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count for deep levels in semiconductors mainly due
to the neglect of lattice relaxations. Simple
Huckel-type m-electron
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FEG. j.. Fifty-atom
molecular cluster (sur-
rounded by dashed lines)
and the extracluster atoms
(atoms between dashed and
heavy lines) used to es-
tablish a periodic inter-
action geometry. The
central atom (atom 26,
marked by heavy circle)
has no interaction with an
identical atom in the ex-
tracl uster region.

ing level pq through standard' or modified" popu-
lation analysis. The dangling bonds that
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The defect levels, the charge distribution on them,
and their location relative to the band edges are thus
calculated on the same level of approximation as
the perfect crystal bands and charges, enabling
thereby a straightforward comparison between
them,

The main advantages of the small-periodic-clus-
ter approach over the truncated-crystal method are
(a) The one-electron levels of the perfect periodic
cluster are related in a simple way to well defined
points in the band structure of the infinite solid;
(b) Charge homogeneity over each sublattice in the
perfect periodic lattice is guaranteed by the fact
that each atom in the cluster experiences the same
crystalline environment as the others, and no dan-
gling bonds appear. Ad Aoc treatment of the sur-
face is not needed; (c) A self-consistent evaluation
of the crystal potential, involving a relatively large
number of crystal states, is feasible.

The model is preferable to the "defect-molecule"
approach' '" since it allows coupling of the defect
with a relatively large portion of the bulk solid,
thereby allowing for a larger delocalization space
for the defect electrons, and it relates the defect
energy levels to the band levels. The advantages
over the methods that start from perfect periodic
lattice states" ' lie in the fact that lattice relaxa-
tions can easily be introduced here, while in the
previous methods these will cause a significant in-
crease in the perturbative effect induced by the de-
fect on the periodic states. Also the charge dis-
tribution in the defect level is simple to calculate
by this method using straightforward population an-
alysis on the resulting wave functions.

The main disadvantages of the small periodic
cluster approach are the following:

(i) It involves solutions of large electronic secu-
lar determinants (for a 32-atom cluster with four
atomic valence orbitals on each atom, 128x128 ma-
trices are treated) since translational symmetry is
not explicitly utilized, but in turn, a more realistic
description of deviation from periodicity is possi-
ble.

(ii) It does not yield results that are continuous
in the wave vector K, but rather a discrete subset
is obtained, Thus, the density of states cannot be
reliably calculated.

(iii) The defects electronic properties are de-
scribed in a superlattice representation with a clus-
ter-size dependence of the indirect defect-defect in-
ter actions.

Since the SPC method is more useful than the
truncated-crystal method, the latter will be used
only to a limited extent.

C. Semiempirical LCAO computation schemes

Due to the complexity of ab initio calculations of
all the E„„, elements,
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Reynolds. ' The atomic orbitals were taken as
Slater orbitals with the usual Slater exponents. In-
teraction and overlap matrix elements between the
N atoms are evaluated up to three to four orders of
neighbors in the SPC method and between all atoms
in the cluster in the truncated-crystal approach.
No adjustment of the semiempirical constants to ob-
tain better agreement with experiment ' is per-
formed. The iteration cycle in IEXH calculation are
terminated when the difference between atomic
charges on successive iterations does not exceed
10 e. Under these conditions, the band structure
and total energy per BN pair satisfy the first three
convergence requirements
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TABLE I. Calculated results for a substitutional C impurity in hexagona1 boron nitride, obtained using the EXH meth-
od. E~z, Ec, and Ec' represent energy levels appearing due to the carbon impurity. DE~d represents the energy differ-
ence between the edge of the conduction band and the highest defect level. Q& denotes the carbon ~ charge. Cluster I:
BfpNf2Hf2 cluster II: Bf2Nf2Hfo,
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lattice (the P, edge of the valence band) to a level
delocalized on the boron sublattice (the Pz state).

Comparison between the results obtained by the
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aration between the def ect level and the conduction
band is somewhat higher for the vacancy (1.38 and
1.16 eV in EXH and IEXH calculations, respective-
ly) than for the displaced carbon impurity (1.30
and 1.0 eV in EXH and IEXH calculations, respec-
tively). Also, higher charge is accumulated on the
boron atoms in the vacancy case (0. 57e and 0.48e
in EXH and IEXH calculations, respectively) than
in the displaced carbon impurity case (0. 36e and

0. 29e in EXH and IEXH calculations for Rc = 1.0 A).
Due to the uncertainties in the semiempirical LCAO
methods used, the absolute values of these calcu-
lated properties should not be given too much im-
portance. The general features of these model de-
fects are however believed to be correctly repro-
duced.

IV. ELECTROSTATIC POTENTIALS

The total electrostatic potential V(r) is given by
the sum of the electronic contribution tEg. (6)] and

the contribution from all the nuclei

V(r, ) = Va„(r;)+Q, — (9)
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not important. (h) Defect-defect interactions pres-
ent in the superlattice representation can be effi-
ciently suppressed by using small periodic clusters
of an odd number of primitive unit cells, keeping
the interaction radius smaller than the molecular
cluster radius, and seeking the convergence limit
of the investigated electronic




