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Abs~'act-The contmuuan model of point defect dy~._amics to predict the concentration of interstitial and vacancy is 
established by esthnating expressions for the thennophysical properties of point defects and the point defect distribution 
in a silicon crystal and the position of oxidation-reduced stacking fault ring (R-OiSF) created during the cooling of 
crystals in Czoclualski silicon growth process are calculated by using the finite element analysis. Temperature dis- 
tributions in the silicon crystal in an industrial Czochralski growth colffiguration are measured and compared with 
finite volume simulation results. These tempera~tre fields obtained from finite vohune 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 fmlction of crys- 
tal pull rate (V). The dependence of the radius of R-OiSF (Rouse) on the crystal length with fixed growth rate for a 
given hot zone coiffigta-alion is examined. The Rouse is increased with the increase of crystal length. These predictions 
fi-om point defect dynamics are well agreed with experiments and empirical V/G con-elation qualitatively, where G is 
the axial temperatm-e gradient at the melt/crystal interface. 

Key words: Point Defect Dynamics , Oxidation-hlduced Stacldng Fault, Czochralski, Finite Elerne~lt Method, Nurnerical 
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INTRODUCTION 

The Czochralski crystal growth technique is the most widely used 
method for producing large silicon single crystals as subsh-ates in 
the fabrication of elecb-onic devices. The silicon wafe1~ typically 
used in device fabrication are populated by distributiom of micro- 
scopic precipitates, stacking faults and dislocation loops that result 
fionl the interactions of point defects - inte1~fitials and vacancies - 
and impurities in the crystal dt~-ing crystal growth, subsequent an- 
nealing of the crystal and device processing. Especially silicon cry- 
stals grown by Czochralski method are plagued by the appearance 
of  oxidation-induced stacking t:aults ring (R-OiSF). 

OiSF are plane defects generated in the st~cface region of silicon 
wafers during thermal oxidation process at lypical temperature range 
between 900 and 1,200 ~ Although OiSF does not exist in as- 
grovm crystals, their nuclei have already been formed during growth 
[Do1~berger and/Mmuon, 1996]. The R-OiSF appears as an ar~au- 
lar 1rag in which there is a high density of stacking faults after the 
silicon wafer is oxidized and etched. The OiSF distribution1 on a 
wafer surface after wet oxidation reflects the grown-m defect dis- 
tribtNon of crystal and the R-OiSF separates a vacancy-rich inner 
and an inte1~titial-iich outer region of a wafer [Dombeiger et al., 
1997 ]. 

The radius of R-OiSF has been documented to be a function of 
the crystal pull rate (V) and the temperature field in the crystal dur- 
ing the crystal growth process [Hasebe et al., 1989; Ammon et al., 
1995]. The faster the crystal pull rate, the lager the radius of the R- 
OiSF becomes and the closer to the crystal surface the R-OiSF ap- 
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proaches. Conversely, the slower the crystal pull rate, the smaller 
the R-OiSF iadius, and, consequently, the R-OiSF moves nearer to 
the center of the crystal. When the crystal pull rate is further slowed 
down to a specific value, Vo,, the R-OiSF coi~acts toward the cen- 
ter of the crystal and disappears. The dependence of the R-OiSF 
on the crystal pull rate is shown schematically in Fig. 1. 

The control of microscopic defects fonued during crystal growth 
or subsequent anneal is one of the most important problems m the 
production of silicon wafer It is well known that these defects have 
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Fig. 1. Schematic diagl~m for the dependence of the R-OiSF on 
the crystal pull i~te V. Vl>V2>Vs>Vc,ir 
(a) OiSF on the wafer (b) an axial perspective of the R-OiSF 
and (c) the crystal pull rate. 
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effects on device perfomlance inversely. In order to control micro- 
defect formation the precise conlrol of impurity and temperature 
distribution is required during growing, cooling, and annealing of 
the crystal. The thermal history of Czochi-alski silicon crystals has 
a dominating intluence on the formation of microdefects [Dom- 
beiger and Ammcn, 1996; Puzanov and Eidenzon, 1992; Wijapan- 
akula, 1993]. 

Tempepature feld used in this work are taken dkectly fi'om fufite 
voMne analysis of heat transfer in the crystal and throughout the 
Czochralski growth system for a particular hot zone confgumtion 
and growth rote. These tempeman'e fields obtained from fnfite vol- 
ume analysis ~:e inteipolated onto biquadiatic finite element basis 
used for the defect concentrations and used as input in this work. 
The shape of the melt/crystal interface is calculated in the heat bans- 
fer analysis and is used to define the shape of the mesh in the point 
defect simulations. 

Starting with Vca-onkov [1982], several models [Brown et al., 
1994; Habu et al., 1993a, 1993b, 1993c, 1994; Sitmo et al., 1997, 
1998; Hu, 1985; Vca-onkov and Falstei; 1998] have been presented 
to explain microdefect formation in silicon in terms of the dynam- 
ics of intrinsic paint defect. The model of point defect dynamics 
includes point defect convection by crystal motion, diffusion by 
both Fickian and themlcrliffnsion driving force, and point defect 
reconlbinatiort This description of point defect clyi~nics is similar 
to the model proposed by Voroifi<ov, Brown et al., Habu et al. and 
Silmo et al. 

Voronkov's analysis [1982] described the b-ansition between in- 
terstitial-related and vacancy-related defect regions in small-scale 
floating zone crystals. HIS approach gave V/G, where G is a cha- 
mcteiistic temperatt~e gradient at the melt/solid interface, as the crit- 
ical parameter for detemlh~g whether vacancy or interstitial was 
in excess. Brown et al. [1994] describes the fast step of an attempt 
to model the fonnation of microdefects by combi~m~g atomistic- 
level simulatic~ of the equilibfitm~, transpork and kinetics of point 
defects and imptuities in silicon with con~utan modellflg of de- 
fect transport and reaction. Their calculatiom of continuum point 
defect distribution predict the b-ansition between vacancy and inter- 
stitial dominated precipitation of microdefects as a function of tem- 
perature gradient, crystal pull rate and crystal radius (0.63, 1.25, 
2.50, 5.00 cm). These predictions are in qualitative agreement with 
experiments for FZ-grown crystals. Habu et al. [1993a, 1993b, 
1993c, 1994] have asstm~ed that point defect thenno-diffusion and 
radial transport play key roles in describing R-OiSF dynamics. Ne- 
glecting point defect recombination and solving the point defect 
equations nta~efically lead to a correlation of the R-OiSF location 
in terms ofVG. Sinno et al. [1997, 1998] have presented and an- 
alyzed the model for the point defect dynamics in single crystal sil- 
icon. They used finite element simulation and asymptotic analysis 
to describe the appea-ance of the R-OiSF created during the cool- 
mg of silicon crystal in the Czochralski growth process. They gave 
a closed-form expression for the critical value of V/G for the lo- 
cation of the R-OiSF by using the asymptotic analysis of the point 
defect dynamics model. 

The present paper focuses on the numerical analysis for the po- 
int defect dynamics and the position of the R-OiSF in Czochralski- 
grown single crystal silicon. The continuum model of point defect 
dynamics is established by esthnating expressions for equilibrium, 

January, 2001 

et al. 

transport and kinetic papametei~ and fnfite element analysis is per- 
formed to study the point defect distribution in a crystal and the po- 
sition of the R-OiSF created during the cooling of silicon crystals 
in Czoctu~lski growth process. The tpamition fi'om interstitial to 
vacancy dominated precipitations of microdefects is studied numer- 
ically with the increase of the crystal pull pate. These predictioixs 
are compared qualitatively with the empirical V/G correlations. The 
dependence of the radius of R-OiSF (Pass) on the crystal length at 
fxed growth rate for a given hot zone configta-ation is studied the- 
oretically using the numerical simulation of the point defect dy- 
nanics for the first thne. The results fi'c~n point defect dynamics 
are in qualitative agreement with the experiment of Park et al. 
[1999]. 

M A T H E M A T I C A L  M O D E L  

The mcdel equation to predict the point defect concentration is 
developed and shown in tiffs secticn. Computed temperature distri- 
butions in the crystals were used as input for the calculation of ther- 
mophysical properties of I and V. 

The continuum balance equations for the transport and interac- 
tions of vacancies and inteistitials without accotaNng for the for- 
marion of aggregates are written in terms of concentration Ce and 
Cv (atoms/cm 3) as 

V. (-DIVCI + ~ V T ) + V ~  +kiv[CiCy-C~qC~q] =0 (1) 

f O 
V. (  D~VC~+~VT~+V0-~zC~+k,~[C,C~ C;~C;r (2) 

\ kT ~ 1 0z 

where ky is the kinetic i~te constant for the rote of recombination 
of vacancies and intelstitials and C~ (T) and Cg (T) are the equil- 
ibrium concentratious of hlterstitials and vacancies, respectively, at 
the local temperature T of the crystal. De and D~ are the diffusion 
coefficients and H I  and HS are the enthalpies of formation of the 
point defects and k is the Boltmnar~l coustant. The defect concen- 
b-ation profiles are taken to be axisymmetfic about the axis (Z) of 
the crystal. The cylindrical co-ordinate system (r, z) is centered at 
the center of the melt/caystal interface. In a nonisothermal environ- 
me~lt, point defects migrate both by Fickian diffusion fl~ongh the 
crystal lance and by thermodiffusion caused by the local tempem- 
tt~e gradient. 

Point defect concentmtious in the crystal are predicted from Eqs. 
(1) and (2) with a specific set of botaMary conditions on the crystal 
surfaces. We asstrne that the self-intelstitial and vacancy concen- 
tmtious are in equilibrium at the melt/crystal interface; fl~s gives 

C, =C~q(T,,,), (3) 

cq C, =C, (T,,,) (4) 

The axis of the crystal (r=0) is taken as an axis of symmetry and 
we also assume that the flux of point defects is zero along the ex- 
posed crystal surface. The defect profiles are assumed to be in 
steady-state so that the t/me-dependence is neglected. 

Other boundary conditioils are possible. For example, Brown et 
al. [1994] and Habu et al. [1994] assume that point defect along 
the surface of the crystal are in equilibnum at the local tempem- 
tu-e. Hu [1985] has proposed a Robin condition that lies between 
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the no-flux condition and the infinitely fast sota'ce/sixik model, and 
Sinno et al. [1998] have examined the effects of equilibrium con- 
ditions at the ca-ystal surface. 

The OiSF sulxlivides the crystal into a self-interstitial rich outer 
region and vacancy rich inner region. A parameter A=(CFCv)/C~ e 
is defined, which is positive for the self-intel~titial and negative for 
the vacancy dominated part of the crystal. The OiSF is asst~ned to 
occur at A=0, where Ce is equal to C,  The reason for the fonuation 
of a high density of stacking fault nuclei at A=0 is still under dis- 
cussion [Domberger et al., 1997]. 
1. Thermophysical P,~perties of Point Defects 

The confnuum description of point defect dynamics is completed 
by supplying expressions for the equilibrium, ~-ansport and kinetic 
pammeteps. Estimating these pammeteps and their dependence on 
tempel-ature is one of the most important components of modelling 
defect dynamics in silicon [Brown et al., 1994]. 

The thennophysical properties of point defects used m this an- 
alysis are 

C~Z(T)=3.945• exp( 3 943 eV5 . 3 ~--~ ' )  atonls/cm , (5) 

D,(T)=2.101• -~ e~cp(- 0.907 eV'~ 2, )cm/sec,  (6) 

C~Z(T)=2.675• exp( 2.848 eV'~ . , 3 ~-@ ") a[Oll'lS/r , (7) 

Dy(T) = 1.000• 10 -4 exp( 0.489 eV'~ 2A ~-~ .)cm sec (8) 

Although the Gibbs free energy and eiNMpies of fort-nation of 
interstitials and vacancies depend on the tempe~-atta-e, only the mean 
values were used m the calculation presented here. The enthalpies 
of formation of interstitials (Hi) and vacancies (Hv f) are used as 3.66 
eV and 2.66 eV, respectively. 

The kinetic constant kw is the last remaining imranleter needed 
for specification of the defect dynamic model. The expression for 
a diffnsion-linfited process with a subsequent activation barrier for 
recombination is [Brown et al., 1994] 

4~r AG, v 
kl~(T) = - ~ c  (Dt + D y ) e x p ( - - ~ )  (9) 

where a,. 10 ~ is the capture radius for recombmatioi1, ~ 1/8a 3 
is the voku-ne occupied by a host atora (a=5.53/~ for silicon) and 
c, 5x 1022 atoms/cm 3 is the lattice concenlaation of atoms. The fi-ee 
energy barrier for recombination AGw-~AHw--TASzv includes both 
enthalpic and entropic contributious fi-om the recombination event 
Unfortunately, there are no precise calculations of these contribu- 
tions. The enthalpic bamer is used as M-Izv--3.173 eV and we use 
15 k for AS~. 

The thermophysical imrameters were selected to minimize the 
difference between the results of defect dynamic analysis and the 
experimental measurements and predict qtmntitatively Ro, sr for a 
given hot zone configlration [Oh et al., 2000]. Although there is 
no rigorous method to estimate the optmmm parameter set which 
enables to minimize the difference between the results of defect dy- 
namic analysis and the experimental measurements, the objective 
function is used to quantify the goodness of fitting the them~ophy- 
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Fig. 2. Comparison of therlnophysical prope,ties to literature es- 
timates. Solid line represents file value used in rids work 
and file short and long dotted line are literature eslimates 
in references [Habu and Tomim~, 1996; Zimmermann and 
Ryssel, 1992], respectively. 

sical properties to expe1~lental data. The objective function (A) is 
as follows 

A ~l.[E[ao,~.X v,) -ao~'"~ v,) ] 2 
n~;=~ 0o) 

where {Vr} is a set of crystal pull rates within a range for which R- 
OiSF is observed experimentally. The values of the equilibrium, 
transport and kinetic coustants described above are comlmred in 
Fig. 2 with those fi-om the literattre [Habu and Tomkra, 1996; Zim- 
mermann and Ryssel, 1992]. The mathematically elliptic balance 
eqnations with boundary conditions are solved numerically. 

NUMERICAL ANALYSIS 

In nmW materials processing technologies like casting and crys- 
tal growth, the process are controlled by heat transfer in complex 
geometry. The computer code STHAMAS is designed to be used 
as a tool for the analysis of heat transfer problems in crystal growth 
configtrations. STHAMAS stands for Stress, Heat and mass Trans- 
fer Analysis using a Multigrid Accelerated Solver. 

Korean J. Chem. Eng~(Vol. 18, No. 1) 
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Temperature distributions in growing Czod~'alski crystals and 
in a given hot zone assembly for various growth conditions were 
calculated by employing the finite volume code STHAMAS in oi"- 
der to establish a quantitative model for the dependence of OiSF 
diameter on pull speed and crystal length. These tempera~re fields 
are used as input in the point defect shnulatio,xs. 

Dombelger et al. [1997] measured the tempema~re within an in- 
dushial Czccbralski silicon puller and compared with simulation 
results. The tempem~'e distribution of the ftanace was computed 
with three different sofg,vare codes; FEMAG, STHAMAS, IHTCM. 
They have demonstrated that these models can be used to predict 
the tempeaature disbibution of growing silicon crystals in the case 
of Czcchmlski growth configta-afion, by exception of the melt con- 
vection problem, which has not yet been satisfactorily solved. 

Based on the symmetric condition, the code takes into account 
heat transfer by conduction in solid parts and radiative heat transfer 
in furnace enclosures. The schematic &awing of thennoconples 
measurement are shown ha Fig. 3(a). Computed temperatures were 
verified in Fig. 3(b) by comparison with thenno-couple measure- 
ments in crystals. Fig. 3(b) shows the validity of the predictied tem- 
perature disttinutions in silicon crystal phase. Radial variations of 
the axial temperature gradients, G(r), at the crystal/melt interface in 
the growing crystals were detemained from computed temperature 

Fig. 4. Typical mesh shape used in the numerical Analaysis for 
the distributions of vacancies and interstitials. 
(a) 20 cm, (b) 40 cm, (c) 60 cm, and (d) 80 cm (aystal length. 

Fig. 3. (a) Schematic drawing of thermocouples measurement 
and Co) computed aml measured temperature in crystal 
phase. 
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distributions. 
The fitfite element method is used for discretization of the com- 

plete set of the mathematical model. The conoenttation fields are 
represented in expansions of Lagmngian biqua&-atic basis func- 
tions. A mesh ks formed of quadrilateral elements which span the 
compuational domains conesponding to the crystal phase. Sample 
meshes are shown in Fig. 4. The field equations are put into the 
weak fore1 and bounda W conditions are imposed in the nomml 
martaer [Vv:ang et al., 1996; Na et al., 1995]. 

The nonlhaear algebraic equations set is linearized by Newton- 
Raphson method. All uthtalovms are obtained simultaneously using 
the Newton iteration scheme. All the coim-ibulion to the Jacobian 
matrix are computed in closed form. Numerical nine-point Gauss- 
ian qua&ature fc~- volLane integrals and tta-ee-point Gaussian quad- 
rature for the surface integrals are used to calculating the residual 
ecluafions and Jacobian matisx. A fi-ontal solution algoiithm [Hood, 
1976] was employed to solve the eiNl-e set of linear equations and 
minimize the core memory. 

RESULTS AND DISCUSSIONS 

The interstitial and vacancy concenlration fields in the silicon 
crystal phase was obtained by applying the numerical methcd to 
the mathematical model for the grouCt_h 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 0.6mm/ 
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 temperattwe disW~ufions of 200 mitt crystal 
growth system. 
(a) 20 an, Co) 40 on, (c) 60 on, and (d) 80 on crystal lalgth. 
"lhe spadng of the isothelms is 50K mdthe thick line repre- 
sents the melt/oystal interface isothelm at 1,685 K. 

Fig, 7. Sample profiles of (a) httc~it ial ,  C .  (b) vacancy concen- 
Wafions, Cv fields and (c) relative s31pw-satawation, A for 
V=0.6  m l / m i n  and crystal length of 80 cm. 

of 80 on. General characteristics oflilese results are typical for po- 
int detect dynamics in silicon. The gradient o f  the point defect con- 
centration is steeper axially near the me~'crystal interface, and lhe 
point defect disln]0utions are effeaively fix)zen as shown by lhe con- 
touts for CI, Cr and A. The v~'iation of  the contour A=0 empha- 
sizes file competition between int~ifial and vacancy for dominance 
in the crystal. The interesting feature of this field is the Iransifion in 
radial direction between an excess of  vacancy (A<0) in file clystal 
core and an excess o f  inm'stitial (A>0) in an annulm" ring around 
the crystal sut-face. 
1. Effects of  OTsta l  Pull Rate 

Increasing the crystal imllrate ~t fixed crystal lenglh simply causes 

Fig, 6. The schematic dra~ing of hot zone cmfigurmions in a sil- 
ic~m Czochral~i crystal growth hwnace. 

tet~itial and vacancy concentrmion fields and contours ofA m~e 
shown in Fig 7 at crystalpull rates of 0.6 mmknin and crystal lenghh 

Fig, 8. Radial v a r i ~ o n  of imwstRial and vacancy concentration 
ta a sRicm single crystal for d i f fwmt  pull rates. Solid ~md 
dotted lines represent C_~ and C ,  rtspeclively. The range of 
ceystal plfll Pate is betwem 0A mid 0.9 m m / m i n  and the in- 
crease of V is 0.1 mm/mht .  

Korean J. Chem. Eng.(Vd.  18, No. 1) 
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Fig. 9. V/G as a function of r for crystal pull rate from 0.4 to 0.9 
nmn/min with 0.1 nmn/min sl)acing. The (lotted line repre- 
sents ~ .  

the crystal to move more rapidly through a certain te~nperature range 
and lessons the effects of radial diffusion. The effects of the crystal 
pull rate on the concenti-ations of intei~titial and vacancy and the 
location of R-OiSF are shown in Fig. 8. The concentratiorLs of po- 
int defect in the figure are the values at the top of the crystal. The 
fully developed profile of C~ and C v in axial direction makes it con- 
venient to represent the iesults in tenus of the radial vaiJation of the 
defect concenbations at the top of the crystal. Such results for a dif- 
ferent crystal pull rate demor~slrate the growth of the region of ex- 
cess vacancy fi-om a crystal donfinated by intei~titial with increas- 
ingV 

At lower crystal pull rate (e.g. V=0.4 mm/min at the crystal length 
of 80 cm in a given hot zone coiffigumtion), inte1~titial is in excess 
everywhere. And vacancy is in excess at higher crystal pull rate (e.g. 
0.8 inm/min). These results are in qualitative agreement with the 
predictions of empirical V/G con-elation as shown in Fig. 9. The 
axial temperature gradient at the melt/crystal interface, G, is de- 
fined as G(r)--[0T/dz]~z>~ where 0D~ represents the botalday for 
the melt/crystal interface. According to the experimental findings 
[Domberger and Annnon, 1996], it can be asstaled tilat vacancy- 
type defects are fonned if V/G>~,~, and inteistitial-type defects 
will dominates for V/G<~,,. In t t~ work, the specific value for 
the critical V/G (~,,,) is used as 1.38• 10 -3 cm2/min-K [Sir~o et al., 
1997 ]. 
2. Effects  of  Crystal  Length  

Park et al. [1999] have studied the effects of pulling rate fluctua- 
tion on the vacancy-interstitial boundary formation in Czochralski 
silicon single crystal growth, and they explained the grackal increase 
of Ro, s~ as the decrease of tempem0,a-e gradient &uing the crystal 
growth process. The effects of crystal length on the axial tempera- 
ttu-e gradient at melt/crystal interface and the location of R-OiSF 
were observed at a fixed crystal length in a given hot zone assem- 
bly. The decrease of G with the increase of crystal length in a given 
hot zone assembly may be cartsed by the addition of the heated zone 
in the crystal phase due to the radiation fi-om the melt and the up- 
per part of the heater as shown m Fig. 5. 

The effects of the crystal length on the concel~ations of intersti- 
tial and vacancy are shown in Fig. 10(a). The R~sr predicted in this 
work is shown together with the results of empirical V/G analysis 
in Fig. 10(b). The R<~,~ is increased with the increase of crystal 
length at a fLxed crystal pull rate in a fixed hot zone configuratioi~ 
The results fi-om point defect dynamics are in qtalitative agreement 
with the predictioils of empirical V/G con-elation and the experi- 

January, 2001 

Fig. 10. The effects of crystal length on (a) the radial variation of 
interstitial and vacancy concentration and (b) the radius 
of R-OiSF, Ro~e. 

ment of  Park et al. [1999]. 

C O N C L U S I O N S  

The mathematical model of point defect dynamics has been de- 
veloped to study the concentration of point defects by supplying 
expression for equilibrium, transport and kinetic parameters. Tem- 
perature fields used in ti~is work are taken from finite vohmle an- 
alysis of heat transfcr in the crystal and ti~-oughont the industrial 
Czocl~-alski growth system for a particular hot zone coiffigtaation 
and growth rate. These temperature fields are compared witi1 th~-- 
nlocouple measl~-ements in crystal and used as input. With flifite 
element analysis, the point defect distribution and the position of 
R-OiSF are studied. 

The numelical colnputations give a detailed picture of tile devel- 
opment of tiae self-interstitial and vacancy distributious in a silicon 
single crystal &wing the cooling of crystals in Czocta-alski growth 
Simulation results for a several crystal pull rate demonstrate the 
growth of the region of excess vacancy fiom a crystal dominated 
by inteistitial with increasing V, and interstial is m excess every- 
where at lower crystal pull rate. The Raze is increased with the in- 
crease of crystal length at a frxed V in a frxed hot zone configura- 
tion. The predictions fi-om point defect dynamics are in qtalitative 
agreement with expenments and empirical V/G analysis when cor- 
related with the location of the R-OiSF. This work will give the basis 
for direct compariscn between simulation and the observation of 
microdefect distributions m Czochralski-grown silicon wafers. 

N O M E N C L A T U R E  

a,. : capture radius of recombination [~] 
C~ : concentrations of mterstitials [atoms/cm 3] 
Cv : concentrations of vacancies [atoms/cm 3] 
C[ q " equilibrium concentratior~s of mterstitials [atoms/cm 3] 



c~ 
Cs 
Ds 
Dv 
G 

H: 

k 
k~ 

r 

T 
T,, 
V 

Z 

z~r, 
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equilibrium concentrations of vacancies [atoms/cm ~] 
lattice concenlration of atoms [atoms/cm 3] 
diffusion coefficient of  inte~titials [cm~/sec] 
diffusion coefficient of  vacancies [cm~/sec] 
axial temperature gradient at the melt/crystal interface [K/ 
Gila 
enthalpies of formations of interstitials [eVa 
enthalpies of  fommtions of  vacancies [eVa 

: Boltzmann constant [J/K] 
: kinetic rate constant for the rate of recombination of 
vacancies and inte~titials [cmVatoms-sec] 

: radial coordinate [cm] 
: radius of oxidation-induced stacking faults ring [cm] 
: temperature [K] 
: melting temperature of silicon [K] 
: crystal pull rate [mm/min] 
: critical crystal pull rate [mm/min] 
: axial coordinate [cm] 
: critical growth height [cm] 

Gi~ek  Letters 
A 

AH,~ 
ASw 

: characteristic parameter defined as A-(Cz-Cv)/C~v e [- ] 
: volume occupied by a host atom [J~] 
: Gibbs free energy barrier for recombination [eVa 
: enthalpic energy barrier for recombination [eVa 
: entropic contributions from the recombination event [eV/ 
K] 

: critical value of V/G to predict the location of the position 
of OiSF [cm~/min-K] 
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