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Dopant effect on point defect incorporation into growing silicon crystal
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Acceptor and donor dopants affect the critical ratiov/G for the change-over from interstitial to
vacancy incorporation (v is the growth rate andG is the near-interface temperature gradient! in
growing silicon crystals. The boron effect~an increase in the criticalv/G) is nicely accounted for
by a simple mechanism of electronic shift in the equilibrium concentrations of the charged point
defects at the melting point (Tm). By fitting the theoretical curve to the experimental data, the ratio
of the equilibrium concentrations of vacancy and self-interstitial is defined to be 1.3 atTm . Given
this the interstitial diffusivity and the two equilibrium concentrations atTm can then be specified.
Beside the electronic shift, alternative mechanisms~interstitial impurity component, impurity
pairing to vacancy! are discussed to provide a general formula for the impurity-induced shift in the
critical v/G. © 2000 American Institute of Physics.@S0021-8979~00!02108-3#
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I. INTRODUCTION

Incorporation of intrinsic point defects, vacancy, a
self-interstitial, into growing silicon crystals is controlled b
the growth rate (v) and the axial temperature gradient~G! in
the vicinity of the crystal/melt interface.1,2 The defect trans-
port equations generally include both parameters,v and G,
but for particular assumptions~fast recombination, equilib-
rium boundary conditions at the interface!, the problem in-
cludes only one parameter combination,v/G. If this ratio
exceeds some critical value,j t , the incorporated defects ar
vacancies while the interstitial concentration vanishes
upon lowering the temperature. Atv/G,j t , the incorpo-
rated defects are self-interstitials while the vacancy conc
tration vanishes fast with decreasing temperature. The c
cal ratio j t is expressed1,2 through the point defec
parameters at the melting point,Tm .

At some lowerT, the incorporated defects agglomera
into detectable structural microdefects: vacancies norm
give rise to octahedral voids,3–5 while interstitials produce
dislocation loops.6,7 The microdefect type follows the ‘‘v/G
rule:’’ voids are formed at higherv/G while the loops are
formed at lowerv/G.

Whenv/G is close to the critical ratio, the incorporate
defect concentration is relatively low which results in a dr
tic change in the microdefect type. Particularly atv/G
slightly larger thanj t ~thus low vacancy concentration! oxide
particles are produced instead of voids in the course of
cancy agglomeration.8 For this reason, the main vacanc
containing region of a crystal~where voids are formed! is
surrounded with a narrow marginal band containing ox
particles. This ‘‘P band’’ gives rise to a so-called oxidation
induced-stacking-fault ring9,10 ~an OSF ring! found after wa-
fer oxidation. There is normally a pronounced radial var
tion in G, and a corresponding variation inv/G along the
interface. This can produce crystals of a ‘‘mixed type’’ co
taining a vacancy core surrounded with a peripheral inter
4120021-8979/2000/87(9)/4126/4/$17.00
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tial region. The OSF ring is a useful marker of the vacan
interstitial boundary. Although it is located within th
vacancy core, it is close to the boundary. Tracing the po
tion of the OSF ring11 under various growth conditions ha
shown that it obeys thev/G rule: the ring corresponds to
particular local valuej r of this ratio, about 0.13 mm2/min K.
This number is expected to be only slightly larger than
critical ratio, j t .

II. DOPANT EFFECT ON GROWN-IN MICRODEFECTS

It has long been known that microdefect formation
both Czochralski~CZ! and float-zoned~FZ! silicon crystals
is affected by doping with conventional donors
acceptors.12,13 The CZ crystals studied in Ref. 12 were o
small diameter~40 mm! and were grown accordingly unde
conditions of high axial temperature gradient~aboutG514
K/mm at the interface!. The critical rate,v t5Gj t , for the
change over from interstitial to vacancy incorporation is b
tween 1 and 2 mm/min for this case. In crystals grown av
52 mm/min, the microdefects~which are voids according to
the modern view! were suppressed by acceptor~boron, gal-
lium! doping. In crystals grown atv51 mm/min, the micro-
defects~loops! were suppressed by donor~antimony, phos-
phorus, and arsenic! doping. The tin impurity~of the largest
atomic size! had no effect showing that the impurity-induce
strain is irrelevant. Similar results were obtained13 for accep-
tor, donor, and tin-doped FZ crystals.

These data indicate to a dopant-induced shift in the c
cal v/G ratio—an upward shift due to acceptor dopants
downward shift due to donor dopants; however, little qua
titative information can be derived. Recently, the effect
boron on the position of the OSF ring was studied in detai14

and it was found thatv/G ratio corresponding to the ring
position (j r) is indeed shifted upward, roughly in proportio
to the dopant concentrationN:

j r /j r0511N/Nc , ~1!
6 © 2000 American Institute of Physics
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wherej r0 corresponds to undoped material; the characte
tic concentrationNc causing a strong shift is 1.1231019

cm23. The relative shift in the critical ratio,j t /j t0 , is de-
scribed by the same relation sincej t is close toj r .

III. ELECTRONIC SHIFT IN THE EQUILIBRIUM POINT
DEFECT CONCENTRATIONS AS THE CAUSE
FOR THE DOPANT EFFECT

Both the vacancy and self-interstitial are charged
fects; the charge state is dependent on the Fermi l
position.15 Particularly, in material of intrinsic conductivity
~at the Fermi level close to the midgap!, the prevailing
charge state of a vacancy is expected to be single nega
The prevailing charge state of a self-interstitial is neutr
with a small contribution of double-positive charge~the
single-charge state is practically absent due to a so-ca
‘‘negative-U’’ sequence of energy levels15!.

A dopant~acceptor or donor! introduced up to the con
centrationN, induces some shift in the electron concentrat
n ~and in the hole concentrationp! with respect to the initial
intrinsic value,n0 . The electron/hole equilibrium relation
pn5n0

2, together with the neutrality conditionp2n5N ~for
acceptor dopant! provides an explicit expression for a shifte
electron concentration:

n52N/21~N2/41n0
2!1/2. ~2!

For donor doping (n2p5N), one should replaceN with
2N in this expression.

The intrinsic electron concentration,16 when extrapolated
to the melting point, amounts to 4.231019 cm23. This num-
ber is considerably larger than a typical doping levelN ~nor-
mally well below 1019 cm23). Therefore, the shift inn is
relatively small, and the expression~2! is reduced to

n5n06N/2, ~3!

where the plus or minus sign stands for donor or acce
doping, respectively.

The defect equilibrium concentrationCz of a particular
charge statez ~of z elementary positive charges! is shifted in
proportion ton2z. This follows simply from the mass actio
law for the defect introduction into lattice: one defect is a
companied byz electrons, and the productCzn

z is a constant.
The total equilibrium defect concentrationCe is then

Ce5SCz0~n/n0!2z, ~4!

where the sum is over all the possible charge statesz ~gen-
erally both positive and negative! and Cz0 refers to the in-
trinsic ~undoped! material. Since then/n0 ratio, as defined
by Eq.~3!, is close to 1, the factor (n/n0)2z can be expanded
to be 11zN/2 for acceptor doping. The final expression fo
shift in the total equilibrium defect concentration caused
acceptor doping is

Ce5Ce0~11ZN/2n0!, ~5!

whereZ is the average defect charge~in elementary charge
units! for the intrinsic material,Z5SzCz0 /SCz0 . The ex-
pression~5! is valid both for vacancy~the average vacanc
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chargeZv is close to21! and for self-interstitial~the average
interstitial chargeZi is positive but small, and so can be p
zero!.

A relative shift in the equilibrium concentration of poin
defects, as defined by expression~5!, is small atTm since
N!n0 . It is, however, enough to cause an appreciable s
in the critical v/G ratio. This conclusion follows from the
explicit expression1,2 for the critical ratio:

j t5~E/kTm
2 !~DiCie2DvCve!/~Cve2Cie!, ~6!

where the equilibrium concentrations of vacancy and int
stitial (Cve andCie) and their diffusivities (Dv andDi) refer
all to the melting pointTm , and E is the defect formation
energy averaged over the two species. The expression~6! is
somewhat simplified to neglect a possible contribution
defect drift induced by the temperature gradient. The ess
tial point is that both the expression~6! and the more genera
expression~taking the drift into account2! include the con-
centration differenceCve2Cie in the denominator. This dif-
ference is relatively small~the two concentrationsCve and
Cie are very close one to the other2!. Even a small shift in
either of the two concentrations may therefore cause an
preciable shift inCve2Cie , and accordingly a strong shift in
the criticalv/G ratio.

The shift in the denominator of Eq.~6! provides the
major contribution to the dopant effect. In the numerator
interstitial termDiCie strongly dominates2 over the vacancy
term DvCve . A small electronic shift inDiCie ~generally
caused by a shift in bothCie andDi) is therefore of minor
importance. We will thus take into account only the ma
effect that caused by shifting the equilibrium differen
Cve2Cie . On substituting the shifted equilibrium concentr
tions from Eq.~5! into the denominator of Eq.~6!, one gets
the final expression for the relative ‘‘electronic’’ shift inj t

induced by acceptor doping:

j t /j t051/~12KN!, ~7!

with the coefficientK expressed through the melting poi
concentration ratioc5Cve /Cie ~for undoped material!:

K5~1/2n0!~Zi2cZv!/~c21!. ~8!

The expression~7! applies also to donor doping ifN is re-
placed with2N.

Even if the acceptor dopant concentration is as smal
10% of n0 (;431018 cm23, a typical doping level!, the
relative electronic shift inj t is on the order of 20%–50%, fo
a reasonable range2 of c between 1.1 and 1.4. The exper
mental shift Eq.~1! induced by boron is of the same orde
The electronic effect on the equilibrium concentrations
point defects~actually on the vacancy concentration! is then
a reasonable explanation of the boron-induced shift inj t .
Theoretical curves for the relative shift are plotted in Fig.
according to the expressions~7! and ~8! where three values
for the concentration ratioc were tried (c51.2, 1.3, and 1.4!.
The circles in this figure represent the experimental data
boron.14 Since the theoretical curve is so sensitive to t
assumedc, the experimental data allow a good fitting of th
concentration ratioc. It is close to 1.3, with an uncertainty o
60.05. Strictly speaking, it is the coefficientK in Eq. ~7! that
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



-

s
h

n

for
in

he
nt.
ha-

r

t in

is
ng

of
ged
by
l
-
lk.
the

-
by

he

y

n

nt
s a
pr

for

4128 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 V. V. Voronkov and R. Falster
was fit to be 5.2310220 cm23. The concentration ratioc
51.3 was then deduced from the expression~8!. This num-
ber relies on the assumed numbers forn0 and for the average
chargesZv and Zi . The theoretical downward shift is pre
dicted for donor doping by expressions~7! and ~8! with N
now replaced by2N. This shift is shown in Fig. 2 for the
best fit value of the coefficientK.

IV. POINT DEFECT PARAMETERS

The deduced concentration ratio (c5Cve /Cie51.3) can
be now used to specify the other point defect parameter
Tm . The interstitial diffusivityDi can be expressed throug
the critical v/G ratio ~which is close to 0.12 mm2/minK
5231025 cm2/s K) from the basic expression~6!:

Di5Dvc1j t0~kTm
2 /E!~c21!. ~9!

FIG. 1. Relative shift in the criticalv/G ratio caused by an acceptor dopa
through the electronic shift in the point defect equilibrium concentration
the melting point. The curves 1, 2, and 3 are computed for the three re
sentative values of the vacancy-to-interstitial concentration ratio (c51.2,
1.3, and 1.4, respectively!. The circles represent the experimental data
boron ~see Ref. 14!.

FIG. 2. Relative ‘‘electronic’’ shift in the criticalv/G ratio predicted for
donor doping.
Downloaded 06 Mar 2002 to 144.173.6.80. Redistribution subject to AI
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The vacancy diffusivity provides only a minor contributio
to the right-hand part, and an approximate estimate2,8 (Dv
5531025 cm2/s! is sufficient for a good evaluation ofDi .
Assuming the most reasonable number2 for the average for-
mation energy (E54.5 eV!, one getsDi53.931024 cm2/s.
The self-diffusion productDiCie was found2 to be around
331011 cm2/s at Tm . Accordingly, the interstitial equilib-
rium concentrationCie is thus found to be about 7.731014

cm23. The vacancy equilibrium concentrationCve is larger
by a factor ofc ~1.3! and thus equals 1015 cm23. The con-
centration difference,Cve2Cie52.331014 cm23, is a mea-
sure for the incorporated vacancy concentration, and thus
the amount of vacancies stored in voids. This number is
accord2,17 with the data on the void density and volume.

V. DISCUSSION

It is now clear that the boron effect on the criticalv/G
ratio can be well explained by a slight electronic shift in t
point defect equilibrium concentrations at the melting poi
Therefore, there is no need to invoke other possible mec
nisms for the boron effect~and, probably, for all the othe
acceptor and donor dopants!. We will, however, briefly dis-
cuss alternative explanations for the dopant-induced shif
j t .

An alternative mechanism for the boron-induced shift
the presence of a small fraction of interstitial boron, alo
with the prevailing substitutional state.18 The total number of
excess atoms~with respect to the lattice with all sites filled!
is now equal toCi2Cv1Ni , whereCv is the vacancy con-
centration,Ci is the self-interstitial concentration, andNi is
the interstitial boron concentration. This combination
three concentrations is a reaction invariant. It is not chan
by the recombination of any interstitial with a vacancy or
the kick-out reaction~replacing one type of an interstitia
with another!. The criticalv/G ratio corresponds to the con
dition of zero total flux of excess atoms into the crystal bu
The main difference from the undoped crystal is that
convection flux v(Ci2Cv) is replaced with v(Ci2Cv
1Ni). Accordingly, the interstitial boron concentrationNi

must be added toCie in the denominator of Eq.~6!. SinceNi

~at Tm) is proportional to the total boron concentration (Ni

5RiN, whereRi is the equilibrium interstitial boron frac
tion!, the two effects, that by interstitial boron and that
electronic shift inCve and Cie , are simply summed. The
overall shift is then defined by the previous expression~7!,
with the coefficientK replaced byK1Ri /(Cve2Cie). The
interstitial boron contribution is insignificant ifRi!1025.

Another possible mechanism of the shift inj t is pairing
of vacancies with substitutional impurity atoms. Here, t
invariant combination of the concentrations isCi2Cv
2Nv , where Nv is the concentration of vacancy-impurit
pairs. Accordingly, the expression~6! is modified by adding
RvN ~whereRv is the equilibrium fraction of impurity atoms
paired with vacancies atTm) to the vacancy concentratio
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Cve . The criticalv/G ratio is shifted downward by this ef
fect. The overall downward shift caused by donor doping
combined effect of the electronic shift and vacancy/impur
pairing. It is again described by the expression~7!, whereK
is replaced with2K2Rv /(Cve2Cie).

Generally, if both interstitial impurity atoms an
impurity-vacancy pairs are important, the explicit impuri
correction in the denominator of Eq.~6! is RvN2RiN, and
must be added to the implicit electronic correction. The ov
all shift in the criticalv/G can be then written in a genera
form applicable for acceptor, donor, and neutral dopant:

j t /j t051/$11@ZdK1~Rv2Ri !/~Cve2Cie!#N%, ~10!

whereZd is the dopant charge~21 for acceptor, 1 for donor
0 for neutral dopant!. An example of a neutral dopant cau
ing an appreciable shift inj t is carbon. It was found13 that
carbon doping up to 1.731017 cm23 can change the materia
type from vacancy to interstitial. This means an apprecia
upward shift inj t The coefficientRi2Rv for carbon can be
estimated to be on the order of 331024.

For acceptor dopants, the electronic contribution toj t is
universal, while the ‘‘chemical’’ contribution, (Ri2Rv)/
(Cve2Cie), is specific for a particular impurity. Thus, if th
acceptor-induced shift is found to be independent of the
purity kind, then the dominance of the electronic effect
Downloaded 06 Mar 2002 to 144.173.6.80. Redistribution subject to AI
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proven. The same assumption for the donor dopants ma
tested in a similar fashion.
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