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The dependence on alloy composition x and y of the deep levels associated with vacancies
and with antisite defects in the quaternary alloy Ga,Al,_,As,P;_, is predicted.

The simplest native defects in III-V semiconduct-
ors are the anion and cation vacancies and the
antisite defects: a cation on an anion site or an anion
on a cation site.! In spite of the simplicity of these
defects, none of their deep energy levels has been
unambiguously identified in any semicondutor, al-
though arguments have been set forth assigning
various levels to specific defects.>~* The controver-
sial nature of the level assignments suggests that it
would be useful to know how the levels associated
with each of these defects are expected to change
with alloying. The purpose of this paper is to
present such predictions.

We predict the deep levels of the native substition-
al defects in the quaternary alloy Ga,Al;_,As,P;_,
using a modification of the theory by Hjalmarson
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FIG. 1. Predicted contours of constant energy (in eV)
of the deep T',-symmetric level associated with cation va-
cancy of Ga,Al;_.As,P;_,, as functions of the alloy
compositions x and y. The zero of energy is the valence-
band maximum for all x and y. The heavy line labeled 0.0
corresponds to the alloy compositions for which this va-
cancy level is predicted to coincide with the valence-band
maximum. The predictions for the binary compounds
AlAs, AIP, GaAs, and GaP are the same as those previ-
ously obtained by Hjalmarson et al. (Ref. 5).

et al.> (The vacancy and antisite levels in the binary
compounds have been predicted previously.’) This
theory is based on a nearest-neighbor, tight-binding
sp’s* Hamiltonian whose matrix elements exhibit
manifest chemical trends®: Diagonal matrix ele-
ments are related to atomic energies and off-
diagonal matrix elements are approximately inverse-
ly proportional to the square of the lattice constants.
As in previous studies of vacancies and antisite de-
fects in quaternary alloys,”® the dominant effects of
alloying can be accounted for in the virtual-crystal
approximation, because the differences in diagonal
matrix elements of the Hamiltonian for any two
III-V compounds are considerably smaller in magni-
tude than the nearest-neighbor transfer-matrix ele-
ments.>!® Details of the calculational approach,
which employs the Green’s-function method,'! have
been published.>”3

The deep defect levels derived from the sp* mani-
fold of basis states have 4, (s-like) and T, (p-like)
symmetry, because the virtual-crystal environment
has tetrahedral (T,;) symmetry. Deviations from
this (artifical) symmetry are expected to produce
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FIG. 2. Predicted contours of constant energy (in eV)
of a 4,-symmetric level produced by an anion vacancy of
Ga,Al,_,As,P,_, as in Fig. 1.
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FIG. 3. Predicted contours of constant energy (in eV)
of the T',-symmetic level produced by an anion vacancy of
Ga,Al,_,As,P,_,, as in Fig. 1.

only a slight alloy broadening, which is observed.'?
The contours of constant energy for the vacancies
and the antisite defects in Ga,Al;_,As,P,_, are
given in Figs. 1—6. (The 4;-symmetric states asso-
ciated with cation vacancies and cation on anion site
defects are not predicted to yield levels in the gap.)
The zero of energy in all cases is the valence-band
maximum. The levels presented here for the com-
pounds GaAs, GaP, AlAs, and AIP are the same as
those reported previously by Hjalmarson et al.> The
contour plots are quite different for the different de-
fects and symmetries, indicating that the dependence
on alloy composition (x and y) can be used to deter-
mine the site and the symmetry of the defect, and
possibly even to distinguish between an antisite de-
fect and a vacancy at the same site.

The theory is designed to properly account for the
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FIG. 4. Predicted contours of constant energy (in eV)
of the deep A,-symmetric level associated with an anion
on the cation site of Ga,Al,_,As,P,_,, as in Fig. 1.
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FIG. 5. Predicted contours of constant energy (in eV)
of a T,-symmetric level produced by an anion on the ca-
tion site of Ga,Al;_,As,P;_y, as in Fig. 1. The heavy
line labeled Eg,, corresponds to the predicted locus of al-
loy compositions for which the antisite-defect level coin-
cides with the conduction-band edge.

global chemical trends in the deep-level data, and
therefore the general alloy dependences should be re-
liably predicted. The predicted energies of a specific
defect may be in error by a few tenths of an electron
volt however, because lattice relaxation, charge-state
splittings, and electron-electron interactions have
been omitted from the theory. These effects are
often monotonic functions of the trap depth, as dis-
cussed previously.’

The absolute energy levels predicted are consistent
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FIG. 6. Predicted contours of constant energy (in eV)
of the T,-symmetric level produced by a cation on the
anion site of Ga,Al,_.As,P,_,, as in Fig. 1. The heavy
line labeled 0.0 corresponds to the alloy compositions for
which this antisite-defect level coincides with the
valence-band maximum.



with the available experimental evidence concerning
antisite defects in these materials,* but they disagree
with some other theories.'>!* For example, the level
EL2 lying 0.7 eV above the valence band in GaAs
has been assigned to an anion on cation site defect;
the theory places this level at 0.6 eV,!® which is very
close to where it is observed.* There has been con-
siderable controversy concerning the identification
of EL2, however.>!®!” Most other data concerning
ITII-V antisites have been gleaned from magnetic res-
onance data!® and do not provide energy levels for
comparison with the theory.

The vacancy levels are the “pinning” levels of the
theory® and must be generally correct for the theory
to have been so sucessful in describing many deep
levels in compound semiconductors. We are aware
of only one experimental result which appears to
conflict with the theoretical predictions for vacancy
levels: Kennedy and Wilsey," in experiments whose
interpretation has been controversial,”® report that
the A, level of the cation vacancy in GaP lies above
this 7', level, whereas most theories, including the
present one,> predict the opposite ordering.
Nevertheless, we expect the global chemical trends
for the 4, and T, vacancy levels, as functions of al-
loy compositions x and y, to be independent of the
A,-T, splitting and to be correctly predicted by .the
model.

Direct evidence that the predicted vacancy levels
are in quantitive accord with the data comes from
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the 1.40-eV E2 level in GaAs, which has been as-
signed to an As vacancy® and is predicted to lie at
1.46 eV. Of course, a great deal of indirect evidence
also supports the vacancy prediction, in that theoret-
ically the energy levels of all the sp3-bonded substi-
tutional impurities in III-V semiconductors are
“pinned” to and determined by vacancy levels.>2! If
the predicted vacancy levels had been seriously in er-
ror, the model would not have successfully predicted
the energy levels of so many defects and surface
states.?! ~2* We hope that the predicted dependences
on alloy composition will be helpful for identifying
the energy levels of native defects in
Ga,Al,_,As,P,_,. Finally we call the reader’s at-
tention to the very recent and independent research
of Lin-Chung and Reinecke?* on antisite defect lev-
els, which we have just received, and which is com-
plementary to the present work.
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