for a dif- of R-OiSF, Ry

ferent crystal pull rate demonstrate the growth of the region of ex-
cess vacancy from a crystal dominated by interstitial with increasiment of Park et al. [1999].
ing V.

At lower crystal pull rate (e.g. V=0.4 mm/min at the crystal length CONCLUSIONS
of 80 cm in a given hot zone configuration), interstitial is in excess
everywhere. And vacancy is in excess at higher crystal pull rate (e.g. The mathematical model of point defect dynamics has been de-
0.8 mm/min). These results are in qualitative agreement with theseloped to study the concentration of point defects by supplying
predictions of empirical V/G correlation as shown in Fig. 9. The expression for equilibrium, transport and kinetic parameters. Tem-
axial temperature gradient at the melt/crystal interface, G, is deperature fields used in this work are taken from finite volume an-
fined as G(&—[0T/0z],,, WheredD, represents the boundary for alysis of heat transfer in the crystal and throughout the industrial
the melt/crystal interface. According to the experimental findings Czochralski growth system for a particular hot zone configuration
[Dornberger and Ammon, 1996], it can be assumed that vacancyand growth rate. These temperature fields are compared with ther-
type defects are formed if VIGz,, and interstitial-type defects mocouple measurements in crystal and used as input. With finite
will dominates for VIG€. In this work, the specific value for element analysis, the point defect distribution and the position of
the critical V/G §.,,) is used as 1.38xT@n?/min-K [Sinno etal.,  R-OiSF are studied.
1997]. The numerical computations give a detailed picture of the devel-
2. Effects of Crystal Length opment of the self-interstitial and vacancy distributions in a silicon

Park et al. [1999] have studied the effects of pulling rate fluctua-single crystal during the cooling of crystals in Czochralski growth.
tion on the vacancy-interstitial boundary formation in Czochralski Simulation results for a several crystal pull rate demonstrate the
silicon single crystal growth, and they explained the gradual increasgrowth of the region of excess vacancy from a crystal dominated
of Ry @s the decrease of temperature gradient during the crystdly interstitial with increasing V, and interstial is in excess every-
growth process. The effects of crystal length on the axial temperawhere at lower crystal pull rate. ThgRis increased with the in-
ture gradient at melt/crystal interface and the location of R-OiSFcrease of crystal length at a fixed V in a fixed hot zone configura-
were observed at a fixed crystal length in a given hot zone assention. The predictions from point defect dynamics are in qualitative
bly. The decrease of G with the increase of crystal length in a giveragreement with experiments and empirical V/G analysis when cor-
hot zone assembly may be caused by the addition of the heated zoraated with the location of the R-OiSF. This work will give the basis
in the crystal phase due to the radiation from the melt and the upfor direct comparison between simulation and the observation of

per part of the heater as shown in Fig. 5. microdefect distributions in Czochralski-grown silicon wafers.
The effects of the crystal length on the concentrations of intersti-

tial and vacancy are shown in Fig. 10(a). The-Rredicted in this NOMENCLATURE

work is shown together with the results of empirical V/G analysis

in Fig. 10(b). The B is increased with the increase of crystal g : capture radius of recombination [A]

length at a fixed crystal pull rate in a fixed hot zone configuration. C, : concentrations of interstitials [atoms/@m

The results from point defect dynamics are in qualitative agreement, : concentrations of vacancies [atomsfcm

with the predictions of empirical V/G correlation and the experi- C*  : equilibrium concentrations of interstitials [atomsiEm
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