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Arsenic-antisite defect in GaAs: Multiplicity of charge and spin states
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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 leastght different combinations of charge and structural states, twice as many as
currently envisaged. In particular, results from first-principles calculations indicate that &h&h is nor-
mally considered to be a neutral defect can also occut In —1, and—2 charge states. The existence of
charged states for EI*2is consistent with experimental data which indicate that EL® a more complex
defect than originally anticipated.
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The arsenic-antisite defect (A3 arising from the occu- lowed by long-lived persistent photoconductivity'® in
pation of a Ga lattice site by an As atom is one of the mostCzochralski grown samples.
extensively studied defects in GaAs because it can pin the In this paper, we re-examine the structural and electronic
Fermi level at midgap, thereby enabling the production ofproperties of the As-antisite defect in GaAs. Three-
semi-insulating substrates that are needed in high speatimensionally periodic 64- and 32-atom cubic unit cells were
field-effect transistor applications. The defect exhibits fasci-used for a detailed investigation of the structure of the stable
nating optical and electronic properties that have attracted and metastable states of As The first-principles pseudopo-
great deal of attention. The As antisite is known to be theential total-energy calculations were done using a plane-
source of the EL2 defect in GaAs. The most important charwave basi¥ with up to 16-22 Ry energy cutoffs for the
acteristic feature of EL2 is photoinduced metastability askinetic energy using Troullier-Martins potentiglsand the
demonstrated by the photoquenching of its optical absorptioKleinman-Bylande? scheme. Zone center and boundary
when it is exposed to sub-band-gap light in the 1.1-1.2-eMvave vectors were used in sampling the Brillouin zone.
range'? This is accompanied by a quenching of In the following EL2 is used to denote the tetrahedrally
photocapacitanck? photoluminescencéand of the electron symmetric state of As, and EL2M (instead of ELZ) to
paramagnetic resonaffc€EPR associated with EL2. The  denote configurations in which the antisite undergoes a large
photoquenching phenomena result from the transformatiodisplacement away frofiy symmetry. The most important
of EL2 into a metastable EL*2state. The original state of the results concern EL2M for which we find the possibility of
antisite is recovered upon annealing to temperatures arouritiree new charge states with charges+df, —1, and — 2.
140 K in semi-insulating GaAs and 45 K imtype materia?. ~ We also find that the-2 charged state can exist in two
Optical recovery of EL2 from EL2 is also possible with
near-band-gap energy photons and less efficiently with Ga
0.8-eV light>®

Important experimental information on the symmetry and
structure of EL2 and EL2 has come from intracenter optical
absorptioi® and photoluminescence measuremenisder
uniaxial stress. Results from these measurements show that Asl
the normal EL2 state haby symmetry'® and strongly sup-
port the identification of EL2 with an isolated As-antisite
defect in a symmetric fourfold coordinated state. More re- As As
cently, it has been showh that electron-nuclear-double- Ga 2
resonancéENDOR) data on EL2 can also be best explained
with an isolated Ag, model without an additional paired
As-interstitial component as originally believéd Stress-
dependent measurements of the recovery of optical absorp-
tion during the transformation of E*2to EL2 reveal a trigo-
nal symmetr§ for EL2* that is consistent with the
theoretical prediction that EL*2corresponds to an antisite in
an interstitial position, as shown in Fig.!43 Previous the-
oretical and experimental work has generally assumed that
EL2* is a neutral entity with a unique atomic structure.  FiG. 1. Metastable configuration for the neutral st&g2M) of

However, an accgmulation of experimental dgta strongly inthe As-antisite defect in GaAs. This configuration with a smaller
dicates that EL2 is a more complex defect ™' The most  As,—Asg, separation is theround statefor negatively charged

intriguing features exhibited by El*2are enhanced photo- states of the As antisite in-type GaAs when the Fermi level lies at
conductivity under prolonged exposure to 1.1 eV light fol- the conduction band edge or higher.
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distinct structures with practically the same energy. The maimeighbors. The possibility of &2 charged state of EL2M
results of the calculations and their experimental implicawas considered. TheH2/1+) level of EL2M?* is found to
tions are described below. lie slightly below the VBM; therefore, a 2 state of the

Our results for the structure of the stable EL2 state arentisite with a large lattice relaxation is not likely to occur in
similar to those obtained befot&*and are reviewed briefly GaAs.

here. The structure hag; symmetry with an AgzAs sepa- Free hole capture represented by
ration of 2.55 A. The ¢ /0) level of the defect is calculated
to be atE.—0.75 eV whereE, represents the CBM. The EL2M®+ hygy—EL2M™* (2

midgap state is very localized witttlike symmetry around

the central antisite. A resonance state wittype symmetry is calculated to be about 0.1 eV endothermic. The EL2M
on Ass, is found very close to the CBM. A much more state resulting from hole capture or from optical excitation of
localized Ag,-derived triply degeneratp state is found at EL2M° should be EPR active. Experimentally, a trigonally
0.6 eV above the CBM. The positively charged state of EL2symmetric EPR center in semi-insulating apdype GaAs

is found to be a positivé) defect in that the reaction: that is very different in nature from the stable ElZtate
and which has a hyperfine splitting due to eitfeAs or a
2EL2" —EL2°+EL2?" (1)  combination 0f**Ga and”'Ga isotopes is se€fi.The defect
was speculated to be a Ga antisite; however, it exhibits
is endothermic by 0.04 ¥ photoquenching when exposed to near band gap light of

The largest displacement of the As-antisite from its tetra-1.4-1.5 eV energy, similar to that observed in the optical
hedral site occurs in EL2R) the neutral metastable state of recovery of EL2 from EL2M:**Sindicating a closer link to
EL2. The Ag;, atom moves by 1.41 A into a trigonally sym- the As-antisite defect than to a Ga-antisite defect. The energy
metric interstitial position as shown in Fig. 1. The,Astom  difference between EL2 and EL2M' is calculated to be
also undergoes a sizable displacement of 0.4 A towards theround 0.38 eV.
antisite. The magnitude of all other atomic movements are Perhaps the most unusual features of EL2M are its nega-
0.1 A or smaller. The nearest-neighbor As-As distance irtively charged states. The As antisite is a double door center
EL2M is 2.48 A and the AsAsg, separation is 3.46 A. and it is surprising that it can be converted into a double
Energetically, EL2M is only about 0.13 eV higher in energy acceptor defect through simple lattice relaxation. The basic
than EL2. It gives rise to an empty level heavily localized onfeatures of the atomic structures of the negatively charged
the antisite and its three nearest-neighbors at approximatebtates are similar to those for the neutral metastable state of
E.—0.16 eV. This level is probably the one involved in the the antisite, i.e., they involve the motion of the As antisite
optical recovery of EL2 from EL2M with near-band-gap into an interstitial site, as shown in Fig. 1. The magnitudes of
light.1*1® A more delocalized occupied state similar in char-the atomic relaxations, especially for the antisite, are quite
acter to the As-derived states at the valence-band-maximuufifferent, however, for the different charge states. The dis-
is found slightly aboveE, . placement of the antisite is 1.41 A in ELZM1.16 A in

The most important result obtained from the current cal-EL2M~, and 0.94 A in EL2M ™. The corresponding relax-
culations is the finding that EL2M can exist #al, —1, and  ations of the As atom towards the antisite are 0.40, 0.46,
—2 charged states. Structurally, the main difference betweeand 0.54 A for the three structures and the;A8s, separa-
the charged states and the neutral El%dvhte is the degree tion decreases from 3.46 to 2.85 A in going from EL21
of relaxation that the antisite and the ;Aatom in Fig. 1 EL2M?". In addition, the smaller relaxations of the As
undergo. The hybridizations between thandp orbitals on  nearest-neighbors of the antisite increase from 0.1 A in
the two threefold coordinated Agsand As atoms are sensi- EL2MC to 0.2 A in EL2M?™. The relaxations change the
tive to bond angles around these atoms and they determirtg/bridization betweers and p orbitals on the two threefold
the position of electronic levels in the gap. These orbitals cars atoms and the position of gap states by changing their
be approximately in eithes+p or s—p combinations and bond angles from 114.4(for Asg,) and 97.1°(for As,) in
the varying electronic occupation of these orbitals is whaEL2M° to 119.8° and 93.6° in EL2RT. These relatively
allows for the unusual negative charge states of the antisitasmall changes in bond angles have a large effect on the elec-

Among the metastable charged states, EL2id closest tronic levels of the defects.
in structure to EL2M. The antisite moves by 1.36 A to-  EL2M™ has a half-filled electronic level &,—0.35 eV
wards the interstitial position while Asmoves by 0.22 A localized on Ag, and its three nearest-neighbor As atoms.
from its bulk position towards the antisite. The AsAs;  The electronic charge distribution for this state is similar to
separation of 3.60 A in EL2N is the largest among all the that for the first empty state of EL2M very close to the CBM
metastable states. The electronic structure of EI2l  examined previously The state is brought deep into the gap
similar in some ways to that of megativelychargedGa- as a result of the different relaxations of atoms in EL2M as
vacancydefect in GaA# i.e., the wave function of its half- compared to EL2M. An intracenter optical transition at
filled resonance level that lies &,+ 0.1 eV has essentially about 0.85 eV is expected for this center as a result of exci-
zero amplitude on As, and is primarily Asp-type in char-  tation into an electronic state with a large amplitude ogAs
acter with a larger amplitude on Aghan other As atoms. at E.+0.5eV. EL2M can compensate shallow donors in
EL2M* has an empty level at abol.—0.03 eV that is n-doped GaAs. Electron capture from the CBM represented
heavily localized at the antisite and its three nearestby
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EL2MO+ ecpy— EL2M™ (3 EL2M?-

releases approximately 0.24 eV in energy. The capture of a Ga
second electron by EL2Mis even more exothermic, i.e.,

EL2M™ + ecgy— EL2M?~ (4

releases an additional 0.43 eV in energy, indicating a
negativet nature for this defect with & of —0.19 eV. This
should make it difficult to detect EL2M via EPR experi-
ments. The small energy difference of about 0.13 eV be-
tween ELZ and EL2M suggests that im-doped GaAs,
EL2 centers can compensate shallow donors by getting con-
verted into EL2M~ centers. The ground state of the As
antisite in the presence of free electrons is, therefore, the
EL2M?~ state?® The tetrahedrally coordinated antisite is
found to be metastable in the presence of free electrons in the
conduction band. The disappearance of the electron trap at
E.—0.82eV trap associated with EL2 in-doped GaA® FIG. 2. An alternative low energy structure for the2 charged
when the carrier concentration exceeds’A@n’ is consis-  state of the As-antisite defect in GaAs is shown. This structure is
tent with a transformation of this defe(EL2) into a new  degenerate with that shown in Fig. 1 for the? state.
state (EL2M ™). The existence of negatively charged states
of the As antisite with very different atomic relaxations thanEL2M~ state and we will not distinguish between them, al-
the neutral metastable state also provides an explanation f@fiough in principle, two different states with different sym-
the reduced thermal barrier for the transformation of themetries are involved.
metastable state to the stable stateidoped GaAs. Experi-  |n connection with the two different structures for nega-
mentally, it is known that the thermal barrier is reduced fromtively charged Ag, in GaAs, it is worthwhile to note that
about 0.34 eV in semi-insulating GaAs to 0.11 eV in thegptically detected ENDOR experiments in electron irradiated
presence of free electrons in the conduction baAd. dis- n-type InP have shown that the correspondingdefect oc-
cussed above, the difference in the magnitude of the discurs in at least two different perturbed configurations differ-
placement of the antisite into an interstitial site is almost 047|ng from ther-SymmteriC on-site geomet?ﬁWe have per-
A between EL2M and EL2KI™ with the latter undergoing a formed similar first-principles calculations for InP and find
substantially smaller lattice relaxation andggsis; separa-  that the two types of structures for the2 charged state of
tion. the As antisite in GaAs also occur for the P antisite in InP
EL2M?*™ is found to occur in two distinct but energeti- with similar energies. The atomic relaxations and bonding in
cally nearly degenerate structures. The first structurelhas  |Inp for the two structures are different in detail from those in
symmetry as described earlier while the new structure hagaAs but the symmetries remain unchanged.
only twofold mirror symmetr§® and is shown schematically ~ Enhancedp-type photoconductivity at low temperatures
in Fig. 2. In this structure two atoms, Asand As, undergo  (around 40 K is observed after the photoquenching of the
large motions. The principle direction of displacement for thenormal state of EL2 in GaAs samples grown by the liquid
antisite is along a cubif110] axis with the antisite moving encapsulated CzochralstiEC) method but not in horizon-
by 1.06 A from its tetrahedrally coordinated sfteThe As,  tal Bridgman grown samples. LEC grown samples contain a
atom moves by 0.98 A along an antibonding direction into anarge concentration of boron impurities and there is specula-
interstitial position. The resulting AgAs, and Ag+AS,  tion that they form complexes that are involved in enhanced
distances of 2.94 and 2.75 A, respectively are significantlyphotoconductivity* We have examined the effect of B on
larger than 2.55 A in the tetrahedrally symmetric Bl2ate  the properties of the EL2 defect in GaAs and find a nearest-
and 2.51 A in the trigonally symmetric EL'2state. The an- neighbor Ag,-B,s antisite pair can provide an explanation
tisite in Fig. 2 is essentially twofold coordinated. Its dis- for enhanced photoconductivity. In the normal state of this
placement brings it within 2.82 A of a distant Ga atom in thepaired defect, the two antisites compensate each other and
lattice (not shown in Fig. 2 The electronic structure of the form a neutral center. The antisite pair has a metastable state
two —2 charged states of EL2M are very different. TDg,  similar in structure to EL2Mshown in Fig. 1 but with Ag
symmetric structure has an optical leveEgt-0.4 eV while  replaced by Bin which it is an effective-mass double accep-
the structure withC,, symmetry has an optical level &, tor. It is most likely this state that is responsible for the
+0.4 eV. Changing the charge state of the low symmetryenhanced photoconductivity in LEC grown GaAs. The com-
structure from—2 to — 1 leads to a large decrease in atomic pensation of the donor electrons of the As antisite by B in the
relaxations which make its atomic structure and electroniheutral state of the complex makes the optical response of
properties very close to that of the trigonally symmetricthe antisite different than that in a normal EL2 center.
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In summary, we find that the As-antisite defect in GaAs isproperties of the metastable state and of various defect levels
an amphoteric defect that can compensate both shallow aée.g., EL3, EL6, EL5, and EL)4hat are known to be asso-
ceptors and shallow donors in GaAs. The antisite can exist igiated with the antisite but which have remained inexplicable
previously well known EL8, EL2", EL22", and EL2M,  so far®®3For example, the EL6 electron trap deféenost
as well as in EL2M, EL2M~, and two different EL2M~ probably corresponds to a negatively charged state of the
states. The existence of additional electronic levels assocAs-antisite defect? The results obtained here are also rel-
ated with the various configurations and charge states of thevant to a description of the properties of the P-antisite de-
As antisite opens the door to the explanation of the opticafect in InP?®
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