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Ab initio investigation of carbon-related defects in silicon
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Ab initio total-energy calculations based on the local-density-functional, pseudopotential, and super-
cell approximations are performed to investigate carbon defects in silicon. The geometry and the forma-
tion energy of substitutional and impurity-vacancy defects are studied including the relaxation of nearest
and next-nearest neighbors. Results for substitutional carbon appear to be consistent with a recently
suggested reinterpretation of the available experimental formation energy data. Results for the interac-
tion energy between a carbon atom and a silicon vacancy predict a small binding energy of 0.19 eV.

I. INTRODUCTION

Carbon holds a special position among impurities in
silicon. It is an isovalent impurity, and it is one of the
most common impurities! in silicon. Carbon is usually
found in concentrations as high as 10'® cm™3 in
Czochralski-grown samples. Due to its frequent presence
in such samples, its related centers are technologically
important. Another interesting aspect is that some
carbon-based defect complexes”® have been reported to
exhibit metastability.

It is well established that carbon and other isovalent
impurities prefer to dissolve substitutionally in silicon
and that these substitutional centers are electrically inac-
tive in the neutral charge state. The most interesting
feature is the variety of defect complexes that are carbon
based. These defects arise from the ability of carbon
atoms to aggregate or interact with native defects or with
other impurities such as phosphorus? or oxygen.* These
defect complexes are generally not well understood.

Tersoff,” using a parametrized classical potential, has
recently performed the most extensive theoretical study
of carbon defects in silicon to data. While the ability of
classical potentials to describe properties of real materials
accurately is somewhat controversial, his results exhibit
good agreement with experiment for several defect
configurations. A notable exception, however, is the for-
mation energy® of substitutional carbon in silicon. This
discrepancy has led to questions® regarding the original
interpretation of the experimental data. In this work, we
present an ab initio determination of this formation ener-
gy that appears to reinforce Tersoff’s reinterpretation of
the experimental data.

Another related issue is the nature of the interaction
between the substitutional carbon and the silicon vacan-
cy. Classical calculations® predict that the nearest-
neighbor interaction between vacancy and substitutional
C (intimate carbon-vacancy pair) is weakly repulsive.
Moreover, this result appears to be consistent with the
lack of experimental observation of bound carbon-
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vacancy pairs. In this work, however, we perform ab ini-
tio calculations on the intimate carbon-vacancy pair that
predict that it is in fact very weakly bound. The results
of these calculations also provide an explanation of the
mechanism responsible for binding and why the carbon-
vacancy pairs have not been observed experimentally.

This paper is organized as follows. Section II presents
a brief description of the computational procedure. Sec-
tion III presents the results of lattice relaxation of substi-
tutional carbon and germanium and the formation energy
of substitutional carbon. Section IV exhibits the results
of lattice relaxation and binding energy for the intimate
carbon-vacancy pair. Finally, in Sec. V we present con-
cluding remarks.

II. COMPUTATIONAL PROCEDURE

First-principles computational procedures, such as ab
initio pseudopotential total-energy methods, have proven
themselves as very reliable tools for the study of defects
in semiconductors. In this investigation we have applied
one such method to study carbon-related defects. Our
calculations are based on the density-functional theory’
and performed within the quantum conjugate gradient
approach in the form presented by Teter, Payne, and Al-
lan.® The exchange-correlation functional was approxi-
mated as a local-density functional with Ceperley-Alder
parametrization® of the Perdew-Zunger'® form. We have
employed separable norm-conserving nonlocal pseudopo-
tentials generated as described by Rappe et al.!! and 32-
atom bcce supercells to deal with the defects in the context
of Bloch’s theorem. The cutoff energy for the plane-wave
basis set was 40 Ry in the case of the carbon defects and
12 Ry for the auxiliary calculations involving germanium
defects. For each calculation the k-point summations
were performed using the ¥ point and the Baldereschi'?
k-point. As the carbon-vacancy pair presents lower sym-
metry than other defects studied here, we decided not to
impose any symmetry a priori. This leads to a consistent
procedure to study all defects but increases the computa-
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tional effort considerably. Under these conditions, the
Baldereschi point corresponds to 24 k points in the full
Brillouin zone.!? The formation energies calculated using
the y point or Baldereschi point differ by less than 0.02
eV, indicating that k-point convergence is obtained. Pre-
viously, the same procedure was extensively tested on ox-
ygen defects in silicon'*!* and it proved to yield reliable
results. Relaxed configurations were obtained by minim-
izing the total energy with respect to the atomic positions
of nearest and next-nearest neighbor of the defects.
Long-range relaxation was obtained by coupling local-
density approximation (LDA) calculations with a conven-
tional valence force field.!> In order to calculate the re-
laxation and the formation energy of the defects, many
total-energy calculations were performed. Thus the de-
scribed approach was applied to the following systems:
substitutional C in silicon (8i:Cg), intimate carbon-
vacancy pair in Si (Si:CV), substitutional Ge in Si
(Si:Geg ), and germanium-vacancy pair in Si (Si:GeV).
auxiliary calculations for pure crystalline silicon (c-Si),
silicon vacancy (Si:¥), and silicon carbide (SiC) were also
performed.

III. FORMATION ENERGY OF
SUBSTITUTIONAL CARBON

We have studied the relaxation induced in the silicon
lattice by the substitutional isovalent impurities (C,Ge) in
silicon. These results are presented in Table I. Our cal-
culations show that the relaxation of the lattice in
response to a carbon impurity is very different from the
relaxation about a germanium impurity. The presence of
a substitutional carbon atom induces strong relaxation of
the neighboring silicons. The silicons that are nearest
neighbors to the carbon undergo a large movement to-
wards the impurity so that C-Si bond length is smaller
than that of a normal Si-Si bond by 0.35 A (~15%). Its
next-nearest neighbors are affected as well, but their dis-
placement towards the carbon atom is much smaller. In
the case of substitutional germanium, the lattice relaxa-
tion is much weaker. The bond distance between Ge and
its silicon neighbors is only ~2% longer than a normal
Si-Si bond and the next-nearest neighbors practically do
not move from their normal lattice positions. The strong
relaxation induced on the lattice by the carbon atom ex-
plains our choice of a large supercell to study carbon de-
fects in silicon. The geometry optimization is a necessary
intermediate result to calculate the formation energy of

TABLE I. Lattice relaxation induced by substitutional iso-
valent impurities in silicon. Here d; represents the distance
from the substitutional site to its nearest neighbors and d,
represents the distance to next-nearest neighbors. For compar-
ison, the central column shows these distances for pure crystal-
line silicon.

Impurity
C Si Ge
d; (A) 2.00 2.35 2.38
d, (A) 3.76 3.84 3.84
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TABLE II. Formation energy (in eV) of carbon defects in sil-
icon. The first row presents the results of substitutional carbon
in silicon, the second row corresponds to the neutral vacancy,
and the third row to the carbon-vacancy pair. The LDA
column presents the results of this work, the Classical column
presents the results of Ref. 5, and the Experimental column
shows the results of measurements performed in Refs. 6 and 17
for Si:Cg and Si:V, respectively.

Formation energy

Defect LDA Classical Experimental
Si:Cg 1.89 1.6 2.3+£0.3
Si:V 3.75 3.7 3.6+0.2
Si:CV 5.45 5.5

the defect.

The formation energy of substitutional carbon in sil-
icon was then obtained from our ab initio calculations.
The determination of the formation energy of a defect in-
volves the choice of a reservoir of the impurity. In our
case, silicon carbide is used as the source of C atoms that
are introduced in silicon. This procedure is formally
equivalent to the one used in Ref. 5 so that our results
can be directly compared to those. For this reason, an ab
initio total-energy calculation of pure silicon carbide was
performed. Our results for pure silicon carbide were in
excellent agreement'® with experimental and previous
theoretical calculations.

Table II presents the formation energy of substitutional
carbon in silicon as obtained in this work and compares it
to other theoretical and experimental results. Notice that
our ab initio result is closer to the one obtained from a
classical calculation than to the original interpretation of
the experiment. The experimental value was determined
by a fit to the solubility data, which yielded a concentra-
tion of 3.5X10%*exp(—2.3/kT) cm 3. However, Ter-
soff’ pointed out that there is no particular reason for
treating the prefactor for the solubility experiment as a
free parameter. The equilibrium concentration is expect-
ed to be 5X 1022exp( —D/kT) cm™3. Here, 5X10%
cm 3 is simply the atomic density of pure silicon, and D
is the energy of substitution per atom. Combining the
theoretical prefactor with our ab initio formation energy
(1.89 eV), an excellent agreement with the experimental
data can be obtained for the entire range of temperatures
of the experiment. Furthermore, at high temperatures
where the measurement should be most reliable the
theoretical curve improves the agreement with the data.
Therefore we support the reinterpretation of the experi-
mental data suggested by Tersoff.

IV. CARBON-VACANCY PAIR IN SILICON

Next, we studied the relaxation produced by defect
complexes consisting of an intimate pair-substitutional
isovalent impurity (C or Ge) and a vacancy. In this case,
again, the relaxations induced by C and Ge are dramati-
cally different. Germanium tends to move towards the
vacancy, making longer bonds with its nearest neighbors.
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Carbon moves away from the vacancy and becomes
threefold coordinated. It is also worth noticing that the
carbon atom and its three silicon neighbors are almost
coplanar. In this case, the Si-C bonds are much more
graphitelike than diamondlike. These features are
presented in Fig. 1 along with perfect silicon for compar-
ison.

The binding energy of a defect complex can be ob-
tained as the energy difference between the total forma-
tion energy of the isolated defects and the formation en-
ergy of the defect complex. Thus the formation energies
of the isolated vacancy (Si:V), the substitutional carbon
(8i:Cg ), and the pair are necessary to determine the bind-
ing energy of a carbon-vacancy pair. Table II presents
these values and compares them to the classical potential
calculation. Notice that the ab initio calculation, in con-
trast to the classical one, predicts that the Si:CV binds.
The calculated binding energy is very small, 0.19 eV. In
this case, we believe that the classical potential is not able
to describe accurately the tendency of the carbon atom to
rehybridize. Due to the small binding energy calculated,
which is of the same order of magnitude of the usual ac-
curacy associated with the local-density approximation,
our result must be considered as an indication of binding
rather than a definitive proof.

If indeed Si:CV can form bound pairs, why is it that
they appear not to have been observed experimentally?
We believe that this is related to the electronic inactivity
of this defect. To understand the electronic structure of
this defect complex, it is useful to make a comparison
with the neutral silicon vacancy. The unrelaxed
(tetrahedral, T;) vacancy has a nondegenerate a, level in
the valence band and a triply degenerate ¢, level in the
gap. However, since this degenerate level is partially
filled, Jahn-Teller distortion lowers the system energy and
the relaxed defect has a nondegenerate filled level in the
gap as well as a doubly degenerate unfilled level in the
gap. The unrelaxed and the relaxed carbon-vacancy pair
both have the same C;, symmetry. The symmetry lower-
ing is due to the presence of the impurity adjacent to the
vacancy, not the Jahn-Teller effect. The resulting defect
levels are qualitatively similar to those of the neutral va-
cancy, with two nondegenerate filled states. However,
due to the high electronegativity of carbon, the highest
filled state of Si:CV is much lower in energy than the cor-
responding one of the neutral vacancy. Thus it becomes
important to determine the position of this level relative
to the top of the valence band. Due to the supercell na-
ture of our calculations, a weak interaction between cells
is always present and this level is transformed into a fair-
ly flat band. To determine the exact position of the level,
we fit the energy values for this band with a simple tight-
binding (TB) model. This model allows us to remove the
interaction among cells in a straightforward way and
yields the real position of the level. Firstly, the charge
density was analyzed to understand the characteristics of
the band. The charge distribution of this highest filled
band strongly resembles that of a p orbital centered on
the carbon atom pointing along the (111) direction (to-
wards the vacancy). Therefore our TB model is simply a
bee crystal with one atom and one p orbital per unit cell.
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FIG. 1. Schematic representation of intimate substitutional-
vacancy pairs in silicon. The atoms are indicated by shaded cir-
cles with their chemical symbols, except for carbon, which is
represented by a solid gray circle. The silicon vacancies are in-
dicated by V and represented by open circles, and the bonds
broken due to the presence of the vacancy are shown as dashed
lines. Top: silicon fragment in the absence of defect (for com-
parison). Bottom left: germanium-vacancy pair in silicon. Bot-
tom right: carbon-vacancy pair in silicon.

After a fit based on the least-squares method, the level
position was determined to be 0.34 eV below the top of
the valence band. From this analysis, it is possible to un-
derstand why this defect would be difficult to observe. In
neutral or p-type silicon, this defect is not electrically ac-
tive and the usual experimental techniques would not
recognize it. Possibly, infrared measurements, vacancy
mobility experiments, or electrical measurements in n-
type silicon could lead to an observation of this defect.

V. FINAL REMARKS

We have used an ab initio total-energy approach to
determine the formation energy of substitutional carbon
in silicon. Our result agrees with a previous classical po-
tential calculation and provides further evidence in sup-
port of the reinterpretation of the original experimental
data. The relaxation of the next-nearest neighbors of this
defect and its importance to the formation energy are ex-
plained.

It is calculated that an intimate carbon-vacancy pair in
silicon will bind with a weak binding energy of ~0.2 eV.
Due to the smallness of this value, we present this result
as an intriguing possibility. Indeed, it is also intriguing
that the electronic states associated with this bound de-
fect reveal an electrical inactivity that is consistent with
its lack of observation to date.
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