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The interaction of vacancies with 30° and 90° partial dislocations in silicon is examined. In particular, the
structures and binding energies are calculated using hydrogen-terminated clusters and local density-functional
theory. Moreover the electronic structure is determined using supercells containing dislocation dipoles. Va-
cancies are found to have binding energies of approximately 2.0 eV and 0.9 eV to 90° and 30° partials,
respectively. The elastic strain field of the partials makes the fourfold vacancy reconstruct, which essentially
clears the fundamental gap.@S0163-1829~97!52344-7#

Ever since the early days of semiconductor physics, an
impressive number of careful investigations have been de-
voted to the question of which defect levels in the energy gap
are due to dislocations. At present, the interaction between
point defects and dislocations draws marked attention. One
puzzle concerns the question of which type of defects are
responsible for the dislocation-related electron paramagnetic
resonance~EPR! spectra. This paper will show that there is a
large tendency for the dangling bonds of fourfold coordi-
nated vacancies at partial dislocations to reconstruct. This, in
turn, essentially clears the fundamental gap, and excludes
them from being paramagnetic centers.

Since dislocations interrupt the translational symmetry of
the crystal, levels are to be expected in the fundamental gap.
In 1953, Shockley1 proposed that broken bonds in the core of
dislocations act as acceptors, and measurements seemed to
confirm this idea.2,3 The present consensus, however, is that
this model is not applicable to dislocations in silicon~see,
e.g., the review of Hirsch4!. In particular, perfect 60° and
screw dislocations are generally dissociated into 90° and/or
30° partials separated by an intrinsic stacking fault.5–10 The
cores lie between the narrowly spaced$111% planes and can
easily be reconstructed with bond lengths differing by only a
few percent from bulk.11–15 The low density of dangling
bonds in the core due to reconstruction is confirmed by vari-
ous experiments.16–18These reveal that only a few percent of
the core sites of dislocations are occupied by unpaired elec-
trons. Electronic structure calculations show that recon-
structed dislocations only give rise to shallow bands.11–14

Therefore, the experimental data are interpreted in terms of
secondary defects. These are, e.g., point defects, reconstruc-
tion defects, and kinks, induced along with dislocations dur-
ing plastic deformation.

Some of these defects, such as kinks, have been excluded.
Theoretical work on kinks suggests that they are recon-
structed to full coordination and possess only shallow
levels.19,20 This is consistent with electron-beam-induced
current experiments.21 In contrast, there seems little doubt
that vacancies bounded to dislocations are electrically active.
A recent investigation, using the Keating potential, indicated
that vacancies in the core of 90° partials introduce levels in

the band gap.22 In addition, vacancies at 30° partials have
been identified to account for the dislocation-related EPR
spectra.23,24 This identification was made by group theoreti-
cal analysis of simple defect molecules.

This leads to the scope of this paper, which is to deter-
mine the interaction of vacancies with 90° and 30° partial
dislocation in silicon. In particular, anab initio local density-
functional ~LDF! method is used to determine the structures
and binding energies of vacancies interacting with these par-
tials. Furthermore, linear combinations of atomic orbitals
~LCAO! are used for clarification if they possess deep states
in the fundamental gap.

The introduction of dislocations in a lattice changes the
topology of the whole system. This, in turn, prevents the
characterization of the defect as a local perturbation in a
more or less perfect lattice, as is usually possible for point
defects. Therefore, a theoretical study of such extended de-
fects is restricted to a finite and relatively small number of
unique atoms. There are two approximation methods that
could be used. The first is to construct a large finite cluster
surrounding the defect and the second is the large unit cell
method, which involves forming an infinite superlattice of
defects by periodically repeating a large unit cell.

In this paper, the cluster method is applied for the struc-
ture optimization, using anab initio LDF method and
hydrogen-terminated clusters. This approach is reliable in
calculating structures and dynamical properties of semicon-
ductors and their defects.25,26It has been successfully used to
model dislocations in semiconductors, as well as dislocation-
point defect interactions.15,27,28 Unfortunately, the terminat-
ing hydrogen atoms interact strongly with states at the
valence- and conduction-band edges, which artificially en-
large the gap. The large unit cell method is, therefore, ap-
plied for the electronic structure calculations.

The use of periodic boundary conditions has the advan-
tage of the defect-surface interaction being replaced by a
defect-defect interaction at a distance of at least two times
larger than for the defect-surface interaction in a cluster. The
disadvantage is that it requires the sum of the Burgers vec-
tors in the unit cell to be zero, since otherwise the elastic
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strain energy of the crystal would be infinite. The unit cell
must, therefore, contain at least one dislocation dipole.

The construction of the unit cell starts from an infinite
ideal crystal. Cuts are made in zig-zag patterns through it.

The cuts parallel to~11̄1! generate intrinsic stacking faults,

and those parallel to ( 1̄12! generate partial dislocations with
alternating Burgers vectors and dislocation lines in the@110#
direction. Linear elasticity theory is used to find a first ap-
proximation to the structure. From the resulting crystal an
oblique unit cell, containing a dislocation dipole, is con-
structed.

For the 90° partial dipole, the resulting unit cell contains
980 atoms and has a 1.9 nm translation vector along the
dislocation line. In the case of the 30° partial dipole, the
resulting unit cell contains 1176 atoms and has a 2.3 nm
translation vector along the dislocation line. The stacking
fault ribbon is 2.3 nm wide and the closest distance between
neighboring partials is 2.2 nm. Vacancies are introduced on
various sites in these cells, and the structure is calculated by
an anharmonic version of Weber’s bond charge~ABC!
model.29,30This results in reconstructed partials and dangling
bonds at the vacancy. The dangling bonds at the vacancy are
treated with the virtual neighbor approximation.31

Clusters of up to 179 silicon atoms surrounding the va-
cancy are cut from the relaxed cells. The dangling bonds are
saturated with hydrogen atoms. These clusters, containing up
to 373 atoms, are used in the structure optimization with the
ab initio LDF method. The method with many applications is
reviewed in Ref. 32. Here the electronic wave functions are
expanded ins- andp-type Gaussian orbitals centered at nu-
clei, as well as at bond centers. Norm-conserving pseudopo-
tentials are used in order to exclude core electrons.

The electronic structure is calculated using an LCAO
method and periodic boundary conditions, in the manner de-
scribed above. The crystal potential is a sum of atomic po-
tentials, represented by spherical Gaussians. A set of Gauss-
ian orbitals ofs-, p-, andd-type, localized on the atoms of
the crystal, is used to expand the Bloch functions of the
crystal. Interactions up to fourth-nearest neighbors are in-
cluded in the calculations, since this accurately reproduces
the band structure of silicon.33

The basis functions are nonorthogonal, which means that
the problem of determining the electronic structure of the
crystal is turned into the problem of solving a generalized
eigenvalue problem. Since the dimension of the eigenvalue
problem is roughly 10 000, the electronic structure is evalu-
ated by the recursion method for nonorthogonal basis
functions,33,34 where the generalized eigenvalue problem is
transformed into an eigenvalue problem of a truncated tridi-
agonal Jacobi matrix. The electronic energy levels are deter-
mined from the eigenvalue spectrum of this Jacobi matrix
and the local density of states is calculated in the manner
described by, e.g., Wang and Lindefelt.33

The reconstructed 90° partial in silicon is a stable struc-
ture, giving rise to an empty gap, as mentioned above. When
a vacancy is introduced, the ABC model shows that the at-
oms neighboring the vacancy move slightly towards it, but
the changes in bond lengths and angles are minute. Yet the
introduction of a vacancy releases some of the elastic strain
of the partial, which, in turn, binds the vacancy to the core.

The most favorable site is found to be the one on the stack-
ing fault side of the core, i.e., site 4 in Fig. 1, which has a
vacancy formation energy about 0.6 eV lower than a vacancy
formed in a perfect lattice. As shown in Table I, this model
predicts a stronger binding to the core than the Tersoff po-
tential used by Marklund.35

However, the quantum mechanical interactions between
the dangling bonds are not taken into account by the ABC
model. Since this is the case, there is a need for a more
sophisticated treatment, in order to obtain the correct va-
cancy structure. This is based on the fact that it cannot pre-
dict any Jahn-Teller distortion for a vacancy in an ideal lat-
tice, since this is of a quantum mechanical nature in contrast
to the interactions in the ABC model, which are of a pure
elastic nature.

When the vacancy is located in the vicinity of a partial
dislocation, the strain field and, at some sites, the local ge-
ometry opens up the possibility of a pairwise reconstruction
of the dangling bonds. This is shown in Fig. 2 for a vacancy
in the core of a 90° partial. Calculations using theab initio
LDF method confirm that this reconstruction really occurs at
most sites close to partials. This reconstruction is signifi-
cantly stronger than the Jahn-Teller distortion of the ideal
vacancy. It is forced by the fact that the tetrahedral symmetry
of the vacancy isa priori broken by the elastic strain field of
the dislocation.

For a vacancy at a core site of a 90° partial, i.e., at site 3
or 4, the two reconstructed bonds are only stretched by about

FIG. 1. Reconstructed partials in silicon projected on the
(110)-plane. The 90° partial is shown to the left and the 30° partial
is shown to the right. The stacking fault is on the right side of both
partials. The labeled sites are those referred to in the text.

TABLE I. The difference in formation energy,DU f , on various
sites in the vicinity of the normally reconstructed 90° partial dislo-
cation in silicon. The formation energies are calculated using the
local density-functional method~LDF!, the anharmonic bond
charge model~ABC!, and the Tersoff potential. Zero formation en-
ergy is at the site giving the lowest energy for each method. The
sites are numbered according to Fig. 1.

DU f ~eV!

Vacancy position LDF ABC Tersoffa

1 11.889 10.502 10.344
2 11.342 10.344 10.082
3 10.125 10.012 0.0
4 0.0 0.0 10.008
5 11.388 10.347 10.098
6 12.012 10.502 10.364
Ideal 10.596 10.382

aSee Ref. 35.
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9 and 15 % compared with the ideal. In addition, one of the
back bonds is stretched by 12%. When the vacancy is moved
to site 2 or 5 only one bond is fully reconstructed with a
bond stretch of 13%, whereas the other bond is about 50%
longer than ideal. Outside the dislocation, at site 1 or 6, the
reconstruction is again realized, but here the bonds are
stretched by up to 20%. The energetically most favorable
vacancy site is found to be site 4, which is the one on the
stacking fault side of the core. As shown in Table I, the
vacancy formation energy is about 2.0 eV higher on a site
outside the partial than on a site in the core.

The dangling bonds of a vacancy at a 30° partial are also
found to be reconstructed, but the reconstruction is some-
what weaker than for vacancies at 90° partials. When the
vacancy is located in the core of a 30° partial, at site 7, the
two bonds are stretched by 19 and 14 %, respectively. At site
8 the bonds are stretched by 10 and 19 %, and outside the
core, at site 9, the bonds are 19 and 25 % longer than the
ideal. The binding energy of vacancies at sites 7 and 8 only
differ by 0.03 eV in favor of the noncore site 8. In compari-
son, the energy is about 0.9 eV higher on the site outside the
30° partial. This binding energy is lower than the 1.9 eV
reported by Teichler.36

Electronic structure calculations on the ideal vacancy in
silicon show a threefold degenerate state in the fundamental
gap, 0.84 eV above the valence-band edge (Ev). The sym-
metry of this level isT2 in the representation of theTd
group, and the wave function of this state is mainly ofp
character. This is in agreement with earlier work.37

When the vacancy is moved into the strain field of a 90°
partial the threefold degenerate level splits into nondegener-
ate levels, since the tetrahedral symmetry is broken. The
largest splittings arise when the vacancy is located in the
core of the partial, i.e., at site 3 or 4, where the levels are
found atEv10.40 eV,Ev10.83 eV, andEv11.18 eV. This
splitting is smaller than the one found by Marklund and
Wang, using the Keating potential for the relaxation.22 Here,
as in the work by Marklund and Wang, the splitting is due
only to the symmetry breaking induced by the elastic strain
field of the partial.

When the quantum mechanical interactions between the
dangling bonds are included, using the LDF method, the va-
cancy reconstructs in the way discussed. The recursion

method, as well as the Kohn-Sham cluster levels, show that
this reconstruction clears the fundamental gap from elec-
tronic states, except for some shallow ones. This result is in
contrast to what was found in Ref. 22 and the general belief
that vacancies in the core of dislocations are electrically ac-
tive. In the case of a not fully reconstructed vacancy, as
found at sites 2 and 5 of the 90° partial, states are found at
midgap. These states are due to dangling bonds at the atoms
a and 3, orb and 4. The line connecting these atoms deviate
by an angle of about 8° from a local^011& binding direction.
There are four possible orientations of this connection line
depending on which side of the partial the vacancy is located
and on the reconstruction sense of the partial. Similar to
isolated vacancies in silicon, this defect is expected to be
paramagnetic only when charged. The local density of states
and the level splitting are shown in Fig. 3 for vacancies
located at sites 1, 2, and 3 of the 90° partial.

A threefold coordinated vacancy in the core of a 30° par-
tial has also been investigated. This defect, which is a va-
cancy at site 7 together with a reconstruction defect, has been
identified as being responsible for the Si-Y line in the
dislocation-related EPR spectra.24 This identification was
made under the assumption that atom 8 is distinguished from
the atomsc andd, and that the distancecd is larger than the
distancesc8 andd8. The calculations made here show that
this threefold coordinated vacancy gives rise to a level at
Ev10.61 eV, which is due to dangling bonds at the atomsc
and 8. The distancec8 is 46% longer than ideal bond lengths
whereas the bondsd8 andcd are found to be 22% longer
than ideal. This should be a paramagnetic center, but the
defect orientation is different than that assumed in Ref. 24.

This paper has shown that the binding energy of a va-
cancy to the core of 90° partial dislocations in silicon is at
least 2.0 eV, which is notably higher than the binding energy
of 0.9 eV, found for vacancies at 30° partials. Furthermore, it
has shown that fourfold coordinated vacancies located in the
vicinity of 30° and 90° partial dislocations possess no deep
electronic states. Exceptions to this are found at some ener-

FIG. 2. When a vacancy is located at a core site of the normally
reconstructed 90° partial dislocation in silicon, as indicated by the
circle in the left figure, the neighboring atoms are able to relax so
that reconstructed bonds are formed, as shown to the right.

FIG. 3. The density of states projected ons-p hybrids on atoms
neighboring vacancies at site 1~dashed-dotted line!, 2 ~dotted line!,
and 3~solid line!. The valence-band edge (Ev) is at zero, and the
conduction-band edge (Ec) is at 1.17 eV. The insets show the
energy-level splitting, first by the elastic strain field of the 90°
partial, and then by the additional reconstruction of the dangling
bonds.
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getically unfavorable sites close to the core of the 90° par-
tial. These unfavorable sites are neighbors to the core atoms
and lie in the seven-atom ring in the elastically expanded
region of this partial. The cleared gap is an effect of a recon-
struction of the dangling bonds introduced along with the
vacancy. Finally, there are different vacancy sites close to
the core of a 30° partial with almost the same binding en-

ergy. This might explain that high-resolution electron
microscopy38 shows the core of 30° partials to be blurred in
contrast to the cores of 90° partials.
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