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Metastability of the antistructure pair in GaAs

S. Pykko, M. J. Puska, and R. M. Nieminen
Laboratory of Physics, Helsinki University of Technology, FIN-02150 Espoo, Finland
(Received 29 October 1996

We have studied the metastability of the antistruci@msenic-antisite gallium-antisjt@air in GaAs using
self-consistent, parameter-free total energy methods. Our calculations predict that this defect complex exhibits
metastability similar to that of the isolated arsenic antisite. However, the antistructure pair has ionization levels
in the band gap in the metastable configuration, unlike the isolated arsenic antisite. The ionization levels enable
absorption of infrared light in the metastable state. The results are used to discuss and interpret the arsenic-
antisite-type defects observed experimentally in electron-irradiated G88%63-182807)04011-3

The most important native point defect in undoped GaAghan the concentration of the native EL2 deféct.
crystals grown under the As-rich conditions is the so-called Some properties of the irradiation-induced Aselated
EL2 defect. The EL2 defect shows interesting and importantiefects differ crucially from those of the native
metastability: A key feature of the metastable state of the Asg crelated defects. For example, the existence of the meta-
EL2 defect is that it has been found optically and electricallystability has not always been detected. The main difference
inactive. In most of the microscopic models for the EL2 between the EL2 defect and the irradiation-induced antistruc-
defect the arsenic antisite (Ag is at least a constituent of ture defect is that the latter absorbs infrared light in the meta-
the defect, but the identification of the EL2 as an isolatedstable configuration, suggesting that it has an ionization level
arsenic antisite is still somewhat controversial. in the band gap in the metastable configurafidine stable
The introduction of As-antisite-related defects in electron state of the irradiation-induced Asdefect can be optically
and neutrof irradiation as well as during plastic recovered with 0.85 or 1.3-eV photons at 20 K, while this is
deformation has been actively studied. Recently, three dif-not possible for the native EL2 defétt.Another interesting
ferent electron-irradiation-induced Agrelated defects pos- difference is that the metastable state of the irradiation-
sessing metastability have been observed by magnetic circinduced defect may be paramagnétic.
lar dichroism of absorptiofMCDA).® One of these is In this paper we report studies of the antistructure pair
obtained after subsequent thermal annealing at room tenusing first-principles electronic-structure methd8sOur
perature. This defect has been studied with the optically degoal is to show that the calculated properties of the anti-
tected electron nuclear double resona(@®ENDOR ) tech-  structure pair indeed explain the main experimental proper-
nique and suggested to be an antistrucpai, which is an  ties of the above-mentioned irradiation-induced metastable
Asg, defect with a Ga-antisite (Gg defect located in the defect. Our calculations are based on the density-functional
next-nearest As shell of the As antisfteThe structure is theory where the electron exchange-correlation energy is cal-
given schematically in Fig. 1. Information on the atomic culated within the local-density approximati¢inDA).** We
structure of the metastable state of this defect has been olase first-principles norm-conserving pseudopoterifiaisr
tained by positron lifetime measuremeftIhese experi- both Ga and As. For the plane-wave basis set a high cutoff
ments indicate that the defect has an associated vacancy in #dergy of 15 Ry has been used to ensure accurate results.
metastable state. The defect seen in the positron lifetimgalculations are performed with the supercells containing 32
measurements is associated with that detected in MCDAgr 64 atoms. The Brillouin zone sampling consists of the
i.e., to the antistructure palrThe concentration of these 2x2x2 Monkhorst-Pack k-point mesh for the 32-atom-
irradiation-induced metastable defects may be much highesite supercell, and for the 64-atom-site supercell the
2X2x2 Chadi-Cohetf k-point mesh has been employed.
Further computational details can be found in Ref. 15.
According to the calculations the charge states of the
Asg, and Ga, antisites are over a wide region for the elec-
tron chemical potential 2 and 2—, respectively(see Fig.
2). Within these kinds of conditions the antisites are ex-
pected to attract each other via the Coulomb interaction. We
have studied the strength of the interaction by calculating the
total energy of the antisite pair for the nearest-, next-nearest-,
and third-nearest-neighbor configurations. Energetically the
most favorable is the nearest-neighbor antistructure pair. The
binding energies obtained for the nearest-, next-nearest, and
FIG. 1. Schematic view of the next-nearest-neighbor anti-third-nearest-neighbor antistructure pairs in the 2harge
structure pair in GaAs. The metastable interstitial position of thestate are 1.2, 0.4 eV, and 0.3 eV, respectively. However, the
Asg, antisite is shown by dashed lines. nearest-neighbor antisite pair dasst have ionization levels
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FIG. 3. Total energy of the antistructure defect as a function of

FIG. 2. Positions of the ionization levels in the band gap. Thethe As-ion displacement from the Ga substitutional position along

results for the isolated Ag and Ga, antisites as well as for the the open[111] direction. The distance between the antisites de-
next-nearest-neighbor antistructure defect in the substitutionsfreases with increasing displacement. The zero of the energy cor-

(AsgGane) and interstitial ¥/As;Gans) configurations are shown. r_esponds to the _total-ene!rgy in the substitutional ionic configura-
The level positions for the isolated antisites are in agreement Witﬁlon. No other ionic relaxations have been allowed. The three curves

those given in Ref. 16. correspond to different charge staté3 1—, 2—). The local
minima in the total energy curves at60 % displacement indicate
in the band gap, and thus the nearest-neighbor pair canndte existence of metastable ionic configurations.
effectively absorb infrared light in the metastable state.
Therefore it cannot be the defect seen in the experiments ¢f11] direction by ~60% of the bulk bond lengtksee Fig.
Kuismaet al® Also, the nearest-neighbor structure does notl). A vacancy in the metastable state of the antistructure
agree with the analysis of the ODENDOR linelloreover,  defect is thus created. The presence of a vacancy in the meta-
recent molecular-dynamics simulatidfigor defect forma- stable state of the antistructure defect is also directly probed
tion under electron irradiation have shown that although thdy positron lifetime measuremerftsThere are three in-
open and closefll11] directions are clearly the most prob- equivalent oper{111] directions for the movement of the
able ones for antisite formation, the directions towards to thé\sg, antisite in the case of the antistructure defect. The
second nearest neighbor are also favored in this sense. Thersovement of the Ag, antisite in thg111] direction in which
fore, the creation of the next-nearest-neighbor antistructuréhe distance between the Asand Ga, antisites decreases is
pairs is likely in electron irradiation succeeded by annealingfavored. This is because the defect pair gains in the Coulomb
A low-energy barrier for the recovery of the nearest-neighboattraction. The evaluation of the total energy, when the As
antistructure pair could explain the nonexistence of theon is displaced in this direction from the substitutional Ga
nearest-neighbor defect after annealing. Unfortunately, wsite is shown in Fig. 3 for the charge states G;,land
are not able to estimate this energy barrier. Therefore w@—. The metastability exists fall of these charge states. In
have omitted more detailed studies of this configuration. comparison, the isolated Agantisite exhibits metastability

As the distance between the two antisites increases, theynly in the neutral charge state when the deep levels in the
become decoupled and the arsenic antisite becomes like &and gap are occupied with two electrdAghe correspond-
isolated one, which cannot explain the experimental findingéng charge state of the antistructure defect is.2ndeed the
either. For these reasons in the following we consider onlcurve for the charge state2 in Fig. 3 resembles very
the next-nearest-neighbaantistructure pair and call it “the closely that for an isolated Ag antisite, which we have
anti-structure defect” for short. calculated using the same approximations.

The antistructure defect has neutral and negative charge The total energy curves in Fig. 3 predict the existence of
stateq0, 1—, 2—, 3—). In principle also a 4 charge state the metastability, but due to the omission of full ionic relax-
is possible for the antistructure defect, but it turns out that itations these curves cannot be used to obtain the barrier be-
is not the lowest-energy charge state for any value of théween the stable and the metastable configurations. A 32-
electron chemical potentigbee the ionization levels in Fig atom-site supercell has been employed in the calculations of
2). In the neutral state the highest occupied electron statetie total energies presented in Fig. 3. In the following we
are in the band gap close to the top of the valence band. Thgyesent results of the calculations with a 64-atom-site super-
are related to the deep levels induced by an isolategi Gacell and with all the atoms allowed to move without any
antisite. In the doubly negative charge state the highest stateagmmetry constraints to thdocal) minimum energy con-
are related to those of an isolated Asantisite. Our total- figuration. For example, we have calculated the atomic re-
energy calculations show that the defect has a metastablaxations for each energy minimum shown in Fig. 3. The
configuration similar to the large-lattice relaxattériLLR) displaced arsenic ion stays in the metastable interstitial con-
model for the EL2 defect: The metastable state is achievefiguration for all charge states, proving the existence of an
when the arsenic antisite moves from the Ga site to the opeenergy barrier. The calculated total-energy difference be-
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tween the substitutional and the metastable interstitial states . .
is between 0.24 and 0.95 eV, depending on the charge state
of the defect. The energy difference is smallest for the 2
charge state and highest for the neutral charge state.

In the substitutional configuration of the antistructure de-
fect the interaction between the two antisites is rather weak.
The distance between the two antisites is too large for a
direct covalent bonding and thus the interaction is mainly
Coulombic. With respect to the isolated Asantisite the
main effect of the Gg antisite in the defect complex is to
change the total charge state of the complex, but the ioniza-
tion levels (see Fig. 2 and also the other properties of the
substitutional Asg, antisite do not differ significantly from
those of the isolated antisite. The Asantisite-derived ion-
ization levels are slightly lower in the case of the antistruc-
ture defect, which can also be regarded as a Stark effect due
to the nearby Ga antisite. 0.0

In the case of the chosgri11] direction for the move- 0o 10 20 30 20 50 0 70
ment of the Ag, antisite, the distance between the two anti- Displacement (percent of bulk bond length)
sites in the metastablaterstitial configuration is~30% less
than in the substitutional configuration. Thus the interaction rig. 4. Schematic model of possible optical excitation processes
betweenVgAs; and Ga, in the metastable configuration is for the antistructure defect. The experimental valiRsf. 9 for the
much stronger and the properties of thigAs; in a pair  photon energies are shown. The lowest unoccupied single-particle
differ to a great extent from an isolat®} As;. The fact that  levels of the antistructure defect are degenerate in the substitutional
one As ion is substituted around the metastable position afonfiguration of the defect. In the interstitial configuration the low-
the As by a Ga ion with a smaller valence charge pushes thest normally empty single-particle levels of the antistructure defect
Vs Asi-derived deep level higher in energy. This makes itsare nondegenerate. Two empty single-particle levels in the band gap
partial occupancy or even its emptying possible and introexplain the observed two possible photon energies for the photore-
duces ionization levels into the band gap. Moreover, the incovery of the defect.
teraction pulls a state from the conduction band to the band

gap and a triply negative charge state is possible for th@lefect can be explained by the model given in Fig. 4. In the
antistructure defect in the metastable configuration. excited states one electron is shifted to a higher, originally
Our calculations show that the/gAs)° defect arising ynoccupied energy level, leaving a hole behind. For the
from an isolated Ag, antisite does not have ionization levels giahie sypstitutional configuration the only unoccupied elec-
in the band gap in its metastable configuration. This is bex o, j6yel in the band gap is in practice degenerate in the case

cause there are no empty deep levels available in the ba 1— and 2- charge states. Thus the excitation energy is

gap and the emptying of the occupied deep level by one . ) i
electron leads to the lowering of the level into the valence:m'_qtl;]e' Thet dtegeneracy ofctjhtes?hle\:jels IS dlﬁ; th? fry]/mme
band and its refilling. The lack of the ionization levels means y; these states correspond fo the degenaraimle of the
that light absorption for this defect is very low. According to ASea The symmetry lowering due to the @an the next-

the experiments for the EL2 defect an applied pressurgearest-neighbor_ position is _not strqng enough to lift the de-
brings an ionization level from the conduction band to thegeneracy. Then, in the resulting excited state the total energy
band gap, resulting in strong light absorptidriThe ionized IS lowered by the Jahn-Teller effect when the;Aantisite is
defect may capture a photocreated hole so that an excitedisplaced in thg¢111] direction. This causes the shift to the
neutral EL2 defect in the metastable state restlis. this ~ metastable state similarly to the LLR model for the EL2
state there is no energy barrier towards the substitutionalefect'’ For the antistructure defect in the metastable inter-
configuration and therefore the pressure enables a photorstitial configuration this level is split into two in the band gap
covery process. This pressure behavior has been theoreticakiyd there are two possible excited states. The total energy of
predicted also for the isolated Agantisite?® In the case of these states is lowered when thegAsntisite moves back
the metastable configuration of the antistructure defectowards to the substitutional configuration, resulting in the
(VgAS Gay) there are, due to the interaction between therecovery to the stable state.
VeASi- and Gagderived states, ionization levels in the  We have calculated estimates for the photon energies
band gap already without applied pressure. The positions afeeded to excite an electron from the highest occupied defect
these levels in the band gap are given in Fig 2. The ionizalevels to the lowest unoccupied ones. The single-particle en-
tion levels cause the defect to absorb light strongly. ergy differences give for the substitutional configuration the
The illumination of the antistructure defect by 1.1 eV photon energy of 1.0 eV and for the metastable configuration
light triggers the transition to the metastable sf&t@his is  two energies of 0.6 and 1.0 éV These energies correspond
analogous to the EL2 defect. However, an important differwell to the experimental energies shown in Fig. 4. Thus the
ence between the EL2 and the antistructure pairs is that theodel explains all the processes activated by monochromatic
latter cannot be excited to the metastable state using unfilight.
tered white lighf The optical properties of the anti-structure ~ The antistructure gallium antisite is in a diamagnetic state
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(Gaxs? "), in agreement with experimentor the stable state metastable state, whereas the antistructure defect has ioniza-
of the antistructure defect. This assignment of diamagnetisrtion levels in the gap both in the stable and in the metastable
for Gayg is valid for all charge states of the anti-structure state. Furthermore, the optical recovery of the antistructure
defect. Our calculations also predict, in accordance with thelefect from the metastable state is possible at two photon
experiments, the existence of the paramagnetic charge statenergies. The optical recovery of the anti-structure defect
(1) for the antistructure defect in both the stable and metaa|so explains the inefficiency of the illumination by unfil-
stable states when the Fermi level is near the midgap.  tered white light to excite the defect from the stable state to
In conclusion, we have made calculations for the nextyne metastable one. Our results confirm the microscopic

nearest-neighbor antistructure pair in GaAs. The calculatefeyi-nearest-neighbor pair as the observed metastable defect
properties are in excellent agreement with experimental res,q,,ced by electron irradiation.

sults for electron-irradiated samp&s. The observed meta-

stability is connected to the large lattice relaxation of the The authors wish to thank Dr. K. Saarinen and Professor
arsenic antisite. A gallium vacancy is created in the compleX. Hautojavi for many valuable discussions. We also ac-
during the transition to the metastable interstitial configuraknowledge the generous computing resources from the Cen-
tion. The main difference between the isolated arsenic antiter for Scientific ComputindCSQ. This research has been
site and the antistructure defect is that the isolated antisiteupported by the Academy of Finland through a MATRA
does not have any ionization levels in the band gap in thgrant.
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