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The effect of excess point defects on the equilibrium concentration
of interstitial oxygen for the system of interstitial oxygen/SiO2
precipitates in crystalline Si is theoretically investigated. The ex-
pression for the equilibrium concentration of interstitial oxygen in
Si modified by the excess point defects is derived. Excess vacancies
in Si are found to decrease this concentration, while the excess Si
self-interstitials have the opposite effect. The effects of different
conditions for the point defect generation on the equilibrium in
the system of interstitial oxygen/SiO2 precipitates in crystalline
Si are studied.

1. Introduction

Oxygen is the prevalent impurity in Czochralski grown
crystalline Si material. It is incorporated interstitially in
the silicon lattice up to the concentrations close to the
solubility limit at the melting temperature. Upon cool-
ing, a supersaturated solid solution of oxygen in silicon is
formed. The supersaturated state of oxygen is released
by the formation and the growth of precipitates of the
SiOy phase in Si bulk [1, 2]. These precipitates play a
crucial role in the technology of crystalline Si wafers af-
fecting their electrical and mechanical properties during
the subsequent processing.

A number of investigations was devoted to the elab-
oration of theoretical models for the kinetics of oxygen
precipitation in crystalline Si [3-5]. The formation of
silicon oxide precipitates is affected by the excess point
defects such as Si self-interstitials and vacancies partici-
pating in the precipitation process. The thermodynamic
model of the influence of excess point defects on the nu-
cleation of SiO; precipitates in crystalline Si was pro-
posed by Vanhellemont and Claeys [6]. They derived
the expression for the critical radius of precipitate nu-
clei which uses the relative values of the concentrations
of vacancies and Si self-interstitials in Si with respect to
their solubility limits. The Vanhellemont—Claeys model
shows that the critical radius of silicon oxide precipitates
decreases with increase in the concentration of vacancies
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that provide the free volume to release the strain caused
by the approximately two-time difference in the volumes
of the Si and SiOs phases. The stimulating vacancy ef-
fect on the oxygen precipitation in crystalline Si is used
in the Magic Denude Zone technology [7] to promote the
controlled formation of SiOs precipitate ensembles in Si
wafers. On the other hand, the critical radius of SiO»
precipitate nuclei increases, and the nucleation is hin-
dered at the incorporation of the excess concentration of
Si self-interstitials in crystalline Si.

Excess point defects in crystalline Si must also influ-
ence the concentration of interstitial oxygen in equilib-
rium with the precipitated SiO, phase. This value has
a significance of the minimum concentration of inter-
stitial oxygen that can be achieved as a result of the
thermal treatment of crystalline Si material. It deter-
mines, hence, the maximum possible precipitated Si con-
centration that should be increased, e.g. for the internal
gettering purposes [8-10]. To our best knowledge, this
question has not been addressed in detail previously.
In the present paper, we make a theoretical study of
the effect of supersaturations with vacancies and Si self-
interstitials on the equilibrium concentration of inter-
stitial oxygen for the system of interstitial oxygen/SiOq
precipitates (oxygen solubility limit) in crystalline Si as a
function of the temperature of the Si processing and the
conditions of the point defect generation. Our study is
based on the Vanhellemon—Claeys nucleation model [6],
as well as on the classical nucleation theory [11]. The ob-
tained results are discussed in terms of experimentally
observed modifications of the equilibrium concentration
of interstitial oxygen in Si wafers subjected to treatments
that lead to the point defect supersaturations.

2. Theoretical Model

According to the Vanhellemon—Claeys model [6], a
change of the Gibbs free energy associated with the for-
mation of a spherically shaped SiO precipitate with the
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number of oxygen atoms j and the radius R; is expressed
as follows:

v
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Here, C; and C;? are the concentration and the stan-
dard solubility limit of interstitial oxygen in crystalline
Si, V and V,q are the concentration and the solubil-
ity limit of vacancies, I and I.4 are the concentration
and the solubility limit of Si self-interstitials, 5 and
are the numbers of vacancies and Si self-interstitials ab-
sorbed and emitted per one oxygen atom incorporated
into the precipitate, 2 is the volume per one oxygen
atom in the SiO, phase, o is the specific energy of the
interface of SiOy precipitate with the Si matrix, kg is
the Boltzmann constant, and 7" is the temperature, re-
spectively. In our analysis, the strain contribution to
the Gibbs free energy associated with the formation of
silicon oxide precipitates is not considered allowing the
study of only the effect of excess point defects on the oxy-
gen solubility. It is therefore assumed that all the strain
is fully relaxed upon the vacancy absorption and/or the
Si self-interstitial emission during the precipitate evolu-
tion. This assumption is plausible in definite cases in
view of the experimental observation of the formation of
unstrained SiOs precipitates that have a structure con-
sisting of 6-member rings of SiO4 tetrahedra [12].

The concentration of interstitial oxygen in a Si wafer
changes as a result of the growth and the dissolution of
SiO, precipitates. The kinetics of this process in the
case of large precipitates with size j, i.e. when the addi-
tion or subtraction of one oxygen atom has a vanishingly
small effect on the precipitate radius, is described by the
equation
dc;
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where kj and k'; are the kinetic coefficients determin-
ing the rates of precipitate growth and dissolution, re-
spectively, and IV, is the precipitate concentration. The
relation between the kinetic coeflicients k‘f and k;J_ is
obtained from the classical nucleation theory in the fol-
lowing form [11]:
kT =

+
2 k; C; exp (

5W(Rj)) 7 3)

kT

where 6W(R)) is a change of the Gibbs free energy due
to the addition of one oxygen atom to the precipitate
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with the number of oxygen atoms j and the radius R;.
In view of formula (1), this expression acquires the fol-
lowing form:

C (VN 1\ 200
OW (R;)=—kpT1 . — —. 4
() s cie <Veq> (qu> * R; @
3
It is taken into account here that 47;;? = j and
47ra(R]2-+1 — R?) ~ 8ToR; dfj = %, respectively.

Combining expressions (2) to (4), the following equa-
tion is obtained for the kinetics of change of the concen-
tration of interstitial oxygen as a result of the growth
and the dissolution of SiOy precipitates of size j:

dc; N vy
i S\ . _ -
7 =mlo-a (i) () -
2082
% exp ( = kBT) (5)

The equilibrium state of the system of SiO9 precipitates
with interstitial oxygen in crystalline Si corresponds to
the zero value of the change of the latter concentration,
% = 0, which takes place at the value of C; equal to

v\ P/ I\ 200
C; = O - .
() () e (zhe)

The exponential term on the right-hand sides of Eq. (5)
and expression (6) describes a modification of the equi-
librium concentration of interstitial oxygen in the vicin-
ity of precipitates in comparison to the bulk value due
to the precipitate surface curvature (Gibbs—Thompson
effect). Omitting this term, the following expression is
obtained for the ratio of equilibrium concentrations of
oxygen in crystalline Si bulk under supersaturations with
point defects and without them:

(6)

e
7

Expression (7) represents the key relation for the present
study describing a modification of the concentration of
interstitial oxygen in equilibrium with the SiO5 precip-
itates in a point defect-rich Si material with respect to
the standard solubility limit. A detailed analysis of the
influence of excess point defects on the equilibrium con-

centration of interstitial oxygen in Si is performed in the
next section.

(7)
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Fig. 1. Calculated dependence of the supersaturation with Si self-
interstitials upon the vacancy supersaturation that provide the un-
changed value of the concentration of interstitial oxygen in crys-
talline Si in equilibrium with the precipitated SiO2 phase with
respect to the solubility limit in the defect-free case. The regions
of equilibrium interstitial oxygen concentrations below and above
the standard solubility limit are also shown

3. Results and Discussion

As follows from expression (7), the solubility limit of
interstitial oxygen in crystalline Si in the presence of ex-
cess point defects is principally determined by the term

v P
( ) (E) . Since both 8, v > 0, the excess va-

Vea
cancies promote a decrease in the equilibrium concen-
tration of oxygen dissolved in the interstitial state in Si,
and the excess Si self-interstitials have just the opposite
effect. It is reported [13-15] that the full relief of the
strain associated with the incorporation of one oxygen
atom in SiO; precipitate requires the absorption of ~
0.6 vacancies or, alternatively, the emission of one half
Si self-interstitial, so that the values § = 0.6 and v =
0.5, respectively, are accepted.

We define vy = %q and vy = é to be the supersat-
urations with vacancies and Si self-interstitials, respec-

ey _ -8

T = Uy

tively, and f;(vy,vr) = v] to be the ratio

1

of the equilibrium concentrations of interstitial oxygen
in the presence of excess point defects in Si and with-
out them. The condition f;(vy, v;) = 1 determines
those values of supersaturations with vacancies and Si
self-interstitials at which the equilibrium concentration
of interstitial oxygen in silicon remains unchanged with
respect to that in the point defect-free case. This con-
dition establishes the boundary between the regions of
enhanced and reduced oxygen solubilities in crystalline
Si. From the analysis of expression (7), the condition
fi(vy, vr) = 1 is achieved at the relation between the
values of supersaturations with Si self-interstitials and
vacancies expressed by the function v; = v;%. This
function, as well as the regions of enhanced and reduced
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oxygen solubilities in crystalline Si, is presented in Fig.
1. The effects of vacancy supersaturation are balanced
at the supersaturations with Si self-interstitials higher
by several times due to the higher power, to which vy
is raised in the balance condition. The equal values of
supersaturations with vacancies and Si self-interstitials
lead to a decrease in the solubility limit of interstitial
oxygen as V‘;O'l and, hence, to the enhancement of oxy-
gen precipitation. In the following, we report on how
different methods of excess point defect generation in-
fluence the concentration of interstitial oxygen in Si in
equilibrium with the precipitated SiOs phase.

One of the typical cases of the creation of an ex-
cess concentration of point defects is the generation of
Frenkel pairs by, e.g., electrons, high-energy ions, or neu-
tron irradiation of Si [16, 17]. The point defects of both
signs appear in equal concentrations during these pro-
cesses, V' = I. This ratio holds at V' > Voq and I >> Iq.
The function f;(vy, vr) expressed in terms of the va-
cancy concentration V' and the vacancy supersaturation
vy acquires the following form in this case:

—-0.6 0.5
rovn =(4-) (1) =

(Vv 01y 04521/70.1 Vg 0.5 .
Véq qu v qu '

Figure 2, a shows the value of f;(vy, vr) as a function of
the annealing temperature at different vacancy supersat-
urations under the condition of the equal concentrations
of vacancies and Si self-interstitials. The data on the sol-
ubilities of vacancies and Si self-interstitials in crystalline
Si are taken from [18], Voq = 1.4 x 10 exp (— %) cm ™3
and I,q = 2.9 x 10%* exp (f%) cm ™3, respectively.
The values of f;(vy, v;) > 1, which demonstrates the
stronger effect provided by the Si self-interstitials on the
oxygen solubility limit during the Frenkel pair genera-
tion. Such an influence is resulted from the far lower
solubility of Si self-interstitials in silicon compared to
that of vacancies, which leads to their much higher su-
persaturations at equal defect concentrations. This is
clearly demonstrated by the temperature dependence of
‘I/e: presented in Fig. 2,b, which shows Ve: > 1 for the
entire region of temperatures used.

The analysis of expression (8) and Fig. 2, a also re-
veals a decrease in the concentration of interstitial oxy-
gen in Si in equilibrium with the precipitated SiO5 phase
with increase in the vacancy supersaturation and the an-
nealing temperature. In principle, there must be some

Ie
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Fig. 2. a— Calculated temperature dependences of the ratio of the
concentrations of interstitial oxygen in crystalline Si in equilibrium
with the precipitated SiO2 phase with and without excess point
defects in the case of Frenkel pair generation for different vacancy
supersaturations: 1 — 10, 2 — 100, & — 1000, and 4 — 10000. b —
Temperature dependence of the ratio of the solubility limits of
vacancies and Si self-interstitials in crystalline Si
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critical vacancy supersaturation v, at which the equilib-
rium concentration of interstitial oxygen is equal to its
solubility limit in the defect-free case. The temperature
dependence of v, is obtained from expression (8) set-
()

Toa ) -
However, the calculations by this formula, as well as the
calculations of the respective critical vacancy concentra-
tions, Vo, = v Veq, result in unreasonably high values
(the critical vacancy concentration exceeds the atomic
concentration of Si), which is demonstrated by Fig. 3,a
and b. This means that the Frenkel pair generation with-
out Si self-interstitial drain leads in all the possible cases
to an increase in the concentration of interstitial oxy-
gen in equilibrium with the precipitated SiO5 phase and,
hence, to the oxygen precipitation hindrance.

ting f;(vy, vr) = 1 in the following form: v., =

Another typical case is the quasiequilibrium distribu-
tion of the concentrations of point defects, which occurs
when the local equilibrium between the point defects is
established instantaneously as compared to any other
process. Under these conditions, V x I = Vq X Ioq, and
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Fig. 3. Calculated temperature dependences of the critical super-

saturation with vacancies (a) and the critical vacancy concentra-
tion (b) in the case of Frenkel pair generation in crystalline Si
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expression (7) in the terms of vy yields

v

v —0.6 Vg 05 —1.1_V |
Veq Vv Vg Y

Expression (9) shows that the value f;(vy, vr) <1, ie.
the equilibrium concentration of oxygen in point defect-
rich Si is smaller than that in the point defect-free Si
when vy > 1 (vacancy-enriched Si). We have f;(vy,
vr) > 1, i.e. the oxygen equilibrium concentration in
point defect-rich Si is higher than that in point defect-
free Si at vy < 1 (self-interstitial-enriched Si). Such
situations can be realized by the predominant introduc-
tion of point defects of one sign in the Si material, e.g.
by the high temperature rapid thermal annealing in the
nitrogen (vacancies) or oxygen (interstitial Si atoms) at-
mosphere [13, 19, 20]. The microdefects of vacancy or
interstitial nature formed in definite regions of the Si in-
got pulled by the Czochralski method also enrich the Si
bulk with point defects of a respective sign during sub-
sequent Si wafer processing [21]. The concentration of
vacancies can be also increased by applying the exter-
nal pressure to the Si specimens [22]. The incorporated
point defects reduce the steady-state concentration of

filvv,vr)=
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Fig. 4. a — Experimental temperature dependences of the oxygen
solubility in Si during the oxidation and without it (reprinted from
[23]). b — Temperature dependence of the supersaturation with Si
self-interstitials in Si calculated from the experimental data on the
increase in the oxygen solubility resulted from the Si oxidation
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the defects of opposite sign and enhance or hinder the
oxygen precipitation in case of the vacancy or Si self-
interstitial enrichment, respectively.

The results of our investigations correlate with the
available literature data. We are aware of several pub-
lications in which the modifications of the equilibrium
concentration of interstitial oxygen in crystalline Si with
excess point defects are reported. The enhanced sol-
ubility of interstitial oxygen in Si induced by the oxi-
dation of the top Si layer by up to one order of mag-
nitude was demonstrated by Mikkelsen [23]. The data
on the oxygen solubilities in the case of Si surface oxi-
dation and without it obtained in [23] are presented in
Fig. 4,a. Although the author explains his results by
an increase of the driving force for the oxygen dissolu-
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tion due to the establishment of a metastable equilibrium
with the oxidizing ambient, we believe that the reason
for the observed modification of the solubility of oxy-
gen may be the influence of excess Si self-interstitials
generated by the Si surface oxidation. Using the data
in Fig. 4,a, the temperature dependence of the super-
saturation with Si self-interstitials during the Si surface
oxidation can be found from expression (9) in the fol-
lowing form: v; = 0.146 exp (Ok—gj) This dependence
is shown in Fig. 4,b. According to it, the value of su-
persaturation with Si self-interstitials at the Si surface
oxidation decreases with increase in the annealing tem-
perature presumably due to the fast growth of the sol-
ubility of Si self-interstitials and lies in the range from
several to several dozens times. A similar result on the
oxidation-induced enhancement of the solubility of oxy-
gen in crystalline Si was also obtained by Takano and
Maki [24]. Schroer et al. used the oxidation-enhanced
oxygen solubility in Si for the stimulation of the growth
of a buried SiO; layer in the Si wafer bulk [25].

The expression analogous to expression (7) but with
the account of strain effects was derived by Ko et al.
[5] for the quasiequilibrium concentration of interstitial
oxygen at the interface of SiOy precipitate with the Si
surrounding. The authors, however, considered only a
local equilibrium of SiO, precipitate with oxygen dis-
solved in Si and made no references to this concentration
as the minimum achievable bulk concentration of inter-
stitial oxygen in Si and its dependence on the conditions
for the formation of point defect supersaturations. In-
stead, we have established the conditions for the point
defect generation to achieve the desired state of inter-
stitial oxygen in crystalline Si and, hence, the required
state of silicon oxide precipitate ensembles.

4. Conclusion

In this paper, the effect of excess point defects on the
equilibrium concentration of interstitial oxygen for the
system of interstitial oxygen/SiO2 precipitates in crys-
talline Si is theoretically investigated. The expression for
the equilibrium interstitial oxygen concentration modi-
fied due to the presence of excess point defects is de-
rived. Excess vacancies in Si decrease this concentra-
tion due to the enhanced oxygen precipitation in the
SiO5 phase. The presence of excess Si self-interstitials
promotes the SiOy precipitate dissolution and hence in-
creases the equilibrium interstitial oxygen concentration.

The generation of Frenkel pairs in all the cases leads to
the increase in the concentration of interstitial oxygen in
Si in equilibrium with the SiO5 phase, which is explained
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by the easier supersaturation by Si self-interstitials due
to their lower solubility comparing to that of vacancies.
The supersaturation with one type of point defects in
the quasiequilibrium regime affects the oxygen equilib-
rium concentration in a way pertinent to these defects.
The modification of the conditions for the point defect
generation during the thermal annealing of crystalline
Si aimed at the oxygen precipitation in it enables a con-
trol over the precipitated state of oxygen and thus the
characteristics of the internal getter in Si.
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project ©28.7/051 “Development of the scientific prin-
ciples of the technology for the formation of dislocation
free large diameter Si single crystals using the Czochral-
ski method and the thermal treatments that control the
state of oxygen atoms in the crystal lattice” of the Min-
istry of Education and Science of Ukraine, as well as
the project 3.3-10 “Development and implementation of
the technology for the formation of stress-free homoge-
neous Si ingots” of the National Academy of Sciences of
Ukraine.
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BIIJINB TOUYKOBUX JE®EKTIB HA PIBHOBAXKHY
KOHILEHTPAIIIIO MI>KBY3J/IOBOI'O KMICHIO
V KPUCTAJITYHOMY KPEMHIT

A. Capixos
Pezmowme

YV naniit pobOTI TEOPETUYHO JOCIIIXKEHO BILIUB HEPIBHOBasKHHUX
TOYKOBHUX Je(EKTIiB Ha PIBHOBasKHY KOHIIEHTPAIIO MiXKBY3JIOBO-
o KHCHIO JJIsl CHCTEMY MiXKBY3JI0BU KuceHb—perumnitara SiOg y
KpucranidaoMmy kpemuil. OTpumMano Bupa3 [JjIst PIBHOBaXKHOI KOH-
neHTpalii Mi2kKBy3JI0BOI'O KHCHIO y KpeMHil, MoaudikoBaHOl mpu-
CYTHICTIO HEPIBHOBaXXHUX TOYKOBUX JedekTiB. HepiBHOBaXKHI Ba-
KaHCIT IPUBOJIATD JI0 3MEHINEHHs 3raIaH0l KOHIIEHTPAIlil, TOAI SIK
HEPIBHOBAXKHI Mi’KBY3JIOBI aTOMH KPEMHIIO MAIOTh IIPOTUJIEKHUN
edexT. BuBueno BMB pi3HEHX yMOB reHepaliili TOUKOBHX gede-
KTiB Ha PIBHOBarKHY KOHIIEHTPAIIIO Mi>KBY3JIOBOI'O KHCHIO B CH-
creMi MixkBy3stoBuit Kucenp—mperumitarn SiO2 y KpHCTaIiTHOMY
KpeMHil.
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