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The formation kinetics for grown-in microdefects nucleation centers in dislocation-free
silicon single crystals has been considered. It has been demonstrated that the diffusion-
controlled aggregation of point defects defines the process of grown-in microdefects for-
mation. Decomposition of oversaturated solid-state solution follows two mechanisms, namely
vacancy-type and interstitial-type. Decomposition of oversaturated solid impurity solutions
occurs at temperatures near the crystallization front, while decomposition of oversaturated
solid solutions of intrinsic point defects is induced by crystal cooling (at 7" < 1200°C). The
good consistency between theoretical and experimental results proves the validity of the
proposed model for point defects aggregation.

PaccmoTpeHa KMHeTHKA IIpoliecca (POPMUPOBAHNS I[EHTPOB 3apPOLIIIC00Pa30BAHUS POCTO-
BBIX MUKPOZe()eKTOB B 0e3AMCIOKAIMOHHBIX MOHOKPHCTAJJIAX KpeMHHs. I[loKasaHo, dUTO
IIpoIlecc arperamun TOUYEeUHBIX Ae()eKTOB, YIPABIAEMBLIN UX AuPQysueii, o6ycJIoBINBAET 00-
pasoBaHUe POCTOBBLIX MHUKPOZe(deKToB. Paclaj mepechileHHOro TBEPAOr0 PACTBOPA TOUEUHBIX
ne(eKTOB IIPOMCXOAUT II0 ABYM HAIPaBJeHUAM: BAaKAHCHOHHOMY M MeXys3eJbHoMy. Ilpu
TeMIepaTypax BOJU3U (PPOHTA KPUCTAIIUBAIUN HIET Pacliaj MepPechIIleHHbLIX TBePALIX pac-
TBOPOB IIPHMMECH, & BO BpeMs oxjaxmenus kpucraiaa (mpu T < 1200°C) mpoucxomuT pacrmar
IePeChIEHHbIX TBEPAbIX PACTBOPOB COOGCTBEHHBIX TOUEUHBIX Ae(deKToB. XOopollee COraacoBa-
HHUE TEOPEeTUYECKUX U SKCIIEPUMEHTAJIbHBIX PEe3yJIbTATOB CBUAETEIbCTBYET O CIPABEIJIUBOCTI
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IPEeIJ0KeHHON MOJesn arperamuu TOYEUHBIX Ae()EKTOB.

During production of dislocation-free
silicon single crystals, a problem of grown-
in microdefects arises. The grown-in mi-
crodefects as clusters of point defects refer
to the transient class between point and lin-
ear defects. The grown-in microdefects
(clusters of point defects) influence signifi-
cantly electrophysical and mechanical prop-
erties of dislocation-free silicon single crys-
tals and, hence, characteristics of discrete
devices and integrated circuits. The solving
a problem of grown-in microdefects is of
importance not only from the practical
point of view, for example, as a possibility
to control the silicon defect structure, but
contributes to fundamental science as un-
derstanding potential of physics of defect
structure formation and transformation in
high-perfect crystals.

48

Today, there are two model approaches
to explain the grown-in microdefects forma-
tion. The first approach is based on the
theoretical model of V.V.Voronkov [1]
where intrinsic point defects are the crucial
factor for aggregation processes. Therefore,
a key question in this case is what type of
intrinsic point defects dominates in a crys-
tal (vacancy or self-interstitial). A solution
is sought within the recombination-diffu-
sion sampling, which takes place in the nar-
row area near to the crystallization front,
and postulates that the type of intrinsic
point defects dominating in a silicon crystal
depends on the ratio of growth rate V to the
temperature gradient G: V/G = £. While the
mathematical background of the model may
be reckoned among the advantages of this
approach, the neglected interaction between
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intrinsic point defects and impurities may
be referred to its shortcomings.

We propose another approach developed
on the basis of experimental results ob-
tained during direct transmission electron
microscopic examinations of dislocation-free
silicon single crystals grown by float zone
(FZ-Si) and Czochralski (CZ-Si) methods
under the growth thermal conditions vary-
ing over a wide range. The investigations
formed a base for development a qualitative
heterogeneous mechanism of grown-in mi-
crodefects formation [2] which, however,
suffers from a lack of theoretical back-
ground. In particular, this concerns kinetics
of grown-in microdefects formation, which
are kept untouched so far. In view of the
latter, the purpose of this study is to con-
sider kinetics of point defects aggregation
during growth of dislocation-free silicon
single crystals.

Decomposition of solid solution, like
most of phase transformations begins from
the crystal nucleation, i.e. formation of
physically detectable crystallizing nuclei.
For one thing, intrinsic point defects (va-
cancies and self-interstitials) are quite mo-
bile and for the other thing, they are ac-
tively interact with drains. In low-doped or
undoped dislocation-free silicon single crys-
tals, the background oxygen and carbon im-
purities serve as drains for intrinsic point
defects. We have demonstrated that in
high-perfect dislocation-free silicon single
crystals, the main (fundamental) interaction
near the crystallization front is the "impu-
rity — intrinsic point defect” one that result
in formation of impurity precipitates [3].
The recombination of intrinsic point defects
does not occur because of high entropy re-
combination barrier value [4].

The origination of a new phase during
the impurity release out of oversaturated
solid solution may be considered according to
the classic nucleation theory, when the result-
ing free energy change of the crystal AF dur-
ing the nucleus formation is as follows:

AF:AFV+AFS+AF6, (1)

where AF, is the free energy change when

chemical composition is altered in volume;
AF,, the free energy change due to occur-
rence of interphase boundary; A,, a differ-
ence of elastic strain energies induced in
the nucleus and matrix. In the case of com-
bined aggregation of oxygen and vacancies,
a SiO, particle formation by joining n oxy-
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gen atoms and absorbing n, vacancies is ac-
companied by free energy increment

AF = —fn — f,n, + AF  + AF,, (2)
where the surface energy is defined as
AF, = An?/3 = 4nR%c (3)

and elastic strain energy as

AF,=on/l -—1|.
yn

Here the quantity y=(Mm-1)/2~0.68
has the sense of such an emission ratio n,/n,
at which SiO, particle remains strain-free;
the constant o is defined as ® =y2/Spn
and has the sense of elastic strain energy
per oxygen atom for a precipitate which has
occurred without emitting silicon self-inter-
stitials [5]; S is effective compressibility
KI;I +0.75u7! (u is the shear

modulus for silicon, K, is the uniform com-
pression modulus for SiO,). If we assume that
Kp modulus is the same as for silicon, then
S =91 - v)/4u(1 + v), where v is Poisson co-
efficient and in that case, ® ~ 1 eV; R is the
particle radius. In (3), XA = onl/3(8n/p)?/3,
where 1~ 2.836 is volume ratio of SiO,
phase and silicon atom; p, the density of
sites in the silicon lattice; o, the specific
free energy at the Si-SiO, interface.

When transition of one oxygen atom
from SiO, strain-free phase into solution
takes place, the system free energy changes
by f value

equal to

f=kﬂ%§. (5)

e

Correspondingly, when one vacancy is
eliminated from the solution, free energy
changes by f:

f, = kTIng . (6)

ve

According to (2)—(4), minimum AF at
fixed n is reached at a certain emission

ratio:

By inserting (7) into (2), the minimum
energy increment which occurs when a pre-
cipitate is formed from n oxygen atoms may
be found as:
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AF i = —T*n + An2/3 ®
where
» 9
ff=r+ va(l + lij
®

The quantity f* has the sense of a driv-
ing force for phase transformations; pre-
cipitation is only possible at >0, and
condition f* =0 defines the effective oxy-
gen solubility in case of vacancy oversatura-
tion:

Ci = C,(C,/ CL). (10)

The formula (10) follows from (9), if the
combination yf,/40 is neglected at high
temperatures, and then = f + vf,- In for-
mulas (5)—(10) C is the actual oxygen con-
centration; C,, oxygen solubility, maximum
solubility being C.(T,,) = 1.8-1018 em=3 [6];
T,, the crystallization temperature; C,, =
1.11639-1027exp(-3.9/kT) [7] is the equilib-
rium vacancy concentration C,, the vacancy
solubility.

Transmission electron microscopy studies
of high-purity undoped quenched disloca-
tion-free FZ-Si single crystals (oxygen con-

centration ~4-101% em™3, carbon concentra-

tion ~4-101% ¢m~3), have shown that the for-
mation of SiO, and SiC precipitates begins
at the crystallization front [8]. Therefore, if
oxygen and vacancy interact, the oxygen so-
lution becomes oversaturated (i.e. inequal-
ity C > C* is satisfied) at temperatures just
below the crystallization temperature, and
nucleation of SiO, particles begins; in this
case, C, ~ 6-1019 cm3.

By differentiating the nucleation rate
I ~ exp(AF,,;;/kT) with respect to time tak-
ing into account the changes in vacancy
concentration C,, a concentration N of oxy-
gen precipitates originated can be esti-
mated. At AF_,,, the formula (8) may be
used for a critical-size nucleus n,.,; =
(2V/38f)3 = (8¢kT/N)3/2, where ¢~ 60 [8].
Estimate of critical size gives a value of
about 150 atoms. At high temperatures
(near to the crystallization front), the size
n of SiO, precipitates is limited by the va-
cancy concentration ynN =C,, [9]. There-
from, a estimate N ~ 3-10!3 ecm™3 follows,
that coincides with experimentally observed
concentration of (I + V) microdefects [10].
At lower temperatures, the precipitates can
absorb oxygen without vacancies involve-
ment, that results in increase of their size
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and possible change in sign of deformation
around the precipitate from vacancy to in-
terstitial type.

Furthermore, the nucleation rate
d(Inl)/dT = —E*/ET? increases very fast be-
cause of a high value of nucleus binding energy
(estimated value is about 50 eV [5]). The effec-
tive nucleation interval is AT = kT2/E* ~ 5 K.
The maximum possible oxygen adjoining
frequency to an aggregate of radius r is
limited by diffusion and is o = 4nrDC,
where the diffusion coefficient
D = 0.17exp(—2.54/kT). The effective dif-
fusion time, as determined from the condi-
tion of diffusion coefficient decay by a fac-
tor of e, is rD=kT2/EaVc o1» Where E, =
2.54 eV, and V,,,; = |dT/dtf is the cooling
rate. For example, for FZ-Si crystals of
30 mm in diameter grown at the growth
rate V = 6 mm/min, |[dT/dt| ~ AG ~ 1.8 K/ec,
where G is an axial temperature gradient.
Then, at r=3 A (for a nucleus aggregate), we
obtain that at the aggregation temperature (T,
— AT), the frequency o ~ 7.6 s~ and diffu-
sion time 1~ 76 s. It follows therefrom
that maximum number of oxygen atoms ad-
joined to one aggregate otp ~ 600. Since
growth of SiO, particles is limited by oxy-
gen diffusion, which is slow comparing with
vacancy diffusion, then dn/dt = 4n2DC and
from here r(t) = (nDCt/p)1/2. For the above-
mentioned FZ-Si crystals, r~125 A that
agrees with experimental results [2].

During the crystal cooling at
T < 1200°C, pure vacancy condensation be-
comes prevailing. Its occurrence and tem-
perature interval of nucleation depend on
thermal conditions of ecrystal growth
(growth and cooling rates, temperature gra-
dients in the crystal, crystal diameter). While
at high temperatures C,> C,, and most of
vacancies are spent for joint condensation with
oxygen, then when the temperature decreases
(for instance, at T < 1200°C, C,, > C,) the va-
cancy oversaturation goes down due to for-
mation of micropores [8] and the precipi-
tates originated before facilitate their ag-
gregation [3].

When a pore is formed, the system free
energy changes as follows:

AF, = _f;)nv + kvng/3’ 11)

where [, = kETIn(C,/C,,) is the free energy

change in the vacancy solution when one
vacancy is added. The quantity AF, is a
function of pore size and passes through the
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maximum AF,.,; (nucleation work). The ho-
mogeneous nucleation rate is in proportion
to exp(—AF,.,;/kT) [1, 8]. The authors [5]
have derived a fundamental equation for
the temperature of vacancy-type micropore
nucleation T':

(12)

, Cvo
f' = RTIn| 5°* |+ EQA = T,/ T,),

vm

where the left-hand part of the formula is
the most sensitive to the exponent -
AF,..;/kET, in the expression for the pore
formation rate:

1/2
167 AFcriz‘ (13)
I=cD,C\o7 = exp|l— —/m7 |
SAF,... kT kT

In formula (12), the vacancy concentra-
tion is determined from the formula:

CUO = (Cvm - Cim)(l - §1/§), (14)

where £,/ = 0.15 [2], C,,,/Ci, = 1.2 [7]. In
formulas (12)—(14), E =4.4 eV, ['=
0.67 eV, and AF,,,;, = 5.4 eV [5]; C,,, is the
equilibrium vacancy concentration at melt-
ing temperature; C;,, the equilibrium self-
interstitial concentration at melting tem-
perature; T,,, the melting temperature; &, =
const, £ = V/G. The estimated value for the
pore formation temperature is about 1070°C
that is in good agreement both with theo-
retical calculations [5] and experimental re-
sults of vacancy micropores study [11]. De-
pendence T, on &,/ parameter shows that
vacancy micropores are formed within a cer-
tain temperature interval, which is defined
by actual thermal conditions of crystal
growth. The estimated value for vacancy
micropore concentration of about 6-104 em™3
has been obtained according to N, =
5.5-1012(VL,001)3/2/(C(2)1/2 [12] and also agrees
with experimental results [11]. During
joint condensation of oxygen and silicon
self-interstitials, the process of SiC forma-
tion due to adjoining of n carbon atoms and
absorbing of n; silicon self-interstitials is
accompanied by free energy increment:

where F, is defined by (3) and elastic strain
energy is defined by (14) with substitution
n; for n, and —f; for f,. A consideration
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similar to the above-mentioned results in
the expression

F=f - (16)
and for effective carbon solubility, we get
C* = C1(C;/ C ), 17)

where c¢; is maximum carbon solubility;
C;, = 2.52095-1020exp(—-8.7/kT) [7] is the
equilibrium Si self-interstitials concentra-
tion; C;, the solubility of silicon self-inter-
stitials. The calculation proves that forma-
tion of SiC precipitates (when actual carbon
concentration C, > C*) begins near to the
crystallization front if C,/C; ~ 1.67. The es-
timated value of defect concentration
N ~ 1014 ¢cm 3 and their size r = 110 A (for
30 mm diameter FZ-Si crystals grown at
V =6 mm/min) attest to their good consis-
tence with results of direct transmission

electron microscopy investigations [2].
During the crystal cooling, the condi-
tions arise when the free energy induced by
carbon impurity elimination from oversatu-
rated impurity solution appears to be less
than the free energy increase caused by Si
self-interstitials emission (Ig) into over-
saturated solution of such self-interstitials.
The SiO, precipitates emitting Ig; at their
growth contribute to this process. In this
case, the main aggregation process is the
formation of Ig; clusters (A-microdefects).
In the oversaturated solution of Ig;, A-mi-
crodefects are nucleated homogeneously and
their nucleation rate increases sharply near
to the temperature of condensation, which
is determined in numerous experiments in
termination of crystal growth as ~1100°C
[2, 13]. The quantitative model of aggrega-
tion was constructed in [1]. Assuming that
A-microdefect looks like a spherical cluster
occurring near 1150°C, the following for-
mula was proposed to determine their con-

centration:

1/2 3/2 18
Ny= 0.13(Lj [MJ (%)

C;, D;ET? ’

where E_; 1.5 eV is the critical nucleus
binding energy per one Ig atom [1]; D; =
0.242exp(—0.937/kT) [14] is the diffusion
coefficient for Ig;. Calculations for FZ-Si
crystal of 30 mm in diameter (at V =
3 mm/min) give the value of about
2:10% ecm ™3 that is in agreement with ex-

51



V.I.Talanin et al. / The aggregation of point ...

perimental investigations for A-microde-

fects. For 50 mm diameter CZ-Si crystals

(grown at V=1 mm/min), Ny ~ 5-104 cm 3.

The growth of A-microdefects (interstitial dis-
location loops) is limited by Ig; atoms diffu-
sion, therefore, we can define the size of a
single defect m; (number of Ig; atoms therein):
m;N, = C;, then m; ~ 107 to 109 Ig; atoms.

Thus, the above analysis of grown-in mi-
crodefects formation reveals that the proc-
ess of defect formation during growth of
dislocation-free silicon single crystals is
controlled by point defect diffusion within
the temperature gradient field. This is
caused by existence of entropy recombina-
tion barrier which prevents the recombina-
tion of intrinsic point defects at high tem-
peratures during the crystal growth. As a
result, decomposition of oversaturated solid
solution of point defects follows concur-
rently two mechanisms: vacancy and intersti-
tial type. At temperatures near to the crystal-
lization front, the oversaturated solid impu-
rity solutions begin to decompose, while
during the crystal cooling (at T < 1200°C),
the oversaturated solid solutions of intrinsie
point defects begin to decompose.
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budgetary funds of Ministry of education
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Kristal-

Arperamia ToukoBux aedeKTiB y 0e3qHUCIOKAIIMHUX
MOHOKPHMCTAJAX KpPeMHilo

B.1.Tananin, 1.€.Tananin, A.A.Boponin, A.B.Cupoma

Posraaryro kKiHeTury mnpolilecy (OPMYyBaHHS I[€HTPiB B3apOAKOYTBOPEHHS DPOCTOBUX
MikpogedeKTiB y Oe3gucioKalifHIX MOHOKpUcTaNIaX KpeMHiio. ITokasaHo, 1o mpoliec arpe-
ranii ToukoBux medeKTiB, 10 KepoBaHUil ix Audysieo, 00YMOBIIOE YTBOPEHHSA POCTOBUX
MikpogedekTiB. Posnag mepecuueHOro TBEpAOTO POSUMHY TOUKOBUX AedeKTiB BixbyBaeThbca
3a IBOMa HaNpAMKaMU: BakaHciiiHomy i MiskBysmoBomy. IIpu Temmeparypax mobausy GpoH-
Ty Kpucrayisarii BigOyBaeThcsad posmaj IepecuYeHUX TBePAUX POSUMHIB AOMIIIKU, & IPOTH-
rom oxousomkeHHss Kpucrana (mpu T < 1200°C) mae micre posmaj IIepecHYeHUX TBEPAUX
PO3UYMHIB BIACHUX TOUYKOBHX AedeKTiB. XopoIla KOpPeaAlis TeOPeTHUYHUX Ta eKCIePUMEH-
TAJIbHUX Pe3yJbTATIB CBiAUMTH PO CIpaBemJuBicTh Momeni arperaiiii ToukoBux mederTis,

0 IIPOIIOHYETHCH.
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