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Self-vacancies in gallium arsenide: Arab initio calculation
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We report here a reexamination of the static properties of vacancies in GaAs by means of first-principles
density-functional calculations using localized basis sets. Our calculated formation energies yields results that
are in good agreement with recent experimental &mhitio calculation and provide a complete description of
the relaxation geometry and energetic for various charge states of vacancies from both sublattices. Gallium
vacancies are stable in the 8, -2, -3 charge states, b\!’g‘{fj1 remains the dominant charge state for intrinsic
and n-type GaAs, confirming results from positron annihilation. Interestingly, arsenic vacancies show two
successive negativid-transitions making only +1, -1, and -3 charge states stable, while the intermediate
defects are metastable. The second transitior-3) brings a resonant bond relaxation 53 similar to the
one identified for silicon and GaAs divacancies.
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I. INTRODUCTION Vg2, In Sec. IV we present and discuss the most converged
results using localized basis sets compared to previous re-

Native point defects are involved in virtually every pro- sults obtained from theory and experiment.
cess during which an atom incorporated in the lattice of a
semiconductor migrates toward another lattice site. This dif-
fusion mediated by point defects is responsible for a number |I. SIMULATION DETAILS AND METHODOLOGY
of important effects, for instance, those encountered during
fabrication of microelectronic devices. It is not surprising
therefore that point defects in semiconductors have been ex- The total energies for this work are evaluated using
tensively studied usingb initio techniques. Some work still siESTA'213 a self-consistent density functional method
remains to be done, however, especially in the case of alDFT) within local-density approximatio(LDA). Core elec-
loyed semiconductors. trons are represented by the standard norm-conserving

If Ga vacancies in GaAs are relatively well understood—Troullier-Martins  pseudopotentiafs factorized in the
because most dopants used in technol@jydonor, Zn, Be, Kleiman-Baylander fori? and the one-particle problem is
and Mg acceptopjsoccupy the Ga sites—much less is known solved using linear combination of pseudoatomic orbitals
about the As vacancy. The recent introduction of carbon as €AO) basis set of finite range. These orbitals are strictly
prospective As-site acceptor has raised significantly the inlocalized and represent well the local electronic densities;
terest for this defect,however. There is therefore abundant few of them are therefore needed, decreasing considerably
literature on calculatiods!® of formation energies of point the computational costs by comparison with standard plane-
defects in GaAs which is nicely reviewed and summarized irwvaves calculations. The main drawback of this approach,
a paper of Deepakt all! Since formation energies are dif- however, is the lack of a systematic procedure to ensure a
ficult to measure, calculations are the primary method forrapid variational convergence with respect to the number of
obtaining these values. However, because of the assumptiobssis orbitals and to the range and shape of each orbital.
and approximations taken into account, the reported valueSonsequently, while extending plane-wave basis sets is
in the literature during the last two decades differ greatlytrivial, some efforts are needed to prepare unbiased
from paper to paper. pseudoatomic basis sdiee, for example, Refs. 16 and)17

Most calculations were done for small supercells. These In this work, we use the following sequence to test the
calculations take advantage of error cancellations to obtaiconvergence of the basis set. Starting with the simplest
energy differences that are more precise than the total enesecheme, a singlé (S2) basis, a second group of valence
gies themselves. Here we repeat these calculations for aflrbitals is added for flexibility, forming the double{DZ)
possible charge states for both Ga and As vacancies using thasis. For completeness, we also add polarization orbitals to
strict convergence criteria and a large simulation cell. both valence sets, generating SZP and DZP bases.

The outline of the paper is as follows. We first describe  Finally, it is possible to optimize the localization radius in
the method for defect calculation in Sec. Il, then we turn toorder to increase the accuracy for a given basis set. While the
the convergence tests made to set up the methodology. Wemputational efficiency is slightly reduced, as the optimized
focus on the effect of thk-point sampling, system size, and orbitals have generally a longer tail, it is often a good alter-
completeness of the basis on the formation energy and struoative to increase the size of the basis @et details see
tural properties of the defects. Section Ill deals with theseRefs. 12—-14 We also test the accuracy of these basis sets
effects on the most important charge states sucv,}ésand optimized with respect to the amount of overlap between

A. Total energy calculations
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TABLE I. Comparison between converged basic parameters fomost quantities converge rapidly as the basis goes from SZ to
bulk GaAs.a, B, and E, represent the lattice constafk), the  DZ to DZP, with DZP providing an excellent agreement with
bulk modulus(GPa, and the total energy per GaAs paiV/pain,  experiment. Moreover, it appears that the optimal basis sets,
respectivelyEq denotes the energy gdpV) andAH is the heat of  57.0 and SZP-O, compare very well with DZP, suggesting
formation of GaAs calculated using E@) (eV). See the text for  that they could be used when computational costs are an
description of the basis set label. Results are compared to a recejlse. The application of these optimized bases to study the
plane-wave(PW) calculation(Ref. 18 and to experimental values iffsion of vacancies in GaAs will be reported somewhere

from Ref. 19 at 0 K, unless other references are cited. else?l
SZ SZ-O SzZP-O Dz DzP PW Expt.
a 568 5.66 5.60 564 560 555 5.65 B. Defects formation energies in supercell calculations
B 59.3 68.9 78.8 67.7 70.4 75.3 When computing structural and energetic properties of de-
Eom 2352 2355 2359 2357 236.0 fects usingab initio methods, it is important to ensure that
E 061 078 098 066 082 188 152 the size_ of the k_)asis set is complete enou_gh but_also thgit the
9 07 simulation cell is sufficiently large to avoid self-interaction

between the defect and its images. We have shown
AH 066 099 078 081 072 EO0 073 previously?? in a study of the neutral vacancy in silicon, that
0.67 a cubic supercell of at least 216 atomic sites can be necessary
0.8% in order to reduce the elastic and electronic self-interaction
and obtain the right symmetry around the defédAs dis-
cussed in Sec. IVB 1, we find a similar behavior for As

3Reference 18.
bReference 3.

cReference 8. vacancy; unless indicated, therefore, we use a 215-atom cell
dreference 1. for all our calcul'ations Qf Qe_fects. _ .
eReference 20. In all calculations, this initial 215-atom configuration cell

is randomly distorted, to avoid imposing spurious symmetry

atomic orbitals around the defect using the optimizing pro-in the fully relaxed defect state. All atoms are allowed to
cedure of Angladat al!’ at 0.0 GPa for the SZ basis set. We relax without any constraint until every force component
find that the efficiency of these orbitals witl§ZP-O and  falls below 0.04 eV/A. The energy minimization takes place
with (SZ-O) is comparable to those of DZP and DZ, respec-at a constant volume, using the optimal lattice constant ob-
tively. tained with DZP, 5.6 A(see Table), 1% denser than the

Table | reports the values of a number of structural ancexperimental value.
thermodynamical quantities for bulk GaAs as computed us- The formation energy can be evaluated directly from total
ing these various bases withkapoint sampling density of energies obtained from electronic structure calculations. For
0.03 A%, corresponding to that for a 216-atom unit cell with binary compounds it is current to use the formalism of Zhang
a 2X2X 2 k-point sampling. For SZ, the lattice constant atand Northrup (see Ref. 24 for intermediate stépFhe for-
zero pressure is found to be 5.68 A, overestimating the exmation energy of a defect of charge stgtes defined as
perimental value by only 0.03 A. The density of the GaAs 1
crystal increases with the size of the basis set, and the lattice - _= -
co)gstant for DZP is found to be too small by 0.05 A with Br=Er+aEvt n 2(nAS NodAs, @)
respect to experiment. The relatively contracted structure ob- S .
tainped with DZP is characteristic of LDA; plane-wave calcu- WhereEs is independent o and e, and is represented by
lations also using LDA give 5.55 & Increasing the basis 1 bulk
set leads to a significant improvement on the calculated value Ef = Eiol(d) = E(nAs + NG UGans
of the bulk modulus as it goes from 59.85 GPa for SZ to

i 1

;gg gg:. for DZP, close to the experimental value of B E(nAs_ nGa)(/-LRlélk_ ué‘;{k , @)

The LDA band gap is found to be 0.61, 0.66, and 0.82 eV )
for Sz, DZ, and DZP basis sets, respectively, underestimaivherenas andng, are the number of As and Ga ions present
ing, as usual with this approximation, the experimental gagn the sampleq denotes the net number of electr_ons or holes
of 1.52 eV. The DZP band gap lies well within the range of SUpported by the vacancy, is the electron chemical poten-
energy gaps obtained from PV0.7—1.1 eV,318 however, tial or the Fermi (_anerg)EF, and Ey is the energy at the
and can be considered converged. valence band maximum. Errorslt‘q, due to the finite super-

No such systematic problem is found for the total energycell_are corrected by aligning the vacuum levels of the de-
and the heat of formation. In particular, the heat of formation€ctive supercell and undefected superell.
obtained with DZ and DZP is very close to the experimental T A is defined as the chemical potential difference

20 i i

xvzialsg,s CZ:\COLYI\/alggnZ?EBetter agreement than previous plane Ap = (pps— pad) - (Mgglk_ﬂtélgk ’ 3)

Overall, therefore, we see a well-defined trend in thethe restricion on the chemical potentials becomes
structural and thermodynamical values shown in Table 10<u.<E; and -AH<Au<AH, where Ey is the energy
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gap, and the heat of formatiaXH of bulk GaAs is defined as so-called “negativéJ effect” is found when the ionization
the difference between the chemical potential of bulk As andevel €(g—1)/q] appears above{qg/(g+1)], thus a direct
bulk Ga crystals and that of bulk GaAs. This latter quantitytransition[(q—1)/(q+1)] is energetically more favorabfé.
represents the energy necessary to dissociate GaAs into its
individual components

lll. CONVERGING DEFECT FORMATION AND

AH = pd* + e~ udass (4) IONIZATION ENERGIES
For Ga vacancies of chargethe Eq.(1) reduces to In this section, we study the effects of the basis setkthe
1 sampling, and the simulation cell size on the formation en-
Ef=Ef +q(Ey + te) — EA,u (5) ergy and the relaxed geometry of neutral and charged Ga and

As vacancies. A special emphasis is put\({fi}1 andvjé for

with Ef'=Etot(Q)—2715 MbGtg/lf\SJ,%( pluk—,0uk) for As vacan- the analygisdqf convedrgence. These are the dominant charge
cies, it becomes states as is discussed in Sec. IV.
! 1 .
Ei=Ef +q(Ey+ ue + EAM (6) A. Local basis set effect

We first study the effect of the choice of the local basis set
on the defects. In order to cancel out all other effects, we use
supercells of 215 atomic sites and a Monkhorst-Pack®grid
C. Computing the ionization energy of charged defects of 2x2x2 corresponding to a density of 0.03%of k

oints.
¢ Cohesive energies as well as bulk moduli studied in Sec.
{EA for the different basis sets used show that atomic bond-
Ing is strengthened progressively as we go from SZ basis to
ZP. Structural relaxation is directly related to the inter-

Charges can affect strongly the formation energy as welf"tom'c forces acting on atoms around the vacancy and on the

: trength of atomic bonding. Atoms around the vacancy form
as the structure of a defect, changing the symmetry of th?itially an ideal tetrahedron with six equal distances labeled

’_ 215 bulk 1/ bulk bulk
and Ef= Eol(Q) — TMGL;AS_ E(MAL; - MGL; ).

The concentration of charged defects is controlled by th
position of the Fermi level which is determined by the local
concentration of carriers. Since GaAs is used in a doped sta
in devices, it is important to assess the possible charge
states of defects.

relaxed state and altering considerably the local electroni \—d with tetrahedral symmetr¥,, After the full relaxation

properties. For charged defects, the effects of a finite-siz see Sec. Il A, distances and angles can be altered and the
supercell will be even more marked due to the long-range L 9
symmetry is either conserved or broken.

nature of the Coulomb interaction; the use of a sufficiently Relaxations around the vacancies are given for different

large supercell is therefore even more important. . .
9 P P charge states in Tables Il and Ill for Ga and As vacancies,

To account for the electrostatic interaction of periodicallyres activelv. In both cases the corresponding formation en-
arranged defects of chargeas well as their interaction with pe Y. €sp 91
ergy is reported as well as the relative change in the volume

the compensating background, we follow the approximate ) .
procedure of Makov and Payd€The correction ta the total o t[r)]l?et?g?f:]: ?irnc;'?eWIrt(ra1c€§izpr)1eicr1t ttr?etrr]:I;izzloﬁﬁ%:\ere is some
energy of a charged system is handled $gsTA and it . Lo P A ’

consists of a monopole correction or{y?a/2¢eL), wherea Imprecision in the |den_t|f|caf[|on of the defect symmetry.

. . o Here, if the highest relative difference between two bonds is
is the Madelung constant of the simple cubic lattices the

; . : lower than 1%(equivalent to a precision of 0.04)Athe
defgct-Qefect_d|stanc(£L6.8 A, ande is the expc_—znm_ental tructure is assigned to the highest symmetry group. The last
static dielectric constant. The monopole correction is foun

olumn lists the symmetry groups for the different defects in
to be 0.094, 0'3.7' and 0.84 eV for the chargel states .ﬂ’ i2the DZP basis set. Unless specified, the symmetry group for
and £3, respectively. The quadrupole correction, which we :
) . all bases is the same as that of DZP.

evaluated by hand, is proportional toL®/ For the 215-atom
supercell, it is 2.4X% 10°%qQ eV (whereQ is the quadrupole
momenj, and can therefore be neglectexbe also Refs. 27 1. Vea
and 28. The Ga vacancy maintains the same symmetry for all

Because of the limitations of LDA, localized DFT charge states irrespective of the basis set used. The structural
eigenvalues are not equivalent to the measured electronielaxation is most important for the smallest basis set, SZ,
levels. Thus ionization energy is obtained from the differencedecreasing progressively by about one third as the number of
between gq; and g, electron total energy calculations orbitals is increased, but tig symmetry is maintained in all
[e(ao/ 1) =Ef4—Ef2~(g2-q1)Ey], rather than the difference cases, with the atoms moving inwards systematically. More-
of g, and g; electron eigenvalues of a single calculation. over, for each basis set the degree of structural relaxation is
Usually only one electron is transferred between the electroalmost independent of the charge state, the variation of the
reservoir and the defect levels. When two electrons are transtructural relaxation from the neutral to the —3 charge state
ferred at the same time the electron-electron repulsion igoes from 294SZ) to 8% (DZP). As can be seen in Table II,
compensated by a relaxation of the structure around the dékhe formation energy is also rather well converged with the
fect that arises from a strong electron-phonon coupling. Thisninimal basis setSZ), by comparison with the more accu-
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TABLE II. Convergence of the formation ener@y in eV with respect to the basis set for the Ga vacancy. Relaxation around the vacancy
are given in % compared to the ideal tetrahedral distance between As nearest nefgidsirsonverged results are shown in Holthe
distances are labelat] —dg, the negative sign indicates an inward relaxation. The tetrahedron volume change is also given in % of the ideal
volume[AV=10QV-Vy)/Vy]. The last column displays the symmetry group of the defeet the text for more detalls

Distances in %

Basis Ef (eV) d; d, d; dy ds dg AV Symmetry
Vea
Sz 2.7 -19.3 -19.2 -19.3 -19.3 -19.2 -19.3 -47.3
Dz 2.8 -14.5 -14.4 -14.5 -14.4 -14.5 -14.4 -37.4
DzpP 29 -13.5 -13.4 -13.5 -13.4 -13.4 -13.5 -35.2 Ty
Vea
SZ 29 -19.0 -19.1 -19.0 -19.0 -19.0 -19.0 -46.9
Dz 29 -14.7 -14.7 -14.7 -14.7 -14.7 -14.7 -37.9
DzpP 3.0 -14.2 -14.2 -14.2 -14.2 -14.2 -14.2 -36.9 Ty
Vea
SZ 3.4 -19.5 -19.5 -19.5 -19.5 -19.5 -19.5 -47.8
Dz 3.2 -14.4 -14.4 -14.4 -14.4 -14.4 -14.4 -37.3
DzP 3.4 -14.0 -14.1 -14.0 -14.0 -14.1 -14.0 -36.5 Ty
Vea
SZ 4.1 -19.7 -19.8 -19.7 -19.7 -19.8 -19.7 -48.3
Dz 3.8 -15.1 -15.2 -15.1 -15.1 -15.2 -15.1 -38.9
DzP 3.9 -14.6 -14.6 -14.6 -14.6 -14.7 -14.6 -37.7 Ty

rate DZP: the difference between the two bases is at mogrably to form pairs, leading to volume deformation by as
0.2 eV. much as 60%. Because of this strong deformation, we relax

Heavily charged defects such ®g3, which is the most the threshold condition on the relative difference between
likely charge state in a heavily doped material, are morawo bonds used to determine the symmetry. To allow the
sensitive to the completeness of the basis set. This effe¢kader to judge the impact of a relaxed classification, the
explains the fact that the formation energy decreases with agistancesd;-dg are also indicatedin ascendant ordgrin
improved basis, contrary to the other defects. Table Il

Because of its technological importance, we must ensure g g general trend, the SZ basis is less efficient for As
that the orbital overlap around the vacant site is sufficient tQn5 for Ga vacancies: the formation energy is underesti-
accommodate the extra electrons\igs, We can do so by mated by as much as 0.6 &21%) for charge +1 and 1.0 eV

placing aghostGa atom at the defect site. For that purpose, 17% for charges -3 as compared with DZP. The underes-
we generate a set of orbitals and place them on the crysta)-

. ; . . . Imation drops to 2—-8% with DZ, a considerable improve-
line site, without adding any pseudopotential or extra elec- . . .
ment, for all charge states. The improvement in formation

trons. The system is then relaxed using the same conver ergy can be directly correlated with the prediction qualit
gence criterion as before. This ghost atom does not have a gy ctly e P quaity
f the local relaxation. For example, whilg; symmetry is

significant effect on the total energy of the defect when the ) .
DZ and the DZP basis sets are used. In contrast, Sz basionserved for the th{ge basis sets ‘fﬁé the change in the
total energies are corrected by 0.34 eV, suggesting that th&lume around th&/, is highly overestimated by 131% us-
SZ orbitals are too short. This additional set of orbitals isiNg SZ basis compared to the DZP results. The overestima-
sufficient to correct for the overestimated formation energytion drops to 33% with DZ, leading to an error of less than
with SZ basis, decreasing its value from 4.06 to 3.72 eV 0.1 eV compared with DZP.
following the general trend observed for other charge states As more electrons are added to the defect level this trend
(see Table I\ tends to diminish; the symmetry and the relaxation of the
defect can be described with reasonable accuracy using the
2. Vas DZ basis. Applied to the singly negative As vacangy, the

The situation is very different for the As vacancy: inclusion of the ghost atom at the vacant site has a smaller
the local symmetry is broken for most charge states andémpact on the energy level and relaxation using SZ than for
the completeness of the basis set impacts strongly oW, and next to none with DZ and DZP. For the minimal
the reconstruction around the defect. Except for thebasis set, the correction is negligible and accounts only for

positively charged vacancy, the bonds are stretched consi@-067 eV.
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TABLE Ill. Convergence of the formation enerds} in eV with respect to the basis set for the As vacancy. The relaxation around the
vacancy is given in % compared to the ideal tetrahedral distance between Ga nearest néigbstorsnverged results are shown in bold
The distances are labeleld—dg, the negative sign indicates an inward relaxation. The volume change around the vacancy is also given in
% of the ideal volumd¢AV=100V-Vy)/V,]. The last column displays the symmetry group of the defeet the text for more detajls

Distances in %

Basis E{ (eV) d; d, d; dy ds ds AV Symmetry
Vis
Sz 2.2 -14.5 -14.9 -15.1 -15.7 -15.9 -16.6 -39.5
Dz 2.7 -7.9 -8.0 -8.1 -8.4 -8.4 -8.7 -22.7
Dzp 2.8 -5.6 -5.9 -6.1 -6.3 -6.2 -6.4 -17.1 Ty
Vs
SZ 24 -13.8 -14.3 -15.2 -15.2 -31.3 -31.7 -53.4 Cin
Dz 3.1 -12.2 -12.2 -12.7 -13.0 —-26.9 -27.0 -46.7 ~Dog
DzpP 3.2 -11.1 -11.2 -11.5 -11.6 -24.6 -24.5 -43.0 Doy
Vas
SZ 2.5 -14.3 -14.7 -15.3 -15.4 -33.3 -33.5 -55.6
Dz 3.2 -12.5 -12.7 -13.2 -13.4 -31.8 -32.0 -52.4
DzpP 3.3 -11.6 -11.9 -12.5 -12.6 -31.2 -31.5 -51.2 ~Doqg
Vi
Sz 3.8 -17.8 -18.5 -18.5 -19.3 -33.6 -33.7 -58.6 ~Csy,
Dz 4.4 -16.5 -17.1 -17.5 -18.2 -32.0 -32.3 -56.2 ~Csy,
DzpP 4.6 -16.5 -16.8 -17.0 -17.6 -31.6 -31.7 -554 Cs,/Dyqg
Vi
Sz 4.9 -18.4 -18.4 -31.4 -31.6 -31.7 -31.8 -65.5
Dz 54 -18.3 -18.2 -30.4 -30.6 -30.7 -31.0 -63.8
DzpP 5.9 -18.1 -18.2 -30.4 -30.2 -30.2 -30.2 -62.9 Dog-resonant

3. Convergence of the ionization energy with the basis sets  qualitative description of the nature of the electronic transi-

As defined in Sec. Il C, ionization energies are taken a$ion (double negativeJ effect, to be discussed in Sec.
the difference between the total energy in different chargdV B 1). The location of the levels in the band gap as well as
states, eliminating or decreasing many errors present in tH@e distance between them are also reasonably converged.
formation energy. For examp|e, errors Coming from LDA lonization energies with SZ are Sl|ght|y underestimated com-
cancel out and those coming from different chemical potenpared to the DZP ionization levels. _
tials are eliminated. The main remaining sources of error are BY studying the effect of the choice of the basis set on the
those coming from the basis set convergence, the evaluatigifructural relaxation, the formation and the ionization ener-

of the valence band edge energy, and the Made|ung Correg.-ies, we conclude that the SZ paSiS is Signiﬁcantly less effi-
tion. cient when the local symmetry is broken. In these cases, the

Figure 1 displays the convergence of the ionization enertse of a second radial functidiDZ) is necessary to obtain
gies as a function of the basis set usedVgg andVg, For  reasonable numbers. Moreover, both Dz and DZP are com-
both types of defects, the preliminary results obtained using!ete enough to represent the properties associated with a
SZ basis set give a rough estimate of the location of ionizadefect without the need for a ghost atom.
tion energies in the band gap. These energies converge with
increasing basis sets, but slower than the formation energies.
For Vg, while the formation energies are already reasonably
converged with the minimal basis set, the ionization levels The effects of Brillouin zone sampling are studied by
found using the SZ basis are noticeably overestimated consomparing the formation energies and the relaxation volume
pared to DZP. FolW,,, we found in Sec. Ill A 2 that forma- of both As and Ga vacancies for all charge states. We con-
tion energies are underestimated by less than 1 eV with Sg&ider two k-point samplings, al’-point sampling, and a
for most charge states. Once ionization energies are calc@Xx 2x 2 Monkhorst-Pack mesH, corresponding, for the
lated, errors on the formation energies coming from the re215-atom cell used here, to a density of 0.06 and 0.08 A
laxation around the defect cancel out since defects in allespectively. To isolate sampling effects, all calculations are
charge states suffer from this effect. SZ basis gives a correctone using the DZP basis set. Results are shown in Table IV.

B. k-point effects
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S7, DZ DZP S7, DZ DZP FIG. 2. (Color onling Histogram of the change in the volume of

the relaxed tetrahedron formed by atoms surrounding the vacancy

FIG. 1. (Color onling Schematic representation of the conver- in % of the ideal one for two _densities bquints in the Brillouin
gence of ionization energies as function of the basis set. Due to th7eone(refer 'to the tgxt for detai)s For comparison, data f(,)r Ga and
underestimation of the gap, as a consequence of LDA, it is usual t@_‘s vacancies in different charge states are plotted in the same
align the conduction band maximu(@BM) with the experimental figure.

value, at 1.52 eV from the valence band maxim(dBM). The left

panel displays the ionization energies as functions of the basis s@@iring mode associated with tisy structure are shortened
for the Ga vacancy that are all below the experimental midgap. Thérom 3.46 A for this sampling to 3.26 A for 22x 2 sam-
right panel shows the two ionization levels for the As vacancy lo-pling. Thek point sampling effect becomes even stronger for
cated below and above the midgap and their convergence with rehe highly charged/;\z. The resonant bond geometry present
spect to the different basis sets used. Refer to the text for the basigith high-density sampling(discussed further in Sec.
set description. IV B 1) is not found with thel’-point sampling and the de-

The use of thd point gives only formation energies that fects relax into the usual pairing mode with two short bonds

. L nd four long bonds.
are reasonably converged for Ga vacancies. Similarly, thé . . 3 .
bond lengths around the vacancy and the relaxation vqum\<Iav itﬁ?rrgpgrzg%?;évgﬁ i’ﬁ?g!‘fﬁaxfégngi;m? lzrr]:ttigalr)] has
(Fig. 2 are near those of the>22x 2, preserving thely the lowest energy(2) tr;e airing mode confi uragtion is un-
relaxation symmetry for all charge states. 9 P 9 9

The use of thd” point only produces less reliable results stable using the DZP#2mesh, starting from this configura-

in the case of As vacancies. Formations energies are we?on’ the defect relaxes back into the resonant-bond s@e;

converged but the relaxation symmetry around the defect i gLnI;'?g'gé %1T£;2%|;hbeutraseongmnbo;;g d(ejoirs]f:‘gij/ge:g?jnwiltsh
not correctly predicted for all charge states. With khpoint, enerav difference of 0.6 eV P 9
the distance between the atoms forming the tetrahedron ggOverSI)I/ the use of - c;int sém lina aives a reasonable
well as its associated volume are already converged focriescri tior’1 of the enerpetic and Strugtt?ral roperties of the
charge stated +1, 0, and -1, as shown in Fig. 2. P 9 prop .
2 ; . : Ga vacancy as well as most charge states for As. It fails,
For V,s, I'-point sampling overestimates the volume con- )
. . however, for heavily charged defects, when many electrons
traction around the defect by 7.5%. The long bonds in the ~ . : )
are involved in the bonding.
TABLE IV. Convergence of the formation energi&$ (in eV)
for Ga and As vacancies with respect to the Brillouin zone sam-
pling. Percentages refer to the corresponding relative difference in C. Supercell size effects
formation energies between the two sampling schemes.

Size effects on defect formation energies have been

+1 Neutral -1 =2 -3 widely discussed for a number of systems including the sili-
E/ (Vo) con vacancysee Ref. 22, and references the}eaiqd GaAs.
Size effects are found to be strong for cubic supercells
r 2.51 273 3.17 3.81  smaller than 216+1 atoms for both materials and become
2X2X2 2.94 3.00 3.40 3.94 negligible for larger systems. For this reason, we will study
15% 9% 7% 3% in this section size effects on charged Ga and As vacancies
E!(Vao for supercells o_f 216 ior}ic sites and smallef. .
To characterize the size effects, we consider the dominant
r 2.73 3.21 352 470 6.08 charge state for each vacancy typg. and Vg, with the
2X2X 2 2.79 3.25 3.33 452 5.86 DZP basis set. We simulate two cell sizes with the s&me
—20 —1% 6% 4% 4% point density: a 63-atom unit cell with 33X 3 sampling

and a 215-atom cell with 2 2 x 2 sampling’.
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We find a formation energy of 3.83 eV compared tociprocal space. We invite the reader to refer to the DZP re-
3.33 eV obtained for the 215 cell fof,. In this case size sults reported, in bold, in Tables Il and IIl. We first deal with
effects are strong and overestimate the formation energy byhe stochiometric case whem;,=n,s (Ax=0), then we
0.5 eV. More important, the symmetry of the relaxed defectstudy the formation energies for each kind of defect sepa-
is different for the two sizes: in the 63-atom cell, the defectrately under ideal growing conditions as a function of the
relaxes to &C,, symmetry while the defect in 215-atom cell doping level. Next, the dominant vacancy type defects in real
adopts aD,q symmetry(Table Ill). We check that the 63- GaAs crystals are identified by taking into account growing
atom cell is not caught into a metastable state by relaxing theonditions. The ionic chemical potentials vary from As-rich
defect starting in &,4 Symmetric state. After full relaxation, conditions(Aw=-AH) to Ga-rich condition§Au=+AH) as
the cell relaxes into &,,, confirming that this is the lowest- the Fermi level is changed progressively.
energy symmetry for this cell. The different symmetry also
impacts the change in the volume surrounding the defect. As
a consequence of the strong defect-defect interaction in the
smaller cell, the structural relaxation is hindered and the vol- 1. Relaxation geometry
;gemd;c”reases by 43.8% compared with 51.2% for the 215- Table Il describes the fully relaxeq geometry of the. de-

' fect. The structural deformation obtained is well localized

As could be (_expected from3 the previous sectpn;_, S1%&round the vacant site; the magnitude of the relaxations is
effects are less important forg;, In particular, the initial

tetrahedral symmetryTy), with atoms equidistant, is main- listed for the nearest-neighbor As atoms in all relevant
. y dn d ’ harge states, reaching 15% of the bulk bond distances. The
tained around the defect for the relaxed 215-atom superce

Th trv is found in the 63-at I Int etrahedral symmetry, is always conserved for this defect,
€ same Ssymmetry 1S found in the bs-atom supercetl. in er|'rrespective of the charge state: only the breathing mode mat-
cell defect-defect interaction rigidifies the lattice, however,

and the change in volume is only 34.8% for the 63-atom cel ers here. The As dangling bonds do not form pairs in any

; harge state, but the back bonds formed with Ga atoms are
compa_red o 37'70./0 for the "T’“ger supgrcell. As Wil thg clearly weakened; this is in agreement with the observation
formation energy is overestimated with the small CQ.

; - ) . that the pairing mode is generically not energetically favor-
- 215_

=4.24 eV whileE{™=3.94 eV. This difference is consider- gpe for cation vacanciesa).32 We also observe that all As
able as it is on the order of the ionization energies.

atoms relax inward but the amount of the relaxation does not
increase significantly as more electrons are added to the va-
D. Summary cancy levels but remains almost stalfle3.5-14.5 % Our

In this section, we have studied in details the effects of the,[es'UItS are in good agreement with i initio calculations

. . : . . ; of Laasoneret al® and the empirical tight-binding simula-
choice of basis sek-point sampling, and simulation cell on jons of Seong and Lewswho found a systematic inward
the properties of charged defects. In summary, we find th : : o
1) tEe BZP basis set ?s well converged and eﬁsures reliabl elaxation with tetrahedral symmetry for Ga vacancies in the

results for all charge states. For a number of charged states, | ,~1,72 charge state.
is also possible to use cheaper optimized basis sets for a
similar accuracy. This is not always the case, however, and
the applicability of these basis sets must be evaluated on a Experimentally, the Ga vacancy is found to exist in the
case by case basi$2) SZ is less efficient than DZP for 0,-1,-2,-3 charge states. Until recently, the preferred
defects where symmetry is broken, but it gives a satisfactorgharge state for the Ga vacancy in GaAs was the subject of a
estimation of the location of ionization levels in the bandhot debate: most calculatiors® find that where GaAs in
gap.(3) For a supercell of 216 atoms or more, the density ofeither semi-insulating on type and Fermi energy is away
k points has only a minor effect on the defect relaxation. Thefrom the valence band edge, the gallium vacancy is in the
use of thel’ point only gives a relaxation and a symmetry triply negative charge, while diffusion experiments suggest a
that are satisfactory, in most cases. However, this reducecharge of -2 or —£3
sampling must be used with care for highly charged defects Using positron annihilation to determine the Gibbs free
such as/,2. (4) The errors arising from size effects are muchenergy of formation for Ga vacancies in GaAs, Gebaater
more important than those coming from the densitykof al.3* could finally resolve this debate, giving a quantitative
points. In particular, size effects can be the source of errorestimation of the formation enthalpy f&2, and V. The
in estimating the ionization energies, especially when theacancy concentration is directly probed with positron anni-
transition from a charge state to another induces breaking dfilation in Te-doped GaAs as function of doping concentra-
the symmetry. tion, temperature, and chemical potential. Our estimate of the
formation energies reported in the first column of Table Il are
in good agreement with recent experimental and theoretical
data. For the neutral vacancy, we ggt(V2,)=2.94 eV, a
Here we discuss the results reported in the previous sesalue that agrees witg;(V2,)=2.8 eV from Bockstedte and
tions; we concentrate on the highly converged results for th&cheffle?®> (earlier first-principles calculatiohs predict
Ga and As vacancies, obtained using the DZP basis set, a 2850 e\) and the experimental results of Gebauedr al3*
supercell, and a Monkhorst-pack grid ok2 X 2 in the re- Hf’(VOGa):3.210.5 eV. A formation enthalpy of 1.8+0.5 eV

A. Gallium vacancies

2. Energetics

IV. DISCUSSION
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sk . T T T T charge for the system. Intersections determine the ioniza-
: tion levels where one electron is transferred from the elec-
SN 1 tron reservoir to the defect level. We can see that at each
SN V! o - .
transition only one electron is transferred at a time. More-
I N over, the ionization levels labeled a, b, and ¢ favor the sta-
] (a)

| VGI ] bility of the —3 charge states for intrinsic ametype GaAs.

)

/

4
1

o
T

S e, = In order to compare with earlier theoretical work, we

~ -2
~ VGa

R summarize the results into three types of behavior reported in
(b) Ny Table V.(1) Sole among all calculations, Seong and Léwis

(c) RN

Formation energy(eV)

N find a negativdd effect for the Ga vacancy using TB-MD
~. method, the transition levels identified are very shallow and
favor the triply negative state in almost the entire range of

0 s 1 L 1 L 1 s 1 s 1 L | 1

002 04 06 08 1 12 14 the Fermi level(2) The second category of levels reported in
Fermi level(eV) Refs. 5-8 are shallow and lie well below the midgap with no
negativet) effect detected(3) Defects level can also lie
FIG. 3. (Color onling Formation energies as function of Fermi deeper below the midgap. This is the case for levels a, b, and
level in various charge states of Ga vacancies at O K calculated fof in Fig. 3, which compare well with the results of Cheong
stochiometric GaA$Aux=0). The Fermi level is defined by refer- and Chang and Baraff and Schliitéf. Also with a recent
ence to the valence band maximum. lonization levels are defined audy form Gorczycat al3! where the -3 charge ofg, is
the intersection between the formation energies of different defectgelevant only if the Fermi energy is above 0.55 eV for
Defect with the lowest formation energy is dominant. Arrows point grsenic-rich conditions.
to the location of the ionization levels labeléa) for (0/-), (b) for Unfortunately, ionization levels cannot be directly mea-
(=/-2), and(c) for (=2/-3). sured experimentally, only their sum is obtainable. Neverthe-
less, experimental values obtained by electron irradiation of
was also measured by Mitest al3® using interdiffusion ex- GaAs(Ref. 37 support the assignment of deep-lying levels
periment on AlGaAs/GaAs heterostructure. However, thdn GaAs, in agreement with the third category. Gebaeter
charge state of the associated defect is unknown, renderir@)->* confirm this assignment using a model to fit their ex-
the comparison with our results difficult. perimental data in order to identify the charge state of the
For the triply negative charge state, we find thatvacancy in GaAs from the location of the ionization levels:
E/(VZ)=3.9 eV. This value compares well with recent using the values for the deep ionization energies obtained by
experiment¥ which give Hf'(\fei):?’ﬁ eV as well as with _Baraﬁ‘ and SchlutéP on unrelaxe_d Ga vacar_mléwhlch are
recent theoretical study by Janeti al® (3.6+0.2 eV). in agrement with our more precies _calculatli)rGebauelet
Considering the stochiometric case wherg,=na. al. show that the -3 charge state is the most stable charge

(Au=0), we can study the formation energies of GaAs undertate.
ideal growing conditions as a function of the doping level.
Figure 3 displays the formation energies as a function of )
Fermi energy for various charge states of Ga vacancies at 1. Relaxation geometry

0 K. As E; depends linearly on the electronic chemical po- As vacancies in various charge states have been studied
tential u,, the slope of each of the lines represents the neby a number of authot$:38 taking into consideration ionic

B. Arsenic vacancies

TABLE V. Comparison between ionization energigseasured from the valence band edgethe Ga
vacancy in GaAs. Results are grouped following the three classes discussed in the text.

lonization levels(eV)

NegativeU

Authors 0/-1 -1/-2 -2/-3 +1/-1 -1/-3
Seong and Lewi¢Ref. 4 0.035 0.078
Northrup and ZhangRef. 5 0.19 0.2 0.32

Poykkoet al. (Ref. 6 0.11 0.22 0.33

Schicket al. (Ref. 7) 0.09 0.13 0.20

Janotiet al. (Ref. 8 0.13 0.15 0.18

Jansen and SankéRef. 9 0.1 0.35 0.50

Baraff and SchlutefRef. 10 0.2 0.5 0.7

Cheong and Chan(Ref. 1) 0.49 0.69

Gorczycaet al. (Ref. 3) 0.39 0.52 0.78

This work 0.05 0.4 0.55
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TABLE VI. Comparison between ionization energi@seasured
from the valence band edgfor the As vacancy in GaAs. The data
are grouped according to the two categories discussed in the text.

s
‘:% lonization levels(eV)
% NegativeU
g - v
g 3 Authors +1/0 0/-1 +1/-1 -1/-3
i Seong and Lewi$Ref. 4 141 154
Jansen and SankéiRef. 9 1.30 1.40
N (T’) I | Cheong and Chan@Ref. 1 0.785
0 02 04 06 08 1 12 14 Poykkoet al. (Ref. 6 0.86
Fermi level(eV) This work 027 127

FIG. 4. (Color onlineg Formation energies as a function of the

Fermi energy of various charge states of As vacancies at 0 K. Th\?vhile the other three relax outward. The pairing mode relax-
Fermi level is calculated with respect to the valence band maxi- X outward. pairing X

S 38 .
mum. Arrows point to the location of the ionization levels labeled ation is also found to be very small. Feegal,™ using a

(a) for (+/—), (b) for (~=/-3). similar mgthod W_ith a 64_—aton_1 supgrcell, found similar re-
sults leading to trigonal distortion wit@;, symmetry.
relaxation and relaxation geometry. Except¥g, breathing The difference between our results and previous calcula-

mode displacement breaks the vacancy local symmétry. tions come from the use of a better converged potential as
Contrary to Ga vacancy, the volume of the As vacancy inwell as of a larger unit cell. Moreover, as stated previously,
creases as electrons are added and shrinks when electrons @k have started the relaxation from various random geom-
removed. etries, always converging to the same final state: the lowest-
Our results confirm part of these findings. From Table Ill, energy configuration had,4 symmetry for neutraV/s.
the volume of the tetrahedron shrinks from =17 to =60 % of ~ The extra electron added to gét: can be accommodated
the initial volume as electrons are added to the vacancyin the same localized level as the previous one. A stronger
However, all charge states, even positive ones, display inpairing mode relaxation appears and the two short bonds
ward relaxation with respect to the unrelaxed volume. become strongeffrom —24.5 to —31.5%atoms of the dimer
Comparing the bond lengths obtained after a full relax-get closer, while the long bond are almost kept fixed. In
ation of the structuréTable IIl), we find that for the posi- agreement with our results reported in Table 1ll, Ch#di,
tively charged vacancyV,y) there is no electron in the lo- using LDA and 32-atom supercell, finds that the -1 charge
calized states and all four atoms relax inward by about —6%state arises from a direct transition from the +1 state due to a
conserving the tetrahedral symmetry, with no Jahn-Teller dispairing of the neighboring Ga atoms and &g symmetry
tortion. Although this inwards relaxation is more important, (pairing mod¢. The Ga atoms would then move by 0.8 A
in absolute value, than the outward relaxation reported if~-20%) from their ideal position to form two sets of
Ref. 3 and 4, they agree in term of the conservation of thgaired bonds.

symmetry. The next electrons added to the localized levels occupy a

For the neutral As vacancy in GaA¥S,), there is just different state. The arrangement of the atoms around the dou-
one electron in the localized state formed by the danglingly negative vacancy,‘é is directly affected: the short bonds
bonds. The volume reduction is more than twice as large assmain unchanged but the long bond become stronger pass-
for the positively charged defect. This change in volume ising from —-12.6—-17.6 % with a slight change in the relax-
associated with a Jahn-Teller distortion with the formation ofation volume. The dimers are therefore brought closer with-
two dimers, leading to two shoft-11.5%) and four long out affecting the intradimer distance.

Ga—Ga bondq-24.5%) arranged in &,4 symmetry. This Most interestingly, the relaxation geometry is modified
stretches and weakens the back bonds but it allows all atomghen a fourth electron is added. In particular, there is an
to recover a fourfold coordination. inversion in the Jahn-Teller distortion and the pairs of atoms

Using ab initio molecular dynamics, Laasonen al® see  forming the two dimers get closer to each other and form
a small (2-3 % outward relaxation, and an even smaller new weak Ga—Ga bonds with a length equal to the in-
(0.6% pairing-mode relaxation, leading to a weak tetragonalradimer distance. Finally a tetramer is formed where the
distortion withD,q symmetry. This calculation was found to four Ga atoms are equidistant and fivefold coordindtbrke
suffer from band dispersion for the localized defect statesovalent Ga—As bonds and two weaker GaGa bondg
due to the artificial interaction between unit cells; as a conThe tetrahedron formed by the vacancy’s first neighbor has
sequence atoms surrounding the vacancy are not allowed four short bonds and two long bonds, as can be clearly seen
relax properly. Using tight-binding molecular dynamics, afrom Table IlI.
larger breathing-mode displacement was obtained by Seong This type of relaxation, “resonant bond” model, was first
and Lewis? They find that local tetrahedral symmetry was seen in calculations for the singly negative divacancy in
broken, as one neighbor atom of the defect relaxes inwardilicon3%4° then for divacancies in Ga&sMore recently,
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P-type (E; =0 eV) Ep=0.4 eV For p-type GaAs(Fermi level close to the valence band
maximum) the +1 charge state has the lowest energy, in
agreement with recent results from Chégli.

We note, moreover, that lines for the neutral and the nega-
tive charge state intersect before those for the positive and
neutral state; th€d/-) ionization level is located well below
the (+/0) level and represents a net signature of level inver-
sion or of the so-called negativg-effect?® It is therefore
energetically more favorable to transfer two electrons at the
same time to the defect level from the Fermi level with the
reactionVg+2e— Ve

Such a transfer is associated with the strong Jahn-Teller
distortion discussed in Sec. IV B 1 as the system goes from
the +1 to the —1 state. The negatively charged vacancy re-
mains stable for intrinsic ana-type GaAs but is superseded
by the triply negative vacancy in the heavitydoped GaAs
corresponding toEg=1.27 eV (level b in Fig. 4): the
(=/-2) and (-2/-3) defect levels almost collapse, thus the
direct (-/-3) transition is favored. Interestingly, the transi-
tion (-/-3) is associated with a structural change from the
=1 0 I -1 0 I pairing mode relaxation to the resonant mode relaxation as
Auw/AH; discussed in Sec. IV B 1. The four added electrons are paired

two by two as the energy gained from the structural relax-

FIG. 5. (Color onling Formation energies of Gaolid ling) and  ation overcomes the Coulombic repulsion for each of the two
As (dashed ling vacancies in GaAs as a function of the growth electrons, supplying a net effective attractive interaction be-
conditions(Aw). Different panels are for different critical values of tween the electrons.
the Fermi level or ionization levels identified earlier. Only the +1, 0, and -1 charge states seem to have been

studied previously byb initio calculations. While Northrup
this relaxation pattern has been observed experimentallgnd Zhangpredict that arsenic vacancy in GaAs exists in the
then confirmed usingb initio cluster calculatiorf$ for the ~ + charge state only, other calculated ionization levels split
Asgi—Vg; pair in silicon. into two main categories classified in Table Vi) a direct
transition from a charge state to another is possible with only
one electron transferred at a time diigl a negativeld effect
for the (+/—) transition. The first type of transition was

We calculate the formation energies for all possiblefound by Seong and Lewfswho predictV, to exist only in
charge states of the As vacancy; the most relevant defects afige + charge state, at 1.41 eV above the valence band this
reported in the first row of Table IV. Most of the earlier charge state changes to neutral then to negative charge state
calculations deal with the positively charged vacancy and d@t the limit of the conduction band maximum. In an earlier
not go beyond the -1 charge state; there are no recent cajtudy for unrelaxed As vacancies reported by Jansen and
culations that report formation energies for the 2 and ~3sankey ionization energies are located in the range of ex-
charge states. perimental band gap and located near the conduction band

In a 32-atom supercell LDA calculation for the formation maximum. A negatived effect is reported by both Cheong
energy of charged defects, Northrup and Zhang find that thend Changand Poykkoet al® for the (+/—) transition, the
outwards relaxet,3 shows an sp2-like bonding and that it transfer of the two electron occurs above the middle of the
is stable for both intrinsic ang-type materials? with a for-  pand gap. This negativié-behavior is confirmed by a recent
mation energy 1.7 eV lower than titel) charge state. Our cajculation from Chadi? who finds that the direct transition
results are in complete disagreement with this calculationy; +2e—V,_ is favored after a Jahn-Teller distortion and
possibly because of size effects. In the stable geometry, athat -1 charge state is the most stable for Fermi levels above
oms around the defect relax inwards conservingTtheym-  midgap.
metry. The local volume is decreased by —16.21%. In addi- OQur results agree partially with these results. There is a
tion, the corresponding formation energy we obtain does nofiegativet) effect but the level for the+/-) transition is
favor the (+3) charge state under any doping or growing shallower. This might be due to the important structural re-
conditions: E{(V,3)=3.5 eV compared tc&E{(Va)=2.8 eV  |axation that affects the neutral and negatively charged va-
[in agreement with other calculation€;(V;)=2.97 eV  cancies. Moreover, as discussed above, we also find a second
(Ref. 5 using LDA and 3.09 eV(Ref. 43 using self- negativet transition level atEz=1.27 eV with the reaction
consistent charge-density-based tight bindliignis confirms ~ V, +2e— V2.
that +1 has the lowest energy among all other defects. Real GaAs crystals are far from being perfectly stochio-

Figure 4 displays the formation energies as a function ofetric; during growth there will be an excess of Ga or As
Fermi level for various charge states of As vacancies at O Kions. A more general study concerns the effect of the grow-

=

(")

o

Formation energy (eV)

2. Energetics
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ing conditions on the stability of the defect under certain Using the DZP basis set, with a 216-atom unit cell and a
doping conditions. In Fig. 5, the various panels show the2 X 2X 2 k-point sampling, we find that Ga vacancies have
progressive doping of the GaAs sample and how the stabilitghallow ionization levels below midgap in agreement with
of the defect gets consequently affected. The Fermi leveéxperiment, and do not show any recombination of the dan-
ranges between the valence band maximum and the midgaging bonds as was shown in an earlier calculafiéiror the
where most of the ionization levels computed in this workless studied As vacancy, we find that the ionization level
have been identified. Each of the panels shows the transitiofx-/—) of As is located in the lower half of the band gap and
between two charge states for As and Ga vacancies at tHies near the valence band while the second negéafilevel
critical values of the ionization levels. For example, at(—/-3) is located above midgap with a significant difference
E-=0.05 eV the first transition for gallium vacancies takesin the relaxation pattern reported earlier. The triply negative
place, the two lines collapse and are indicated/gfl). charge state for As vacancy reconstruct in the resonant bond

For p-type GaAs, at the As-rich limit in GaAs, corre- mode, in a similar fashion as divacancies in Si and GaAs
sponding toAu/AH; close to -1, the dominant charge statereported earlier. Finally, we find that only a few vacancy
is the As vacancies that probably compete with As antisitestypes can act as vehicles for self-diffusion of dopants in real
while for the Ga-rich limit Ga vacancies have lower forma- GaAs devices under different doping and growing condi-
tion energies. For a Fermi energy at midgap andrfdype  tions, such as the triply negative Ga vacancy for intrinsic and
GaAs, regardless of the growing condition, the triply negan-type GaAs. These results will be used as a starting point
tive charge state is the most stable among others and has tfa a detailed study of self-diffusion using the SIEST-A-RT
lowest formation energy. method presented elsewhéte.
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