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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 ratis for the change-over from interstitial to
vacancy incorporationy( is the growth rate an is the near-interface temperature gradidant
growing silicon crystals. The boron effe@n increase in the critical/G) is nicely accounted for

by a simple mechanism of electronic shift in the equilibrium concentrations of the charged point
defects at the melting poinf(,). By fitting the theoretical curve to the experimental data, the ratio
of the equilibrium concentrations of vacancy and self-interstitial is defined to be T.3.aGiven

this the interstitial diffusivity and the two equilibrium concentrationsTatcan then be specified.
Beside the electronic shift, alternative mechanisfimgerstitial impurity component, impurity
pairing to vacancyare discussed to provide a general formula for the impurity-induced shift in the
critical v/G. © 2000 American Institute of Physids$s0021-897€00)02108-3

I. INTRODUCTION tial region. The OSF ring is a useful marker of the vacancy/
interstitial boundary. Although it is located within the

Incorporation of intrinsic point defects, vacancy, andvacancy core, it is close to the boundary. Tracing the posi-

self-interstitial, into growing silicon crystals is controlled by tion of the OSF rind' under various growth conditions has

the growth ratei{) and the axial temperature gradi¢) in shown that it obeys the/G rule: the ring corresponds to a

the vicinity of the crystal/melt interfack? The defect trans- particular local valug, of this ratio, about 0.13 mAmin K.

port equations generally include both parametersnd G,  This number is expected to be only slightly larger than the

but for particular assumptiondast recombination, equilib- critical ratio, &, .

rium boundary conditions at the interfac¢he problem in-

cludes only one parameter combinatiadG. If this ratio ||, DOPANT EFFECT ON GROWN-IN MICRODEFECTS

exceeds some critical valug,, the incorporated defects are

vacancies while the interstitial concentration vanishes faslg hltChaS r|10n|g kpgezn kngv;/ln that mICILOZdef.Tct formauoln in
upon lowering the temperature. AYG<<¢;, the incorpo- oth CzochralskiCZ) and float-zonedFZ) silicon crystals

rated defects are self-interstitials while the vacancy concerl® affected by doping with conventional donors or

2,13 H H
tration vanishes fast with decreasing temperature. The Criti@cceptqré. The CZ crystals studied in Ref. _12 were of
cal ratio & is expressedf through the point defect small diamete(40 mm and were grown accordingly under
parameterstat the melting poirt conditions of high axial temperature gradigaboutG= 14
"

At some lowerT, the incorporated defects agglomerate Kr/]mm at theflnterfact:)e -T;e lctrmcal rate'”,t:th, f?r the b
into detectable structural microdefects: vacancies normall ange over from Interstiial to vacancy incorporation 1s be-

give rise to octahedral voids® while interstitials produce ngenrqlrr%/ri?: tzhgnmi/cr;?gnd;?;ctgih??r?(;rénvggztzlcscg:g;/r:m?ot
dislocation loop$:” The microdefect type follows theu/G t;e modern ,vie\)mere suppressed by acceptboron gl-
rule:” voids are formed at highes/G while the loops are | : P _ y b ' 9
formed at lower/G. lium) doping. In crystals grown at=1 mm/min, the micro-

Whenv/G is close to the critical ratio, the incorporated defects(loops were suppressed by dongantimony, phos-

defect concentration is relatively low which results in a dras_phorus, and arsenigloping. The tin impurity(of the largest

tic change in the microdefect type. Particularly @tG atomic size had no effect showing that the impurity-induced

slightly larger tharg, (thus low vacancy concentratipaxide strain is |rrelevant. Similar results were obtaiféfdr accep-
particles are produced instead of voids in the course of vat-or’ donor, and yn—_doped Fz crystal;. " .
These data indicate to a dopant-induced shift in the criti-

cancy agglomeratioh.For this reason, the main vacancy- cal v/G ratio—an upward shift due to acceptor dopants, a

containing region of a crystdlwhere voids are formeds . ) :
surrounded with a narrow marginal band containing OXideﬁ;gcg?;?ofrzlgtigﬁec{:ndl?gOdrecrjic\)/gznt;’ezgm?vetrﬁgti(fefgclf[agf_
particles. This ‘P band” gives rise to a so-called oxidation- boron on the position of the OSF riﬁ was stg(,jied in défail
induced-stacking-fault rirfgt® (an OSF ring found after wa- P Y :

L . . ._and it was found that/G ratio corresponding to the ring
fer oxidation. There is normally a pronounced radial varia-~ .. o . . :
tion in G, and a corresponding variation iNG along the position ;) is indeed shifted upward, roughly in proportion

. . _ " to the dopant concentratidw:
interface. This can produce crystals of a “mixed type” con-
taining a vacancy core surrounded with a peripheral intersti- &, /&,0=1+N/N_, (D)
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where¢,, corresponds to undoped material; the characterisehargeZ, is close to—1) and for self-interstitialthe average

tic concentrationN, causing a strong shift is 1.3%10'° interstitial chargez; is positive but small, and so can be put

cm 3. The relative shift in the critical ratic,/&,o, is de-  zero.

scribed by the same relation sinégis close to¢, . A relative shift in the equilibrium concentration of point
defects, as defined by expressi®), is small atT,, since
N<ng. It is, however, enough to cause an appreciable shift

lIl. ELECTRONIC SHIFT IN THE EQUILIBRIUM POINT in the criticalv/G ratio. This conclusion follows from the
DEEECT CONCENTRATIONS AS THE CAUSE explicit expressioh? for the critical ratio:
FOR THE DOPANT EFFECT &=(E/KT2)(D;Cie—D,Ce)/(Ce—Cie), ©)

Both the vacancy and self-interstitial are charged dewhere the equilibrium concentrations of vacancy and inter-
fects; the charge state is dependent on the Fermi levefitial (C,, andC;.) and their diffusivities D, andD;) refer
position!® Particularly, in material of intrinsic conductivity gl to the melting pointT,,,, andE is the defect formation
(at the Fermi level close to the midgapthe prevailing energy averaged over the two species. The expre¢8jds
charge state of a vacancy is expected to be single negativeemewhat simplified to neglect a possible contribution of
The prevailing charge state of a self-interstitial is neutraldefect drift induced by the temperature gradient. The essen-
with a small contribution of double-positive chargéhe tial point is that both the expressi¢6) and the more general
single-charge state is practically absent due to a so-callegixpression(taking the drift into accouft include the con-
“negativeU” sequence of energy levefy. centration differenc€,.— C;e in the denominator. This dif-

A dopant(acceptor or dongrintroduced up to the con- ference is relatively smallthe two concentration€,, and
centrationN, induces some shift in the electron concentrationc,, are very close one to the otAerEven a small shift in
n (and in the hole concentratigy) with respect to the initial  ejther of the two concentrations may therefore cause an ap-
|ntr|n5|c value,ng. The electron/hole equilibrium relation, preciable shift inC,e— Cie, and accordingly a strong shift in
pn= no, together with the neutrality conditiop—n=N (for  the criticalv/G ratlo.
acceptor dopahprovides an explicit expression for a shifted The shift in the denominator of Eq6) provides the
electron concentration: major contribution to the dopant effec';.gsln the numerator the

_ 2 2\1/2 interstitial termD;C,, strongly dominatesover the vacancy

n=—N/2+(N74+ng) ™ @ term D,C,.. A small electronic shift inD;C;. (generally

For donor doping 1t—p=N), one should replac& with  caused by a shift in botlS;. andD;) is therefore of minor
—N in this expression. importance. We will thus take into account only the major

The intrinsic electron concentratidhwhen extrapolated effect that caused by shifting the equilibrium difference
to the melting point, amounts to 4x2L.0*° cm™3. This num-  C,.— C;.. On substituting the shifted equilibrium concentra-
ber is considerably larger than a typical doping leNdhor-  tions from Eq.(5) into the denominator of Eq6), one gets
mally well below 16° cm™3). Therefore, the shift im is  the final expression for the relative “electronic” shift i

relatively small, and the expressi@B) is reduced to induced by acceptor doping:

n=ngxN/2, 3 &/ &wo=1(1—KN), (7)
where the plus or minus sign stands for donor or acceptowith the coefficientK expressed through the melting point
doping, respectively. concentration rati@=C,./C;, (for undoped materigl

The defect equilibrium concentratidd, of a particular B
charge state (of z elementary positive chargeis shifted in K=(1/2no)(zi—cZ,)/(c—1). ®

proportion ton~ % This follows simply from the mass action The expressior{7) applies also to donor doping M is re-
law for the defect introduction into lattice: one defect is ac-placed with—N.

companied by electrons, and the produ€yn? is a constant. Even if the acceptor dopant concentration is as small as
The total equilibrium defect concentrati@@, is then 10% of ng (~4x10' cm™3, a typical doping leve| the
Co=3C(n/ng) %, 4) relative electronic shift irg; is on the order of 20%—-50%, for

a reasonable rangef c between 1.1 and 1.4. The experi-
where the sum is over all the possible charge stat@en-  mental shift Eq.(1) induced by boron is of the same order.
erally both positive and negativend C,, refers to the in- The electronic effect on the equilibrium concentrations of
trinsic (undoped material. Since the/n, ratio, as defined point defectgactually on the vacancy concentratiaa then
by Eq.(3), is close to 1, the factom{n,) ~* can be expanded a reasonable explanation of the boron-induced shifg,in
to be 1+ zN/2 for acceptor doping. The final expression for a Theoretical curves for the relative shift are plotted in Fig. 1,
shift in the total equilibrium defect concentration caused byaccording to the expressioiig) and (8) where three values
acceptor doping is for the concentration ratiowere tried €=1.2, 1.3, and 1.4

-~ The circles in this figure represent the experimental data for
Ce=Ceol1+2ZN2no), ©) boron!* Since the theoretical curve is so sensitive to the
whereZ is the average defect charge elementary charge assumed, the experimental data allow a good fitting of the
units) for the intrinsic materialZ=%zC,3/%C,y. The ex-  concentration ratia. It is close to 1.3, with an uncertainty of
pression(5) is valid both for vacancythe average vacancy =0.05. Strictly speaking, it is the coefficielitin Eq. (7) that
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FIG. 1. Relative shift in the criticat/G ratio caused by an acceptor dopant
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The vacancy diffusivity provides only a minor contribution
to the right-hand part, and an approximate estiffa(®,
=5x10"° cn¥/s) is sufficient for a good evaluation d; .
Assuming the most reasonable nunfbfer the average for-
mation energy E=4.5 e\), one getD;=3.9x10 4 cn¥/s.
The self-diffusion producD;C;, was found to be around
3% 10 cnmf/s at T,,. Accordingly, the interstitial equilib-
rium concentratiorCi, is thus found to be about 7710
cm 3. The vacancy equilibrium concentrati@),, is larger

by a factor ofc (1.3) and thus equals #®cm™2. The con-
centration differenceC,,— Cj.=2.3x10* cm 3, is a mea-
sure for the incorporated vacancy concentration, and thus for
the amount of vacancies stored in voids. This number is in
accord!’ with the data on the void density and volume.

through the electronic shift in the point defect equilibrium concentrations at
the melting point. The curves 1, 2, and 3 are computed for the three repre-

sentative values of the vacancy-to-interstitial concentration ratie1(2,
1.3, and 1.4, respectivelyThe circles represent the experimental data for
boron (see Ref. 14

was fit to be 5.X10°2° cm 3. The concentration ratic
=1.3 was then deduced from the expresdi®n This num-
ber relies on the assumed numbersrfgrand for the average
chargesZ, and Z;. The theoretical downward shift is pre-
dicted for donor doping by expressiofig) and (8) with N
now replaced by-N. This shift is shown in Fig. 2 for the
best fit value of the coefficierk.

IV. POINT DEFECT PARAMETERS

The deduced concentration ratio<C,./C;c=1.3) can

V. DISCUSSION

It is now clear that the boron effect on the critiedlG
ratio can be well explained by a slight electronic shift in the
point defect equilibrium concentrations at the melting point.
Therefore, there is no need to invoke other possible mecha-
nisms for the boron effedtand, probably, for all the other
acceptor and donor dopapt®Ve will, however, briefly dis-
cuss alternative explanations for the dopant-induced shift in

e

.
An alternative mechanism for the boron-induced shift is

the presence of a small fraction of interstitial boron, along

with the prevailing substitutional statB The total number of

excess atoméwith respect to the lattice with all sites filled

is now equal toC;—C,+N;, whereC, is the vacancy con-

be now used to specify the other point defect parameters gentration,C; is the self-interstitial concentration, amy is

T.,. The interstitial diffusivityD; can be expressed through
the critical v/G ratio (which is close to 0.12 mAminK
=2x10 % cn?/s K) from the basic expressids):

D;=D,c+ £o(KT3/E)(c—1). 9)
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FIG. 2. Relative “electronic” shift in the criticab/G ratio predicted for
donor doping.

the interstitial boron concentration. This combination of
three concentrations is a reaction invariant. It is not changed
by the recombination of any interstitial with a vacancy or by
the kick-out reaction(replacing one type of an interstitial
with anothey. The criticalv/G ratio corresponds to the con-
dition of zero total flux of excess atoms into the crystal bulk.
The main difference from the undoped crystal is that the
convection flux v(C;—C,) is replaced withv(C;—C,
+N;). Accordingly, the interstitial boron concentratidi
must be added t€,, in the denominator of Eq6). SinceN;
(at T,,) is proportional to the total boron concentratid; (
=R;N, whereR; is the equilibrium interstitial boron frac-
tion), the two effects, that by interstitial boron and that by
electronic shift inC,, and C;., are simply summed. The
overall shift is then defined by the previous expresgion
with the coefficientK replaced byK+R;/(C,.—Cic). The
interstitial boron contribution is insignificant R;<10"°.
Another possible mechanism of the shift§pis pairing
of vacancies with substitutional impurity atoms. Here, the
invariant combination of the concentrations &,—C,
—N,, whereN, is the concentration of vacancy-impurity
pairs. Accordingly, the expressid6) is modified by adding
R,N (whereR, is the equilibrium fraction of impurity atoms
paired with vacancies af) to the vacancy concentration
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