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Abstractr—To study the transient point defect distribution in Czochralski-grown silicon single crystas, a contin-
uum model of point defect dynamics to predict the concentration of interstitial and vacancy is established by estimating
expressions for the thermo-physical properties of point defects and the point defect distribution in silicon crystals. It
iswell known that the concentration of intrinsic point defects in growing silicon crystals is a function of the crystal
pull rate (V) and the temperature gradient (G) at the solidification interface inside the crystal, and steady state
predictions from point defect dynamics are well agreed with experiment. In this study, finite dement smulations have
been performed for the growth halt experiment with 150 mm silicon single crystals to study the transient behavior of
intrinsic point defects. It has been demonstrated that predicted point defect distributions are in good agreement with

experimental results.
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INTRODUCTION

The development of dlicon wafers whose properties can meet
the design rule of advanced devices is a key enginearing activity
for achieving high device yidd and rdighility. It is very important
to undergand and control the intringc point defect digtributions for
the production of high qudity crystds The concentration of intrin-
dc point defects in Czochrdski growth of slicon sngle crysas
has been documented to be a function of the crysd pull rate (V)
and the temperature fidd in the crystd during the crysd growth
process [Voronkov, 1982; Hasebe et d., 1989; Ammon & d., 1995;
Voronkov and Falgter, 1998; Wang & d., 2001]. Therefore, the arys
td defects rdated to intrindc point defects can be controlled during
the crysta growth process by the adjustment of process conditions
and the modification of hot zone sructures. One of the gods of the
trangent point defect dynamics analysis reported hereisto develop
away to design hat zone configurationsfor high quality crystds

It is generdly believed that interdtitids dominate the crystals a
lower crysd pull rate and vacancies are in excess & higher crysd
pull rate. These results are in qudlitative agreement with the predic-
tions of the empiricd V/G corrdation. The axid temperature gradi-
ent a the mdt/arysd interface, G, isin the crystal Sde. According
to the experimentd findings [Dornberger and Ammon, 1996; Wang
et d., 2001], it can be assumed that vacancy type defects are formed
if VIG>&,,,, and interditid-type defects will dominate for V/G<
. The specific vaue for the criticd V/G (&) is used as 1.38x
10°° cm?/min-K [Sinno et d., 1997).

The Seady date behavior of point defectsin Czochraski-grown
dlicon crygals has been sudied by many researchers [Brown et
a., 1994; Dornberger and Ammon, 1996; Snno et d., 1997, 1993,
Wang e d., 2001]. Wang et d. [2001] sudied the numerica com-
putations to give a detailed picture of the development of the sdif-
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interditid and vacancy digributions in a sllicon single crystd dur-
ing the cooling of crystasin Czochralski growth. Their smulétion
results for aseverd crystd pull rate demongtrate the growth of the
region of excess vacancy from a crystd dominated by interditial
with increasing V, and interdtitid isin excess everywhere & lower
crydd pull rete. The seedy Sate predictions from point defect dy-
namics are in quditative agreement with experiments and empiri-
cd V/G andysis when correated with the radius of oxidation-in-
duced gacking faults ring. These works gave the basis for direct
comparison between Smulation and the observation of micro-defect
distributionsin Czochraski-grown slicon wafers.

In this paper, the application of trandent point defect dynamic
andyssfor abrupt change of the crystd pull rate with 150 mm gli-
con sngle cryddsis sudied.

MATHEMATICAL MODEL

The mathematical modd eguations to predict the time depen-
dent point defect concentrations were developed and shown in this
<ection. The modeled temperature digributionsin the crysd phase
were used asinput for the caculaion of concentrations and thermo-
physicd properties of intrindc point defects - vacancy and (sdf-)
interditid such as diffusvity and rate congant of recombination
resctions[Wang et d., 2001].

1. Modeled Temperature Digributions

In this work, numericd smulations were carried out by decou-
pling heet trangport and point defect trangfer, because the intrindc
point defect concentrations are low enough to do not couple back
to heat trangport properties. The temperature digtributions in the
crydd phase for severd crysd height used in the trandent point
defect dynamic andysisare shown in FHg. 1. The temperature distri-
bution in the crystdl phaseisgiven as
@

T(r,2) :eXp(—ul(r/R)zz)[Ta +(Th -TQW}

exp(i, —2)
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Fig. 1. Temperature digributions used in the transent analys's of
point defect dynamics. (a) 40cm, (b) 50cm, (c) 60cm, (d)
70cm. Theisothermsare shown in incrementsof 100K be-
tween 1,600 and 1,000K.

Zp(t) =2ep(0) +{, V()T @

which contains three parameters (L, L&, T,) and one process con-
dition. The parameters , and L, control the radid and axid tem-
perature digtributions, respectivey. T, is gpproximately equd to the
temperature a the top surface of the dllicon single crystd. Cdcula-
tions reported here are performed with the optimized parameter val-
ues L, b, and T,=1,000K.

R and T,, are the radius of growing crystd and the mdting tem-
perature of slicon materid, respectively. V and z,, are the crystd
pull rate and the silicon single crystd height, respectively.

2. Transent Point Defect Dynamics

Trangent conservation equations for the trandent change, con-
vection, diffuson and recombination of intrindc point defects are
written in terms of concentration of interdtitial and vacancy as

%€ 198 —np,OC) +hu(CECT -C.CY) ®
ot 0z
‘%Ct——v +v%(-;—v =0DyOCy) +ky(C'CY' -C,Cy) )

C and C, areinterdtitid and vacancy concentrations computed in-
sde the growing crystd by solving fidd equations on the basis of
modeled temperature. C,* and CY' are the eqiilibrium concentra-
tions of interdtitials and vacancies, respectively, at the loca temper-
aure T of the crygd. D, and D,, are the diffuson coefficients and
k, isthe kinetic rate constant for the rate of recombination of inter-
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ditids and vacandes The cylindrical co-ordinate sysem (1, 2) is
centered at the center of the met/crysta interface. The continuum
description of point defect dynamicsis completed by supplying ex-
pressions for the equilibrium, trangport and kinetic parameters. A
thermo-physca parameter sat of point defects obtained by Wang
et d. [2001] is used for the trandent point defect dynamic andyss.

Thesolutions of the transient second order partid differentid equa
tions reguire the initid and boundary conditions. The steedy Sate
lutions are usad for theinitia condition. At the interface, interdti-
tids and vacancies are incorporated at their equilibrium concentra-
tion. As the vacancy concentration is 20% higher at the crygdli-
zation temperature, the crystd's become entirely vacancy rich. We
assume thet the interdtitid and vacancy concentrations are in equi-
librium &t the mdt/crysd interface. The axis of the arydd (r=0) is
taken as an axis of symmetry. We a0 assume that the flux of point
defect is zero aong the exposed crydd surface.

In this andyss the enthdpies of formation of the point defects
are assumed to be zero. The comparison of Seedy-date point defect
dynamic andyds and experimentd results for the postion of oxi-
dation-induced stacking faults ring diameter with dow change of
crysd pull rate has been discussad in detail by Wang et d. [2001].

NUMERICAL ANALYSIS

The spatid discretization of a complete st of the mathematica
modd described in the previous section is performed by using the
Gderkin finite dement method. The intringic point defect concen-
tration fidds are represented in the expansions of Lagrangian biqua-
dratic beds functions. A computetiond mesh is formed of quedri-
laterd eements which span the analys's domains corresponding to
the glicon sngle crystd phase. The governing equations are put
into the week form and boundary conditions are impased in the nor-
ma manner [Wang et d., 1996, 1999).

Implicit Euler method is used for the time-dependent cacula:
tions. In the continuum balance equetions for the trangport and in-
teractions of intringc point defects without accounting for the for-
meation of aggregates, the crysta height is changed throughout the
Czochrdski process. In evauating the time derivatives, 0C /ot and
0C,/ot, we use the procedure developed by Lynch and Gray [1980]
to congder the mesh deformation due to the change of crysd height.
The detalled numerica methods used in thiswork are described by
Wang et d. [2001], and this approach has proven to be both accu-
rate and robugt in avariety of calculations.

RESULTS AND DISCUSSION

1. Experimental Results for Abrupt Change of Crystal Pull
Rate

The crystd growth experiments were performed by Kim & d.
[2002] to study the trandent behavior of intringc point defects in
150 mm Czochraski-grown sllicon Sngle crystas.

In this work, crystas were grown with a crystd pull rate of V/
G>&,;, Until steedy Sate was reeched. Then the crystd pull rate
was decreased abruptly to VIG<&,,.. The crystd growth was nearly
hdted at the ingot postion of 40 cm for various dow pulling times
(30, 60, 120 and 180 min). And the crysd pull rate was incressed
agan to VIG>¢,,. Fig. 2 shows the schematic of crystd pulling



Numerical Analysisfor Transient Point Defect Behavior in Czochralski Silicon Crystal Growth 1233

time for slow pulling
(30, 60, 120 and 180 min)

A 1 1
= Ingot length : 40 cm
é V/IG> écrit
g
g V/G < Eoy
t (min)

Fig. 2. The schematic diagram of crygal pulling rate near thedow
pulling position.

(b)

Fig. 3. X-ray topography of an axial section of Czochralski-grown
dlicon single crygal for dow pulling time of (a) 30 min and
(b) 180 min. The diameter of slicon sngle crysals is 150
mm [Kim et al., 2002].

rate near the dow pulling position. Fig. 3 shows the X-ray topogra:
phy of avertica section of 150 mm slicon Sngle crystd for dow
pulling times of (8) 30 min and (b) 180 min [Kim et d., 2002]. The
X-ray topography (Lang-topography) was measured after the sur-
face oxide layer of the heat treated (950 °C, 30 min) wafer wasre-
moved by HF. The solid lines shown in Fig. 3 represent the dtart
position of dow pulling. It is clearly observed thet the defect fea
tures are not limited to the dowly grown crysd part, but soread
into the regions of higher crystd pull rate, which would be com-
pletely vacancy-rich under steedy state conditions. The interdtitia
rich region is enlarged with thetime of dow pulling.
2. Trandent Smulations for the Behavior of Intrindc Point
Defects

Trandent point defect concentration fidds in the crysd phese
were obtained by gpplying the numerica method to the mathemat-
icd modd for the Czochraski growth of 150 mm slicon Snglecarys
tds A parameter A is defined as A=C,—C,, which is positive for
the interdtitid dominated part of the crystdl. The oxidation-induced
gacking faults are assumed to occur a A=0, where C, is equd to
C.

Predicted transent point defect didributions of crydds a dow
pulling time of 30 min are shown in Fig. 4. A deedy date digtribu-
tion of point defects was computed as an initid condition for the
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Fig. 4. Smulated point defect digributions A of crysals at dow
pulling time of 30 min. (a) at the gart time of dow crysal
pulling, (b) after dow crydal pulling for 30 min and (c) after
resuming V/IG>&_; for 270 min.

trandent smulaions During the dow pulling a VIG<&,, the arys
td becomes interdtitia-rich. The convective trangport of point de-
fects is drongly reduced, and diffusive trangport becomes impor-
tant. Diffusion fluxes of point defects are driven by concentration
gradient caused by fast recombination. After the dow growth, the
strong supply of interdtitials overcompensates the vacancy concen-
tration. The crysd becomesinterditia rich near the rim of the arys:
td doseto the mdt/crydd interface. When fast pulling is resumed,
vacandies are agan incorporated in excess into the crydds. The
find defect digributions are in agreement with the experimenta
finding, as the remaining interdtitia-rich parts are located near the
cylindricd surface.

Smulation results of intringic point defect digtribution of an axid
section of dlicon Sngle arysdsfor dow pulling time of 30 and 180
min are shown together in Fig. 5. Experimentd results shown in
Fig. 2 [Kim e d., 2002] are well in agreement with these Smula-
tions for the trandent point defect behavior. For the dow pulling
time of 180 min, an interdtitid-rich region with a amal depression
on the top and bottom of the dlipsoid is observed in the experi-
mental and Smulaion results. The trandent point defect dynamics
andydsisaussful tod for predicting point defect distributions with
changesin operating conditions, such asthe crystd pull rate.

CONCLUSIONS

We have performed numericd cdculations based on the tran
Korean J. Chem. Eng.(Val. 21, No. 6)
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Fig. 5. Smulated point defect digributionsA of Czochralski-grown
dlicon single crydal for dow pulling time of (a) 30 min and
(b) 180 min.

sent mathematical modd which has been developed to describe
the intrindgc point defect digtributionsin Czochrd ski-grown 150 mm
slicon sngle crystds. The numerica computations give a detailed
picture of the development of interdtitid and vacancy digtribution
during the cooling of crystals.

The correct reproduction of the experimentd results confirms
thet the thermo-physicd properties, initid and boundary condiitions,
and cther input parameters are very close to the red Stuations. Itis
very important to couple the trandent point defect dynamic andy-
S to accurate macroscopic globa smulations of heat trandfer and
met convection in commercid-scae Czochraski growth configu-
ration. The development of such Smulationsis underway.

NOMENCLATURE

: concentrations of interstitials [atoms/cm?]

: concentrations of vacancies [atoms/cm’]

: equilibrium concentrations of interstitials[atoms/cm?]

: equilibrium concentrations of vacancies [atoms/cm?’]

- diffusion coefficient of interstitials [cm?/sec]

: diffusion coefficient of vacancies [cm?/sec]

: axid temperature gradient a the met/crystd interface [K/
cm]

: radial coordinate [cm]

: time [sec]

90900
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T :temperature[K]

T, :process condition parameter to account for the ambient
temperature [K]

T, :metingtemperature of silicon [K]

V  :crydd pull rate [mm/min]

z : axia coordinate [cm]

Zy - height of silicon single crystal [cm]

Greek Letters

A characteridtic parameter defined asA=C,—C, [atoms/cm?’]

L, control parameter of radia temperature distribution [ ]

L, control parameter of axia temperature distribution []

ésiw - critical value of V/G to predict the position of oxidation-
induced stacking fault ring [cm?/min-K]
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