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The electronic structure of vacancies, antisites, self-interstitials, and some related complex defects in
GaAs is calculated using a self-consistent semiempirical tight-binding technique. In particular, we give
the electron densities on the various atoms to predict the electron-paramagnetic-resonance properties of
the defect. The interpretations of existing experimental spectra are reexamined.

I. INTRODUCTION

In III-V semiconductors the expected intrinsic point
defects are vacancies, self-interstitials, and antisite de-
fects. Complexes based on these elemental point defects
are also likely to occur. In spite of many important stud-
ies, the microscopic identification of the intrinsic defects
in GaAs is still far from complete. In effect, the electron
paramagnetic resonance (EPR) technique, which is large-
ly used to identify point defects in silicon for example,
cannot be applied easily in GaAs. The obtained spectra
are very broad and difficult to interpret. Consequently,
there is no direct evidence at the present time that a sin-
gle isolated point defect such as a vacancy, self-
interstitial, or an antisite defect has been observed. For
instance, the midgap electron trap EL2 found in most
GaAs materials is still a matter of continuing debate.

Theoretically, several works using local-density
methods! * have been applied to the study of intrinsic
point defects in GaAs. They particularly give informa-
tion about energy levels and defect formation energies.
In some cases, the atomic structure corresponding to the
energy minimum is discussed.>* Nevertheless, this infor-
mation is not always sufficient to help for a clear
identification of defects from the experimental data. In
particular, the calculated s and p electronic densities on
the central and ligand atoms are not always available al-
though they could be compared with the experimental
densities obtained from the analysis of the hyperfine ten-
sors. In addition, the local density techniques do not give
the energy levels with a sufficient accuracy for the experi-
mentalists. One reason for this is the well-known band-
gap problem.’ Therefore results obtained with other tech-
niques are necessary to provide additional information
and to give an estimate of the discrepancy between the
theories. Among these techniques, self-consistent sem-
iempirical tight-binding calculations have been used with
success to describe some point defects in semiconduc-
tors.%’

The purpose of this paper is to report a systematic
theoretical calculation of the electronic structure of
several intrinsic point defects in GaAs. The various
charge states are examined within a self-consistent tight-
binding Green’s function technique. The energy levels,

4

their symmetry, and their localization on the central and
neighbor atoms will be given with the aim to supply some
useful information to the experimentalists. The analysis
of the existing experimental data will be done in the light
of these results. We show that the identification of many
defects is uncertain.

II. THE CALCULATIONAL METHOD

Our calculation is based on the Green’s function tech-
nique in the tight-binding approximation. This method
has already been used, for instance, for the isolated dan-
gling bond in silicon,? transition-metal impurities,6 and
the phosphorus vacancy in InP.° The perfect GaAs crys-
tal is described in an s,p atomic basis. The corresponding
Hamiltonian is calculated with the parameters of Talwar
and Ting,'” and the Green’s functions G, are obtained by
numerical integration over the Brillouin zone. Then the
defect is created by application of the ad hoc perturbation
potentials. For this, we use the Dyson equation

G=Gy+G,VG , (1)

where G is the perturbed Green’s function and V the per-
turbation or the coupling matrix. In any case, the defect
potential —or energy —is written as a sum of two contri-
butions

V=V,+V,, 2)

where ¥V, is the bare perturbation and V; is the self-
consistent potential which is adjusted after an iterative
procedure. The form of the bare perturbation matrix de-
pends on the defect. In the case of the vacancies and the
antisites we consider in the matrix of ¥, only diagonal
elements. The vacancy is obtained by applying an infinite
potential on the removed atom.!! For an X antisite de-
fect (Xy = Asg, or Ga,,), the replacement of a ¥ atom by
an X atom is simulated by intraatomic potentials AE; and
AE, on the s and p orbitals of the corresponding atom Y.
AE; and AE, are taken as the differences between the X-
and Y-atom energies in the crystal which are given by the
parameters of Talwar and Ting.!° In the case of an X in-
terstitial (X =As or Ga), V), is the coupling matrix of the
interstitial atom with its neighbors. The interstitial atom
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is represented by one s and three p orbitals whose ener-
gies are derived once again from the parameters of the
bulk crystal. 10 The couplings with the first neighbors
(d;=2.43 A) and the second neighbors (d,=2.81 A) are
considered. The interaction parameters V' (d;) with the
first neighbors are deduced from the Harrison’s rules.'?
For the parameters V(d,) with the second neighbors, we
use a classical scaling law:

V(d,)=V(d)exp | — (3)

The use of an exponential dependence and a value of 2.5
for the decay parameter is discussed in Ref. 13. For the
self-consistent potential ¥V, we have only considered di-
agonal terms as it is usually done in semiempirical tight-
binding techniques.!* A self-consistent potential V! is ap-
plied on all the defect atoms and their first neighbors i
(for the interstitial, the self-consistency is extended to the
second neighbors). ¥/ is linearly dependent on the net
electronic population »; on the atom i:

Vi=U(n;,—np), 4)

where U is the average Coulomb energy and n? is the
electronic population of the same atom in the bulk crys-
tal. We have calculated n?=3.22 for a gallium atom and

=4.78 for an arsenic atom. We have taken U =10 eV.
We have checked that the accuracy of the results is in-
sensitive to the exact value of this parameter.® Usually,
another way to do a self-consistent calculation is to im-
pose the local neutrality on each atom.*® We have also
verified that, in the case of the single vacancies, the two
approaches of the self-consistency give very close results.
But in the case of complex defects, the notion of local
neutrality is less obvious: it explains why we did not use
this method. For each defect we have calculated the ion-
ization levels using the Slater’s transition state,'’ i.e., for
a half-integer occupancy number.

III. ARSENIC VACANCY IN GaAS

In this section we present our results for the charged
and neutral arsenic vacancy V,, in GaAs. The calcula-
tions are done for the undistorted and unrelaxed vacancy.
Quite generally the level structure of the vacancies is now
well known. It is mainly characterized by two states with
a, and ¢, symmetry which can be in the forbidden band
gap. These states are mainly formed by combinations of
dangling bonds on the four neighbor atoms. The ¢, state
has a threefold spatial degenerescence, the a, state is not
degenerate. For the neutral As vacancy we get both the
a, and t, levels in the band gap (a, at E,+0.08 eV and
t, at E,+0.96 eV). In that case, the a; and ¢, states,
which are, respectively, populated by two and one elec-
trons, are localized on the four Ga neighbors by 58 and
47 %. We obtain five possible charge states Vi, V3,
Vas Vis, V3 which correspond to 0,1,2,3,4 electrons
on the ¢, state. The calculated ionization levels
e(3—/2—), e(2—/1—), e(1— /0), and €(0/1+) are, re-
spectively, at 1.26, 1.15, 1.04, and 0.83 eV with respect to
the top of the valence band (see Fig. 1). We can compare
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FIG. 1. Ionization levels for the distorted arsenic vacancy in
GaAs. The levels are represented as function of the Jahn-Teller
energy A. The top of the valence band is taken as reference for
the energies.

these results with the existing literature. Our ¢, level en-
ergy for V9, (0.96 eV) is in very good agreement with the
energy obtained by the local density calculation of Bache-
let, Baraff, and Schliiter! (1.08 eV) but our a,-t, splitting
is lower (0.88 instead of 1.88 eV). It is well known that
tight-binding methods underestimate this splitting com-
pared to local density. In opposition to these results,
Baraff and Schliiter? calculated the ¢, level in resonance
in the conduction band and the a, level in the band gap.
Therefore, they find only one ionization level e(1+ /2+)
close to the valence band. Thus the spread of the results
is important. Using another self-consistent tight-binding
calculation, Xu and Lindefelt’ obtained results very close
to ours, although their ¢, level is slightly higher. The oc-
currence of a ¢, level in the highest half part of the band
gap is also confirmed by other calculations.!® !

If, as predicted by our calculation, the various charge
states of V5, correspond to changes in the occupancy of
the ¢, level lying in the band gap, the Jahn-Teller distor-
tions must be investigated. The determination of the
stable atomic configurations would require, for instance,
a calculation of the total energy: this is complex and can-
not be done easily with tight-binding methods. However,
a qualitative description of the distortions is possible in
our view to characterize what could be the experimental
properties of the defect. In particular, there is a competi-
tion between the electron-electron repulsion and the gain
in energy resulting from the electron-lattice interaction
which can lead in some cases to negative-U situations.
This is particularly true for the vacancies, the silicon va-
cancy being a good example.!® For that purpose we use a
simple model proposed by Lannoo!® to explain the role of
the lattice distortions on defects with triply degenerate
gap states. The triply degenerate state, here the ¢, state,
can be populated by N, electrons (N, =0 to 6). When it
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is populated by one electron, a Jahn-Teller distortion
spits the state into a lower nondegenerate component and
an upper twofold degenerate one. The electron is in the
lower state. With N, =2, one adds the second electron in
the same lower state. With N,=3, the third electron
must go into the upper twofold degenerate state, and a
Jahn-Teller coupling to another lattice mode is expected.
The same procedure is used for N, =4,5,6. The total en-
ergy is expressed for each occupancy number as a func-
tion of a lattice coordinate Q and is minimized with
respect to it. The one-electron level splittings corre-
sponding to the energy minima are represented in Fig. 2
versus the electron filling N,.

This model is simplified but is quite general. Details
can be found in Ref. 19. The nature of the distortion—
tetragonal or trigonal here—is not to be known. The oc-
cupancy levels (N, +1,N,) of the distorted system can
be written as functions of the occupancy levels
€o(N,+1,N,) in the absence of distortion and of the
Jahn-Teller energy A [see Eq. (7) of Ref. 19]. One easily
gets

€(1,0)=¢y(1,0)—A,
e(1,2)=¢gy(1,2)—3A,
€(3,2)=¢gy(3,2)+ZA,
€(4,3)=¢gy(4,3)— 1A,
£(5,4)=¢y(5,4)+3A,
€(6,5)—¢gy(6,5)+A .

These levels for V5, are plotted versus A in Fig. 1 which
shows an interesting behavior. For A <0.03 eV, the
e(3—/2—) level is lower than &(2—/1—) and for
A>0.11 eV, €(0/1+) is lower than &(1— /0). This
means that we obtain a negative-U behavior for these
charge states. Therefore, for A>0.11 eV, only the 1+,
1—, and 3— charge states can exist thermally. These

Ne 0 1 2 3 4 5 6
Ve 0 1= 2- 8-
Ve 2 4+ 0 - 2- 3

a

FIG. 2. Level splitting vs the electron filling N, of a triply de-
generate gap state under a Jahn-Teller distortion. The
configurations correspond to the minima of the total energies as
calculated in Ref. 19. The corresponding charge states in the
cases of V,, and Vg, are indicated.
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states are all diamagnetic, i.e., are invisible by EPR ex-
periments. The smallness of the calculated effective
Coulomb energy (=0.13 eV) explains why negative-U
systems can be so easily obtained.

From positron annihilation experiments, it seems that
native vacancy defects exist with a concentration of the
order of 10'7-10'® cm™32722 In Ref. 22 the positron
trapping and annihilation were observed to be strongly
dependent on the position of the Fermi level. The au-
thors have found two Fermi level controlled transitions at
E.=0.035 eV and E,—0.10 eV. They have proposed
that these levels could correspond to €(2—/1—) and
€(1—/0). Furthermore, there is a large number of exper-
imental results on irradiation defects in GaAs.?>?* In n-
type GaAs, five electron centers (E; —E5) and two hole
centers (H,,H,) are observed by deep-level transient
spectroscopy (DLTS) or deep-level optical spectroscopy
(DLOS) E;—E,—E5 are associate with V', —As,; pairs
where As; is an arsenic interstitial. The authors have
proposed to identify E, and E, with the e(2— /1—) and
e(1—/0) levels of the isolated vacancy V,,, in particular
by comparison with the theoretical results of Bachelet,
Baraff, and Schliiter.! The experimental E, and E, levels
are, respectively, at £, —0.04 eV and E,—0.18 eV. The
localization of the ionization levels of ¥V, in the upper
part of the band gap is in agreement with our results.
But our €(2— /1—) and &(1— /0) levels are slightly lower
in the gap than the proposed ones. Furthermore, the
difference between the two calculated levels is always
larger than 0.11 eV—the Coulomb energy—and in-
creases with the Jahn-Teller energy. Therefore the
identification of the E, —0.035 eV and E,—0.10 €V lev-
els?? is doubtful as regard to our results. Instead, we
could propose £(3—/2—) and &(2— /1—) which are
higher in energy. As the experimental difference between
the levels is only 0.065 eV, we should suppose a small
Jahn-Teller relaxation (A <0.03 eV, see Fig. 1). Further
experiments are needed to bring new information.

Finally, we can look at what could be the EPR proper-
ties of V,,, assuming that a paramagnetic state is
thermally stable. As already said, for the ¢, state of V'3,
47% of the wave function is localized on the first neigh-
bors. Among this, 51% is s-like. These localization fac-
tors do not vary too much with the occupancy of the
deep state. The s localization is very important and is
confirmed by other calculations.”!” But his information
is not sufficient. In effect, depending on the nature of the
distortion, the electron will be mainly localized on one,
two, three, or four neighbor atoms. Let us investigate the
case of ¥, whose ¢, level is populated by one electron.
The system is characterized by a tetragonal or a trigonal
distortion.!»?> As in the case of the positive vacancy in
Si, we an try to describe the system with a one-electron
molecular model.? In the case of a tetragonal distortion,
the paramagnetic electron occupies a molecular orbital
wave function of the form {(a —b —c +d) where a,b,c,d
are the four dangling bonds. In the case of a trigonal
distortion, it is of the form (1/V'12)(3a —b —c —d).
These results mean that for a tetragonal distortion the
electron is localized on the four neighbors and for a trigo-
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nal distortion mainly on only one neighbor (in a first-
order theory). The g tensor is axially symmetric in the
two cases, but, respectively, in the [100] and [111] direc-
tions for the tetragonal and trigonal distortions. To our
knowledge, such spectra have never been observed. For
Vi, (3 electrons in the ¢, state), this is more complex
since mixed distortions are expected.

In all our calculations we have supposed that the
Jahn-Teller effect is more important than the many-body
interactions (see the case of the gallium vacancy in
GaP).?® In effect, EPR spectra have been reported in ir-
radiated GaAs and associated with the arsenic vacancy.?*
The spectra are well fitted with an .S =1 spin Hamiltoni-
an which means that exchange effects could be important.
But the hyperfine interactions are not resolved. There-
fore, a more detailed analysis of these experimental spec-
tra and of the complicated problem of the many-electron
interactions is needed to conclude.

IV. GALLIUM VACANCY IN GaAs

For the gallium vacancy in GaAs, we have calculated
four ionization levels: e(3—/2—)=0.57 ev,
e(2—/1—)=0.39 eV, &(1—/0)=0.25 eV, and
€(0/14+)=0.13 eV. This is in rather good agreement
with the local density results of Baraff and Schliiter? with
the exception that the positive charge state is not stable
in their calculation. The charge states correspond to a
different filling of the ¢, state which is lower in the gap
compared to the arsenic vacancy. This is in agreement
with other calculations.””!%17 The neutral gallium va-
cancy is characterized by three electrons on the ¢, state
(see Fig. 2). The lattice distortions have been considered
in the same manner as for V. The levels are plotted in
Fig. 3 with respect to the Jahn-Teller energy A. The O
and 2— charge states are not thermally stable for, respec-
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FIG. 3. Ionization levels for the distorted gallium vacancy in
GaAs. The levels are represented as function of the Jahn-Teller
energy A. The top of the valence band is taken as reference for
the energies. For comparison, the experimental levels associaed
with EL?2 are plotted by dashed lines.
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TABLE 1. s, p, and total localizations of the ¢, wave function
on the first neighbors for the gallium vacancy in GaAs.

Charge

state s p Total
3— 0.10 0.51 0.61
2— 0.09 0.52 0.61
1— 0.08 0.51 0.59
0 0.07 0.49 0.56
1+ 0.06 0.45 0.51

tively, A>0.03 eV and A >0.09 eV because of negative-U
situations. The localizations of the ¢, wave function on
the first neighbors are given in Table I for the various
charge states. We see that the total localization is of or-
der of 55% on the first neighbor atoms, mainly with a p
character in agreement with Refs. 7 and 17. This is an
important difference with V4.

Recently, an EPR signal has been observed at the
thermal equilibrium in irradiated GaAs samples and in-
terpreted as ¥'%,.2” The spectrum has a trigonal symme-
try along the [111] direction. It is described by a spin
Hamiltonian with S =1 and I =3, the hyperfine interac-
tion being typical of only one As atom (one isotope,
A4,=280X10"*cm™!, 4,=130X10"*cm™!). A rough
estimate of the electron localizations from the hyperfine
parameters gives, respectively, 4 and 45 % of s and p den-
sities of the paramagnetic electron on the As atom. V%,
is characterized by 5 electrons on the ¢, state. With the
electron-hole symmetry,'® we know that this problem can
be treated as with one electron on the ¢, state, a problem
which has been discussed in the previous section for ¥V3..
Taking in account the symmetry of the g and hyperfine
tensors, we assume a trigonal distortion of V%,. The
molecular wave function of the paramagnetic electron
has the form (1/v'12)(3a —b —c —d). Using the elec-
tron localizations for V%, in Table I, we obtain, respec-
tively, 7 and 39 % for the s and p localizations on atom a
which are in good agreement with the experimental
values, taking into account that the distortion can modify
the s density.”® Furthermore, the V5, EPR spectrum is
seen in some samples with the As},—or EL2—signal.?’
Thus we know that the Fermi level lies between the
(0/1+) and (1+ /2+) levels of Asg, (or the correspond-
ing levels of EL2). These levels are found experimentally
at E,+0.52 eV and E,+0.75 eV (Ref. 29) and are indi-
cated by dashed lines in Fig. 3. We see in Fig. 3 that the
stability zone of V%, is compatible with this Fermi level
location if we assume a small lattice relaxation (A <0.09
eV).

V. ARSENIC ANTISITE

The arsenic antisite Asg, has been extensively studied,
particularly because it is involved in the atomic structure
of EL2.3° EL2 is probably the most studied defect in
GaAs but its atomic structure is still controversial.
Mainly two models are proposed: the isolated antisite®
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and the arsenic-antisite arsenic interstitial pair
Asg,-As;.>3? In this paper our aim is not to discuss
about EL2 which is already the subject of an important
literature (for a review, see Ref. 30, for example).

The electronic structure of Asg, is well known. The
interaction of the s and p orbitals of the antisite with its
neighbors leads to bonding and antibonding states. The
antibonding a, state lies in the band gap and gives rise to
two occupancy levels in the gap: &(1+/2+) and
€(0/1+). The neutral state corresponds to a completely
filled a, state (2 electrons). We calculate €(0/1+)=1.37
eV and €(1+ /2+)=1.20 eV. This is in good agreement
with the local-density results of Baraff and Schliiter.? But
it is 0.7-eV higher than the experimental levels which are
associated with EL2.%° The electron density on the s or-
bital of the antisite is about 18% for the three charge
states. This localization is very close to the experimental
value 18.2%, which can be deduced from the hyperfine
interaction 4 =890X10™* cm™! obtained by Worner,
Kaufman, and Schneider using the electron spin reso-
nance technique.

VI. GALLIUM ANTISITE

In comparison with the arsenic antisite, little is known
about the electronic states of the gallium antisite Ga,,.
An acceptor with energy levels at 77 and 230 meV from
the valence band edge has been attributed to €(1—/0)
and £(2—/1—) of Ga,.>* Similarly, a double acceptor
with energy levels at 78 and 203 meV has been observed
in nonstoichiometric GaAs (Ga, 55Asg 45) and has been
interpreted in the same manner.”> Recently®® the nature
of these acceptor states has been reexamined in n-type
and p-type Ga-rich GaAs samples. An important
difference is observed between n-type and p-type samples,
the intensity ratio of the two DLTS peaks corresponding
to the two levels being inverted. An explanation has been
given recently by Zhang and Chadi* who calculated the
stable atomic configuration of Ga,, in its different charge
states. For the undistorted system, they have found a
threefold-degenerate ¢, level which can be filled by 4, 5,
and 6 electrons for Ga3,, Gay,, and Ga%,. This picture
for the undistorted defect is identical to the results of
Ref. 2. In the neutral state, the system is subject to a
very strong relaxation which leads to a negative-U system
[e(2—/1—)<e(1—/0)]. This negative-U situation
could explain the experimental results of Ref. 30.

In our case we calculate the ¢, level always lying in the
valence band, which means that the antisite is always in
the doubly negative charge state. This is in disagreement
with the previous results** but in agreement with the
tight-binding calculations of Ref. 16. Nevertheless, our
t, level is close to the top of the valence band: it is
reasonable to think that our €(2—/1—) and &(1—/0)
levels could be pushed in the band gap if the distortions
were considered. One must also point out that a hole
trap with energy levels at E,+0.4 eV and E,+0.7 eV is
reported in the literature and also assigned to Ga,,.>"3®
Our results give a stronger support to the assignation of
the (78/203 meV) levels to Ga,,. Anyway, several Ga,,
related defects differing by their magnetic circular
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dichroism of the absorption have been reported.?”** The
isolated antisite Ga,, or more complex defects Ga,-X
are possible candidates. Therefore the association of the
(78/203 meV) levels with the isolated Ga, is still far
from certain.

VII. GALLIUM INTERSTITIAL

To our knowledge, there is only one paper giving ex-
perimental information about the gallium interstitial
Ga,;.** It concerns an optically detected magnetic reso-
nance spectrum in Al ,Ga;_,As (x=0.26) which is
characterized by a central hyperfine splitting
A(¥Ga)=0.050 cm ™! and A4(7'Ga)=0.064 cm~'. This
strong hyperfine coupling is said to be typical of an elec-
tronic state of 4, symmetry with a localization of about
12% on the central atom. The spectrum is slightly aniso-
tropic, indicating that Ga; is probably paired with a
second defect.

We have calculated the electronic structure of the in-
terstitial at both sites of T; point-group symmetry and at
the hexagonal site (designated as H). We use the same
notations as in Ref. 2: T, (Ty,) is the site of T, point-
group symmetry for which the four nearest neighbors are
As (Ga) atoms. The ionization levels for the three sites
are given in Table II. For the interstitial at the T, site,
we have found no deep state in the gap and the defect is
always in the positive charge state. This is totally in
agreement with the local density results of Baraff and
Schliiter.? At the T, site we have calculated a shallow
€(1+ /2+) level close to the valence band, at E, +0.02
eV. In Ref. 2, the e(1+ /2+) and €(2+ /3+) levels are
obtained in the lower part of the gap. These levels have
an a; symmetry. In the positive charge state, the a level
is completely filled. Our results show that maybe there is
no deep level associated with the gallium interstitial in
GaAs and that the defect is always in a diamagnetic
state, i.e., is EPR invisible. It could be an explanation
why there is no observation of Ga; in GaAs, in addition
to the fact that the defect could be often in a very low
concentration.? Our calculated a, state is strongly local-
ized on the s orbital of the interstitial atom, about 42%.
So it is very difficult to explain the low experimental
value, 12%, obtained in GaAlAs.*° The interstitial atom
is maybe strongly paired with another defect. A second
possibility is that the observed defect is not associated
with the gallium interstitial. We could propose, for ex-
ample, the arsenic vacancy for which the theory also pre-
dicts a strong s density on the gallium atoms. A better
description of the symmetry of the experimental spin

TABLE II. Ionization levels of the gallium interstitial Ga; at
the sites T, T,, with T, point-group symmetry and at the hex-
agonal site H (notations are explained in the text). The energies
are referred to the top of the valence band.

Ty Tar H
1+/2+ 0.02 VB 0.37
0/1+ CB CB 1.38
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Hamiltonian is needed for a clear identification.

We have also investigated the case of the interstitial at
the hexagonal site (H). The H site interstitial is expected
to be unstable compared to the two tetrahedral sites T,
and T,,.*! Maybe it is metastable or it becomes stable
when it is coupled with other defects. Therefore it is in-
teresting to study its electronic structure. The gallium in-
terstitial at the H site is characterized by two a, states in
the gap (in C;, point-group symmetry). For the defect in
the neutral charge state, for example, we calculate the a,
levels at E,+0.79 eV and E,+1.41 eV. They are, re-
spectively, populated by two and one electrons. The s
and p densities (ns,np) on Ga; are (0.38, 0.01) for the
lowest level and (0.01, 0.33) for the highest one. The
highest a, level is thus strongly p type: it comes from the
splitting of the original ¢z, state. As seen in Table II we
show that three charge states are possible: 2+, 1+, and
0.

VIII. ARSENIC INTERSTITIAL

As for the gallium interstitial, there is no experimental
evidence concerning the electronic structure of the arsen-
ic interstitial As;. Recently, Christoffel et al.* have re-
ported an EPR spectrum which is separable in two spec-
tra both attributed to As interstitial-related defects.
Furthermore, the defects in irradiated GaAs are often in-
terpreted as complexes between an arsenic vacancy and
an arsenic interstitial.>>?* But to our knowledge, the iso-
lated arsenic antisite has never been observed unambigu-
ously. We have performed the calculation for the three
sites T, T,5, and H. For the two tetrahedral sites (77,
and T,;,) we get very similar results. The electronic
structure is characterized by a deep ¢, state which is not
populated for the defect in the triply positive charge
state. We calculated the €(2+ /3+) and (14 /2+) lev-

-els at, respectively, E,+1.05 (0.99) eV and E,+1.28
(1.27) eV for the interstitial at the T, (T,) site. Our re-
sults are very close to those of Ref. 2 in the case of the
site T;; but the agreement is poorer in the case of T,
[they obtain an €(0/1+) level near 1.3 eV]. As the 1,
state is triply degenerate, the system must be subject to
Jahn-Teller distortions in the + and 2+ charge states.
As we have done for V,, and V,, using the theory of
Ref. 19, we have calculated the influence of the distor-
tions on the defect level positions.

One must note that contrary to the case of the vacan-
cy, the energy may not be a symmetric function of the
displacement, if the interstitial moves along {111) direc-
tions, for example. Such a nonsymmetric situation is also
examined in Ref. 19. Fortunately, the equations of the
occupancy levels are the same in the symmetric and non-
symmetric cases for the occupancy numbers considered
here (see Ref. 19 for details). The levels are plotted in
Figs. 4 and 5. We see that for AX0.13 eV a negative-U
situation occurs (e(2+/3+)>e(1+/2+)). In that
case, the paramagnetic 2+ charge state is not thermally
stable and the defect is EPR invisible. Thus, as pointed
out in Ref. 19, the nonobservation of the arsenic intersti-
tial could be explained by Jahn-Teller distortions. The
arsenic interstitial at the hexagonal site is characterized
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FIG. 4. Ionization levels for the distorted arsenic interstitial
at the T, site in GaAs (see text for notations). The levels are
represented as function of the Jahn-Teller energy A. The top of
the valence band is taken as reference for the energies.

by an a, level in the band gap. This state results from the
splitting of the ¢, state into a; and e states. The e state is
higher in energy and lies in the conduction band. For the
positive charge state, the a; level is populated by two
electrons. We calculate an €(1+ /2+) level at E,+0.13
eV. The net s and p densities on the interstitial atom are,
respectively, 1.8 and 52.8 %.

Now we can consider the EPR properties of the arsenic
interstitial. For the defect at the T, and T, sites, the ¢,
state has a localization factor about 36% on the p orbitals
of the As; atom. The effect of the distortions will be
probably to mix some s density (a few percent) but we do
not expect that the total density will change dramatically.

3
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FIG. 5. Same as Fig. 4 for the arsenic interstitial at the T,
site.
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With these results in mind, let us have a look at the two
defects reported by Christoffel et al.*? (they are labeled
ST1 and ST2). The observed trigonal symmetry could be
possible for an interstitial defect distorted along the (111)
directions. But the s and p densities that we can estimate
from the hyperfine interactions are, respectively
(4.30+0.15)% and (9.00%£6.00)% for the defect ST1,
(1.771£0.12)% and (6.001+4.50)% for ST2. Thus the to-
tal density is always at least two times lower than the cal-
culated one. We can conclude that the observed defect is
more probably a complex involving an arsenic interstitial.

IX. GALLIUM ANTISITE GALLIUM VACANCY PAIR

The problem of the atomic configuration of the vacan-
cies in GaAs has been examined in the last sections using
the predictions of the Jahn-Teller theorem. But it is not
obvious that such a simple theory can effectively predict
the stable atomic configuration of a defect. In particular,
a vacancy can be strongly unstable relative to the dis-
placement of one of the neighbor atoms. This leads in an
extreme situation to an antisite vacancy pair when the
neighbor atom fills the vacancy site. In this section we
present results about Ga,,-V g, which could be the stable
or metastable state of the arsenic vacancy V,,. In Ref.
43, Baraff and Schliiter have found using total energy cal-
culations that the pair Ga,-V, is stable relative to Vy
at high Fermi energy (> 0.9 eV). Thus we can look at the
electron densities associated with this pair defect.

The calculated electronic structure of Ga,,-Vg, is
characterized by a deep twofold degenerate e level which
is strongly derived from the ¢, state of V5,. The e states
are localized on the three As atoms around the gallium
vacancy. We calculate a localization about 52% on these
three As atoms and only 0.1% on the antisite Ga atom.
Therefore, the pair defect has the same electronic struc-
ture as the gallium vacancy with the exception that the
electron density is shared on only three neighbors. In the
neutral state the e level is populated by one electron. The
predicted charge states are 3—, 2—, 1—, and 0. We ob-
tain €(3—/2—)=0.55 eV, e(2—/1—)=0.35 eV, and
€(1—/0)=0.16 eV. These levels are =0.4 eV lower than
those calculated by Baraff and Schliiter*® but the elec-
tronic structure is quite similar. The defect symmetry of
the defect in our calculation is C;,. This symmetry can
be lowered due to Jahn-Teller distortions which are ex-
pected due to the twofold degenerescence of the e level.
Therefore the resulting electron density is not necessarily
equally shared on the three As atoms but can be on only
one or two atoms (see the discussion about the As and Ga
vacancies).

X. ARSENIC ANTISITE ARSENIC VACANCY PAIR

The bistability and metastability of the gallium vacan-
cy to form Asg,-V,, has been proposed as a possible
model for EL2.***% The striking point is to know if the
paramagnetic state is Asg,-like or V-like. We have cal-
culated the electronic structure of Asg,-V,, in the 3+,
2+, +, 0, — charge states. The one-electron level struc-
ture for the neutral defect is shown on Fig. 6. There are
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FIG. 6. Electronic structure of the Asg,-¥ 5, pair defect. In
the neutral state, the lowest a, level is populated by two elec-
trons, the e level by one electron.

two deep levels in the band gap which are strongly V,,-
like, i.e., they are localized on the three Ga neighbor
atoms of the vacancy. There is an a, level in resonance
in the conduction band which has mainly an Asg, char-
acter. In the neutral charge state, the lowest a; level is
populated by two electrons, the e level by one electron.
Thus our conclusions are close to those of Ref. 45. The
paramagnetic state is always V,¢-like. Our calculated
levels are e(2+ /3+)=0.22 eV, (1+/2+)=0.36 eV,
€(0/1+)=1.00 eV, and &(1—/0)=1.16 eV. The
e(1—/0) and €(0/1+) levels are less certain because the
defect must distort in the neutral and singly negative
charge states.
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FIG. 7. Evolution of the one-electron levels of the

VGa-As;-V 5, defect in the neutral charge state with respect to
the position x of the interstital atom As; (notations are ex-
plained in the text).
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Von Bardeleben, Bourgoin, and Miret have reported
the observation of an irradiation-induced defect in n-type
GaAs.* The spectrum is attributed to Asg,-V, because
the large central hyperfine constant (0.068 cm™!) is typi-
cal of an arsenic antisite. But our calculations and those
of Ref. 45 have shown that the paramagnetic state of
Asg,-Va, is strongly V,,-like (nevertheless, as shown
below, the s density is equally shared between As; and
Vas). It has been proposed that the As ion could not be
necessarily at the Ga site but at an intermediate position
between the Ga and As sites.*¢ Consequently, we have
calculated the electronic levels of the defect V,-As;-V 4,
with respect to the position x of the arsenic atom As;.
We take x =0 when As; is at the Ga site (Asg,-V ) and
x =1 when As; is at the As site (V,). We analyze here
the results for the neutral defect but the conclusions
about the electron densities are similar for the various
charge states. As shown in Fig. 7 there are two levels
with @, and e symmetry in the band gap. For x =1, the
two levels are degenerate and correspond to the ¢, level
of V.. A crossing of the two levels occurs for x =0.35.
In Table III we give the a; and e level energies for x be-
tween O and 0.7. We also report the total and s localiza-
tions of the a; on the As; atom, on the three As neighbor
atoms of Vg,, and on the three Ga neighbor atoms of
Vas- We see in Table III that the a; wave function is
V os-like when x =0 and Vg,-like when x >0.5. The s
densities vary importantly with x. The expected EPR
spectrum for such a defect would be typical of the atom
which has the higher s density for the paramagnetic state.
For that purpose we can compare the s densities per atom
(for Vg, and V,, the density is equally shared on three
atoms). For x =0, the s density is equal on the As; atom
and on the three Ga neighbor atoms of V,, (=5%). But
when x is higher, the s density on As; increases and the s
density on V,, decreases. Therefore, for x 0.3, the
spectrum should be typical of one As atom, and thus
could explain the experimental observation. But the s
density on As; is always lower than 7% and do not com-
pare with the experimentally deduced value (14%).
Furthermore, the observed defect has an ionization ener-
gy E =0.35 eV from the conduction band. This is not
easily made compatible with the a, level which always
lies in the central or lowest part of the gap.
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FIG. 8. Electronic structure of the Gay-As; pair defect in
the positive charge state. The e and a, levels in the band gap
are not populated.

XI. GALLIUM ANTISITE
ARSENIC INTERSTITIAL PAIR

Among the various defects expected in GaAs, the an-
tisite interstitial pairs are often proposed. One important
result predicted by the theory is that the gallium and ar-
senic isolated interstitial defects are always in positive
charge states. Therefore the interstitial atoms will prob-
ably form pair defects with the Ga antisite which is al-
ways in a doubly negative charge state in our calculation.
The pairing of an interstitial atom with Asg, seems to be
more difficult because of the positive or neutral charge
state of the antisite. We have calculated the electronic
structure of the four antisite interstitial pairs: Asg,-As;,
Asg,-Ga;, Ga,-As;, and Ga,-Ga;. For simplicity and
because we do not treat the long-range Coulomb interac-
tions, we have only investigated the closest pairs where
the interstitial atom stands at one bond length (2.43 A) of
the antisite in a (111 ) direction.

Let us consider now the Ga, -As; case. The single-
particle energies are represented in Fig. 8. There are two
levels in the band gap (a@; and e) which are derived from
the original ¢, level of the As interstitial atom. The cal-

TABLE III. One-electron energies of the a; and e levels of the V,-As;-V, defect. The results are given versus the As; position x
(x =0 for Asg,-Vas and x =1 for V,). The total and s-like densities of the a, state on the As; atom, on the three As neighbor atoms
of V. and on the three Ga neighbor atoms of V5, are also reported.

As; AS,- VGa VGa VAs VAs
x a; V) e (eV) total s total s total s
0.0 0.76 1.02 0.078 0.056 0.140 0.048 0.405 0.151
0.1 0.77 1.00 0.065 0.056 0.138 0.048 0.418 0.156
0.2 0.77 0.94 0.063 0.061 0.161 0.055 0.400 0.150
0.3 0.78 0.83 0.067 0.068 0.204 0.066 0.361 0.134
0.4 0.74 0.64 0.077 0.075 0.265 0.080 0.305 0.110
0.5 0.72 0.48 0.092 0.077 0.328 0.093 0.242 0.086
0.6 0.67 0.34 0.112 0.074 0.382 0.100 0.184 0.062
0.7 0.59 0.24 0.136 0.068 0.411 0.100 0.141 0.045
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culated charge states are 1+, 0, 1 — corresponding to O,
1, and 2 electrons on the e level. The p localizations of
the e and a, states on the arsenic interstitial are, respec-
tively, 25 and 29 % (for the a, state the s localization is
lower than 1%). On the gallium antisite, the localization
is always lower than 3%. In conclusion, our calculation
shows that the Ga,-As; pair has an electronic structure
close to the arsenic interstitial one. The p density is rath-
er important (=25%). Ga,,-As; cannot be the defect
observed by Christoffel et al.** because the experimental
total density is lower than 14% (see Sec. VIII). One must
also point out that recent total energy calculations* give a
large binding energy for the pair but a small 0.3-eV bar-
rier for the Ga,-As; interchange reaction.

XII. GALLIUM ANTISITE
GALLIUM INTERSTITIAL PAIR

Our calculation predicts an a; level in the lowest part
of the band gap for the Ga,-Ga; pair defect. This level
corresponds to the a; level of the gallium interstitial. It
is strongly localized on the interstitial (37%) and slightly
on the antisite (5%). The electorn density is mainly s-like
so that the hyperfine tensor of such a defect should be
characterized by a huge contact term (around O0.15
cm™!). We calculate &(1—/0)=0.34 eV and
€(0/1+)=0.02 eV. The a, level is empty in the positive
charge state. To our knowledge, such a defect has never
been observed.

XIII. ARSENIC ANTISITE
GALLIUM INTERSTITIAL PAIR

The one-particle levels of the Asg,-Ga; pair defect are
pictured in Fig. 9. There is only one level in the gap
whose symmetry is @;. This state has mainly the charac-
ter of the arsenic antisite (between 16 and 18 % on the s
orbital of Asg,). It is not populated when the defect is in
the 3+ charge state. The calculated ionization levels are
e(2+/3+)=0.96 eV and e(1+/2+)=1.25 eV. The
doubly positive charge state is paramagnetic and should
be characterized by a similar EPR spectrum as the isolat-
ed arsenic antisite. There are several defects reported in
the literature which have an Asg,-like EPR spectrum.
First, as discussed in Sec. X, such a defect has been ob-
served by EPR and first attributed to the Asg,-V,, pair.*®
The dominant donor in GaAs, EL2, has also the same
signature.>® Recently, it has been shown by plastic defor-
mation of GaAs that arsenic antisite defects are created
and show a similar optically detected electron spin-
resonance pattern as EL2 defects.*’ But the new antisite
defects can be distinguished by their different spectral
dependence of the magnetic circular dichroism (MCD).
From our study we see that the Asg,-Ga; pair defect
could be one of the observed efects. In particular, as seen
in Fig. 9, the pair defect is characterized by a, and e lev-
els in the conduction band and by an a, level in the
valence band. These resonant states could explain the
differences in the MCD. But we should prove the stabili-
ty of the Asg,-Ga; pair.
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FIG. 9. Electronic structure of the Asg,-Ga,; pair defect in
the triply positive charge state. The a, level in the band gap is
not populated.

XIV. ARSENIC-ANTISITE
ARSENIC INTERSTITIAL PAIR

The Asg,-As; pair has been extensively studied because
it represents one of the main models for EL2.304143
Here we have only investigated the pair in which the in-
terstitial atom is at one bond length from the antisite
(called T* in Ref. 41). The electronic structure calculat-
ed for the defect is pictured in Fig. 10. There are three
states in the band gap: one bonding a, state and one anti-
bonding a, state which result from the interaction of the
a, state of Asg, with the 7, state of As;, and one e state
which is totally derived from the ¢, state of As;. This
picture is totally in agreement with the calculations of
Ref. 41. But our stable charge states are 5+, 4+, 3+,
and 2+ which is in total discrepancy with the same refer-

1.5

1.0

0.5

FIG. 10. Electronic structure of the Asg,-As; pair defect in
the 5+ charge state. The levels in the gap are not populated.
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ence (they obtain the 2+, 1+, and O charge states). One
possible explanation for this difference is that our calcula-
tion is not really suited for the defects with very ionized
charge states since the interatomic Coulomb interactions
are not considered. The bonding and antibonding a,
states and the e state are empty in the 5+ charge state.
We obtain €(4+ /5+)=0.31 eV, &(3+/4+)=0.66 eV,
and €(2+/3+)=1.22 eV. The 4+ and 2+ charge
states are paramagnetic. In the 4+ charge state, the un-
paired electron is on the a,; bonding state whose s and p
densities are, respectively, 0.5% (12.8%) and 23.1%
(0.2%) on the As; (Asg,) atom. Therefore the EPR spec-
trum should be typical of Asg,. In the 2+ state, the un-
paired electron is on the e state. A distortion of the sys-

C. DELERUE 4

tem must be predicted. We refer to Ref. 48 for more de-
tails about distortions of this defect.

XV. CONCLUSION

The electronic structure of several isolated and com-
plex intrinsic defects in GaAs is calculated. The electron
densities are given to help for a possible identification of
these defects by EPR techniques. The discussion of al-
ready observed EPR spectra is made in view of these re-
sults. The overall agreement with results obtained by
local-density techniques is good. This leads us to con-
clude that the self-consistent tight-binding technique is
promising for further studies of more complex defects.
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