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Accumulation dynamics of oxygen clusters in silicon and
formation of their nonhomogeneous distribution
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Abstract. Kinetics of oxygen distribution variation and oxygen clusters (thermodonors) for-
mation is considered and described by a system of nonlinear equations. Analytic solution is
obtained for homogeneous nonstationary distribution of oxygen and its complexes.

It is shown that due to the interaction of oxygen interstitials and their complexes the homo-
geneous state becomes unstable at some conditions, and spatial periodical distribution deve-
lops. Its period lies in the range of 10-1000 A .
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1. Introduction

Silicon is becoming very important material in the field
of electronics and communication. Device production
process of silicon is also important and the scale is be-
coming finer and finer. Electro-phyical properties of sili-
con appreciably depends on concentration of oxygen and
their small clusters. Now it has been found that donor
states in heat treated silicon (thermodonors) taking place
at 350-500°C are small complexes consisted of oxygen
atoms [1]. To describe kinetics of oxygen complex for-
mation the differen models were proposed [2,1]. Equa-
tions for concentrations of complexes containing only
one, two, three and four oxygen atoms were analyzed in
the framework of these models. It is assumed that the com-
plexes of more than four atoms lose donor properties.
They explain many experimental facts. However, there
are some difficulties. They are as following. The experi-
mental thermodonor concentration is far more than theo-
retical one. To form complexes at 350-450°C consisting
even of two oxygen atoms the diffusion coefficient must
be more high than the actual one. And at last, now the
nine oxygen complexes having electric activity have been
detected.

Theoretical approach developed in present article al-
lows to circumvent these difficulties. First of all, we shall
examine equations for complexes containing of arbitrary
number of oxygen atoms and obtain analytic solution for
homogenous, but nonstationary distribution. Then we shall
show the necessary thermodonor concentration can be

reached locally. It is possible because at low tempera-
ture (less than that of some certain crystals) the homoge-
neous oxygen distribution (when oxygen is atomically
dissolved and incorporated into complexes) seems to be
unstable due to nonlinear elastic interaction between
oxygen atoms and complexes. Periodical spatial distri-
bution is developed. The nature of the phenomena can be
explained qualitatively in the next way. Oxygen
interstitials and complexes cause elastic deformation. For
some directions they are attracted because the elastic
forces are anisotropic in crystal. If the oxygen excess
arise in some plane that is normal to this direction, for
example owing to fluctuations, then the mobile oxygen
would tend to be placed in the same plane. When elastic
interaction predominates, the influence of diffusion ef-
fects on the homogeneous distribution becomes unstable.

Thus, the oxygen distribution and following thermo-
donor formation depend on preceding crystal history.
Present model substantiates hypothesis [3,4] that oxygen
distribution is nonhomogeneous before thermodonor for-
mation.

There are some data about nonhomogeneous distribu-
tion of own defects, impurity and their complexes in sili-
con[4-6]. Manifestation of spatial periodical variation of
interstitial and impurity accumulations in irradiated silicon
was studied in [8]. Quasiperiodic distribution of boron in
boron-implanted silicon was observed in [9,10].

Annealing of silicon crystal results in its non-equilib-
rium state. Oxygen diffusion increases. (Nonhomogeneity
extends if crystal temperature does not exceed the critical
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one. Otherwise oxygen distribution becomes homogene-
ous.) Oxygen complexes begin to form in places where oxy-
gen concentration is high.

2. Physical model and basic equations

It has been known that single oxygen atoms in silicon
crystal are situated in two interstitial configurations sepa-
rated by energetic barrier AE.

One of them is a quasimolecule Si-O-S. Another con-
figuration is metastable. Oxygen interstitials in this con-
figuration do not connect with crystal lattice, and so it is
much more mobile.

Taking into account this fact L.I. Murin and V.P. Mar-
kevich obtained more high effective diffusion coefficient [4]
at low temperature, which can be expressed as

D=D°exp(-E,, | T)+
+(v /VD)DDexp(— (EJ +AE)/ T) M

Where D°, E,, and DD,EE1 are the pre-exponentials
and migration energies for the first and second configu-
rations. vand V" are frequency factors of probabilities for
direct and inverse transformations between these configu-
rations. When crystal temperature is high enough, oxy-
gen atoms dissolved in silicon (their concentration is n;)
become mobile and form immobile complexes that con-
tains two, three,...1,... oxygen atoms (their concentra-
tions are ny,n3,...,M;,..., respectively). To describe forma-
tion of oxygen thermodonor states, one uses the well-
known set of kinetic equations [1,2]:

al’ll

o Y12 ni =divJ @

on;

a_rt = Viian Yo m ©
i=2,...

Diffusion flux of atomically dissolved oxygen is

J ==D(On, —%) @)

We take into account elastic force, F, that acts on
oxygen atoms in the point r from other ones and com-
plexes.

F(r)= —Z J'D Vi (r=r"n; (' )dr' (5)
i=1

V1,i(r — r’) are corresponding interaction energies. ¥ 4+
are directly proportional to diffusion coefficient of oxy-
gen atoms, D(T). T is a crystal temperature in energy
units. We do not interest of boundary phenomena and
use the cyclic boundary conditions.
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3. Homogeneous state

The set (1) - (2) has the only homogeneous solution:
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This solution corresponds to the following initial state:
ni(t =0)=ny, n(t =0)=0,i=2. Itis assumed that y},, ,,.+1#
Yii+1 ifm ¢]

The oxygen atom concentration monotonically de-
creases and so forn| [ ¢ > 0. Therefore, if y; ;j+1 [y »
for each i > 1 the first item in (7) is much more than
others, and one can neglect them. In this case

Y12

n;(1)= ny (1)
ii+l
and
n; (l) - ym,m+l
N (l) yi,i+1

When dependence of oxygen atom and complex
concentrations on time is insignificant,
i.e. |An1| I'ny =y1on(1)AtM we have quasistationary
state during Ar.

Obtained solution (6)—(7) allows to trace time varia-
tion of each complex concentration and ascertain more
correctly a correspondence between oxygen complexes
and thermodonors comparing experimental and theoreti-
cal results.

4. Instability of homogeneous distribution and
formation of spatial periodical one

To examine the stability of quasi-stationary homogene-
ous solution we use equations (1) - (2) and consider the
behavior of small fluctuations ony(r,t), on;(r,t). Re-
stricting to linear terms in (1), (2) and taking into ac-
count ny (¢) = nogh; , i > 1 one obtains

oy (r,1) , On; (r, 1) Oexp(Ar +ikr)

and dispersion equation:
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b+ Dl + 2 +avia vy ) [0+ Vismmo)=0 - ®
=2
Where

a= ”OV% , Y =2y /D, V(k) :J'V(r) exp(—ikr)dr .

The value A depends on crystal and external para-
meters and at certain ones (a =a, ) ReA changes sign first
of all for some certain value and direction of wave-vector
k = k.. . In future wave-vector will hold just that direc-
tion. V(k) can be expressed in terms of the Green func-
tion for such a crystal. We restrict to the first and the
second terms that describe long-range attraction and
short-rahge repulsion.

So

V(k) = Vy(~1+ Bk?)

where VB is of order of several crystal lattice periods. V)
is function of the crystal volume change and the moduli
of elasticity.

When interaction between oxygen atoms becomes
greater than certain threshold value and predominates the
influence of diffusion effect, the homogeneous state be-
comes unstable. Thus, if small positive fluctuations of oxy-
gen concentration arise in some plane, the rest of oxygen
atoms would tend to be placed in the same plane. Due to
anisotropy of interaction, the zones enriched by oxygen
atoms and their complexes form the periodical planes per-
pendicular to some direction in the crystal, namely &, .

The bifurcation value of a obtained from (8) is

a, :1+2‘/WOB(‘/ynOB +‘/ynOB+1) ©)

Inhomogeneous distribution periodata =« . is 21/ k.,
where

2 _ . -1
¢ 2a.B (10)
C

Numerical evolution shows that the value ofa, is
slightly more than /, and period of heterogeneity changes
from 10 to 1000 A with the parameter variation.

The time of periodical distribution development is de-
termined by oxygen diffusion and depends on crystal tem-
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perature. Hence the non-uniform state can be observed
at some region of temperatures. If crystal temperature is
very high the non-uniform state does not develop. But if
temperature is very low one develops too long.
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