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First-principles study of As interstitials in GaAs: Convergence, relaxation, and formation energy
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Convergence of density-functional supercell calculations for defect formation energies, charge transition
levels, localized defect state properties, and defect atomic structure and relaxation is investigated using the
arsenic split interstitial in GaAs as an example. Supercells containing up to 217 atoms and a v&rispaoé
sampling schemes are considered. It is shown that a good description of the localized defect state dispersion
and charge state transition levels requires at least a 217-atom supercell, although the defect structure and
atomic relaxations can be well converged in a 65-atom cell. Formation energies are calculated for the As split
interstitial, Ga vacancy, and As antisite defects in GaAs, taking into account the dependence upon chemical
potential and Fermi energy. It is found that equilibrium concentrations of As interstitials will be much lower
than equilibrium concentrations of As antisites in As-rioktype, or semi-insulating GaAs.
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I. INTRODUCTION measurement?. However, the atomic composition and mi-
croscopic structure of these defects cannot be unambiguously
Interstitials are the most complicated of the simple pointdetermined from these experiments.
defects, and the most elusive. For example, even though ar- Gallium arsenide grown by arsenic-rich molecular beam
senic interstitials must be created by irradiation of GaAs withepitaxy at low temperaturd.T GaAs) is a semi-insulating
sufficiently energetic particles, and they can subsequently beaterial with a host of potentially useful applicationghis
observed to recombine with arsenic vacancies when thenaterial contains up to 1.5% excess Aswhich is accom-
sample is heated above 220 °C, isolated arsenic interstitialodated by high concentrations of point defects in UN-
have not been observed directly in EPR, electrical, or opticaiinnealed samples, and arsenic precipitates plus somewhat
experiments. lower concentrations of point defects in annealed samples.
It has been argued based on a thorough andlysaf a  Concentrations of As antisites (A3 up to 16°cm 2 are
variety of experimental data including titration experiménts observed in LT GaAs, as measured by electron paramagnetic
and measurements of density and lattice parafhdteat resonance EPR,™ near-infrared absorptiotNIRA), mag-
melt-grown GaAs is always As rich unless the concentratiornetic circular dichroism of absorptioMCDA),** and scan-
of Ga in the melt is substantially greater than 50%, and thaging tunneling microscopySTM).'*> Concentrations of Ga
this deviation from stoichiometry is due primarily to the cre- vacancies Y, up to 1d° cm 2 are measured in LT GaAs
ation of large numbers of As interstitials (Asduring by slow positron annihilatio’® lon channeling experiments
growth. In particular, Hurle has arguethat the measured have been interpreted as providing evidence for large con-
deviation of the mass per unit cell as a function of arseniccentrations of As interstitials in LT GaA$.However, it was
concentration in the melt must be explained by arsenic interlater pointed out that the observed high concentration of at-
stitials and/or arsenic vacancies, since the number of arsenf@ns in the channel near the normal arsenic lattice sites could
antisites which would be required to fit the data is unrealis-also be due to outward relaxation of the nearest neighbors of
tically large (up to several perceptdue to the small differ- the As antisites**’
ence between the atomic masses of arsenic and gallium. Within certain well defined limits of the growth param-
Hurle's work also contains an extensive thermodynamiceters for LT GaAs, a linear correlation between the neutral
analysis, including estimates of the mass action constants féksg, concentration and the lattice dilation has been
the formation of all the neutral native point defects. Thesgfound!**®It was therefore proposed that Asare the domi-
estimates are derived by fitting to a large quantity of experinant defects which determine the lattice expansion for
mental data on both doped and undoped GaAs, under thgrowth within this regime. Staalet all” used a self-
assumption that native defect and dopant concentrations ag@nsistent density-functional-based tight-binding method to
near equilibrium close to the melting point and during high-study the lattice distortion induced by point defects in As-
temperature growth from the melt or from solution. rich GaAs, and concluded that only Asare necessary to
In the high-temperature growth regime, observations ofuinderstand the observed lattice expansion in the regime
defects tentatively described as high concentrations or difwhere the linear correlation is observed, and that if concen-
fuse “clouds” of arsenic interstitials have been reported intrations of isolated Ascomparable to the measured concen-
GaAs grown by the horizontal Bridgman and liquid- trations of Ag, were also present, the lattice expansion
encapsulated Czochralski methods, based on x-ray diffuseould be three times greater than is experimentally ob-
scattering™® and quasiforbidden x-ray reflection intensity served. However, Luysbergt al. have reported that when

0163-1829/2002/68.9)/19530210)/$20.00 66 195302-1 ©2002 The American Physical Society



J. T. SCHICK, C. G. MORGAN, AND P. PAPOULIAS PHYSICAL REVIEW B6, 195302 (2002

the As/Ga flux ratio is increased beyond a beam equivalentells containing about 32 atorAsIn order to calculate the
pressure(BEP) ratio of 20, there is a departure from the formation energies for individual defects instead of reaction
linear correlation between lattice dilation and antisiteenergies for defect reactions which conserve the number of
concentratiort® It was pointed out that other defects must beatoms of each species, they were required to choose a value
present to account for the deviation from stoichiometry andor the arsenic chemical potentigbr equivalently, for the
the lattice expansion at high As/Ga flux ratf§s. gallium chemical potential An arbitrary value was chosen,
Nonequilibrium processes such as diffusion and composieorresponding to the condition that the formation energies
tional intermixing at interfaces can also be strongly affectedor neutral gallium vacancies and for neutral arsenic vacan-
by point defects that are present in high concentrationscies should be equal. Jansen and Sankey concluded that ar-
Since the point defects which have been unambiguouslgenic interstitials in tetrahedral sites should be less numerous
documented as present in high concentrations in LT GaAshan vacancies and antisites in GaAs under equilibrium
Asg, and Vg,, occupy sites on the gallium sublattice, they conditions?! in agreement with Baraff and Sclu.
cannot contribute directly to interdiffusion on the arsenic Zhang and Northrup used density functional the@iT)
sublattice. However, substantial concentrations of arsenic inwithin the local density approximatioi.DA) and supercells
terstitials may affect interdiffusion on the arsenic sublattice of about 32 atoms to calculate the formation energies for
For example, an experimental study showing a positive devacancies, antisites, and tetrahedral interstitials in GaAs as a
pendence of GaAsP/GaAs and GaAsSb/GaAs interdiffusiofunction of arsenic chemical potential, over the physically
on arsenic pressure has indicated that a kickout mechanisallowable range of chemical potentials, from Ga-rich to
involving arsenic interstitials is the dominant process for theAs-rich?? This physically allowable range is set by the heat
As-P and As-Sb interdiffusion in the material studféd. of formation of bulk GaAs and by the requirement that the
Similarly, annealing LT-GaA® doped with Sb was found arsenic chemical potential may not exceed the chemical po-
to produce substantially greater compositional intermixingtential of bulk arsenic, since the material is in equilibrium
than annealing conventional stoichiometric GaAs similaly with arsenic precipitates in the arsenic-rich limit. The atomic
doped!® This enhancement of As-Sb interdiffusion was at-coordinates were allowed to relax in these calculations,
tributed to an oversaturation of arsenic interstitials in the LTwithin the constraints imposed by the tetrahedral symmetry.
GaAs samples, resulting from the balance of arsenic interstin agreement with the previous work, Zhang and Northrup
tials with arsenic clusters and all the other excess-arsenidound that antisites and/or vacancies should be more numer-
containing defects in the material. The effective activationous than arsenic interstitials in tetrahedral sites under all
energy for As-Sb interdiffusion in LT GaAs deduced from equilibrium conditiong?
this work, 0.6-0.15 eV is reasonably close to the migra-  Chadi used DFT-LDA calculations and 33-atom super-
tion energy of 0.5 eV for arsenic interstitials deduced fromcells to investigate many different types of bonding configu-
annealing experiments on defects produced by electrorations for self-interstitials in GaAs, including various split
irradiation! as well as to migration energies subsequentlyinterstitials, as well as hexagonal, twofold coordinated, and
ascribed to arsenic interstitial defects produced in GaAs byetrahedral interstitials, all fully relaxed within the con-
other means. The concentration of arsenic interstitials restraints of the chosen symmefiyHe found that the lowest
quired to produce sufficient oversaturation to eliminate comenergy configuration for arsenic interstitials in the neutral or
pletely any contribution of the interstitial formation energy to —1 charge state is a split interstitial consisting of two As
the activation energy for As-Sb intermixing measured in theatoms sharing an arsenic lattice site, displaced from this site

LT GaAs sample was estimated to be roughly®idm3,  in opposite directions along(@ 10)-like axis, while the low-
using Hurle's thermodynamic analysis in conjunction with est energy configuration for positively charged arsenic inter-
the experimental dats. stitials in the +1 or +2 charge state is a split interstitial

Theoretical attempts to obtain a picture of the microscopicconsisting of an As atom and a Ga atom sharing an gallium
structure and properties of the lowest energy arsenic interstlattice site, displaced from this site in opposite directions
tial configuratiorts) began with the work of Baraff and along a{100)-like axis. Since we will be interested below
Schiiter, who used density functional Green’s function cal-primarily in arsenic interstitials in semi-insulating pitype
culations to investigate the energies of reactions creating ndsaAs, we will use the notation A#\s for the interstitial
tive defects withT4 symmetry in GaAs, including arsenic with two atoms sharing an arsenic site and aligned along a
interstitials in the two tetrahedral sitésThe effects of lat- (110)-like axis, which should be the lowest energy intersti-
tice relaxation were ignored. Baraff and Sdkluconcluded tial configuration in semi-insulating av-type material.
that simple tetrahedral arsenic interstitials were less likely to Chadi also showed that neutral arsenic interstitials, which
occur than vacancy and antisite defects under all equilibriunihave unpaired spins, are unstable relative to formation of a
conditions, although they could not rule out the possibilitypair of +1 and—1 charged interstitials—i.e., arsenic inter-
that other, more complicated interstitial configurations mightstitials form a negativé) system. This suggested that arsenic
have a lower energ?. interstitials may not be observable in EPR experiméhts.

Jansen and Sankey calculated the formation energies f@hadi reported the relative energies for the most energeti-
unrelaxed native defects with tetrahedral symmetry in GaAscally favorable arsenic interstitial configurations in each of
including arsenic interstitials in tetrahedral sites, using ahese charge states, including in each case a number of meta-
density-functional pseudopotential method with a basis set aftable configurations somewhat higher in energy than the
pseudoatomic orbitals and a single spekigoint in super- lowest energy configurations, all of which were more com-
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plicated than the simple tetrahedral configuratibhslow-  state transitions, atomic relaxations, and characterization of
ever, since Chadi did not report absolute interstitial formalocalized defect states for arsenic self-interstitials in GaAs.
tion energies as a function of arsenic chemical potential, n&ecause of the more ionic nature of the material and the
comparison with the formation energies of defects involvingcomplicated split interstitial defect structure, comparison of
a different number of excess arsenic atoms, such as arserifeese results for interstitials in GaAs to the previous results
antisites, was possible from this work. for vacancies in silicoff can enhance our understanding
Landmanet al. investigated the relative formation ener- of the range of behavior for different defects in different
gies of the point defects containing excess AsgfAVs,,  Materials. We compare the formation energy of the lowest
and the lowest energy Asonfiguration in semi-insulating or energy arsenic interstitial in-type or semi-insulating GaAs,
n-type, As-rich GaAs, AsAs,?* using DFT-LDA-based cal- As-As, with the formation energies of Agand Vg, at
culations with the Harris-Foulkes functional and a basis ofthe arsenic-rich end of the range of physically allowed
pseudoatomic orbitaf$:?® They placed the defects in 64- chemical potentials, all calculated by state-of-the-art DFT
atom supercells, and estimated summationk ispace by pseudopotentidt calculations, using the larger supercells
using a single Chadi and Cohen special péir8ince Harris- and sets of specid& points which we have determined to be
Foulkes, pseudoatomic-orbital calculations do not give as adiecessary. We conclude our study by discussing the relative
curate results for semiconductor heats of formation or for th&€oncentrations of these defects in equilibrium in As-rich,
relative energies of compound semiconductor and pure, me¥type or semi-insulating GaAs at growth temperatures, and
tallic phases as fully self-consistent DFT-LDA calculations reporting the computed charge transition levels and expected
with a sufficiently large basis of plane waves, they did notelectrical behavior of AsAs as a function of Fermi level.
use this method to calculate the arsenic chemical potential in
the arsenic-rich limit. Instead, the relative formation energies Il. COMPUTATIONAL METHOD

of the tetrahedral Aswith arsenic nearest neighbors, As .
and Vg, in the arsenic-rich limit for the chemical potential Ve have used the molecular dynamics code developed at

were taken from information given by Zhang and the Fritz Haber InstituFHIMD)" for this investigation, us-
Northrup?? and the relative formation energy of Aas was N9 densnytfun(?nonal theor_YDFT within the local den-
determined by the results of Landmanal. that the neutral ~ Sity approximation(LDA), with the Cepe_rley-AIde"? form
As-As is 4 eV lower in energy than the unrelaxed, neutralfor the exchange and correlation potentials as paramgterlzed
tetrahedral Aswith arsenic nearest neighbors. Since the tet?Y Perdew and Zungéf.j’he core electrons are treated in the
rahedral interstitial was found to be unstable, relaxing to anfrozen-core approximation and the ion cores are replaced by
other configuration in the calculation of Landmeinal, they ~ fully separablé” norm-conserving pseudopotentidfsPlane
were obliged to compare their results for the ideal, unrelaxed/aves are included up to the energy cutoff of 10 Ry. The
tetrahedral interstitial to Zhang and Northrup's results foratoms are allowed to relax until the force components are are
a tetrahedral interstitial which had been relaxed while!eSs than X10°" Hartrees per Bohr radius and the zero
constrained to keep its tetrahedral symmetry. This led to affmperature formation energies change by less than 5

additional uncertainty in the relative formation energies be-<10 ° Hartrees per step for at least 100 steps.
tween zero and 0.8 €. However, Landmaret al. con- To evaluate the defect formation energy, we used the for-
cluded that the lowest energy split Amay have a concen- Malism of Zhang and l\_lorthru_?ﬁ,whlch gives for the forma-
tration approaching that of Ag for certain Fermi level§* ~ tion energy in the As-rich limit at zero temperature

Since the theoretical investigations described above have
been carried out over a long period of time, it has gradually AE;=E(Nga:Nas,q) ~Neatcans
_becon_1e possible not on_Iy to mplude I_a_\ttlce re!axatu_)n and to — (Nps— Nga) fas (bulk+ €F - (1)
investigate more complicated interstitial configurations, but
also to do more accurate calculations, using larger unit cellslere g electrons have been transferred to a reservoir at the
and better sets df points for the summations ovérspace. Fermi energyer in order to produce a defect in the desired
Poykko et al. showed how sensitive calculated defect prop-charge stateE(Ng,,Nas,q) is the zero-temperature total en-
erties can be to thk-space sampling method and supercellergy produced by thab initio code for a supercell contain-
size in their investigation of th¥.-Sig, complex in GaA$®  ing the desired defect, the chemical potenfial,as is the
They found that the use of tHé point can produce mislead- energy per atomic pair of bulk GaAs, and the arsenic chemi-
ing results even when supercells are 64 atoms in size, reircal potential in the As-rich limifuas (pui) is the energy per
forcing the conclusions of Makov that tHé point produces atom of pure bulk As computed using the saaheinitio code
particularly slowly converging results with respect to cell and pseudopotentialblg, andN,g are the numbers of atoms
size?® So it is essential to use a special point mesh in thiof each species in the supercell containing the defect. We
type of calculation. Furthermore, Puskial., concluded that  will discuss the effect of temperature, which can be impor-
cell sizes of 128 to 216 atoms are needed to properly assetant for defect concentrations, in Sec. Ill.
the physical properties of the silicon vacancy in bulk silicon, Because the zero of the energy levels floats fréehg-
because of the dispersion of energy levels and long rangsults from different DFT supercell calculations must be
ionic relationships? aligned in order to obtain the correct charge transition levels.

In this paper, we investigate the combined effects of celWe apply the procedure outlined by Kohanal,® in which
size andk space sampling on the formation energy, chargewe first compute the difference between the electrical poten-
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tial in the supercell with the neutral defect and the electrical TABLE I. Formation energies for excess-arsenic-containing de-
potential for the corresponding bulk crystal supercell, averfects computed in the As-rich limit. These were calculated with
aged over parallel planes, as a function of position along gupercells corresponding to the bulk 216 atom cell. The values in
line normal to the planes. Far from the defect within thethe last column are computed with the Fermi level pinned at the
supercell, this difference becomes a constant. In order tealculated(+1/0) transition level of the As antisite defect.

make the potential far from the neutral defect equal to the

corresponding potential in the bulk cell, a uniform shift is Defect  k-space  Charge  Formation Formation
applied to the potential and the energy levels, yielding the sum state  energfeV) energy(eV)
proper alignment of the energy levels of the defect with the er at VBM  semi-insulatinger
energy levels of ideal bulk crystal supercell. The same ShifksGa MP 23 19 0.9 20

is applied for all charge states of a given defect.

; . ; A MP 23 +1 1.3 1.8
A well-known shortcoming of the LDA is that it underes- Sca

3

timates the band gaps of materials. The typical method fn'ro‘sGa MP 2 0 18 18
dealing with this problem is to simply shift the conduction Asg, MP 13 +2 0.9 1.8
band states up uniformly by the amount needed to reproducas;, MP 13 +1 1.1 1.6
the experimental gap, using the so-called “scissorsasg, MP 18 0 1.6 1.6
operator.”® More recently, an analytically based model jus-

tifying the rigid shifting upward of all conduction band states ASi1 Mp 23 0 6.9 6.9
by a scissors-type correction has been shown to produc,gSi2 MP 23 0 6.2 6.2
good results for a large number of semiconductfrSince

the LDA can produce similarly large errors in the energies ofAs-As ~ MP 22 +1 35 4.1
the deep defect states, it is also important to correct for thesgs-As ~ MP 28 0 3.8 3.8
errors when determining where the charge transition levelas,-As ~ MP 28 -1 4.4 3.8

corresponding to deep defect states lie in the experimentat

gap. Unfortunately, a full GW calculatidd;*®which would =~ AS-As ~ MP B+l 3.4 3.8
correct these errors, is not currently possible for the largds-As ~ MP T° 0 3.7 3.7
supercells needed for studies of defects. Therefore, we appfs-As ~ MP 2 -1 4.1 3.7
the same upward shift to the defect states with predominantlys ¢ L 11 36

conduction band character as is applied to the conductiop f_A

. h . I'+L 0 3.6
band states themselves, while leaving the defect states witfy
) ) . Si-As I'+L -1 4.1
predominantly valence band character fixed relative to the
valence band edge. Vea MP 23 0 2.9 2.9
Via Mp 28 -1 3.0 2.5
ll. RESULTS AND DISCUSSION Vea MP 2° -2 31 21
Via MP 23 -3 3.4 1.8

A. Defect formation energies, charge transition levels,
and localized defect states

We used cubic supercells with dimensions of both twoattained more easily than an acceptably converged descrip-
and three times the computationally determined bulk latticgion of the charge transition levels and the atomic relaxations
constant, corresponding to bulk cells of 64 and 216 atomsand defect symmetry for different charge stafes.
along with three different Brillouin zon€BZ) sampling To augment our understanding of the effects of cell size
schemes to examine the effects cell size and samplingnd sampling scheme, we computed the formation energies
scheme have on the formation energies and transition levelsf the different charge states for the fully relaxed split inter-
for the As-As. In order to investigate the most efficient stitial As-As in GaAs. Charge was balanced by a uniform
choice ofk points to obtain good results, we have used®a 1 background to avoid long range Coulomb interactions be-
Monkhorst-PackMP) mesh?®® a 22 MP mesh, and th€ and  tween the supercells. Table | lists the formation energies we
L points, which was recommended as a good minimal set ofbtained for all the excess-arsenic-containing elementary
k points for cubic supercells with no particular symmetry point defects in the arsenic-rich limit, with GaAs in equilib-
within the supercelf® and which has subsequently been usedium with bulk arsenic, including complete results for the
in defect calculations, e.g., to study the structures associata@riousk-space sums for AsAs. For comparison, the for-
with dopants in highlyn-doped Sf*’ Calculations comparing mation energies of the unrelaxed, ideal tetrahedral As inter-
different summation schemes for vacancies in Si show thagtitials with As neighbors (Ag) and with Ga neighbors
use of theI'+L points produces a reasonably well- (As;,) are also shown. These tetrahedral interstitials are un-
converged formation energy in a 64-atom supertell. stable, and will relax to other configurations if allowed to

This earlier work on the vacancy in silicon has shown thatbreak their tetrahedral symmetry.
the neutral vacancy formation energy computed with differ- Table | displays formation energies evaluated for the
ent k-space sampling schemes converges at different ratdsermi level at the valence band maximyBM), and also
with respect to supercell siz& However, an acceptably con- for the Fermi level pinned at the calculated position of the
verged value for the neutral vacancy formation energy can bé+1/0) charge state transition of the As which is at
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FIG. 2. This contour plot shows levels of constant charge den-
sity for the localized defect state of the neutral-As in the 217
atom supercell, evaluated in the plane containing the two defect As

FIG. 1. Defect formation energies for the As split interstitial atoms, which is 0.48 A above the As lattice site associated with the
computed in the As-rich limit. Comparisons are presented for dif-defect. The dark circles represent the positions of the As atoms,
ferentk-space sums and two supercell sizes. Dashed lines are uséttluding the defect atoms and the As atoms of the original lattice
for cells containing 65 atoms, and solid lines for 217 atom cells.plane. The light circles show the locations of the neighboring Ga
Transition levels between the different charge states are markeatoms projected onto the plane.
with circles for the 3 MP mesh, squares for theé MP mesh, and
triangles for thel” +L k-space sum.

Fermi level (eV)

used to produce either an attraction between defeets a
lowering of energy in the smaller supergels in the £ MP
VBM +0.54 eV for the 3 MP mesh and VBM-0.45 eV for  or thel'+L cases, or a charge-state dependent repulsion or
the 23 MP mesh. This choice of Fermi level was based on theattraction between defects, as in the MP case.
experimental finding that there can be high concentrations of When comparing the results for the 65-atom and the 217-
Asg, in As-rich GaAs, and that these high concentrations ofatom cells, using the 2MP mesh, we see that the charge
Asg, can pin the Fermi energy near this transition level. Us-transition levels converge less rapidly than the neutral defect
ing either choice of Fermi level as a reference, the formatiorformation energy with increasing cell size, due to long-range
energies and equilibrium concentrations of the defects can biateractions of the electrons in the localized defect state with
determined as a function of Fermi ener@y doping leve). the charged defects in neighboring cells. The neutralAfss

In Fig. 1, we present the results of the formation energyformation energy changes by less than 0.1 eV when the cell
calculations for AsAs in which both cell size an#t-space size is reduced from 217 to 65 atoms, while the charge tran-
sampling methods have been varied. This figure shows thsition levels move by about 0.4 eV, when using thie\2P
formation energy for the AsAs in its preferred charge state. mesh. This trend is not seen in the less-well-converged re-
For Fermi levels in the range where the neutral-As is  sults obtained using the®1IMP mesh or thel'+L points,
preferred, the formation energy is independent of Fermivhere the neutral AsAs formation energies move by 0.5 to
level. If the Fermi level is decreased past the{@) charge 0.6 eV when the cell size is reduced from 217 to 65 atoms,
transition level, so that the-1 charge state is preferred, the perhaps due to interactions of the deep defect level with the
formation energy vs. Fermi level curve has a slope-af as  band edges.
can be seen from Eql), and if the Fermi level is increased In the neutral charge state, the topmost filled electronic
past the (0f1) charge transition level, so that thel level is half filled. This level corresponds to a localized state
charge state is preferred, the formation energy vs. Fermientered on the split interstitial oriented along1d.0)-like
level curve has a slope of 1. direction. In Fig. 2, the charge density associated with this

The most obvious feature in Fig. 1 is the wider variationdefect state is shown in a plane parallel to an arsenic lattice
in the energies computed using the smaller supercell. Corplane, but slightly above this plane, so that it includes the
vergence with cell size is also visibly slower when using thetwo arsenic atoms of the split interstitial, which have relaxed
1% MP mesh or thel'+L points, which use a less finely slightly away from the ideal lattice site. This plot clearly
spaced set ok points than the 2 MP mesh to cover the shows that the defect state is localized prike orbitals
Brillouin zone. It is clear that the 217 atom cell with thé 2 which appear to be forming & antibonding state, as evident
MP mesh is well converged. We see that the two less fineljrom the node in the charge density midway between the two
spaced sampling schemes produce somewhat converged s atoms forming the split interstitial. This result is corrobo-
sults in the 217 atom cell, as does theNP mesh in the 65 rated by an examination of the characterization of the state,
atom cell. In agreement with previous results for the vacancysing the 217-atom cell and thé P mesh, which shows
in bulk Si*° we find that different sampling schemes can bethat in contrast to the very extended character of the bulklike
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from the[100] direction. The two Ga atoms labeled &p

and Ga&3) are bonded to both As atoms of the defect, while
those labeled G&) and G&4) are bonded to only one of the
defect atoms. The structure exhibi®,, symmetry in all
charge states and returns to this symmetry when the atomic
coordinates are perturbed from their equilibrium positions
and allowed to relax.

Although the local lattice expansion introduced by the
additional atom of the interstitial might be expected to con-
verge slowly with supercell size, we find that reasonable con-
vergence is more easily reached for the atomic positions than
for the electronic properties discussed in the previous sec-
tion. The As-As and As-Ga distances found in the 65 atom
supercell differ by less than 0.01 A from those found in the
217 atom supercell, using the> MP mesh. The distance

etween the two As atoms of the A&s defect is 2.39 A
For comparison, the GaAs bulk nearest neighbor distance in
this calculation is 2.41 A.The distance between Ga or

states, 20% of the defect state is localized in pheand p, Ga(3) and either of the As atoms of the defect is 2.60 A. The

orbitals of the two As atoms of the neutral defect. Since thedisl.ta.nce bgt'vvle_enz(m;) ’gr Gd4) and the nearest As of the
charge density in this defect state points roughly along th&PIt intérstitial is 2.32 A. . . .
direction of the As-Ga bonds between the defect As atoms | "€ tWwo different supercell sizes produce slightly differ-

and the two Ga atoms bonded to both of these As atoms, t results in the position of the center of mass of the two As

note that this state makes a bonding contribution to thes@toms of the split interstitial. The center of mass of the pair

As-Ga interactions as well as making an antibonding contriOf As atoms is shifted away from the bulk lattice site by 0.48

bution to the interaction between the As atoms of the defect).s‘ in the [_100] direction toward the plane containing G%"
The characterization of the deep defect state in the 2172nd G&B%m Lhe Cﬁ‘,?te. of the ,%\1.7 art]om su;ljlercell, usml? the 2
atom supercell is not very sensitive to thespace sampling VP Mesh. This shift is 0.50 A in the smaller supercell. Since

method used. For example, 20% of the state is also found twe hearest ”.eig.hb‘” dista}nces are very similar in th? t.WO
be localized in thev, andp, orbitals of the two As atoms of supercells, this difference is accomplished through variation
the neutral defect Jvhen tfzié+ L sampling is used of bond angles. The angle between the bonds from one of the

In smaller supercells, the defect state interacts with itéA‘S atoms to the G4) and G&3) atoms is 107.7° in the small

images and becomes less localized. One way to observe thigPercell and 106.8° in the large supercell.

is to examine the variation in energy of the defect state We find tha_t the atomic structure of_the #A8s defect
lepends very little on thie-space summation method, as can

acrosk space, i.e., the dispersion of the state. We characte o
P P ege shown by examining the bond lengths between the As

ize this variation by computing the difference between th
highest and lowest energy obtained fromk<@pace survey atoms of the defect and between those As atoms and the four
neighboring Ga atoms in the 217 atom supercell. For the

along theA, 3, A, andT lines in the cubic Brillouin zone.
The dispersion measured in this way is 0.1 eV in the 217neutral As-As defect, these bond lengths change by less than
0.1% when the summation method is changed.

atom supercell, and 0.5 eV in the 65 atom cell. This interac- h h fthe def find b
tion of the defects in neighboring supercells contributes to ~©F the+1 charge state of the defect, we find a small but

the variation in the positions of the charge transition level€rceptible dependence of the bond lengths onktispace
mmation method. The As-As distance obtained using the

FIG. 3. The neutral AsAs defect from the 217-atom supercell
is shown(viewed from a direction slightly displaced from tfE0Q]
direction with larger dark spheres representing the As atoms an
smaller light spheres representing the Ga atoms.

above, and supports the conclusion that the larger 217 ato

supercell should be used for accuracy in describing thé ©L sampling. The bond between either of the As atoms
charge transition levels and deep defect states. and the Gél) or G&3) atom is about 1% longer when using
the 2 MP mesh than when using thE+L summation

method. The distance between the(8ar Ga4) atom and
the nearest As atom of the split interstitial is about 0.5%
The detailed structure of the atomic positions is also exionger for the 2 MP mesh calculation than for thE+ L
pected to be dependent on the cell size krghace sampling calculation.
approach. However, in contrast to the behavior observed for There is a similar but weak effe¢under 0.5% in the
the vacancy in silico? where the defect symmetry and defect bond lengths observed in thel state, with the roles
atomic relaxations are very sensitive to the supercell size andf the 2> MP mesh and th& + L points reversed —i.e., the
k-space sampling, we find that the atomic structure of the® MP mesh now gives a larger As-As distance and smaller
As;-As defect is remarkably similar for the 65-atom and 217-As-Ga distances. The®>IMP mesh produces results between
atom supercells, and also depends little onkkspace sam- those of the other tw&-space summation methods.
pling approach. In Fig. 3 we show the structure of the neutral The effect of these small variations in bond lengths is to
split interstitial oriented along thé011) direction, viewed reduce the changes in bond length seen in th&/2 mesh

B. Defect atomic structure and relaxation
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calculations when the defect becomes charged, if one of the ST 7 71—
otherk-space sampling methods is used instead. In particu-
lar, thel'+L sampling is observed to produce a somewhat
smaller dependence of these bond lengths on charge state.
This dependence of bond lengths on the charge state of the
defect is seen below to result from the changes in occupation
of the deep defect state when the charge state is changed, and
from the bonding or antibonding character of this state for
particular bonds.

Focusing on results for the 217 atom cell with theN2P
mesh, we observe that the distance between the atoms of the
defect has a significant dependence on the charge state of the
system. The As-As bond expands to 2.47(#bout 3.5%
compared to the neutral state bond lengthhen the system
is allowed to relax in the-1 charge state. This can be easily
understood, since the antibonding defect state on the two As ol v v 0w
atoms is doubly occupied and can cause a stronger repulsive 00 02 04 0.6 0.8
contribution to the interaction between these two atoms for .
the —1 charge state of the defect, while it is only singly Fermi level (eV)
occupied for the neut_ral state of the defe_:ct. FIG. 4. Defect formation energies for selected defects over the

When the system is allowed to relax in thel state the cicyjated band gap in the As-rich limit. Zero Fermi level corre-
As-As bond shrinks to 2.31 A, a contraction of about 3%.sponds to the valence band maximum.

This can also be easily understood, since the antibonding
defect state on the two As atoms of the defect is completely
unoccupied for thet1 charge state, so it no longer makes a
repulsive contribution to the interaction between the two As V& now compare our well-converged results for the for-
atoms. The bond length between Gaor G&3) and either mation energies of the elementary excess-arsenic-containing
As atom of the defect is 3.5% longer and the bond IengtfpoInt defects Ag,, Vaa, and As-As (the most favorable As

between G&) or Gg4) and the nearest defect As atom is configuration in semi-insulating é)'r—type GaAg, computed
1.9% longer in thet 1 state than in the neutral state. Since>"9 the I_arg_e Sﬂpe’z\cel! e;]n? th &P mesh.d'!'hese g);rAna-_
the deep defect state acts as a bonding state for the As- lon energies In the As-rich limit, corresponding to s N

%uilibrium with bulk arsenic, are presented as a function of
bpnds between thg defect As aForns andiBand G43), as Fermi energy in Fig. 4. The formation energies for two spe-
discussed above in Sec. lll A, it is easy to understand wh

: ¥ific choices of Fermi energy have also been listed in Table I.
Fhese bonds are _Ionger in thel state, when the Qefect state | Fig. 4, we can see that thés, and Ass, defects pos-
is fully unoccupied and can no longer contribute to thegess significantly lower formation energies than the-As
strength of these bonds. o for all Fermi energies. For example, the formation energy for
We note that because of the contribution of the defecias._is seen to be at least 2 eV lower than the formation
state to the As-Ga bonds between the defect As atoms anghergy for As-As for all Fermi energies. Small uncertainties
Gal) and G43), these two Ga atoms move significantly in the formation energy should not alter this strong qualita-
when the charge state is changed, changing the occupation @fe ordering of the formation energies or the prediction
the defect state. These Ga atoms are about 4% closer to edghsed on this ordering that equilibrium concentrations of
other in the—1 state and about 5.5% farther apart in th&  As;-As should be significantly lower than equilibrium con-
state than in the neutral state. The other two Ga atoms, eaaentrations of Ag,, as discussed below.
bonded to only one defect As atom, do not move in response To estimate equilibrium concentrations of the excess-
to the change in charge state. arsenic-containing defects we begin with the usual expres-
In performing these calculations, we fixed the lattice con-Sion
stant at the value determined through minimization of the
energy of the bulk crystal. While the ideal calculation should
include a full lattice constant determination with each change
of defect configuration, for simplicity we did not perform whereN is the number of sites at which the defect can form
this relaxation. This may be deemed a reasonable choice in the crystal per unit volumeAE; is the total energy of
light of evidence presented by Puskaal® for ab initio  formation of the defectkg is the Boltzmann constant, aid
supercell calculations in the LDA, using supercells of sizeds the temperature. The formation entropy of the defe& is
comparable to ours, in which vacancies in bulk Si are found® is the pressure, andlV; is the change in the crystal vol-
to alter the lattice constant by around 0.2%, while artificiallyume associated with the defect formation.
introduced distortions in the lattice constant of up to 1% are We note that the defect formation enemyiz; for charged
seen not to affect their reported results significantly. defects, as given by the formula in E(.), has an explicit

W ~

formation energy (eV)
(3]

—_

C. Relative defect concentrations in equilibrium

C=Ne AEi/kgTgSt /kgg—PAV; /kgT 2
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dependence on the Fermi energy, in addition to its deperformation entropy of Ag, cannot lead to an AsAs concen-

dence on the calculated energies for defect formation at zengation approaching that of the antisites in thermal equilib-
Fermi energy. Therefore we must compute the Fermi energgum.

self-consistently, in order to determine the native defect con-
centrations present in a particular sample. If any electrically
active impurities or dopants are present in the material, the D. Defect electrical behavior
concentrations of these impurities or dopants in all charge
states must also be taken into account. We must set up th

charge balance_equati_on, requiring that the free eleptron an g 0.1 eV due to the shortcomings of the LDA in calculating
hole concentrationgwhich also depend on the Fermi leyel the gap, as discussed in Sec. II, our as-calculated band gap

must cancel OUt, any net charge rgsulting from the concentra, charge transition levels are reported here to 0.1V
tions of all positively and negatively charged defects an 01 eV, for the closely spaceds, levels, for the conve-
impurities. This equation can then be solved to determine thﬁience of the reader who preferg not to read them off the

Fermi level. Once the Fermi level is known, it may be usedpicture in Fig. 4. For the As,, the (+2/+1) transition level

tp Qetermlne the formatlon energies and the resulting equ'éppears at 0.4 eV above the VBM, and thel/0) level is at
librium concentrations of all the defects present.

. . Eygut0.5 eV. For the AsAs, the (+1/0) transition is at
If the defect formation energ§; for the most energeti- "M As (+1/0

. : Evgu+0.3eV, and the (Gf1) transition is at Egy
_cally fa_lvorable charge stat_e of A8s in a particular sample +0.5eV. The levels for th& s, defect are at 0.09 eV, 0.13
is within kgT of the formation energy of the most favorable

h tate of ¢ that th ilibri eV, and 0.2 eV above the VBM for the (O41), (—1/-2),
charge state of Ag, we may expect that the equilibrium and (—2/—3) transitions, respectively. The calculated band

rEép of 0.8 eV is underestimated by 0.7 eV compared to the
experimental zero-temperature gap of 1.5 eV.

As discussed previously in Sec. Il, we can get a rough
. : . %stimate of where the charge transition levels fall within the
relgtwe defect c.oncentranons.at 1590(Kear the_ melting experimental gap by shifting the conduction band derived
point of GaAs, since def_ects with a higher formathn energy states(including the deep defect states with primarily con-
S.UCh as AsAs h_ave their greatest chance to attain equ”'b'_duction band characteby the amount needed to correct the
rium concentrations compgrable o those of more en(_argetbap' while leaving the defect states with predominantly va-
cally favorable defects at high temperature. We will estimatqg .o pang character fixed relative to the valence band edge.
the effective corrections to the formation energy which occur, ince the acceptor levels of thés, are derived from the
at this t.emperature dug to thg entropy of formation andcsi'angling bonds on the arsenic r?eighbors of the vacancy,
chapge n volgme associated with the defectg_ which require three extra electrons to fill them, they should

First, to estlmat_e the effect of the Chaﬁge in volume, Ve ave the predominantly valence band character of anion dan-
let P be atmospheric pressure and ovgrestlmale o be the- gling bond states. In Sec. Il A, the deep defect state of the
volume per bulk atom in the cell, which gives an eﬁeCt'VeAsi-As was shown to have predominantly arsepitype
corre_(:5t|on to the defect formatlon_ energ?A_Vf of 9 character, similar to the character of the valence band edge
X107 eV. We may safely neglect this correction. states. However, the pg double donor defect state derives

¢ Preylous calculat|.oﬁ§ on defects n Si foun::i that'the from an antibonding state of predominantly conduction band
ormation entropyS; is dominated by vibrational contribu- character, which has been lowered in energy due to the re-

tions, and that the formation entropies atg@nd Xg for — h15cement of the original anion-cation bonds of the ideal

the self-interstitial and the vacancy, respectively. We noteystal by anion-anion bonds between the antisite and its
that the self-interstitial in silicon is @110 split interstitial  g5rest neighbors. This donor state is occupied by the two
with the same basic structure as;# in GaAs. Therefore, extra electrons contributed by the arsenic atom that has been
in analogy to the results for defects in silichwe may  substituted for a gallium atom, which cannot be accommo-
assume that it is unlikely for the split interstitial A&s to  dated in the bonding states of the valence band.
have a very different formation entropy when compared to We conclude that the charge transition levels of thg,V
defects such as gg, which only contain atoms occupying and the AsAs should remain fixed relative to the valence
lattice sites. If we leS;= 10kg (an overestimabefor As;-As, band edge, while the donor levels of &s which possess a
this gives rise to an effective reduction of the defect forma-conduction band character, should be shifted up together
tion energy byS;T, or 1.3 eV at 1500 K. Even if we apply with the conduction band states. In Fig. 5, we show the
no reduction to the As, formation energy due to entropy, charge transition levels for these defects corrected by the
this still leaves the effective formation energy about 0.7 eVabove procedure, using the room temperature gap of 1.4 eV.
higher for As-As than for Ag;,, producing equilibrium con-  The transition levels of Ag, are shifted to 1.0 and 1.1 eV, in
centrations of AsAs which are about 0.4% those of Asat  fortuitously good agreement with the MCDA results identi-
1500 K. fied with this defect in LT GaA$**°although the transitions
We conclude that even using this extremely liberal esti-are both about 0.4 eV higher than those associated wig As
mate for the formation entropy of A#\s and ignoring the in melt-grown GaAs?

Although the placement of the calculated charge transition
els in the experimental gap has an uncertainty far exceed-

ing that the effects of the entropy of formati@; and the
change in the crystal volum&V; associated with the defect
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1.4 - laxation for the arsenic split interstitial in GaAs. In particu-
lar, we find that 217-atom supercells are necessary to get
1.2 A Asg, good results for the charge transition levels and the disper-
(+1/0) sion of the deep defect state, even though the arrangement of
S 1.0~ (1241 atoms in the_ structure is Well.converged in a 65-atom cell,
© particularly if one uses the finely spaced ®IP k-space
= 0.8 - mesh.
3 We have calculated formation energies for As split inter-
= 0.6 As,-As stitials, Ga vacancies, and As antisites in As-rich GaAs using
% (0/~1) the larger supercells and betterpoint sampling which we
=~ 04 4 Ve, have determined to be necessary. Using these results, we find
+1/0) that the equilibrium concentrations of arsenic interstitials
02 J — (23 will be substantially lower than equilibrium concentrations
— 12 of arsenic antisites in As-richp-type, or semi-insulating
00 ) GaAs.

FIG. 5. Transition levels computed with a rigid shift applied to
the conduction band and conduction band derived states to correct ACKNOWLEDGMENTS
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