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Arsenic-antisite defect in GaAs: Multiplicity of charge and spin states

D. J. Chadi
NEC Laboratories America, 4 Independence Way, Princeton, New Jersey 08540, USA

~Received 6 August 2003; published 14 November 2003!

We find that the As-antisite defect in GaAs which is the source of the stable EL2 and metastable EL2*
centers can exist in at leasteight different combinations of charge and structural states, twice as many as
currently envisaged. In particular, results from first-principles calculations indicate that EL2* which is nor-
mally considered to be a neutral defect can also occur in11, 21, and22 charge states. The existence of
charged states for EL2* is consistent with experimental data which indicate that EL2* is a more complex
defect than originally anticipated.
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The arsenic-antisite defect (AsGa) arising from the occu-
pation of a Ga lattice site by an As atom is one of the m
extensively studied defects in GaAs because it can pin
Fermi level at midgap, thereby enabling the production
semi-insulating substrates that are needed in high sp
field-effect transistor applications. The defect exhibits fas
nating optical and electronic properties that have attracte
great deal of attention. The As antisite is known to be
source of the EL2 defect in GaAs. The most important ch
acteristic feature of EL2 is photoinduced metastability
demonstrated by the photoquenching of its optical absorp
when it is exposed to sub-band-gap light in the 1.1–1.2
range.1,2 This is accompanied by a quenching
photocapacitance,1,2 photoluminescence,3 and of the electron
paramagnetic resonance4 ~EPR! associated with EL21. The
photoquenching phenomena result from the transforma
of EL2 into a metastable EL2* state. The original state of th
antisite is recovered upon annealing to temperatures aro
140 K in semi-insulating GaAs and 45 K inn-type material.2

Optical recovery of EL2 from EL2* is also possible with
near-band-gap energy photons and less efficiently w
0.8-eV light.5,6

Important experimental information on the symmetry a
structure of EL2 and EL2* has come from intracenter optica
absorption7,8 and photoluminescence measurements9 under
uniaxial stress. Results from these measurements show
the normal EL2 state hasTd symmetry7,9 and strongly sup-
port the identification of EL2 with an isolated As-antisi
defect in a symmetric fourfold coordinated state. More
cently, it has been shown10 that electron-nuclear-double
resonance~ENDOR! data on EL2 can also be best explain
with an isolated AsGa model without an additional paire
As-interstitial component as originally believed.11 Stress-
dependent measurements of the recovery of optical abs
tion during the transformation of EL2* to EL2 reveal a trigo-
nal symmetry8 for EL2* that is consistent with the
theoretical prediction that EL2* corresponds to an antisite i
an interstitial position, as shown in Fig. 1.12,13 Previous the-
oretical and experimental work has generally assumed
EL2* is a neutral entity with a unique atomic structur
However, an accumulation of experimental data strongly
dicates that EL2* is a more complex defect.14–17 The most
intriguing features exhibited by EL2* are enhanced photo
conductivity under prolonged exposure to 1.1 eV light fo
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lowed by long-lived persistent photoconductivity14–16 in
Czochralski grown samples.

In this paper, we re-examine the structural and electro
properties of the As-antisite defect in GaAs. Thre
dimensionally periodic 64- and 32-atom cubic unit cells we
used for a detailed investigation of the structure of the sta
and metastable states of AsGa. The first-principles pseudopo
tential total-energy calculations were done using a pla
wave basis18 with up to 16-22 Ry energy cutoffs for th
kinetic energy using Troullier-Martins potentials19 and the
Kleinman-Bylander20 scheme. Zone center and bounda
wave vectors were used in sampling the Brillouin zone.

In the following EL2 is used to denote the tetrahedra
symmetric state of AsGa and EL2M ~instead of EL2* ) to
denote configurations in which the antisite undergoes a la
displacement away fromTd symmetry. The most importan
results concern EL2M for which we find the possibility o
three new charge states with charges of11, 21, and22.
We also find that the22 charged state can exist in tw

FIG. 1. Metastable configuration for the neutral state~EL2M! of
the As-antisite defect in GaAs. This configuration with a smal
As12AsGa separation is theground statefor negatively charged
states of the As antisite inn-type GaAs when the Fermi level lies a
the conduction band edge or higher.
©2003 The American Physical Society04-1
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distinct structures with practically the same energy. The m
results of the calculations and their experimental impli
tions are described below.

Our results for the structure of the stable EL2 state
similar to those obtained before,12,13and are reviewed briefly
here. The structure hasTd symmetry with an AsGa-As sepa-
ration of 2.55 Å. The (1/0) level of the defect is calculate
to be atEc20.75 eV whereEc represents the CBM. The
midgap state is very localized withs-like symmetry around
the central antisite. A resonance state withp-type symmetry
on AsGa is found very close to the CBM. A much mor
localized AsGa-derived triply degeneratep state is found at
0.6 eV above the CBM. The positively charged state of E
is found to be a positive-U defect in that the reaction:

2EL21→EL201EL221 ~1!

is endothermic by 0.04 eV.21

The largest displacement of the As-antisite from its tet
hedral site occurs in EL2M0, theneutral metastable state o
EL2. The AsGa atom moves by 1.41 Å into a trigonally sym
metric interstitial position as shown in Fig. 1. The As1 atom
also undergoes a sizable displacement of 0.4 Å towards
antisite. The magnitude of all other atomic movements
0.1 Å or smaller. The nearest-neighbor As-As distance
EL2M is 2.48 Å and the As1-AsGa separation is 3.46 Å
Energetically, EL2M is only about 0.13 eV higher in ener
than EL2. It gives rise to an empty level heavily localized
the antisite and its three nearest-neighbors at approxima
Ec20.16 eV. This level is probably the one involved in th
optical recovery of EL2 from EL2M with near-band-ga
light.14,15A more delocalized occupied state similar in cha
acter to the As-derived states at the valence-band-maxim
is found slightly aboveEv .

The most important result obtained from the current c
culations is the finding that EL2M can exist in11, 21, and
22 charged states. Structurally, the main difference betw
the charged states and the neutral EL2M0 state is the degree
of relaxation that the antisite and the As1 atom in Fig. 1
undergo. The hybridizations between thes andp orbitals on
the two threefold coordinated AsGa and As1 atoms are sensi
tive to bond angles around these atoms and they determ
the position of electronic levels in the gap. These orbitals
be approximately in eithers1p or s2p combinations and
the varying electronic occupation of these orbitals is w
allows for the unusual negative charge states of the anti

Among the metastable charged states, EL2M1 is closest
in structure to EL2M0. The antisite moves by 1.36 Å to
wards the interstitial position while As1 moves by 0.22 Å
from its bulk position towards the antisite. The AsGa-As1
separation of 3.60 Å in EL2M1 is the largest among all th
metastable states. The electronic structure of EL2M1 is
similar in some ways to that of anegativelychargedGa-
vacancydefect in GaAs22 i.e., the wave function of its half-
filled resonance level that lies atEv10.1 eV has essentially
zero amplitude on AsGa and is primarily Asp-type in char-
acter with a larger amplitude on As1 than other As atoms
EL2M1 has an empty level at aboutEc20.03 eV that is
heavily localized at the antisite and its three neare
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neighbors. The possibility of a12 charged state of EL2M
was considered. The (12/11) level of EL2M21 is found to
lie slightly below the VBM; therefore, a 21 state of the
antisite with a large lattice relaxation is not likely to occur
GaAs.

Free hole capture represented by

EL2M01hVBM→EL2M1 ~2!

is calculated to be about 0.1 eV endothermic. The EL2M1

state resulting from hole capture or from optical excitation
EL2M0 should be EPR active. Experimentally, a trigona
symmetric EPR center in semi-insulating andp-type GaAs
that is very different in nature from the stable EL21 state
and which has a hyperfine splitting due to either75As or a
combination of69Ga and71Ga isotopes is seen.23 The defect
was speculated to be a Ga antisite; however, it exhi
photoquenching23 when exposed to near band gap light
1.4-1.5 eV energy, similar to that observed in the opti
recovery of EL2 from EL2M,14,15 indicating a closer link to
the As-antisite defect than to a Ga-antisite defect. The ene
difference between EL21 and EL2M1 is calculated to be
around 0.38 eV.

Perhaps the most unusual features of EL2M are its ne
tively charged states. The As antisite is a double door ce
and it is surprising that it can be converted into a dou
acceptor defect through simple lattice relaxation. The ba
features of the atomic structures of the negatively char
states are similar to those for the neutral metastable sta
the antisite, i.e., they involve the motion of the As antis
into an interstitial site, as shown in Fig. 1. The magnitudes
the atomic relaxations, especially for the antisite, are qu
different, however, for the different charge states. The d
placement of the antisite is 1.41 Å in EL2M0, 1.16 Å in
EL2M2, and 0.94 Å in EL2M22. The corresponding relax
ations of the As1 atom towards the antisite are 0.40, 0.4
and 0.54 Å for the three structures and the AsGa-As1 separa-
tion decreases from 3.46 to 2.85 Å in going from EL2M0 to
EL2M22. In addition, the smaller relaxations of the A
nearest-neighbors of the antisite increase from 0.1 Å
EL2M0 to 0.2 Å in EL2M22. The relaxations change th
hybridization betweens andp orbitals on the two threefold
As atoms and the position of gap states by changing t
bond angles from 114.4°~for AsGa) and 97.1°~for As1) in
EL2M0 to 119.8° and 93.6° in EL2M22. These relatively
small changes in bond angles have a large effect on the e
tronic levels of the defects.

EL2M2 has a half-filled electronic level atEc20.35 eV
localized on AsGa and its three nearest-neighbor As atom
The electronic charge distribution for this state is similar
that for the first empty state of EL2M very close to the CB
examined previously.12 The state is brought deep into the ga
as a result of the different relaxations of atoms in EL2M
compared to EL2M2. An intracenter optical transition a
about 0.85 eV is expected for this center as a result of e
tation into an electronic state with a large amplitude on AGa
at Ec10.5 eV. EL2M can compensate shallow donors
n-doped GaAs. Electron capture from the CBM represen
by
4-2
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EL2M01eCBM→EL2M2 ~3!

releases approximately 0.24 eV in energy. The capture
second electron by EL2M2 is even more exothermic, i.e.,

EL2M21eCBM→EL2M22 ~4!

releases an additional 0.43 eV in energy, indicating
negative-U nature for this defect with aU of 20.19 eV. This
should make it difficult to detect EL2M2 via EPR experi-
ments. The small energy difference of about 0.13 eV
tween EL20 and EL2M0 suggests that inn-doped GaAs,
EL2 centers can compensate shallow donors by getting
verted into EL2M22 centers. The ground state of the A
antisite in the presence of free electrons is, therefore,
EL2M22 state.24 The tetrahedrally coordinated antisite
found to be metastable in the presence of free electrons in
conduction band. The disappearance of the electron tra
Ec20.82 eV trap associated with EL2 inn-doped GaAs25

when the carrier concentration exceeds 1017/cm3 is consis-
tent with a transformation of this defect~EL2! into a new
state (EL2M22). The existence of negatively charged sta
of the As antisite with very different atomic relaxations th
the neutral metastable state also provides an explanatio
the reduced thermal barrier for the transformation of
metastable state to the stable state inn-doped GaAs. Experi-
mentally, it is known that the thermal barrier is reduced fro
about 0.34 eV in semi-insulating GaAs to 0.11 eV in t
presence of free electrons in the conduction band.2 As dis-
cussed above, the difference in the magnitude of the
placement of the antisite into an interstitial site is almost 0
Å between EL2M and EL2M22 with the latter undergoing a
substantially smaller lattice relaxation and AsGa-As1 separa-
tion.

EL2M22 is found to occur in two distinct but energet
cally nearly degenerate structures. The first structure hasC3v
symmetry as described earlier while the new structure
only twofold mirror symmetry26 and is shown schematicall
in Fig. 2. In this structure two atoms, AsGa and As2 , undergo
large motions. The principle direction of displacement for t
antisite is along a cubic@110# axis with the antisite moving
by 1.06 Å from its tetrahedrally coordinated site.27 The As2
atom moves by 0.98 Å along an antibonding direction into
interstitial position. The resulting AsGa-As1 and AsGa-As2
distances of 2.94 and 2.75 Å, respectively are significan
larger than 2.55 Å in the tetrahedrally symmetric EL20 state
and 2.51 Å in the trigonally symmetric EL21 state. The an-
tisite in Fig. 2 is essentially twofold coordinated. Its di
placement brings it within 2.82 Å of a distant Ga atom in t
lattice ~not shown in Fig. 2!. The electronic structure of th
two 22 charged states of EL2M are very different. TheC3v
symmetric structure has an optical level atEc20.4 eV while
the structure withC1h symmetry has an optical level atEv
10.4 eV. Changing the charge state of the low symme
structure from22 to 21 leads to a large decrease in atom
relaxations which make its atomic structure and electro
properties very close to that of the trigonally symmet
19320
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EL2M2 state and we will not distinguish between them,
though in principle, two different states with different sym
metries are involved.

In connection with the two different structures for neg
tively charged AsGa in GaAs, it is worthwhile to note tha
optically detected ENDOR experiments in electron irradia
n-type InP have shown that the corresponding PIn defect oc-
curs in at least two different perturbed configurations diff
ing from theTd-symmteric on-site geometry.28 We have per-
formed similar first-principles calculations for InP and fin
that the two types of structures for the22 charged state o
the As antisite in GaAs also occur for the P antisite in I
with similar energies. The atomic relaxations and bonding
InP for the two structures are different in detail from those
GaAs but the symmetries remain unchanged.

Enhancedp-type photoconductivity at low temperature
~around 40 K! is observed after the photoquenching of t
normal state of EL2 in GaAs samples grown by the liqu
encapsulated Czochralski~LEC! method but not in horizon-
tal Bridgman grown samples. LEC grown samples contai
large concentration of boron impurities and there is spec
tion that they form complexes that are involved in enhanc
photoconductivity.14 We have examined the effect of B o
the properties of the EL2 defect in GaAs and find a near
neighbor AsGa-BAs antisite pair can provide an explanatio
for enhanced photoconductivity. In the normal state of t
paired defect, the two antisites compensate each other
form a neutral center. The antisite pair has a metastable s
similar in structure to EL2M~shown in Fig. 1 but with As2
replaced by B! in which it is an effective-mass double acce
tor. It is most likely this state that is responsible for th
enhanced photoconductivity in LEC grown GaAs. The co
pensation of the donor electrons of the As antisite by B in
neutral state of the complex makes the optical respons
the antisite different than that in a normal EL2 center.

FIG. 2. An alternative low energy structure for the22 charged
state of the As-antisite defect in GaAs is shown. This structure
degenerate with that shown in Fig. 1 for the22 state.
4-3



i
a
t

o
t

ica

vels
-
ble

the
el-
de-

BRIEF REPORTS PHYSICAL REVIEW B68, 193204 ~2003!
In summary, we find that the As-antisite defect in GaAs
an amphoteric defect that can compensate both shallow
ceptors and shallow donors in GaAs. The antisite can exis
previously well known EL20, EL21, EL221, and EL2M0,
as well as in EL2M1, EL2M2, and two different EL2M22

states. The existence of additional electronic levels ass
ated with the various configurations and charge states of
As antisite opens the door to the explanation of the opt
tu

tt

v.

h,

d
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properties of the metastable state and of various defect le
~e.g., EL3, EL6, EL5, and EL14! that are known to be asso
ciated with the antisite but which have remained inexplica
so far.29–31For example, the EL6 electron trap defect29 most
probably corresponds to a negatively charged state of
As-antisite defect.32 The results obtained here are also r
evant to a description of the properties of the P-antisite
fect in InP.28
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