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Anion-Antisite-like Defects in III-V Compounds
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We report ab initio calculations of total energies and electronic structures of P, As, and Sb donors in
GaAs and InP. In the T, geometry, all these defects exhibit two donor states in the forbidden gap, an
internal optical excitation energy of the order of 1 eV, and a Franck-Condon shift of the order of 0.1 eV.
All these defects possess a metastable geometry of the electrically neutral vacancy-interstitial pair, with
no donor states in the band gap. We discuss the differences between the six systems and explain why an
optically inducible transition to the metastable state is inefficient for GaAs:Sbg..

PACS numbers: 71.55.Eq, 61.70.At, 71.45.Nt

As theoretical studies have shown, the As-antisite de-
fect in GaAs exhibits a structural metastability (Fig.
1).'-3 In fact, it has been suggested’ that all cation-site
double donors in zinc-blende-structure semiconductors
exhibit a structural metastability similar to that of
GaAs:Asg,. However, no metastable properties have
been observed experimentally for analogous systems (see,
for example, Refs. 4 and 5).

In this paper we show that the structural metastability
(sketched in Fig. 1) is indeed an intrinsic property of
anion-antisite-like defects in III-V semiconductors.
However, we argue that the optically inducible transfor-
mation to the metastable configuration will be inefficient
for Sbg, in GaAs. Furthermore, we investigate the
influence of lattice relaxation. In particular, for Sbg, in
GaAs we find that the lattice relaxation causes a signif-
icant localization of the bound-state electrons.

Our conclusions are based on density-functional-
theory (DFT) calculations for six antisite and antisite-
like defects (P, As, and Sb in GaAs and InP). We use a
54-atom supercell, separable ab initio pseudopoten-
tials,*” and a plane-wave basis set with a cutoff energy
of 8 Ry. Electron densities are evaluated from the states
at I. For the calculation of donor energies and Franck-
Condon shifts we use a set of two special points. The de-
tails of the calculations will be given in a separate paper.

An anion antisite in a III-V compound is created when

FIG. 1. Stable (T,;) and metastable (C3 ) geometries of
anion-antisite-like defects. Solid circles are the crystal-lattice
anions; the open circle is the defect atom. The (110) plane is
shown by the hatch lines.

a group-III atom substitutes a group-V atom of the host,
and as such it should be a double donor. Antisite defects
are expected to be abundant in thermodynamic equilibri-
um if the crystal is grown under anion-rich conditions
and if the formation energy is lower than that of compet-
ing processes, namely, the formation of cation vacancies
and anion interstitials.® Under nonequilibrium condi-
tions, otherwise unlikely anion antisites (for example,
InP:P;;) may also be formed as a consequence of
irradiation-induced cation vacancies, which may capture
anion interstitials. Qualitatively, the electronic structure
of a tetrahedral anion antisite can be estimated from
atomic terms in a simple tight-binding model, where
atomic orbitals of the substitutional atom hybridize with
the dangling bonds of the cation vacancy.”'® We then
expect a deep bound state of 4, symmetry, and above it
a state of 7> symmetry. If lattice relaxation is neglect-
ed, the eigenvalue €(a;) should follow the trend of the
atomic-s-orbital energy. Since the donor transition in-
volves a population change in the a, state, we then ex-
pect electronic levels to move with the atomic number to-
wards higher energies. This is indeed the trend we ob-
serve for unrelaxed tetrahedral antisites, i.e., when all
host atoms remain in their perfect-crystal positions [see
Table I, the e(a;) and (4+/0) results in parentheses].
The ¢, state, on the other hand, is found to be resonant
in the conduction band and its position is more closely
related to the band structure of the host.

When a substitutional defect is created, the neighbor-
ing atoms relax from their perfect-crystal sites.!! We
find that the breathing relaxation of the neutral anion
antisites increases the anion-anion bond length (except
for InP:P{,, which shows a small inwards relaxation; see
AQ in Table I). Because of the antibonding character of
the a, state, the increase in the bond length can cause an
increase of localization of the wave function. The largest
effect is found for Sb&, (compare the two lower contour
plots in Fig. 2), which has the most delocalized a; state
among the anion antisites in GaAs, as is clearly seen in
Fig. 2. The difference Ae =¢(r,) —e(a,) increases with
the localization of both states. This is reflected in the
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TABLE 1. Calculated Franck-Condon shifts Efc, single-particle eigenvalues e(a;) with
respect to the top of the valence band, donor levels (+/0), optical excitation energies E,, relax-
ation energies E i, barrier heights Ew, and metastable energies Ey for different anion-antisite
defects in the tetrahedral (7) and vacancy-interstitial pair (VI, C3.) atomic configurations in
GaAs and InP. Electronic levels (+/0) =E(+) — E(0)+ Er are calculated from total-energy
differences using two special k points, and refer to Er at the valence-band top. E denotes the
energy gained by the breathing relaxation of the first four atomic neighbors from the perfect-
crystal position, and AQ gives the distance each atom moves. Ew is the energy barrier from the
stable T, to the VI canfiguration, Ey is the energy difference between the 7, and VI
geometries, while Qu gives the distance from the Ty lattice site to the VI site (Ref. 16). Values
in parentheses correspond to unrelaxed atomic positions. All results refer to neutral defects.

T4 atomic configuration Barrier VI
Erc ela)) (+/0) E, E el AQ Ew Eym Ou
(eV) (eV) (eV) (eV) (eV) (RA) (eV) (eV) (R)
GaAs:
P 0.05 0.24 0.71 1.16 0.20 0.10 0.9 0.3 1.4
(0.52) (0.88)  (1.06) (0.9) 03 1.4
As 0.03 0.25 0.81 0.97 0.42 0.12 0.7 0.4 1.2
(0.63) (1.05) (0.91) (0.8) 0.2) (1.2)
Sb 0.04 0.43 0.95 1.03 1.71 0.27 1.2 0.5 1.4
(1.17) (1.75) 0.31) (0.6) (=0.4) (1.6)
InP:
P 0.10 0.68 0.95 1.50 0.01 —0.03
(0.57) (0.78) (1.36) (1.4) (0.6) (1.3)
As 0.09 0.55 1.3 1.32 0.00 0.01
0.67) (1.2) (1.20) (1.2) 0.5)  (1.4)
Sb 0.08 0.75 1.3 0.77 0.48 0.14
(1.18) (1.6) (0.72) (1.0) 0.4) (1.3)
) corresponding increase of the internal optical excitation

FIG. 2. Neutral anion-antisite-like defects in GaAs:
squared single-particle wave function of the filled a, state for
the unrelaxed defects Pg. [upper left panel, labeled P(u)],
Asc. lupper right panel, As(x)], and Sbg. [lower left panel,
Sb(u)], and for the relaxed Sbg. [lower right panel, Sb(r)].
Units are electrons per bulk GaAs unit-cell volume; the dis-
tance between the contour lines is 0.6 for Pg, and 0.3 for Asca
and Sb(}a.

energy E, (see Fig. 3 and Table I), which is related to
A€ as we will discuss below.

If one of the two a, electrons is removed, the bonds
are strengthened because of the antibonding character of
the deep-level wave function and because the electrostat-
ic interaction between the negatively charged neighbors
(anions) and the positively charged antisite will move the
neighbors closer to the defect atom. The dependence of
the relaxation of the four nearest neighbors on the
charge state of the defect gives rise to a Franck-Condon
shift (Egc in Table I). As expected from this discussion,
the shifts are bigger for defects in more ionic InP than
for defects in less ionic GaAs. Our result for Asg, in
GaAs (0.03 eV) is much smaller than the experimental
value of 0.12 eV found for EL2.'2 However, it should be
noted that the effect of long-range relaxation has not
been considered (for a more detailed discussion of this
point, see Ref. 13).

In close similarity to the Asg. defect in GaAs,' we
find that all the anion-antisite defects investigated here
possess in the neutral charge state a metastable mini-
mum in the total-energy surface, with the defect atom
displaced along the (111) axis, roughly halfway between
the substitutional site and the closest 7, interstitial site
(Figs. 1 and 3).

The displacement of the antisite atom lowers the local
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FIG. 3. Single-particle energies (bottom) and total energies
for the ground and excited electronic configurations (top) as a
function of the displacement of the defect atom along the (111)
axis. Left: schematic description. Right: results of calcula-
tions for InP:Pf,.

symmetry to C;., and the single-particle ¢, state splits:
t;— a;+e. The lowest-energy mean-field configurations
of A, symmetry are then (1af2a(), (la{2a?), and
(1a2a?), which may interact to yield three non-
paramagnetic states (S=0): 'A4;, '4¥, and '4}*. In
Fig. 3(a) we depict the dependence of the total energies
on the displacement Q of the impurity for these three
states. We also show in a schematic form the typical be-
havior of the single-particle eigenvalues [Fig. 3(c)]. For
small displacements Q the energy of the ground state ex-
hibits a parabolic behavior around the minimum at the
Ty site, and is dominated by the configuration (1a2a?).
With further displacement, the eigenvalue difference
€(2a,;) —e¢e(la,) decreases and the interaction between
the three configurations increases until we reach the an-
ticrossing point which results in the local maximum of
the ground-state energy at Qp. In this process the occu-
pied a, state localizes and evolves into a dangling-bond
state at the cation vacancy. The usual way to picture
this configuration interaction is shown in Fig. 3(a),
where to the right of Qp the dominant configuration of
the ground state is ascribed to the configuration
(1a?2a?). In Figs. 3(b) and 3(d) we plot our results for
the system InP:Pf, with fixed neighbor positions. We
have calculated the total energy for the two lowest-
energy mean-field configurations, which are labeled as
"4, and 'A¥. Even though we are working within the
local-density approximation, one can expect'* in this
case to obtain good estimates of the true correlated ener-
gies.
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If the four neighbors of the defect are allowed to relax,
the details of the described picture change, but the quali-
tative behavior remains the same. The internal optical
excitation energy E, of the T, antisite (Fig. 3) is not
much affected (Table I), while the donor levels shift
slightly to lower energy (Table I). The barrier height
Eg=Ew — E decreases (Table I). An interesting result
is that in the metastable configuration Qyy, the donor lev-
els of the six studied defects shift into the valence band.
We cannot exclude that in some cases—especially in
InP—there may be an acceptor level below the bottom
of the conduction band. "3

The GaAs:Sbg, center is particularly interesting be-
cause here the lattice relaxation results in qualitative
changes of the defect properties. The unrelaxed Sbg,
follows the chemical trends described above, but it is an
extreme case: At the T site its a, single-particle eigen-
value is very high, the wave function of this state is quite
delocalized (Fig. 2), and the optical excitation energy E,
is very small (Table I). The difference in size between
the impurity (Sb) and the removed atom (Ga) makes the
VI geometry energetically more favorable, i.e., Ey <0
(Table I). However, after the lattice relaxes, the situa-
tion is changed. The most prominent changes occur in
the T, configuration, where the Sb atom was squeezed
between its four neighbors: These neighbors relax out-
wards by about 0.3 A, which gives a gain of 1.7 eV. The
a, wave function becomes more localized. The (+/0)
electronic level shifts down in energy to 0.95 eV above
the valence-band top. This is in good agreement with ex-
perimental results: Hall measurements'® locate the
(+/0) electronic level of Sbg, at Ey+1.04 eV. The cal-
culated internal optical excitation energy E, increases
with the lattice relaxation to about 1 eV, which is a typi-
cal value for anion antisites in GaAs (Table I). Smaller
changes are observed in the VI configuration, where the
system gains about 0.8 eV relaxation energy. Because of
this difference in the relaxation energy in the 7; and VI
geometries, the former becomes stable, while the latter is
now metastable—as is our usual result found for the oth-
er anion antisites.

The first excited state '} (see Fig. 3) may provide a
channel for an optically inducible transformation of a T,
antisite to its metastable VI configuration. For an ob-
servable transition to be probable we need the excited
state 'A7 (T;) to be above the local maximum of 'A4,
(ie., E, > Ew). In GaAs, we find this condition fulfilled
for the As and P antisites, while for the Sb antisite we
obtain £, < Ew. Hence for Sb the transition may occur
only via tunneling. For InP we have calculated only the
unrelaxed geometries of Cj. symmetry. If the lattice is
relaxed, it may happen for the P antisite and the As an-
tisite that E, > Ey.

In conclusion, we have performed systematic DFT
LDA studies of P, As, and Sb donors in InP and GaAs.
In particular, we studied the effect of lattice relaxation.
Whereas before relaxation the wave functions of dif-
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ferent tetrahedral antisites have significantly different
degrees of localization, they become more similar after
the lattice relaxes in the breathing mode. This affects
electronic excitation energies, and for GaAs:Sbg, the lat-
tice relaxation is essential for even qualitative descrip-
tion of this defect. For P and As in GaAs the lattice re-
laxation effects are less important, but must be taken
into account for the correct quantitative description of
these centers. The calculated (+/0) donor energies for
the relaxed Sb and As donors in GaAs are in good agree-
ment with experimental data for Sbg, and EL2. Fur-
ther, we find that the occupation dependence of the re-
laxation of the four nearest neighbors gives rise to
moderate Franck-Condon shifts for all six tetrahedral
defects. These shifts are bigger for more ionic InP than
for less ionic GaAs. Finally, we have shown that the
structural T,-C3, metastability is an intrinsic property of
anion-antisite-like defects in III-V compounds. From
qualitative considerations we expect that the antimony
donor in GaAs exhibits a significantly smaller cross sec-
tion for the optically inducible transition to the metasta-
ble configuration than the other above studied defects.
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