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Summary. The main reason of the degradation of silicon monocrystals at heating is a structural

transformation connected with a partial transition of the diamond-like structure into the structure of

white tin. The reason for this transformation being observed under high pressures is the appearance of

stress zones at the boundaries of variously oriented crystal microvolumes due to heat expansion

anisotropy. The high stress concentration in the microvolumes provides sufficient pressure for the

indicated phase transformation which results in the observed degradation of the electrophysical proper-

ties of silicon. The prevention of the structural transformation is considered to be possible by doping of

Si by transition or rare-earth metals which increases the interatomic energy and decreases the thermal

expansion coefficient. The choice of the doping additions is based on the bonding energy and the

charge density calculated for a system of non-polarised ionic radii. The technology to increase the

thermal stability of silicon has been patented#.
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Introduction

The effort to increase the thermal stability of the electrophysical properties of
silicon (electrical conductivity, life time of minority carriers, Hall coefficient)
exists in practice from the beginning of its use as the basic material of semicon-
ductor electronics [1]. For the elimination of the material’s degradation effect after
its heating and cooling a special heat treatment – i.e., annealing at a definite
temperature followed by slow cooling – is given to the material. Such a heat
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treatment decreases the degradation of silicon, but is insufficient to prevent it com-
pletely. Therefore, it is attempted to solve this problem by doping silicon with se-
lected alloying additions. In this work we examine the basic principles of selecting
the adequate doping additions in order to increase the thermal stability of silicon.

Theory

The obvious approach for the selection of suitable doping additions is based on the
consideration of the reasons which are responsible for the changes in the electro-
physical properties of silicon after heating and cooling. The main cause of the
degradation at heating is a recently discovered structural transformation [2]. It is
known, that at high pressure silicon undergoes polymorphous transformations [3].
Pirous [4–6] observed tape-like precipitations of hexagonal Si at the microinden-
tation of diamond-like silicon at temperatures of 400–500�C which were explained
by the process of the martensite transformation. Therefore, on heating the centres
of strain concentration appear at the boundaries of differently oriented parts of the
monocrystal (subgrains, blocks) because of the anisotropy of heat expansion. The
high pressures formed in these local parts of the monocrystal induce the precipita-
tion of silicon with white tin structure (high pressure phase). These considerations
are confirmed by studies of stressed monocrystals of silicon before and after heat
treatment [7]. The formation of the high pressure phase in local parts of the crystal
led to the relaxation of stress and it stopped the further growth of precipitations.
However, the perfection of the monocrystals after heating and cooling according to
the steps of the technological process is found to be strongly disrupted because of
the formation of numerous defects in the lattice and the thermodonors [1] which
are responsible for the degradation of the electrophysical properties of silicon.

This work is an attempt to solve this problem by doping silicon with selected
alloying additions which are supposed to suppress the indicated transformations
and, as a result, are believed to increase the thermal stability of silicon. The dis-
solution of such additions increases the strength of interatomic bonds and thus of
the lattice itself. Alloying with such additions results in a decrease of the thermal
expansion coefficient and, therefore, lowers the probability of the formation of the
high pressure centres which are responsible for the phase transformation. With the
help of the non-polarised ionic radii method [8] we examine the basic principles
how to select the doping additions which increase the thermal stability of silicon.

Methods

According to the classical theory of chemical structure the electron structure of a
compound can be regarded as a result of individual pair interactions superimposed
on one another. The combination of such interactions defines a molecular or crys-
talline compound as a chemical or structural entity. The development of methods to
calculate effective charges, z, and the radii, Ri, of the interacting atoms (A, B) as
functions of the distance, d, between them is crucial for such studies. Accordingly,
a metal-chemistry model of pairwise interatomic interactions was developed. In
this model, zA and zB are related to the direction of interaction consisting of a
spherical (zi min) and directional (�e=2) component according to zA¼ zA minþ
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�e=2 and zB¼ zB minþ�e=2 [8]. In order to identify such values, the following
system of Eqs. (1)–(3) has to be solved for an assigned d where Ri

zi is the radius of
ion i with charge zi, Ri

0 and tg� are constants typical of the type of atom, and they
are tabulated in literature [8].

RA
zA þ RB

zB ¼ d ð1Þ

lgRA
zA ¼ lgRA

0 � ðzA min þ�e=2Þtg�A ð2Þ

lgRB
zB ¼ lgRB

0 � ðzB min þ�e=2Þtg�B ð3Þ

zA min and zB min refer to as individual pair of atoms and can be calculated a priori
from such tabulated values under the assumption that the interaction is purely ionic
(i.e., assuming that zA¼�zB and the contact is a point contact between spherical
ions). The system of Eqs. (1)–(3) is solved using the method of step-by-step
approximation, i.e., by fitting �e so as to satisfy condition (1).

The interpretation of chemical bonding rests on three ideas which are common
to classical and quantum chemistry. Their simultaneous fulfilment is the aim of
solving the system of Eqs. (1)–(3).

1. It is possible to calculate zi and Ri
zi separately for every direction of the inter-

atomic interaction in a molecule or a crystal. This permits, in particular, the as-
sessment of the anisotropy of the atom’s electron cloud in view of the interaction
with the neighbours in the first and second coordination spheres of the compound.

2. The quantities zi and Ri
zi vary in accordance with d, but they are unique for the

fixed interatomic distance defined by the size of bonding atoms ðRi
0Þ. The ionic

component of the chemical bond, zi min, is a constant for a certain pair of atoms
whereas the directional component, �e, varies. Positive �e are (in the first
approximation) a sign of metallization (a donor bond), whereas negative �e
are a sign of covalency (an acceptor bond). Thus, an important general preas-
sumption of the theory of chemical bonding is used: there are no charges and
ion radii in general, but there are their values of zi and Ri

zi with respect to their
actual bonding partners [8].

3. The method of calculating �e, zA, and zB is based on the assumption that inter-
atomic interaction can be interpreted in accordance with the diagram shown in
Fig. 1. The condition required for any type of chemical bonding is a smooth
joining of the electron densities of the ionic shells of the bonding partners and
the transition of a part of their valence electrons from atomic to bonding orbitals
(into the shaded zone in Fig. 1). The position of point �l min divides d into sections
corresponding to the radii of the ions (RA, RB) which possess the charges zA and zB.
The condition �l A¼ �l B is the metal chemistry analogue of the assumption that
electrical negativity of interacting ions evens out and of the quantum-mechanical
method of ‘‘sewing-up’’ the electron clouds of the reactants.

In the model, �l i characterizes the ‘‘directional’’ charge density at a distance of
Ri

zi from the nucleus and can be identified from Eq. (4) [8].

�llimRzþ�z
i

!Rz
i
¼ �z

Rzþ�z
i � Rz

i

¼ 0:434

Rz
i � tg�

ð4Þ
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Distribution of Impurities in Semiconductors

It is known that the properties of semiconductors are highly sensitive to impurities.
Moreover, the influence of impurity atoms is not limited to local region, but it is
propagated on the entire lattice of semiconductor. For understanding the nature of
this sensitivity it is important to establish the factors, which influence the arrange-
ment of impurity atoms in the lattice. From the difference in the mechanism of
dissolution (formation of interstitial, substitutional, or substractional solutions), it
can be expected that the influence of an impurity on the properties will change. In
some cases the entry of atoms into the vacant sites of the lattice destroys donor
levels and, by this way, decreases the electric conductivity. However, with the
introduction of impurity atoms into the interstices of the lattice the number of
donor levels grows which leads to an increase of the electric conductivity. The
distinction of the impurities into donor or acceptor type impurities is – from a
theoretical point or view – of limited significance because in the majority of cases
acceptors have donor behaviour and vice versa [9].

The possibility to determine z and Ri in accordance with d, Ri
0, and tg�

allows to analyze the changes introduced by an impurity atom into the electron
structure of the matrix. For this, it is necessary to know the position of the
impurity in the lattice of matrix and to determine its neighbours. As basic param-
eter for the improvement in the thermal stability of silicon we have selected the
bonding energy between the atoms of the matrix and the alloying element. In
first approximation, our purpose was to explain which atoms when dissolved in
silicon strengthen the lattice, i.e., which elements have maximal bonding ener-
gies in interaction with the silicon atoms of the lattice. The authors take into
account that the analysis of this single parameter is only the first step for the
solution of the problem of thermal stability of silicon. The calculations were
performed only for those donor and acceptor type alloying elements which are
the most important ones for obtaining silicon with the required electrophysical
properties.

Fig. 1. Diagram of directional interatomic interaction
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Results and Discussion

For the determination of the alloying elements which possess a maximal bonding
energy in the lattice of silicon, we have calculated the model parameters (zmin, d,
and �l at zmin) for the 40 most important elements of the periodic system. The
model parameters for some elements are listed in the Table 1.

Experimental data on the bonding energies were taken from Ref. [10]. The
relationship between the experimental bonding energies of a given pair of atoms

(in kcal=mol) and the directed charge density (in Coulomb=Å) was found to be
linear (Eq. (5), correlation coefficient r¼ 0.93).

D ¼ 85 � �l � 310 ð5Þ
Using the charge density calculated from Eq. (4), Eq. (5) allows to estimate the
bonding energy of the pair of atoms located at the specific distance. Calculations

Table 1. Model parameters of electronic configuration of the bonds in doped silicon

Alloying element zmin d (Å) �l at zmin (C=Å)

W 0.354 2.341 5.523

Mo 0.292 2.322 5.432

Au 0.178 2.406 5.312

Ta �0.117 2.399 5.001

Cr 0.005 2.21 5.133

P �0.361 1.964 4.754

Al �1.75 2.125 3.549

Na �2.15 1.925 3.303

Fig. 2. Bonding energy D versus interatomic distance d between the interacting parts in binary dilute

alloys of silicon with some elements of periodic table
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were carried out for interatomic distances of 1.6, 2.0, 2.4, 2.8, 3.2, 3.6, and 4.0 Å
for the most important alloying elements. Figure 2 shows that bonding energy
between silicon and the alloying element depends on the physicochemical nature
of the interacting atoms and decreases exponentially with the increase of the dis-
tance between the interacting atoms. For the selection of the appropriate alloying
addition it is necessary to consider the interrelation between bonding energy D and
charge density �l at the distance which corresponds to the interatomic distance in
the lattice of silicon (d� 1.5 Å). The shortest interatomic distance in the lattice of
silicon between planes {100} is 1.3577 Å, but due to the dissolution of doping
additions it changes. Therefore, we have taken an approximate value of the inter-
atomic distance in Si lattice.

The dependence of bonding energy versus charge density is linear (Fig. 3). The
part of the line in the region of high bonding energy corresponds to data from Ref.
[10]. It indicates the reliability of the predictions. Values of the effective charges of
the atoms z and the charge densities �l at d¼ 1.5 Å are represented in Table 2 for
some elements.

The analysis of the computed bonding energies in the lattice of silicon makes it
possible to select the substances, which increase the strength of the interatomic
bonds, strengthen the lattice, and rise the thermal stability of the physical proper-
ties of silicon. These are the substances which have bonding energies with silicon
higher than that in unalloyed silicon. As can be seen from Fig. 3 these substances
are transitional and rare-earth metals. On the contrary, alloying with substances

Fig. 3. Interrelation between the bonding energy D and the charge density �l at the interatomic

distance of d¼ 1.5 Å
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with bonding energies lower than that of pure silicon will lead to a weakening of
lattice and, consequently, to a decrease in the thermal stability of its electrophysical
properties.

Analogous conclusions about the influence of different alloying elements on
silicon monocrystals can be found in the widely known monograph of Milnes [9]
which generalizes the experimental data, obtained by different authors during the
last 50 years. The presented procedure of calculation is very promising because, by
analyzing the known data of bonding energy and performing simple calculations,
we have obtained the same conclusions as in Ref. [9].

Conclusion

The calculations based on the concept of non-polarized ionic radii facilitate the
selection of the alloying elements which increase the thermal stability of silicon.
Such elements are transitional or rare-earth metals which strengthen the crystal
lattice of silicon and lower its thermal expansion coefficient. They suppress the
formation of centres of high pressure during heating and, therefore, also the struc-
tural transformation.
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Table 2. Model parameters of electronic configuration of the bonds in doped silicon at d¼ 1.5 Å

Alloying element z �l (C=Å) D (kcal=mol)

W 3.312 8.639 424.3

Mo 3.188 8.440 407.4

Au 3.639 8.538 415.7

Ta 3.519 8.002 370.2

Cr 2.545 7.563 332.9

P 1.594 6.225 219.1

Al 2.724 5.034 117.9

Na 2.514 4.195 46.6

Si 1.027 6.359 230.5
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