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Microscopic mechanisms of an influence of point defect — impurity
complexes on atomic rearrangements in a silicon crystal which is
saturated by defects are theoretically investigated. To achieve the
goal, a model that describes the silicon crystals with concentrations
of defects more than 102! cm~3 has been developed. For the
model crystal, electronic structure and energetic characteristics
are calculated by the electron density functional method and
the first-principle pseudopotentials. Maps of the electron density
distribution as well as potential reliefs for a displacement of
impurity atoms (boron, phosphorus) are obtained. It is shown that,
at critical concentrations of Ps and Bs, (Ps)2 and (Bs)2 complexes
appear which turn into P;V2P; and B;V2B; complexes in a non-
activation manner and serve as the generators of divacancies.

Electrical activity of impurity atoms in silicon is
determined by their distribution within a crystalline
lattice. Among a great diversity of configurations

displaying electrical activity (impurity — defect
complexes, impurity segregations, and others),
an important role belongs to isolated atoms of

substitutional impurities. An equilibrium concentration
of such atoms, which is maximally attainable, is an
important technological parameter that, in particular,
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determines the so-called impurity utilization factor upon
the ion implantation [1]. At the same time, the strong
doping of a crystal influences the system of intrinsic
point defects as well. The authors of a series of papers,
which are devoted to the investigation of diffusion,
oxidation, and other processes in materials subjected to
the ion implantation, come to the conclusion about the
existence of a correlation between a doping level and
a vacancy concentration, and this especially concerns
strongly doped silicon.

So, for a solid solution of silicon, the do-
ping by phosphorus with concentrations up to
10?2 cm~? strongly increases the concentration of

thermodynamically equilibrium vacancy defects. This
conclusion follows from a rapid rise in the diffusion
coefficient of antimony which predominantly diffuses
on vacancies in silicon [2] and from an increase in
the thermal oxidation rate which is caused by an
acceleration of the vacancy self-diffusion [3, 4]. The effect
of the radiation diffusion disappearance observed upon a
rise in the donor doping is also thought to be associated
with increase in the equilibrium vacancy concentration.

To date, the literature data on radiation-induced
defects in the boron-doped silicon with a concentration
of 10" em™ are available. As is shown in [5] by
means of the infrared spectroscopy technique, boron
efficiently passes from lattice sites to the interstitial
space during the electron irradiation of the material. The
rate of this reaction is so high that, according to the
authors’ opinion, the annihilation of vacancies with the
native interstitial atoms becomes completely suppressed,
because the latter fill the boron places at the lattice
sites (the Watkins reaction). Similar results were also
obtained in other works [6—9].

Let us describe the basis of the model utilized to find
out the configurations of dopant atoms in the silicon
matrix as well as the vacancy formation mechanisms in
the case where dopant concentrations are sufficiently
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Fig. 2. Path of a displacement of dopant atoms from the lattice
sites considered in the calculations of adiabatic potentials
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Fig. 3. Potential relief for a displacement of the dopants
(phosphorus (@) and boron (b)) in the case of their high
concentrations. Along the z axis — the displacement by (1/6)a

units, where a is a distance between atoms

high. The idea of the model consists in the provision
of the optimal consistency of the unit cell dimensions
(which define the computational time) with the
necessary concentration of defects in the crystal which
would correspond to the state before a structural
transformation. In the case under consideration, two
defects fit six matrix atoms. The translation of such
eight-atom cell in all directions allows studying an
infinite silicon crystal with a defect concentration of the
order of 10! em™3 (Fig. 1).

The properties of such a crystal were studied by the
method of electron density functional in the pseudopo-
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Fig. 4. Distribution of the valent electron density in (110) plane
for crystals Si (a), Si with P (b), and Si with B (¢)

tential approximation [10]. The atomic basis of the unit
cell consisted of 8 atoms, 6 of which were silicon atoms,
and 2 were the dopant ones. The latter were located
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Fig. 5. Distribution of the valent electron density in (110) plane for a Si crystal with Si atoms displaced in [111] direction from one

another

at neighboring sites, since such an arrangement is very
likely at high concentrations of dopants. It is worth
noting that the ionic radii of the dopants considered
in this work (boron and phosphorus) are close to those
of the matrix. For this reason, the mechanical stress
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that might appear does not lead to a sufficient lattice
deformation. In what follows, the framework consisting
of silicon atoms is assumed to be invariable. To find
the stable positions for the dopant atoms, the case was
considered where these atoms were displaced from one
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another in [111] direction (Fig. 2). The full energy Eiot
of the model crystal was calculated for the intermediate
positions of dopant atoms, z. As is seen from Fig. 3,
Eio () curve contains a minimum, the presence of which
implies that, at the given dopant concentration, it is
favorable for the dopant atom to be located away from
a lattice site. This means that the P;V5P; and B;V5B;
complexes are formed in a non-activation way. But,
at small dopant concentrations, the isolated boron or
phosphorus atom is a substitutional one [11].

It is obvious that the structure of chemical bonds
in the vicinity of an impurity-defect complex controls
their behavior as well as the properties of the crystal
as a whole. To specify the features of this influence,
we performed the analysis of a nature of the chemical
bonds in Si near Py and By complexes. Figs. 4—6 show
the electron density distributions for the ideal silicon
lattice and for the environment of Py and B complexes
in Si.

As is seen from Figs. 4,a, b, the structure of the
bond which is formed between phosphorus and silicon
is similar to that of Si—Si. This means that, for the
Si—P pair, the conditions necessary for the formation
of a covalent bond with sp®—hybridization are fulfilled.
A little displacement of the charge maximum towards
phosphorus gives evidence for the presence of the ionic
contribution. It is seen that the bond between P—P
atoms is sufficiently week. It is such a kind of the
electron density distribution that can explain the non-
activation character of the displacement of P atoms in
[111] direction, which is accompanied by the vacancy
formation. Since the distribution of valent electrons in
the P—Si bond is similar to that in Si—Si one and the
repulsion between the atom cores is greater for the P—
P pair than for the latter one, the phosphorus ions are
displaced in the crystalline lattice relative to the lattice
sites. As a result, the P;V5P; complex is formed. In view
of the fact that, at a high-dose implantation of P ions
into silicon, there is a great likelihood for the appearance
of the (Pg)2 complex or a P atom near the P;V complex,
the following scheme for the atomic rearrangement is
very likely: (Py)s — P;V2P; or P —» P,V — Py —
P;V5P;.

In the case where boron is included in the silicon
matrix, the pattern of the electron density distribution is
completely different (see Fig. 4,c). There are no localized
closed contours characteristic of sp*—hybridization, and
the background ion charges become noticeable. But even
in this case, the formation of divacancies in the vicinity
of the By complexes can be explained according to the
above-described scheme.
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Fig. 6. Scheme of the formation of configurations with turned

bonds in silicon

While studying the changes in electron density
distributions accompanying a displacement of Si or P
atoms from the lattice sites in [111] direction (Fig. 5),
we observed a retention of the bonds between the atoms
of Si—Si or Si—P pairs, in all the cases where one atom
was displaced. This supports the conclusion made by
the authors of [12] about the existence of defects with
the bonds, which are not broken, but are turned (Fig.
6), and damp displacements. In the given paper, we
established that the defects of such kind are likely to
be formed at intermediate stages of the formation of the
V5 divacancies in pure Si or the P;15P; complexes in the
doped silicon.

Thus, at high concentrations of the boron and
phosphorus dopants, both the (Py)2 and (B)2 complexes
become unstable and serve as the generators of
divacancies which additionally contribute to the total
amount of divacancies near their critical concentration.
It is this process that underlies the step-wise transition
of silicon from the crystalline to amorphous state, which
agrees with a series of experiments [13, 14].

The analysis of the electron density maps shows that

— introduction of the dopants of the Il and V groups
(B and P) into silicon occurs in different ways: the
character of bonds is closer to the typical picture of sp*-
hybridization in the P—Si case than that in the B—Si
one;
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— when the silicon and phosphorus atoms are
displaced, the so-called damping of atomic displacements
by chemical bonds is observed in the covalent crystal.
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POBPAXVYHKU XAPAKTEPUCTUK }
JOMIIKOBO-JEPEKTHNX KOMIIJIEKCIB YV KPEMHII
NP  BEJUKUX  KOHIEHTPAIIAX  JOMIIIOK

P.M. Baaabati, A.FO. Kis, H.B. Moiceenxo
Pesmowme

Teoperuvro goCIigKEeHO MIKPOCKOMmIUHI MEXaHIi3MHU BILIHBY KOM-
mwiekciB ToukoBux medexris i momimoxk Ha aroMui mepebymoBH B
YMOBaX HaCHUEHHS KPUCTAJIA KpeMHi0 gedekramu. /1j1s mporo Oy-
JI0 PO3POBJIEHO MOJENb, SKA OMUCYE KPHCTAJI KPEMHIIO0 3 KOHIEH-
Tpamiero gedexTis, e Mermorwo Hixk 1021 cm~3. Erexrponna 6ymo-
Ba T €HEPreTUYHI XaPAKTEPUCTUKU MOIEJLHOIO KPHCTAJIA PO3pa-
XOBYBAJIU i3 3aCTOCYBaHHAM Teopii (pyHKITIOHAIA €JIeKTPOHHOI TI'y-
CTHHH i ICeBAOMOTEHIaIy i3 mepmux npuHiunis. Byaun orpumani
KapTH PO3IOAiTy eJeKTPOHHOI I'YCTHHHU i HOTEeHIiaJbHi penbedu
Ui 3MimmeHHsT aroMiB gomimok (6opy Ta docdopy). ITokazaso,
IO NpW KPUTUYHINK KoHIEeHTpalil Pg Ta Bg BUHUKAIOTH KOMILIEK-
cu (Pg)2 ta (Bg)2, axi 6e3aKkTUBALIRHO IEPEXOAATH Y KOMILTIEKCH
P;V2P; ta B;V2B; i Bigirparors posib reHepaTopiB AuBaKaHCI.
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