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A theory of the deep levels produced by triplet vacancy-impurity complexes in covalent semicon-
ductors is presented. The major chemical trends in the deep levels of a, and b, symmetry are pre-
dicted for such complexes in 10 materials. These calculations show that a triplet vacancy-impurity
complex can produce deep levels at energies where neither the corresponding vacancy-impurity pair

nor the isolated impurity produce any.

I. INTRODUCTION

The performance characteristics of semiconductor de-
vices can be altered by defects in the device material. In
particular, defect energy levels in the band gap can great-
ly influence the material electrical and optical properties.
These levels fall into the two general classes of shallow
levels, which are usually formed by defects whose valence
differs from that of the host by unity,! and “deep” lev-
els,>~7 which lie well within the band gap. Shallow levels
are produced by the long-ranged Coulomb potential of
the defect and lie within about 0.1 eV from a band edge.
By contrast, deep levels are controlled by the central-cell,
atomiclike potential of the defect. Hjalmarson, Vogl,
Wolford, and Dow’ have shown that the chemical trends
in the deep levels of substitutional impurities can be un-
derstood using a Koster-Slater® model where only the
central-cell part of the defect potential is treated, and
where this potential is modeled by the assumption that it
is proportional to the atomic-energy differences of the de-
fect and host atoms. Sankey and co-workers’™!® have
generalized these ideas to treat paired impurities, and
have predicted the chemical trends in the deep pair levels
in several materials. The latter theory was modified by
Myles and Sankey,'* who treated vacancy-impurity pairs
and predicted the chemical tends in the deep levels due to
such defects in twelve materials.

In the present paper, we present a simple theory!® of
the deep levels associated with triplet complexes in co-
valent semiconductors and present predictions for the
major chemical trends in the levels of @, and b; symme-
try for such complexes in 10 materials. The terminology
“triplet complex” is used to denote a vacancy-impurity
complex consisting of a vacancy that is a nearest neigh-
bor to two identical, substitutional sp3-bonded impurities.
This type of defect is the simplest possible vacancy-
impurity complex containing three constituents. The re-
sults of the application of our theory to triplet complexes
in GaAs and GaP have been presented earlier.!® It is the
purpose of the present paper to present a more detailed
discussion of our theory, to apply it to other materials,
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and to make comparisons with available data.

The motivation for considering vacancy-complex pro-
duced deep levels is that vacancies are important native
defects in semiconductors and are present to some extent,
regardless of the material-preparation technique.
Furthermore, they are mobile and can migrate and be
trapped by impurities to form complexes. These com-
plexes have been shown to have important effects on the
efficiency of radiative recombination in a number of ma-
terials such as Si,!” GaP,!® GaAs,”® GaAs,_,P,,*
ZnTe,?! ZnSe,*? and Hg, _,Cd, Te.?

Our theory is based on the theory of Hjalmarson et al.
of deep levels”?* and on the semiempirical sp’s* tight-
binding band-structure model of Vogl et al.?® The
theory”?* of Hjalmarson et al. and various generaliza-
tions of it, when used with the band structures of Vogl
et al.” have been successful in their predictions of chem-
ical trends in the bulk® 126728 and surface?® defect-
related properties of numerous semiconductor materials.
Furthermore, generalizations of this theory have often
produced results which are in semiquantitative agree-
ment, both with experiment®~!%2672% apnd with more so-
phisticated theories.?® Theoretical uncertainties for the
absolute energy levels predicted by this theory are typi-
cally a few tenths of an electron volt, in comparison with
either data or other calculations (which often have com-
parable uncertainties). However, the chemical trends
predicted by this approach have usually been shown to be
correct, in cases where they could be checked. For in-
stance, Hjalmarson’s’ early predictions for the trends of
isolated acceptor levels in Si are in agreement with data,
but the experimental binding energy for the deep In ac-
ceptor in Si is not accurately predicted. In fact, Hjalmar-
son predicts that this level should be valence-band reso-
nant.

Some specific cases where the chemical trends obtained
using generalizations of the theory of Hjalmarson
et al."** have been found to be in quite good agreement
with experiment are the following: (1) the predictions by
Sankey et al.’ of the x dependences of the deep levels as-
sociated with the Ga-vacancy—O pair and the Zn-O pair
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in GaAs;_,P,, (2) the calculations by Sankey and Dow
for the deep levels due to pairs of impurities in GaAs,'°
InP,!! and Si,'* (3) the results of Dow et al.'? for core-
exciton binding energies in III-IV compound semicon-
ductors, (4) the predictions by Myles and Sankey!* of the
deep levels due to vacancy-impurity pairs in GaAs, GaP,
and GaSb, (5) the calculations of Myles et al.?® of the x
dependences of the deep levels produced by cation-
vacancy-associated complexes in Hg; _,Cd,Te, (6) the
results of Ford et al.?® for the alloy composition depen-
dence of the inhomogeneous broadening of various deep
levels in GaAs,;_,P,, Al,Ga,;_,As, and Hg,_,Cd,Te,
(7) the predictions of Lee et al.?® for the charge-state
splittings of deep levels due to chalcogen impurities in Si,
and (8) the results of Allen et al.?® of the Fermi-level-
pinning energies produced by deep levels due to anisite
defects at the surfaces of semiconductor alloys. The
latter results correlate well with the alloy composition
dependences of the Schottky-barrier heights at the inter-
faces of such alloys with various metals.

Quantitative comparisons of the absolute energy levels
resulting from the approach of Hjalmarson et al.”?* and
its generalizations, either with data or with other theoret-
ical calculations, yield discrepancies ranging from less
than 0.1 eV to several tenths of an electron volt. Agree-
ment to within less than 0.1 eV is considered fortuitous,
given the expected uncertainty in the absolute energy pre-
dictions. Examples of the ranges of quantitative agree-
ment expected between the results of this approach and
experimental data are as follows: (1) the deep pair levels
in GaAs,_, P, obtained by Sankey et al.,” for which
theory and experiment agree for all x to within about
0.02 eV for the Zn-O pair and about 0.1 eV for the Ga-
vacancy-O pair; (2) the Schottky-barrier heights predict-
ed by Allen et al.? for gold-semiconductor alloy inter-
faces, for which theory and experiment disagree by about
0.3 eV for all x in Al,Ga,_,As and GaAs,_,P, and
agree to within less than 0.1 eV for x >0.3 in In, Ga;_, P
and for x <0.7 in Ga,In;_,As; and (3) the deep levels
and charge-state splittings of neutral and singly positively
charged chalcogens in Si, obtained by Lee et al.?® In the
latter case, theory and experiment differ by 0.31, 0.37,
0.30, 0.37, 0.19, and 0.21 eV for deep levels due to SO, st
Se Se™, Te’, and Te™, and they agree to within 0.07,
0.07, and 0.02 eV for the charge-state splittings between
the levels produced by S% and ST, Se® and Se™, and Te®
and Te™, respectively.

On the basis of its past performance, as outlined in the
preceding paragraphs and as discussed in greater detail in
many places in the literature,”? 162372 we have
confidence that this theory can predict the major chemi-
cal trends in the energies of triplet complex levels in the
materials we consider here. However, also based on this
performance, we expect that the uncertainties in the ab-
solute energy levels we predict can be as large as a few
tenths of an electron volt. Thus, the absolute numbers ob-
tained by our theory should not be taken as seriously as
the chemical trends which emerge from it.

Our theory is the next logical step in the treatment of
vacancy-impurity complexes beyond the Myles-Sankey'*
theory of vacancy-impurity pairs. Following Ref. 14, our
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primary interest is in obtaining chemical trends in the
deep levels due to triplet complexes. To this end, we con-
sidg:r only such complexes which contain an ideal vacan-
cy. ¥

Our principal finding is that a triplet complex can pro-
duce deep levels which are significantly altered in com-
parison with those produced by either the vacancy-
impurity pair'* or the isolated impurity.”?* Thus, the
presence of vacancies in a material can greatly alter the
positions of the deep levels associated with particular im-
purities. Our predictions of vacancy-complex—associated
levels will hopefully serve as a guide to experimentalists
attempting to interpret data.

II. THEORY

The perfect-crystal Hamiltonian we use is the sp3s*
nearest-neighbor tight-binding model of Vogl et al.,?
which has five states per atom (the four sp? states and an
excited s* state) with 13 parameters that were obtained
by an empirical fit to pseudopotential band structures.’!
The parameters describing this Hamiltonian can be found
in Ref. 25. The use of an excited s* state enables a
description of the conduction bands that is flexible
enough to treat both direct- and indirect-band-gap semi-
conductors. This model successfully reproduces the prin-
cipal features of the lower conduction-band structure of
several materials.?’

The Hamiltonian of Vogl et al.?® has the form

Hy=3(liaRYEiaR|+|icR)Ef(icR|)
iR
+ 2(IiaR)V,»j(R,R’)<ch'|+H.c.) , (1)
ok

where [ =s, p,, p,, p,, OF s* labels the orbitals, @ and ¢
refer to the anion and cation, R labels the unit cell, and
H.c. denotes the Hermitian conjugate. The transfer-
matrix elements V;; are nonzero only between nearest
neighbors; when fR+d—R’| =|d|, where d is the
nearest-neighbor vector, d=a;(1,1,1) /4. Here, a; is the
cubic lattice constant. The states |iaR) and |icR) are
localized basis orbitals centered on the anion at R+d and
on the cation R, respectively. The tight-binding parame-
ters of H, have the property that differences of the on-
site matrix elements E; are proportional to the corre-
sponding atomic energy differences of the host atoms>?
and the nearest-neighbor transfer-matrix elements V;
scale roughly according to Harrison’s |d| ~2 rule.*

A schematic diagram of the type of defect we consider
is shown in Fig. 1. This figure shows a triplet complex of
nearest-neighbor impurities in the unit cell at R=0. This
complex consists of an impurity at the center of the unit
cell, taken to be on the cation site for definiteness, com-
plexed with two other impurities which are identical to
each other. In this figure the circles with crosses denote
host atoms, the hatched circle denotes a cation impurity
at the origin (to be replaced by a vacancy), and the two
open circles denote anion impurities. Occupying anion
sites 1 and 2 are two identical impurity atoms with
site indices d and d’, respectively, where d’
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FIG. 1. Schematic diagram of a triplet impurity complex.
The circles with crosses denote the host atoms, the hatched cir-
cle denotes the cation at the origin, and the two open circles
denote two identical impurity atoms which occupy the sites d
and d’, respectively.

=a;(—1,—1,1/4) This figure illustrates a more general
case than we consider here, and much of the formalism
outlined here and in Ref. 15 can therefore be used to treat
complexes consisting of three impurities. However, here
we consider only triplet complexes containing a vacancy
at the central site and take the limit as the defect poten-
tial of the central-site impurity approaches that of a va-
cancy. In Fig. 1 and in our formalism, we explicitly con-
sider the case where the origin is taken to be the cation
site. The opposite case, where the origin is the anion site
and the impurity occupying it is replaced by a vacancy,
can also be easily treated by interchanging anion and cat-
ion labels in all equations. Thus, in the results presented
below, we consider triplet complexes containing both cat-
ion and anion vacancies.

We follow Hjalmarson et al.” in constructing the de-
fect potential. For the impurity sites of the complex
(anion sites 1 and 2 in Fig. 1), the on-site matrix elements
are obtained from the atomic-energy differences of the
impurity and the host, and the off-diagonal matrix ele-
ments are taken to be zero. For the vacancy site of the
complex (the cation site in Fig. 1), we take the diagonal
matrix elements of the defect potential to be infinite and
the off-diagonal matrix elements to be zero. An infinite
potential has been used to model an ideal vacancy in
numerous previous studies.!*7!630 This approximation
allows the vacancy “atom” to be decoupled from the host
and simulates the effect of a missing atom.

With these assumptions, the defect potential for the
triplet complex is diagonal in the tight-binding basis, but
properly accounts for the defect chemistry.” Both
charge-state splittings and lattice relaxation are neglected
in this theory. The neglect of lattice relaxation around a
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vacancy would be a serious omission if one desired pre-
cise predictions of absolute trap depths. However, the
neglect of such effects in a theory of chemical trends has
been justified in previous work,”’ !¢ where it is argued
that they tend to be monotonic functions of trap depth.
The neglect of them is therefore not expected to greatly
alter the ordering of the predicted deep levels. The result-
ing theory gives a global view of chemical trends, but as
is discussed above, it is limited by uncertainties as large
as a few tenths of an electron volt. The long-ranged,
dielectrically screened Coulomb potential is also neglect-
ed because it has a small effect on the energy scale of in-
terest, so that shallow impurities have zero binding ener-
gy in this model. The theory can, in principle, be
modified to include these neglected effects.?®

For the defect illustrated in Fig. 1, the above assump-
tions allow the defect potential to be written as

U=3(lic0)UficO|+ liad) Uf{iad|

+liad’' Y Uf(iad']) , ()

where Uf and U{ are the cation- and anion-site defect po-
tentials for orbital i. For a similar defect with the anion
site at the origin, the labels a and ¢ are interchanged in
Eq. (2). In Eq. (2) the sum over i is only over the s, p,, p,,,
and p, orbitals, following previous work.”1%3* Also fol-
lowing previous work, we assume that all orientations of
the p orbitals have the same defect-potential energies.
Thus, there are only four independent parameters in the
defect potential: Uy, U,, U/, and U,. Following Hjal-
marson et al.,” for the impurity sites of the complex, we
take each of these parameters to be proportional to an
appropriate difference between defect and host atomic en-
ergies.>* For the case of interest here, where the central
site is occupied by an ideal vacancy,®® we take the ap-
propriate defect potential matrix element to be infinite.*°
For a cation (anion) vacancy we thus take Uf (U/)— .
in Eq. (2).

The defect potential in Eq. (2) is local in the tight-
binding basis, so that the Koster-Slater theory® is con-
venient for determining the bound-state energies E of the
triplet complex. In this method, these energies are given
by solutions to the determinantal equation

det[I —G%E)U]=0, (3)
where
GUE)=(E —H,)™! @)

is the host Green’s function, and I is the identity matrix.
The advantage of this method is that the determinant in
Eq. (3) only needs to be evaluated in the subspace of U.
In the present case, this yields a 12X 12 determinant
(three sites and four orbitals—one s and three p —per
site).

It should be pointed out that, for isolated impurities
and paired defects,”” ! the block diagonalization of the
host Green’s function was relatively straightforward be-
cause of the high symmetry of the defects. In the present
case, however, the defect symmetry is reduced and block
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diagonalization is nontrivial. The determinant in Eq. (3)
can, however, still be somewhat simplified by symmetry
considerations.>® The point group for a point defect in a
zinc-blende semiconductor is T,;. Point defects with sp3
hybrid bonding can thus have defect states with either
nondegenerate A (s-like) or triply degenerate T, (p-like)
symmetry. Triplet complex defects in the same host are
described by a reduced “molecular” symmetry group C,,
(Ref. 35) (a twofold axis of rotation and two reflection
planes containing the twofold axis and perpendicular to
each other). This results in splittings of the T', levels and
mixing of the “atomic” A, and T, levels on the three
sites.®> Due to the fact that the point group C,, has one-
dimensional irreducible representations only,*> the T,
level is split into three nondegenerate levels. The result-
ing “molecular” states are denoted as a;-symmetric
(s,p,-like), b,-symmetric (p,-like), and b,-symmetric (p,-
like). The a, and b, orbitals result from the strong over-
lap and mixing of the A, levels and the p, and p, com-

i
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ponents of the T, levels on the three sites. Thus, their
energies may be very unlike those of either the isolated
impurity or the isolated vacancy. Therefore, they are the
most interesting of the triplet complex levels. On the
other hand, the b, states correspond to admixtures of the
p, orbitals on the three sites. Since these mix only weak-
ly due to the orientation of the complex, the correspond-
ing levels are relatively unaffected by complexing and are
very close to both the levels of the T, states of the isolat-
ed defects”?* and those of the e-symmetric levels of the
corresponding vacancy-impurity pair.'* Due to this fact,
results for the b, levels will not be presented here.

In the subspace of the defect defined by Eq. (2), the
host Green’s function is a 12X 12 matrix. After using the
symmetric operations of the point group C,, (Ref. 35) to
block-diagonalize this matrix into the direct sum of four
smaller matrices, and after using the same operations on
the defect potential, Eq. (3) factors to become the product
of four smaller determinants, '’

det[Is—G2(E)Us]det[I,—GY(E)U,1det[I,—GY(E)U,1det[I, —GY(E)U,]=0, (5)

where G,Q(E), U;, and I; are, respectively, the Green’s-
function submatrix, the defect-potential submatrix, and
the unit matrix of size i Xi (i =1,2,4,5) that result from
these operations. The defect-potential matrices U,
remain diagonal in this representation. The details of the
block diagonalization of G%(E) and the factoring of Eq.
(3) to give Eq. (5) are discussed in Ref. 15 and are summa-
rized in the Appendix. The matrix elements of GX(E),
shown in the Appendix, are linear combinations of the
matrix elements of G%E) in the tight-binding basis. An
important feature of these matrix elements is that, since
they are evaluated using only the unperturbed Hamiltoni-
an, they depend only on the host band structure. Also,
because the matrix elements of G° are between localized
orbitals, they include contributions from all of k space
and from energetically distant bands. It is also
worthwhile pointing out that, even though the matrix ele-
ments of the unperturbed Hamiltonian H, are nonzero
only between nearest neighbors in the present model, this
is not true for the matrix elements of G°. For example,
such matrix elements between localized states on second-
nearest-neighbor atoms are nonzero and the inclusion of
them is vital in the calculations outlined above.

For the case where the cation (anion) site at the origin
is occupied by a vacancy, we take the limits US (U?) and
U, (U;)— . This is accomplished numerically, by al-
lowing these quantities to become sufficiently large num-
bers in Eq. (5). In the results presented below, we have
employed Hjalmarson’s empirical rule”?* that, for the
impurity sites of the complex, the diagonal p matrix ele-
ments of the impurity potential U, are equal to one-half
of the appropriate diagonal s matrix elements U;. This
simplification is not necessary to solve Eq. (5), but is both
helpful for simplifying the computation and consistent

with previous uses of the approach of Hjalmarson
et ql. 797 1623.2426-28 1y this approximation, the deep-
level energies depend on only one parameter: U, for the
anion or the cation, depending on the case of interest.
Justification for this empirical rule may be found in
Hjalmarson’s dissertation.?*

It is also worth noting that predictions for the isolated
cation or anion vacancy levels can be obtained in our for-
malism by setting the impurity potentials for the ap-
propriate sites equal to zero. These isolated vacancy deep
levels are identical to those obtained by Hjalmarson
et al.”?* Finally, we note in passing that the case of the
trivacancy can also be obtained in our formalism by tak-
ing the limit as the appropriate impurity potentials ap-
proach infinity.

III. RESULTS AND DISCUSSION

A. General discussion of results

We have calculated the deep levels associated with
triplet complexes in Si, Ge, GaSb, AlP, AlAs, InP, InAs,
InSb, ZnSe, and ZnTe.!* The results for GaAs and GaP
have been presented previously.'® By exchanging anion
and cation labels in our formalism, we have done such
calculations for both cation-vacancy and anion-vacancy
complexes. We seek the major chemical trends in the or-
dering of the levels. Due to the neglect of lattice relaxa-
tion and charge-state-splitting effects, our results for ab-
solute level depths associated with specific complexes
should be viewed on a coarse scale of several tenths of an
electron volt. However, based on past successes of simi-
lar approaches,”® 162326729 we peljeve that the ordering
we predict for the deep levels as the impurity in the com-
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plex is changed should generally be correct.

It should be pointed out, however, that in cases where
two predicted levels, either for the same defect or two
different defects, occur within a few tenths of an electron
volt of each other, the inclusion of such charge-state
splitting and lattice-relaxation effects, which are typically
of this order of magnitude,?® could alter the ordering of
the two levels. It should also be noted that because each
level due to a triplet complex is orbitally nondegenerate,
it can be occupied by, at most, two electrons, one for
each possible spin orientation. Clearly, in general, the
occupancy of such a level (whether it contains zero, one,
or two electrons) can affect its position in the band gap.
Because of the neglect of charge-state-splitting effects and
other electron-electron interactions, however, our theory
cannot distinguish between unoccupied, partially occu-
pied, and completely occupied orbital levels.

The results for the a,- and b,-symmetric levels ob-
tained from the solution to Eq. (5) are summarized in
Figs. 2—11. The figure numbers which display the results
for the various materials are Si, Fig. 2; Ge, Fig. 3; GaSb,
Fig. 4; A1P, Fig. 5; AlAs, Fig. 6; InP, Fig. 7; InAs, Fig. 8;
InSb, Fig. 9; ZnSe, Fig. 10; and ZnTe, Fig. 11. For the
compound semiconductors, the (a) parts of the figures
correspond to the case of a cation vacancy complex,
while the (b) parts correspond to the case of an anion va-
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FIG. 2. Energy levels of a, and b, symmetries produced by a
triplet complex (2X, V) associated with a vacancy V and two
identical impurities X in Si (solid curves). The abscissa is the s-
orbital potential of the impurity X. In this and subsequent
figures, the ordinate is the band-gap energy with the zero equal
to the top of the valence band. The sp3-bonded impurities are
shown at the top of the figure at their corresponding impurity
potentials. For comparison, the 4,-symmetric levels produced
by an isolated impurity X (Refs. 7 and 24) are shown as dashed
curves.

YU-TANG SHEN AND CHARLES W. MYLES 40

Egap
0.72
0.60 -
=
S
O
N
S0.48] L
o
k-]
% 36
mO. 5
£
>
D o0.24 +
O a,
S Impuritylike\.
0-124 Vacancylike a; /|
VeelT2) N
) Valence-Band
0.00 I Eige” [

T
-30.0 -20.0 -10.0 0.0 10.0 200  30.0

Impurity s Potential (eV)

FIG. 3. Energy levels of a, and b, symmetries produced by a
triplet complex (2X, V) in Ge. The remainder of the interpreta-
tion is as in Fig. 2.

cancy complex. For comparison, the 4 ,-symmetric deep
levels for the corresponding isolated impurity”?* are also
shown in these figures (dashed curves). These results also
should be compared to the appropriate figures for deep
levels produced by vacancy-impurity pairs.’* In Figs.
2-11 the zero of energy on the vertical scale corresponds
to the top of the valence band, and the horizontal scale
and the labeled impurities on the top of the figures corre-
spond to the s defect potential of the impurity, from
atomic-energy differences.”?* The zero of potential on
the horizontal scale is the s potential of the anion or cat-
ion, as is appropriate.

The deep levels for a particular triplet complex are ob-
tained from these figures by finding the intersection with
the appropriate curve of a vertical line drawn from the la-
bel for the appropriate impurity at the top of the figure.
If there is no such intersection, no deep level is predicted
for the complex containing that impurity. The special
case of an isolated vacancy can also be found from these
figures by allowing the impurity atoms to become host
atoms. The resulting predicted isolated vacancy levels”*
are shown in Figs. 2—11 as solid circles with appropriate
labels. There are two varieties of levels for a given com-
plex (although, one or both could be a band-resonant
state). One type has a wave function derived mainly from
the impurity, while the other type has a wave function
derived mainly from the vacancy. These will be referred
to as impuritylike and vacancylike levels, respectively. In
some cases hybridization effects can produce substantial
mixing of these two types of levels. In interpreting Figs.
2-11 we again call the reader’s attention to the fact that
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the ordering of two closely spaced levels could be re-
versed by lattice-relaxation or charge-state-splitting
effects and that level-occupancy effects could shift some
of the predicted levels.

The positions of the triplet-complex-associated a,- and
b,-symmetric levels with respect to the appropriate iso-
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lated impurity levels and the similarity between the
triplet-complex b, levels and the T, levels of the isolated
impurity can qualitatively be understood by reviewing
the vacancy-impurity—pair case and generalizing the dis-
cussion to the triplet-complex case. For the vacancy-
impurity pair (which has C;, symmetry), as is discussed
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by Myles and Sankey,'* o-like, a,-pair levels are con-
structed by mixing the s-like 4, and p-like T, states of
both isolated defects. Because this mixing is strong, for
o-like states, these levels may be at different energies
than the A or T, levels of either isolated defect. How-
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ever, the 7-like, doubly degenerate, e-symmetric levels of
the pair have virtually identical energies to those of the
impurity and vacancy T, levels'* because they are con-
structed by mixing the p-like T, orbitals of the isolated
defects and this mixing is much weaker than for the a,
levels. Now, let us consider what happens when a second
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tion is as in Fig. 4.
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impurity is added to the complex. There are two effects.
First, due to the strong mixing between the s-like 4, and
p-like T, states of the three isolated defects, the triplet
complex, in general, has energy levels which are very
different from those of either the isolated impurity or the
vacancy-impurity pair. Secondly, the m-like e levels of
the vacancy-impurity pair are split due to the presence of
the second impurity which perturbs them. Stated anoth-
er way, when a second impurity is added to the complex,
the C;, symmetry of the pair is reduced to C,, symme-
try. Since the point group C,, has one-dimensional irre-
ducible representations only,>> each energy level associat-
ed with a triplet complex is nondegenerate, so that this
causes the doubly degenerate e-symmetric levels belong-
ing to the pair to split. Since this splitting is small'®
(=<0.2 eV in most cases) and since the b,-symmetric lev-
els are therefore very similar to both the T,-symmetric
levels of the appropriate impurity and the e-symmetric
levels of the pair,'* results for them are not presented
here.

B. Results for specific materials
and possible relation to experiment

An interesting phenomenon occurs in the case of the
vacancylike a,-symmetric levels for the anion vacancy
complexed with two cation impurities in GaSb, AlIP, and
AlAs [see Figs. 4(b), 5(b), and 6(b)]; the predicted curves
for these levels have two hyperbolalike branches in the
band gap, one attached to the conduction band and the
other attached to the valence band. This is a conse-
quence of Rayleigh’s interlacing theorem,®3” which re-
quires that perturbed levels of the same symmetry lie be-
tween unperturbed levels. Although this theorem strictly
applies for a single defect potential on each atom (the
present case has two defect potentials, s and p), the above
phenomenon can be qualitatively understood using the
following reasoning. For these materials, the A4,-
symmetric, isolated anion-vacancy level lies in the band
gap. Also, an isolated cation-site impurity which is more
electronegative than the atom it replaces will pull a deep
level from the conduction band into the band gap. How-
ever, when the vacancy is complexed with two identical
impurities, this impurity level is prevented from crossing
the A,-symmetric anion-vacancy level by the interlacing
theorem. As a result, the conduction-band-attached hy-
perbola saturates, for large negative potential, to an ener-
gy slightly above the isolated anion-vacancy level. In this
saturation region, this level has changed from predom-
inantly impuritylike to predominantly vacancylike. At
the same time, a vacancylike level has reappeared in a
continuous fashion in the lower, valence-band-attached
hyperbola.

1. Detailed results for AIP

A brief discussion of the predictions for specific triplet
complexes in a representative material is useful for ob-
taining a general understanding of the effect of complex-
ing two impurities with a vacancy. In fact, many of the
features of the deep levels associated with particular com-
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plexes in particular materials hold qualitatively from
complex to complex and from material to material.
Furthermore, comparisons of the triplet-complex-
associated levels with the corresponding isolated impuri-
ty”?* and pair levels'* show in detail the effects of com-
plexing with a vacancy. For convenience, we consider
AIlP in some detail. All of our results for the predicted
a;- and b,-symmetric deep levels associated with triplet
complexes in AIP are illustrated in Fig. 5. Figures 5(a)
and 5(b), respectively, show results for triplet complexes
containing cation and anion vacancies.

Consider first the a, and b, levels associated with cat-
ion vacancy complexes [Fig. 5(a)]. Comparison of our
predicted triplet-complex levels with those of the isolated
impurities”?* or the corresponding vacancy-impurity
pair'# shows that the triplet levels can be very different
from those due to either of these defects. An interesting
complex to consider is the one containing oxygen, substi-
tutional for P. From Fig. 5(a) it can be seen that the iso-
lated P-site O impurity, as predicted by Hjalmarson
et al.,* should produce an 4, level deep in the band
gap (~0.5 eV below the conduction-band edge). The im-
puritylike a; and b; levels associated with the triplet
complex containing O, however, are predicted to be con-
siderably nearer to the conduction band (~0.13 eV below
the band edge) and almost degenerate. There are two im-
puritylike levels in this case because there are two impur-
ities. Complexing with a vacancy therefore considerably
perturbs the isolated A4, impurity levels and pushes them
much closer to the conduction-band edge. Similar state-
ments can be made about the isolated impurity and
triplet-complex levels associated with F and Cl substitu-
tional for P. From Fig. 5(a) it can be seen that P-site im-
purities Br, N, S, Se, and I should form A4, levels as iso-
lated impurities.””?* When they are part of a triplet com-
plex associated with the Al vacancy, however, the impur-
itylike a; and b, levels are pushed out of the gap to be-
come resonant with the conduction band. Inspection of
Fig. 5(a) also shows that one member of the Al vacancy
T, manifold is drastically perturbed by complexing with
the P-site impurities At through Tl (reading from left to
right at the top of the figure). The resulting @, vacancy-
like levels move from near the bottom of the gap (for At)
to near the top (for T1). A final prediction of Fig. 5(a) is
that, although the P-site impurities Zn, Cd, and Hg are
predicted to produce no deep levels in the band gap as
isolated impurities,”?* they should produce b, levels near
the valence-band edge as part of an Al-vacancy-
associated triplet complex.

Similar predictions can be made for the P-vacancy-
associated triplet complexes by a detailed examination of
Fig. 5(b), which shows that complexing two identical im-
purities with a P vacancy gives rise to deep levels which
are very different from those due either to the pair'* or
the isolated impurity.”?* Reading from left to right at
the top of Fig. 5(b), the triplet complex for the Al-site im-
purity F is predicted to produce four deep levels in the
band gap (one a,; impuritylike, one b, hybrid, one a; hy-
brid, and one a; vacancylike). Similarly, the complexes
containing the impurities O, Cl, Br, and N, are predicted
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to produce five deep levels (one vacancylike, two impuri-
tylike, and one hybrid), and the triplet complexes con-
taining S through Po are predicted to produce four deep
levels in the band gap. Predictions can similarly be ob-
tained for the triplet complexes containing all of the im-
purities illustrated in the figure.

2. Deep acceptorlike levels in Ge:
Comparison with data

Two deep hole-trapping states have been observed at
0.23 eV (Ref. 38) and 0.38 eV (Ref. 38) above the
valence-band edge in p-type Ge. The experimental tech-
niques used were ¥ irradiation and quenching from high
temperatures. The former level has been attributed to an
oxygen-vacancy complex.’® Our predictions for the deep
levels due to the triplet vacancy-oxygen complex in Ge
are in qualitative agreement with those data.

Figure 3 contains our predictions for this complex.
That figure, and extrapolations of it, show that this defect
should produce one b, and three a, levels resonant with
the valence band, one b, level near the valence-band
edge, one impuritylike a; level at 0.2 eV above the
valence-band edge, and one a; conduction-band-resonant
level. Also, the results for the b, levels (not shown here;
they are similar to the e levels of Ref. 14) give two b, lev-
els at 0.5 and 0.7 eV above the valence-band edge.!> The
energy of the impuritylike a; level at 0.2 eV agrees with
the first of the observed levels to within the accuracy of
the theory. Furthermore, this complex in the neutral
charge state should contain eight excess electrons. This
number is arrived at by noting that when a vacancy re-
places a Ge atom, four electrons remain behind to
preserve lattice neutrality. When a Ge atom is replaced
by an O atom, two extra electrons are contributed. Thus,
in undoped material, the four valence-band-resonant lev-
els are each doubly occupied, the b, level just near the
valence-band edge is empty, and the a, level at 0.2 eV is
empty (this should be true even in p-type material) and
thus observable in the experiments.

On this basis, we conclude that our theory supports the
identification of the deep level observed at 0.23 eV with
the triplet vacancy-oxygen complex in Ge, and we predict
that this level should be of the a; type. It is worth noting
in passing that neither the vacancy-oxygen pair'* nor the
isolated oxygen impurity”?* in Ge are predicted to pro-
duce a deep level near 0.2 eV. We also speculate that the
observed level near 0.4 eV may be due to this same com-
plex, corresponding to our predicted 0.5-eV b, level.
Shifts in the predicted levels due to the neglected charge-
state splitting and level-occupancy effects could, of
course, alter this assignment.

3. Chlorine A center in ZnSe

Optically detected magnetic resonance (ODMR) exper-
iments have observed two deep levels at ~0.5 and ~0.6
eV above the valence-band edge in n-type ZnSe.?*’
These levels have been attributed to a Zn vacancy com-
plexed with Cl (the chlorine A4 center) and with an un-
known impurity, respectively. Our predictions for the
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triplet complex associated with the Zn vacancy and two
Cl neighbors are in qualitative agreement with the data
on the 0.5-eV level. Extrapolation of the levels predicted
in Fig. 10(a) shows that this complex should produce two
impuritylike b, levels deep in the valence band, a vacan-
cylike a; level just below the valence-band edge, and a
vacancylike a; level just above the valence-band edge.
Furthermore, our results for the b, levels associated with
this complex predict a level at about 0.4 eV above the
valence-band edge.!*!> By arguments similar to those
discussed above, this complex should contain eight excess
electrons. Thus, in, undoped material, the valence-band-
resonant b; and a; levels just above the valence-band
edge should all be doubly occupied, and the b, level
should be empty. In n-type material, however, this level
could be singly occupied and thus detectable in the
ODMR experiments. We conclude that our theory lends
support to identification of the deep level observed at 0.5
eV with the complex containing the Zn vacancy and Cl.
This is consistent with the data analysis of Ref. 22 and
39.

Referring again to Fig. 10(a) (as well as to Ref. 14 for
b,-level predictions), it is reasonable to speculate that the
unknown impurity which, when complexed with a Zn va-
cancy, gives rise to the observed deep level near 0.6 eV
might be I, which was present in some of the samples on
which measurements are reported in Refs. 22 and 39.

4. Zinc-vacancy—chlorine complex in ZnTe

A deep level observed in photoluminescence at 0.15 eV
above the valence-band edge in high-purity ZnTe has
been associated with a Zn-vacancy-Cl complex.?!
Furthermore, experimental analysis®! indicates that the
vacancy in this case is doubly positively charged. Our
predictions for the deep levels produced by the triplet
complex associated with the Zn vacancy and two Cl
atoms are very similar to those for the analogous complex
ZnSe just discussed. It can be seen from Fig. 11(a) and by
electron counting that, in undoped material, this complex
should produce two doubly occupied impuritylike b, lev-
els deep in the valence band, two doubly occupied vacan-
cylike a; levels just below the valence-band edge, and an
empty vacancylike b, level at 0.5 eV above the valence-
band edge.!*!> We thus conclude that it is reasonable to
identify the observed level with our predicted b, level.
The discrepancy between experimental and theory in this
case might be due to charge-state splittings, charge-
transfer effects, and lattice relaxation, all of which are
negelcted in the present simple approach.

IV. SUMMARY AND CONCLUSIONS

In summary, we have calculated the deep levels associ-
ated with triplet complexes in 10 semiconductors. In de-
veloping our formalism, we have adopted the framework
introduced by Myles and Sankey!* for the extension of
the theory of Hjalmarson et al.” to treat vacancy-
impurity pairs and have further generalized this ap-
proach to treat triplet complexes. We again stress that
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our theory has ignored lattice relaxation and charge-state
splittings. Our results should thus be viewed as the pre-
dictions of the global chemical trends of deep levels rath-
er than the predictions of their absolute energies.

One of the primary findings of this work is that a trip-
let complex may have deep levels which are significantly
different from those of either the vacancy-impurity pair'*
or the isolated impurity.”2* While this is not profound or
surprising, our formalism provides a means of estimating
the changes in these levels as the defect is changed from
the isolated impurity to the pair to the triplet complex.
We hope that our predictions will be useful in assisting in
the identification of the defects which produce observed
deep levels in the materials considered.

Finally, it is worth pointing out that the formalism
developed here is general enough to treat a complex con-
sisting either of three impurities or of an impurity plus a
divacancy. However, here, we have limited our predic-
tions to deep levels associated with a vacancy plus two
identical impurities. Predictions of deep levels associated
with other types of complexes will be presented else-
where.*
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APPENDIX: BLOCK DIAGONALIZATION
OF THE HOST GREEN’S FUNCTION

In the zinc-blende coordinate system illustrated in Fig.
1, the 12X 12 matrix for the Green’s function of the per-
fect crystal has the schematic form

Gaa Gd(,‘(l) Gaa(lyz)
GUE)=| G1) G* G%2) |, (A1)
Gaa(z’l) GGC(Z) Gaa

where the labels a and ¢ refer to anion and cation, where
1 and 2 refer to anion numbers 1 and 2 in Fig. 1, and
where we have defined the 4 X 4 submatrices

G® 0 0 0
0 G 0 0
aa —

0 0 0 G«
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G&(1)
G&(1)
GHD= | Gy
G&(1)

G(1)
Ge(1)
GL(1)
Ge(1)

GZ(1)
Gg(1)
Gg(1)
GS(1)

GJ(1)
G(1)
G, (1) |~
Gz (1)
and

Gg(2,1)
Gi(2,1)
G,(2,1)
G(2,1)

G&(2,1)
GX(2,1)
Gpe2,1)
G%(2,1)

G&(2,1)
G(2,1)
G(2,1)
G(2,1)

G%(2,1)
G&(2,1)
G(2,1)
G(2,1)

GY2,1)=

(A4)

The submatrix G has the same form as G?* with the re-
placement of the label a by label ¢, and the submatrix
G““(2) has the same form as G°(1) with the replacement
of the label 1 by the label 2. Also, in the energy gap,
GO(E) is a real symmetric matrix. We therefore have

G =[G,
G*(2)=[G)]T,
G(1,2)=[G%(2,1)]",

where T means the transpose of the matrix.

The matrix elements in Egs. (A2)—(A4) are written in
suggestive notation. They are defined in the atomiclike
basis discussed earlier as, for example,

G(1)={scO(E —H,) '|p,ad) , (A5)
Gi(2)=(scO|(E —Hy) '|p.ad’) , (A6)
G2,1)={sad'[(E —H,) '|p,ad) , (A7)

with similar definitions for the rest of the matrix ele-
ments. (The subscripts x, y, and z refer to the three p or-
bitals p,, p,, and p,.)

After using the symmetric operations of the point
group C,,,** the 12X 12 Green’s function G° Eq. (A1),
can algebraically be block-diagonalized into the direct
sum of four smaller matrices. The proof of this is quite
lengthy and is shown in detail in the Appendix of Ref. 15.

The result of this manipulation is

G? 0 0
0 GY 0

GYUE)= 0o G o | (A8)
0 0 0 GY

where GY, G§, and G are, respectively, 5X5, 4X4, and
2X2 matrices, and G{ is a scalar. The explicit expres-
sions for the smaller submatrices shown schematically in
Eq. (A8) can be written as follows.!> The 5X 5 submatrix
has the form
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G21,1)
G(1,2)
G2(1,3) G22,3)
G2(1,4) G22,4)
G(1,5) 0

G(1,2)
G%(2,2)

where we have defined

GA1,1)=G&+G&(2,1),
G%(4,4)=G2+G2(2,1),
G(1,3)=—v2G(2,1), GX1,4)=G&(2,1), G(1,5)
G2,4)=V32G(2,1), G3,4)=V3G(2,1),
G(4,5)=V2G% .

G2(2,3)=—2G&,

G3(3,5)=—2Gy;,
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G(1,3)
G2(2,3)
G2(3,3)
G2(3,4)
G2(3,5)

G2(1,4) G¥1,5)
G2(2,4) 0

G2(3,4) GX3,5)
G2(4,4) G%(4,5)
G2(4,5) G(5,5)

G2(2,2)=G&,
GY(5,5)=Gg,

The 4 X4 submatrix has the form

G(1,1)
GI(1,2)
G(1,3)
G2(1,4)

GY(1,2)
G2(2,2)
G2(2,3)
G2(2,4)

where we have defined

G2(1,3)
GY(2,3)
G9(3,3)
GY(3,4)

Gi(1,4)
G(2,4)
GY(3,4) |’
GY(4,4)

—V3G

I&

(A9)

G9(3,3)=GX—G¥(2,1)~G(2,1) ,
G2(1,2)=V2G&

ss

xs

(A10)

GY(1,1)=G&—G&(2,1), GJ(2,2)=G&+G2(2,1)+G(2,1),

G3(3,3)=Gy,
Gi(1,3)=—2G%,

G2(2,4)=—V2G%(2,1),

GJ(3,4)=—2Gx% .

The 2 X2 submatrix has the form

GY=

where we have defined

G5(1,1) G9(1,2)
GI(1,2) GY(2,2)

, (A11)

GI(1,1)=GX+G&(2,1)—G(2,1),

G9(2,2)=G&

xx

and

G3(1,2)=V2GE—G) .

Finally, the 1X1 or scalar part of the Green’s function

has the form

G?=GY(1,1)=GX%—G¥(2,1)+G(2,1) .

(A12)

In writing these expressions, we have used the shorthand

notation

Gr=G(),

G =Gg(1),

GE=G(1), GE=G63),

and

Gl(4,4)=GX—G2(2,1), G3(1,2)=v2G%(2,1),
G(1,4)=—G&(2,1), G3(2,3)=V2GL+GY),

G;; =Gg(1).
The defect potential is diagonal, as is discussed in the
text. It can thus be written as the direct sum
U=Us+U,+U,+U,, (A13)

where U;, i=5,4,2, are i Xi submatrices and U, is a sca-
lar. These have the form

Uf 0 0
0 Uf 0

Us= |0 ofd 0, (A14)
0 0 Uf 0
0 0 U
U o
0 Ul

U= 0 v : (A15)

0 Ut




[

Uus 0
U= 1 us | (A16)
and
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U,=0, . (A17)
Finally, by combining Eq. (A8) with Eq. (A13), it can be
shown that the 12X 12 Koster-Slater eigenvalue deter-
minant factors to become Eq. (5) of the text.

*Present address: Zeeman Laboratory, University of Amster-
dam, 1018 TV, Amsterdam, The Netherlands.
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