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Two of the fundamental assumptions used in contemporary tight-binding models for
calculating the energies of deep defect levels in semiconductors are examined through
comparison with a general model that avoids these assumptions. It is found that these
assumptions are likely to invalidate the chemical trends predicted by the tight-binding
models for the ordering of the impurity energy levels with atomic potentials.

In recent years, the defect Green’s-function
method' has been implemented in both a complex
but precise self-consistent pseudopotential formal-
ism,2~> and in a simplified tight-binding (TB)
scheme,®~? to study the electronic structure of
deep defect levels in semiconductors. By virtue of
its simplicity and ease of application, the TB ap-
proach has been used to study a large number of
systems, including not only defects in bulk solids®’
but also defects at free surfaces® and superlattices.?
These applications have often produced a very in-
teresting organization of the experimental data on
defect energy levels in terms of simple semiclassi-
cal coordinates such as atomic ionization energies’
and electronegativity differences.>® Among others,
one of the most intriguing regularities suggested by
these models is the TB pinning phenomena: As
the on-site central-cell defect potential perturbation
AV becomes increasingly large (e.g., more positive
for the repulsive defects discussed here) the gap-
state defect levels €;(AV) will saturate [e.g.,
J¢€;(AV)/3AV~0] at a value €,( ) characteristic
of the energy of the host vacancy (v); all of the
repulsive (0 <AV < ) impurity levels €; would
then lie below ¢,, i.e., be “pinned” to it. Although
not supported by existing experimental data, this
pinning idea has found wide applications in discus-
sions of various interesting chemical trends.’

To achieve computational simplicity, a number
of well-known approximations have been applied to
the TB model. These were amply discussed in the
literature (e.g., Refs. 10 and 11) and are often
showrr to lead to some uncertainties in the absolute
values of the predicted energies. Here we address
two different tacit assumptions which pertain to
the predicted chemical trends (i.e., variation of cal-
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culated energies with chemical coordinates of the
defect) rather than absolute energies:

(i) Irrespective of the strength of the central-cell
potential AV, the localized defect wave functions
¥;(T) are expanded by a small and fixed number
M of (extended) Bloch bands ¢,~(l?, T), ie.,

M
(D)= 3 3 4;(K)g;(K,T) .
=1 %
The number M is limited inherently by the under-
lying TB construction to a maximum of M g=38
(Refs. 6, 8, and 9) or M15=10 (Ref. 7). It is not
related to the chemical identity of the impurity.

(ii) The central-cell defect potential AV, as sam-
pled by the underlying basis orbitals { | @)} is as-
sumed to be “on site,” i.e., it does not couple to the
nearest-neighbor (or more distant) host atoms. In
other words, if the basis { |a)} is anchored to
atomic sites, the perturbation matrix AV,g is as-
sumed to be diagonal.

The conventional TB model itself does not pro-
vide any simple internal means of examing the
physical validity of these two assumptions. In this
report we examine the physical consequences of
these two approximations using a general defect
Green’s-function approach recently developed.’ Be-
cause neither of the approximations are required by
this model, it provides a means of examining their
effects. It is demonstrated that a model free of as-
sumptions (i) and (ii) does not support the chemical
trends predicted by the TB model.

In the TB Green’s-function approach to deep de-
fects one first obtains the band structure of the
host crystal by fitting the lowest My bands to a
local pseudopotential band structure (e.g., that of
Ref. 12). One then proceeds to express the Green’s
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function matrix and the diagonal potential matrix
in terms of these Mg bands and solves for the de-
fect energies €;(AV,M ) and wave functions
¥;(AV,M1g) in the standard Slater-Koster
fashion.®=? The defect wave function is hence
spectrally constructed from host band wave func-
tions extending up to the energy €.,(M1g) of the
highest (Mrgth) host band included. The cutoff
energy €.,(Mrg) does not correspond to any physi-
cally special host energy. In general, however, for
defect state 1; belonging to the ith representation
of the system’s point group (e.g., a #, representa-
tion for acceptors), all host states {qﬁ?(k,?)} con-
taining the ith character (for ¢, states the / =1, 2,
3,4,... orp,d, f, g, . .. partial waves) could be
coupled by the appropriate component of the per-
turbation potential A¥V. The TB model, limited in-
herently to small values of Mg, forces the defect
wave functions to be spectrally described by a nar-
row range of host states, irrespective of the chemi-
cal characteristics of the impurity (reflected in the
radius and depth of AP).

Rather than limit ourselves to the lowest
M 15(=8—10) bands, we solve here for €;(AV,M)
as a function of M > My using precisely the same
host crystal pseudopotential band structure as in-
puted in most TB calculations. For each perturba-
tion AV, the cutoff energy €.,(M) is hence in-
creased until further coupling of host states of the
appropriate symmetry does not change the defect
energy. The silicon host band structure is calculat-
ed self-consistently from a local pseudopotential,
using a basis of 189 plane waves at I" and an addi-
tional 200 plane waves via a second-order perturba-
tion theory. The i =t, representation of these
band wave functions is projected out and used
directly to calculate the acceptor wave function
and energy. To simplify our presentation we use a
particularly simple form for the defect perturba-
tion potential AV in the shape of a repulsive (i.e.,
acceptorlike) square well with radius R,y and height
Vo. This choice incorporates the two basic physi-
cal coordinates of a realistic defect potential: its
“atomic size” R, and “atomic ionization energy”
Vo. This simple choice will suffice for our illus-
tration: We will indicate below the similarity of
the results to those obtained by using for AV (T) a
self-consistent pseudopotential. The value (and
range) of ¥, hence, takes the role of “p-like” per-
turbation potentials in TB models.*~® Since the
ionization energy of levels inside a square-well po-
tential is monotonic with ¥V, variations in ¥ are
directly mapped into variations in the p-like impur-

ity ionization energy used in TB models. The per-
turbation AV is not restricted to couple only im-
purity orbitals. The wave function of the ¢, accep-
tor gap state is then expanded in the standard
Green’s function approach by a dual representation
consisting of local (impurity-anchored) orbitals
and, independently, by the unperturbed host wave |
functions.” Sufficient local orbitals are included in
the first expansion to make it converged for all
perturbations AV (T) considered (15 radial
Coulomb orbitals for each of the p, d, f, and g
waves are used). All energy levels are converged to
a precision better than 0.05 eV. One now asks how
many bands M are required in the complementary
expansion in terms of host wave functions such
that the variation of €; with AV={V,,R,} be
reproduced with physically relevant precision (say,
a tenth or two of the host energy band gap).

Figure 1 shows the energy of the i =¢, gap level
€., (AV,M) in silicon as a function of the number

M of host bands included in the wave-function ex-
pansion. We use a range of repulsive square-well

defect potentials ¥, and a radius Ry=2.2 a.u,, i.e.,
the Si covalent radius. The most striking result of
this calculation is that the error in the defect ener-
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FIG. 1. Convergence of the ¢, acceptor level in sili-
con with respect to the number of host crystal bands
used in the expansion of the defect’s wave function.

The substitutional acceptorlike defect potential is
modeled by a repulsive square well with a radius
Ry=2.2 a.u. and a height ¥,. The host is modeled by a
self-consistent local pseudopotential band structure (used
in a fitted form in TB defect calculations). The errors
made by including only 8 — 10 bands in the wave-
function expansion (Refs. 6 —9) are indicated with verti-
cal arrows; they are indicated as a fraction of the host
band gap E;. VBM and CBM denote the valence-band
maximum and conduction-band minimum, respectively.
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gy level made by using only Mg(=8—10) rather
than a converged number M, of bands, is not
only very large on the scale of physical interest
(e.g., the band gap E,) but also varies strongly with
the strength of the defect potential AV. These er-
rors are indicated in Fig. 1 as fractions of E, by
vertical arrows and range from 50% to 20% for
different AV values. (For very large impurity ra-
dii, Ry >4 a.u., the convergence is faster. How-
ever, only Rb and Cs have such large radii. These
elements were not considered in previous TB calcu-
lations). It appears, therefore, that one cannot
hope to recover physically useful trends €;(AV) in
the defect energy levels (let alone absolute energy
values) with the impurity’s potential strength AV
(i.e., chemical identity) for all impurities, using the
same M =M1g. The “renormalization group”
culation of Weigel et al.'* in which host states in
the conduction and valence states are discarded
may also be susceptible to this criticism. The
chemical trends €;(A¥) in such models’*!* may
have been interpreted over optimistically.

The physical reason behind this result is very
simple and has been pointed out before™: the fun-
damental difficulty in any defect Green’s function
method is that one is forced to represent the local-
ized defect wave functions 1;(T) by a combination
of often physically and chemically unrelated ex-
tended host Bloch functions {¢?( k,7)}. While this
can be achieved in principle using a complete set
{qﬁ?( k,T)}, the number M of such wave functions
needed in practice for a useful accuracy depends
sensitively on the degree to which the properties of
the host crystal differ from the properties of the
impurity atom, i.e., on the nature of AV(¥). The
TB approach, on the other hand, insists that the
defect states of all impurities—even if their atomic
potentials differ by as much as 20—30 eV from
the host potential’—be represented by the same
small number of host bands. (We have recently
developed a new defect Green’s function model—
the “quasiband representation”>—in which this re-
quirement is no longer needed. In this method a
small number M of quasibands may be sufficient
to obtain a converged representation for arbitrarily
localized defect potentials.)

The results of Fig. 1 suggest that qualitative
trends predicted by the TB model, like the notion
of band-gap pinning, may need to be reexamined.
To this end, we show in Fig. 2 the variation
€:(Ry,Vy) of the t, gap defect level in silicon as a
function of the strength ¥V of the perturbation, for
various defect sizes R, using a converged number

M of host bands for all {Ry,V,} values. The de-
fect potential perturbation is allowed to couple
with host atoms. Recall that the TB model which
uses approximations (i) and (ii) predicts that, for a
large V,, (where ¥V, is the difference between im-
purity and host diagonal matrix elements for repre-
sentation i), the defect level €;(V,) will show sa-
turation at the band-gap vacancy level €,; all repul-
sive impurities (finite V) will be pinned to that sa-
turated level at e=¢,. Figure 2 clearly shows that
when approximations (i) and (ii) are relaxed, the
energy level €;(Vy,R() merges into the conduction
band for large enough values of V (and all Ry);
the level shows no “pinning” in the sense described
in Ref. 7.1 This strongly suggests that band-gap
pinning is a property of the TB model rather than
of nature. The behavior in Fig. 2 is suggestive of
the predictions made by Krieger and Laufer'® for
the TB defect model.

Figure 2 suggests another interesting observation
which focuses on the interplay between impurity
size (Rg) and potential strength (V) in determin-
ing its energy €;(R, V,): compared with smaller
impurities, Fig. 2 shows that large impurities re-
quire a far smaller perturbation ¥V, to split from
the valence band, become deep traps, and merge
eventually into the conduction band. It is hence
possible that an impurity with a perturbing poten-
tial characterized by {V}",R{"} will have its ener-
gy level above that of another impurity level hav-
ing a stronger potential V{2, if R{! is sufficiently
larger than Rf)z). Hence,
eV R > e(VE ,RP) if RP <Ry but
v s v, Assuming a typical radius R{? =2.2
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FIG. 2. Dependence of the acceptor ¢, energy level in
silicon on the radius (Ro) and amplitude (V) of the
perturbing potential. The energy levels are converged
for each {Ry,V,} with respect to local orbitals, band
wave functions, and Brillouin-zone sampling points to
within better than 0.05 eV. Note that no gap pinning
occurs.
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a.u. (half a Si—Si bond length), one finds from
Fig. 2 that the known unrelaxed Si vacancy ¢, en-
ergy €,=0.7 eV (Refs. 3 and 4) is mapped"® into
the square-well model by taking V¥ =2.375 Ry.
One hence finds that an impurity with radius
R =3 a.u. > R will have its energy level €,
above €, (e.g., €,=1 eV for V!’ =0.875 Ry) even if
its potential amplitude V! is smaller than V.
Hence, a large size impurity atom having a shallow
potential well can form acceptor levels above the
host vacancy level, if the host atom is sufficiently
small. This clearly does not support the TB notion
that “weaker” impurities will have their energy
pinned below that of the “stronger” impurities.
The physical reason behind this observation is
simple: in the TB model the defect is character-
ized by a single variable; the difference
AV op=Vqq—Vpp between diagonal TB matrix ele-
ments of the impurity and the host atom being re-
placed. Except in the work of Ref. 8, the diagonal
elements V,, and Vgg are not fixed uniquely by
the fitting procedure of the band structure since
the latter is invariant (up to a constant related to
the host’s work function®) under constant changes
in {V;}. In a more complete model, however, the
perturbing potential is characterized by a continu-
ous function AV(T) and a complete basis set
{|a)}. The physically relevant characteristics of
AV(T) are then reflected in two coordinates rather
than one: the radius R, and the potential strength
Vo. [This information is contained in the matrix
representation {a | AV(T) | B) if the basis { |a)] is
complete in the domain of AV (T), but not if it is

grossly incomplete as in TB models.] Figure 2
shows that the predictions of a two-coordinate
model'®!7 €;(R, V) (e.g., the ordering of the lev-
els) can be the reverse of those based on a cruder
one-coordinate model €;(Vy, —Vgg). In particular,
in a single-coordinate model with a diagonal per-
turbation matrix the vacancy is the strongest per-
turbation possible (i.e., AV = o). Under these con-
ditions, any repulsive impurity will have a weaker
perturbing potential and consequently its energy
level will be “pinned” below the energy of the va-
cancy level. In a more general two-coordinate
model with a nondiagonal perturbation matrix,
stranger perturbations are possible in principle by
virtue of coupling to the host atoms as well as by
steric size effects (i.e., variations in R;). Impurity
levels need not then be pinned to the vacancy level.

We conclude that while the TB defect model
may be used as an expedient interpolative tool,
greater caution must be exercised when applying it
to deduce chemical regularities over large ranges of
chemical coordinates (viz., atomic sizes and elec-
tronegativities). While extensive and careful
parametrization of the model can lead to a number
of valid predictions, its inherent dependence on the
representation of localized states by a small num-
ber of extended host states considerably limits its
applicability.
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