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The recombination parameters of the point defects dynamics (recombination barrier,
recombination time, recombination factor) at high and low temperatures are discussed
proceeding from the heterogeneous mechanism of grown-in microdefects formation and
transformation. The cooling-induced decomposition of the oversaturated solid solution of
point defects in silicon follows two mechanisms: vacancy-type and interstitial-type ones.
Therefore, vacancies and intrinsic silicon interstitials find drains in the form of back-
ground impurity atoms like oxygen and carbon. The formation of intrinsic point defect-im-
purity pairs is the dominant process at temperatures near the silicon melting point.

PaccMoTpesbl peKoMOMHAILMOHHLIE IIAPAMETPHl MOAENNM AWHAMUKKM TOYEUYHBLIX Ie(deKTOB
(peKoMOMHAIIMOHHBIN 0apbep, PeKOMOMHAIMOHHOE BPEeMS, PeKOMOMHAIIMOHHLIN (haKTOp) AJs
BBICOKMX M HHUBKHUX TeMIIePATyp, MCXOAA K3 IEeTePOreHHOro MexaHusMmMa oOpasOBaHUSA U
TpaHcOPMAIMKA POCTOBBIX MUKPOAe(EeKTOB. BbI3BaHHBIM OXJAMKIEHUEM PACIAJ IIePeChIIeH-
HOI'O TBEPAOr0 PACTBOPA TOYEUHBLIX Ae(PeKTOB B KPEMHUHU IIPOTEKAET II0 ABYM MEXAHU3MAaM:
BAKAHCHOHHOMY M MeXKy3eJabHOoMY. I109TOMY BaKaHCUM U COGCTBEHHLIE MEKY3€IbHbIE€ aTOMEL
KPeMHUSA HAXOLAT CTOKM B BHJAE aTOMOB (DOHOBBIX IIpUMeceil, TAKMX KaK KHUCJIOPOJA M yrJe-
pox. OGpasoBaHue map " COGCTBEHHBIN TOYEUHBINA He()eKT — IIPUMECh SABISETCA TOMHUHUPY-
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IOIIUM IIPOI[ECCOM IIPM TEMIIEpaTypax, OJUBKMX K TOUYKE IJIABJIEHUS KPEeMHUS.

The structure imperfections referred to
as grown-in microdefects are formed during
high-temperature growing and further cool-
ing of dislocation-free single Si crystals.
These grown-in microdefects, such as micro-
precipitates, dislocation loops and mi-
croscale voids, are formed in the crystal due
to aggregation of intrinsic point defects and
impurities. Therefore, the key to under-
standing fundamental parameters of intrin-
sic point defects (formation volumes, dif-
fusivities and thermal equilibrium concen-
trations of vacancies and intrinsic
interstitials and others) is to understand
the formation mechanism of grown-in mi-
crodefects. At the same time, investigating
the recombination process of intrinsic point
defects or/and their interaction with impu-
rities is a way to understand the formation
mechanism of grown-in microdefects. At
present, the qualitative and quantitative
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understanding of defect formation physics
in silicon is far from satisfactory.

To date, there are two approaches to
solve this problem for dislocation-free sili-
con single crystals. In the first one, the
combination of equilibrium, transport and
solid state kinetics of intrinsic point defects
and impurities that leads to microdefect
formation is referred to as defect dynamics
[1-3]. The model of point defect dynamics
includes point defects convection by crystal
motion, diffusion by both Fick and thermal
diffusion driving forces and point defect re-
combination [4]. It is supposed that all
mechanisms are of importance for the point
defect dynamics in specific regions of the
crystal; however, point defect recombina-
tion plays the most crucial role [2, 5]. These
models are based on theoretical model of
grown-in  microdefects formation by
Voronkov [6]. Voronkov assumed that the
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recombination rate between isolated vacan-
cies and intrinsic interstitials is very high
and further that the diffusivity of intrinsic
interstitials exceeds that of vacancies near
the melting point; and, finally, that the
concentration of vacancies is higher that of
intrinsic interstitials at the melting point,
where both concentrations are in thermal
equilibrium [6]. The author pointed out that
the microdefect formation is governed by
the growth parameter V/G = C,,;; (where V
is the crystal growth rate; G, axial tempera-
ture gradient). This mechanism results in a
distinction between the crystal regions en-
riched in vacancies (V/G > C,,;;) and in in-
trinsic interstitials (V/G < C,,;;)-

The authors of second method proceed
from experimental data on properties of the
grown-in microdefects [7, 8—10]. High diffi-
culties in observing the aggregations of
point defects having such a small size and
causing a slight lattice imperfection re-
quires the direct research methods, which
allow analyzing the sign of lattice imperfec-
tion. The sign of lattice imperfection caused
by a defect informs us indirectly on the
defect chemical composition and enables to
define unambiguously the mechanism of
growr-in microdefects formation and trans-
formation [11]. Being based on direct ex-
perimental results, such a mechanism pro-
vides a qualitative understanding of the
grown-in microdefect formation process
[12]. Basing on experimental results, we
suggested the heterogeneous formation
mechanism of the grown-in microdefects
[11, 12], developed a new physical classifi-
cation and introduced concepts of primary
and secondary grown-in microdefects [12].
In our opinion, it is only a combination of
the two approaches (theoretic and experi-
mental) that would enable an actual under-
standing of physics of the defect formation
in dislocation-free silicon single crystals.

The purpose of this paper is to estimate
parameters of the recombination process
(recombination factor, recombination time,
recombination barrier) occurring in the
model of the point defect dynamics for high
and low temperatures in accordance with
heterogeneous formation and transformation
mechanism of the grown-in microdefects in
dislocation-free silicon single crystals.

Considering the concept of entropy bar-
rier and the factor of simultaneous self-dif-
fusion of vacancies and silicon interstitial
atoms, we may reason in this way, in con-
trast to the V.V.Voronkov theory that there
is a recombination barrier [12]. Experimen-
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tal results of TEM studies [9, 10] and het-
erogeneous formation mechanism of the
grown-in microdefects [11] prove the theo-
retical considerations of Hu and Sirtl [13, 14]
to be true. In the context of physical nature
of defect formation in real crystals, the
Voronkov theoretical model is inconsistent.

The microscopic model of recombination
barrier was developed in detail in [15, 16].
The model is based on the fact that the
configuration of intrinsic point defects at
high temperatures defines the temperature
dependence of the barrier. As is assumed
within the model frame, at high tempera-
tures, the intrinsic interstitials and vacan-
cies are extended through several atomic
volumes (11 atoms occupies 10 cells), i.e.,
there is a disordered area around the point
defect, which is isotropically extended up to
the atoms of the second coordination
sphere. Recombination occurs only if both
defects are simultaneously contracted all-
around the same atomic volume. As the ex-
tended defect configurations have more mi-
crostates than the point defect, such a con-
traction reduces entropy and, consequently,
an entropy barrier AS <0 exists. As tem-
perature drops, the barrier decreases and
disappears at low temperatures at all, so
the defects recombine easily. This is con-
nected with changing in configuration of
intrinsic point defects, which are extended
at high temperatures and have a point-like
dumbbell shaped configuration at low tem-
peratures, as shown in [16]. It should be em-
phasized that the theory of extended defect
configurations as well as the theory of recom-
bination barrier have been acknowledged in a
number of up-to-date papers [17, 18].

Basing on the heterogeneous mechanism
of grown-in microdefects formation, we pro-
ceed to estimation of recombination parame-
ters (recombination barrier, recombination
time and recombination factor) of the point
defects dynamics model. Temperature de-
pendence of configuration entropy can be
described as follows [19]:

ST) = 8,1 - T}/ T), (1)

where S, is the limiting S, value (at
T—->T,) T,, the melting point; T}, a char-
acteristic temperature. Let us suppose that
T}, is the minimum temperature when the lat-
tice imperfections are formed in the disloca-
tion-free silicon single crystals. Then estimate
T, =450°C = 723 K as a temperature when
thermodonors are formed in silicon crystal. It
follows that S(T) =S, (1 — 723/T). Accord-
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ing to [16], S,(1873 K) = —-11.5k (where
k =0.86181-10"% eV/K is the Boltzmann
constant). Then we can get S, = —24.3k.
Therefore,

SAT) = -24.3k - (1 - 723/T). (2)

According to the Gosele model [16], the free
energy barrier to recombination AG = -T-AS,
since the contribution of enthalpy member
AH is negligible. The temperature depend-
ence of the barrier is thus controlled by the

entropies of the point defects formation.
Then

AG(T) =T - [-ST)] =T - S.T).  (3)

Approximate evaluation at T =T, gives
AG(1685 K) = 2.014 eV.

Experimental data on Si self-diffusion
show that the diffusion coefficient exhibits
the Arrhenius’ behavior over a wide tem-
perature range, IXT)= Dyexp(—E,/kT),
with an activation energy E, of 4...5 eV
and the pre-exponential factor Dy much
larger than that for typical metals [20].
However, the relative contribution from dif-
ferent mechanisms, namely, from vacancies
and interstitials, is still a matter of discus-
sion. For the purpose of this work, we used
Mayer classical data as reference [21], ac-
cording to those, within the T interval 1320
to 1658 K,

D(T)=1460 - exp(-5.02/kT). (4)

Approximate evaluation at T =T, gives
D(1685 K) = 1.42.10712 em2.s7 1. It is just
the intrinsic interstitials that dominate the
self-diffusion at high temperature. Hence,
to estimate the recombination time at high
temperature (1), we use the formula

T =Q/4n - D(T) - 1y - exp(-AG(T)/ kT), (5)

where Q is the lattice volume; ry = 8:1078 cm,
the capture radius for recombination. Esti-
mation at T =T, gives 1, =316 s. It
should be noted that estimation based on
modern data of Bracht [22] and Tang [20]
gives values 17y =132 s and 1 = 110 s, re-
spectively.

The recombination factor kyy(T) is de-
scribed by diffusion-limited reaction theory,
coupled with a kinetic activation barrier [2].
If high temperatures are concerned,

kpAT) = (6)
=47 - 1y - D(T) - exp(-AG(T)/kT)/Q - c,,
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where ¢, = 51022 ¢m ™3 is the atomic density.
Estimation at T = T,, gives kp, (1685 K) =
6.3-10726 ¢cm3/s. In [23], a "fast recombina-
k(1685 K)-Cy,, > 20 s71
(where Cy,,, = 11.7-1014 em 3 is the concen-
tration of vacancies at T = T,) is intro-
duced. The "fast recombination™ criterion
does not comply with our conditions in the
model of point defect criterion.

So, the recombination process of intrinsic
point defects in FZ-Si and CZ-Si single crys-
tals near the crystallization front is hin-
dered due to the recombination barrier. The
vacancies and intrinsic interstitials find out
drains in the form of background oxygen
and carbon impurities. Experiments in crys-
tal quenching demonstrate that the vacan-
cies and interstitial microdefects are first to
appear near the crystallization front, and
then during the cooling, the D(C)-microde-
fects, B-microdefects and A-microdefects
are formed [12]. In addition, several experi-
ments suggest a break of the Arrhenius’
behavior at about 1323 K, suggesting that
different mechanisms act above and below
this temperature [20]. In [20], it has been
shown that at 1353 K, a crossover occurs
between intrinsic interstitials dominating
self-diffusion at high temperature and va-
cancies dominating that at low temperature.
These results prove our experimental re-
sults that evidence two types of decomposi-
tion of oversaturated point defects solid so-
lution (vacancy and interstitial).

Therefore, we estimate the recombination
time at low temperature (15) according to
formula [24]:

tion”  criterion

9(T) = 1, - exp(C/TS,). (7

In this case, Antoniadis and Moskowitz
[25] provide a single estimation for activa-
tion energy barrier at T = 1373 K (AG =
AH = 1.4 eV), by comparison of experimen-
tally measured vacancy lifetimes to diffu-
sion-limited reaction rate theory predic-
tions. The value t,=634.13 s we define
from (7) if T = T,,. Then,

1o(T) = 634.13 - exp(—AG/TSC(T)). (8)

The estimation at T =T, gives 15 =
816.4 s, and at T = 728 K, we have 15 - 0
(if estimated not allowing for an oscillating
entropy). Under low temperatures the re-
combination factor k(T) is defined by
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EpAT) = 9
= 4n - ro[DAT) + DAT)] - exp(-AG/EkT)/Q - c,,

where D|(T) = 1.76-1072. exp(—0.937/ET) cm2-s71
and Dy(T) = 1.70-1073. exp(—0.457/kT) cm?2-s~1
[2]. The estimate at T =723 K gives
Ey~1072 cm3s™! and the "fast recombina-
tion" criterion is well satisfied.

Thus, the reduction of the recombination
barrier is caused by a reduction of configu-
ration entropy with lowering temperature.
Since at temperatures close to the melting
point, the equilibrium concentrations of vacan-
cies and intrinsic interstitial atoms co-exist si-
multaneously in dislocation-free silicon single-
crystals, the oversaturated solid-state solution
of intrinsic point defects decomposes concur-
rently according to two mechanisms: vacancy-
type and interstitial-type.

The heterogeneous formation mechanism
of the grown-in microdefects in dislocation-
free silicon single crystals uses completely
new approaches [12]: (i) concentrations of
vacancies and intrinsic interstitial silicon
atoms at the crystallization front near the
melting point are comparable, recombina-
tion of intrinsic defects are hindered at
high temperatures; (ii) the decomposition of
the oversaturated solid-state solution of
point defects during the silicon cooling
below the crystallization temperature fol-
lows two independent mechanisms: vacancy-
type and interstitial-type; (iii) it is just the
initial oxygen-vacancy agglomerates and
carbon-vacancy agglomerates formed on im-
purities centers that form the driving force
of the defect formation; (iv) the dominating
feature in decomposition of the oversatu-
rated solid-state solution of point defects is
the generation of secondary defects (clus-
ters of intrinsic point defects), which ac-
companies the growth of a new phase.

Within the frame of the heterogeneous
mechanism, the vacancies and intrinsic in-
terstitials do react with impurities. Such
the interaction might be direct, with forma-
tion of chemical bonds between the point
defects or the impurity in solid solution, or
indirect, when the interaction occurs
through the strain fields or the static elec-
trical fields associated with the defects and
solutions. The background oxygen and carb-
on impurities are involved in the defect for-
mation process as nucleation centers, and
consequently participate in the processes of
further growth and transformation of the
grown-in microdefects [12]. As nucleation
centers for oxygen-vacancy aggregates are
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the contraction areas close to oxygen inter-
stitial atoms, the redundant vacancies and
other oxygen interstitial atoms are directed
towards them. The areas of strain around
carbon substitutions act as nucleation cen-
ters for carbon-interstitial aggregates, the
redundant intrinsic interstitial atoms and
oxygen interstitial atoms are directed to-
wards them. Such agglomerate growth re-
sults in the formation of the vacancy and
interstitial microdefects. The latter are pri-
mary microdefects, which are formed near
the crystallization front.

Thus, recombination parameters of the
model representing point defect dynamics
(recombination barrier, recombination time,
recombination factor) for high and low tem-
peratures have been estimated basing on
heterogeneous mechanism of grown-in mi-
crodefect formation and transformation.
The presented theoretical results indicate
that at high temperatures, the point defect
aggregation process is predominated by the
recombination process between intrinsic in-
terstitials and wvacancies. In this case, the
contribution of the recombination process to
the aggregation process is negligible.
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Pexomo6inaniiiHi mapamMeTpu TOYKOBHMX nedeKTiB
y 0e3qHCIOKAIIMHUX MOHOKPHCTAJAX KPEeMHIiI0

B.I.Tananin, I.€.Tananin

Posrnanyro pekombinamiiini mapamMeTrpu Momesi JUHAMIKM TOUYKOBUX AedeKTiB (peKoMObi-
Harifinuii 6ap’ep, pekoMOiHamniiiHuii yac, pekoMOiHAIiliHUY (HaKkTOP) AJIA BUCOKUX Ta HUBb-
KUX TeMIIepaTyp, BUXOAAYM 3 IeTEPOTeHHOI'0 MeXaHidMy yTBOpPeHHA i TpaHcdopwmarii pocto-
BUX MiKpogedeKTiB. 3a pPaxyHOK OXOJIOJ/KEHHS pO3NaJ MIePecUUeHOT0 TBEPAOTO POSUUHY
TouKOoBUX [HedeKTiB y KpemHil BigbyBaeThcad 3a ABOMa MaxaHisMaMM: BaKaHCIHUM Ta
MikBy3sm0BUHHUM. TomMy Bakamcil i BjJacHiI MisKBYS3JIOBUHHI aTOMU KPEMHiI0 3HaAXOAATH CTOKU
Yy BUTJIAAL aTOMIB (DOHOBUX JOMIIIOK, TAKUX AK KHCEHb Ta BYIVIellb. Y TROPEHHS IIap  BJac-
HUN TOUKOBUH medeKT — QoMImIKa" € JOMiHYIOUMM IIPOIECOM IIPU TeMIlepaTypax, OJM3bKUX

A0 TOYUKHU IIJIaBJIEHHS erMHiIO.

Functional materials, 13, 1, 2006

73



