
PHYSICAL REVIEW B 66, 195302 ~2002!
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 variety ofk-space
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-rich,n-type, or semi-insulating GaAs.
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I. INTRODUCTION

Interstitials are the most complicated of the simple po
defects, and the most elusive. For example, even though
senic interstitials must be created by irradiation of GaAs w
sufficiently energetic particles, and they can subsequentl
observed to recombine with arsenic vacancies when
sample is heated above 220 °C, isolated arsenic intersti
have not been observed directly in EPR, electrical, or opt
experiments.1

It has been argued based on a thorough analysis2–4 of a
variety of experimental data including titration experimen5

and measurements of density and lattice parameter6 that
melt-grown GaAs is always As rich unless the concentrat
of Ga in the melt is substantially greater than 50%, and t
this deviation from stoichiometry is due primarily to the cr
ation of large numbers of As interstitials (Asi) during
growth. In particular, Hurle has argued2 that the measured
deviation of the mass per unit cell as a function of arse
concentration in the melt must be explained by arsenic in
stitials and/or arsenic vacancies, since the number of ars
antisites which would be required to fit the data is unrea
tically large ~up to several percent!, due to the small differ-
ence between the atomic masses of arsenic and gall
Hurle’s work also contains an extensive thermodynam
analysis, including estimates of the mass action constant
the formation of all the neutral native point defects. The
estimates are derived by fitting to a large quantity of exp
mental data on both doped and undoped GaAs, under
assumption that native defect and dopant concentrations
near equilibrium close to the melting point and during hig
temperature growth from the melt or from solution.

In the high-temperature growth regime, observations
defects tentatively described as high concentrations or
fuse ‘‘clouds’’ of arsenic interstitials have been reported
GaAs grown by the horizontal Bridgman and liqui
encapsulated Czochralski methods, based on x-ray dif
scattering7–9 and quasiforbidden x-ray reflection intensi
0163-1829/2002/66~19!/195302~10!/$20.00 66 1953
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measurements.10 However, the atomic composition and m
croscopic structure of these defects cannot be unambiguo
determined from these experiments.

Gallium arsenide grown by arsenic-rich molecular be
epitaxy at low temperature~LT GaAs! is a semi-insulating
material with a host of potentially useful applications.11 This
material contains up to 1.5% excess As,12 which is accom-
modated by high concentrations of point defects in U
annealed samples, and arsenic precipitates plus some
lower concentrations of point defects in annealed samp
Concentrations of As antisites (AsGa) up to 1020 cm23 are
observed in LT GaAs, as measured by electron paramagn
resonance~EPR!,13 near-infrared absorption~NIRA!, mag-
netic circular dichroism of absorption~MCDA!,14 and scan-
ning tunneling microscopy~STM!.15 Concentrations of Ga
vacancies (VGa) up to 1018 cm23 are measured in LT GaAs
by slow positron annihilation.16 Ion channeling experiment
have been interpreted as providing evidence for large c
centrations of As interstitials in LT GaAs.12 However, it was
later pointed out that the observed high concentration of
oms in the channel near the normal arsenic lattice sites c
also be due to outward relaxation of the nearest neighbor
the As antisites.14,17

Within certain well defined limits of the growth param
eters for LT GaAs, a linear correlation between the neu
AsGa concentration and the lattice dilation has be
found.14,16 It was therefore proposed that AsGa are the domi-
nant defects which determine the lattice expansion
growth within this regime. Staabet al.17 used a self-
consistent density-functional-based tight-binding method
study the lattice distortion induced by point defects in A
rich GaAs, and concluded that only AsGa are necessary to
understand the observed lattice expansion in the reg
where the linear correlation is observed, and that if conc
trations of isolated Asi comparable to the measured conce
trations of AsGa were also present, the lattice expansi
would be three times greater than is experimentally
served. However, Luysberget al. have reported that when
©2002 The American Physical Society02-1
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the As/Ga flux ratio is increased beyond a beam equiva
pressure~BEP! ratio of 20, there is a departure from th
linear correlation between lattice dilation and antis
concentration.16 It was pointed out that other defects must
present to account for the deviation from stoichiometry a
the lattice expansion at high As/Ga flux ratios.16

Nonequilibrium processes such as diffusion and comp
tional intermixing at interfaces can also be strongly affec
by point defects that are present in high concentratio
Since the point defects which have been unambiguou
documented as present in high concentrations in LT Ga
AsGa and VGa, occupy sites on the gallium sublattice, th
cannot contribute directly to interdiffusion on the arsen
sublattice. However, substantial concentrations of arsenic
terstitials may affect interdiffusion on the arsenic sublatti
For example, an experimental study showing a positive
pendence of GaAsP/GaAs and GaAsSb/GaAs interdiffus
on arsenic pressure has indicated that a kickout mecha
involving arsenic interstitials is the dominant process for
As-P and As-Sb interdiffusion in the material studied.18

Similarly, annealing LT-GaAsd doped with Sb was found
to produce substantially greater compositional intermix
than annealing conventional stoichiometric GaAs similarlyd
doped.19 This enhancement of As-Sb interdiffusion was
tributed to an oversaturation of arsenic interstitials in the
GaAs samples, resulting from the balance of arsenic inte
tials with arsenic clusters and all the other excess-arse
containing defects in the material. The effective activat
energy for As-Sb interdiffusion in LT GaAs deduced fro
this work, 0.660.15 eV,19 is reasonably close to the migra
tion energy of 0.5 eV for arsenic interstitials deduced fro
annealing experiments on defects produced by elec
irradiation,1 as well as to migration energies subsequen
ascribed to arsenic interstitial defects produced in GaAs
other means. The concentration of arsenic interstitials
quired to produce sufficient oversaturation to eliminate co
pletely any contribution of the interstitial formation energy
the activation energy for As-Sb intermixing measured in
LT GaAs sample was estimated to be roughly 1018 cm23,
using Hurle’s thermodynamic analysis in conjunction w
the experimental data.19

Theoretical attempts to obtain a picture of the microsco
structure and properties of the lowest energy arsenic inte
tial configuration~s! began with the work of Baraff and
Schlüter, who used density functional Green’s function c
culations to investigate the energies of reactions creating
tive defects withTd symmetry in GaAs, including arseni
interstitials in the two tetrahedral sites.20 The effects of lat-
tice relaxation were ignored. Baraff and Schlu¨ter concluded
that simple tetrahedral arsenic interstitials were less likely
occur than vacancy and antisite defects under all equilibr
conditions, although they could not rule out the possibil
that other, more complicated interstitial configurations mig
have a lower energy.20

Jansen and Sankey calculated the formation energies
unrelaxed native defects with tetrahedral symmetry in Ga
including arsenic interstitials in tetrahedral sites, using
density-functional pseudopotential method with a basis se
pseudoatomic orbitals and a single specialk point in super-
19530
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cells containing about 32 atoms.21 In order to calculate the
formation energies for individual defects instead of react
energies for defect reactions which conserve the numbe
atoms of each species, they were required to choose a v
for the arsenic chemical potential~or equivalently, for the
gallium chemical potential!. An arbitrary value was chosen
corresponding to the condition that the formation energ
for neutral gallium vacancies and for neutral arsenic vac
cies should be equal. Jansen and Sankey concluded tha
senic interstitials in tetrahedral sites should be less nume
than vacancies and antisites in GaAs under equilibri
conditions,21 in agreement with Baraff and Schlu¨ter.

Zhang and Northrup used density functional theory~DFT!
within the local density approximation~LDA ! and supercells
of about 32 atoms to calculate the formation energies
vacancies, antisites, and tetrahedral interstitials in GaAs
function of arsenic chemical potential, over the physica
allowable range of chemical potentials, from Ga-rich
As-rich.22 This physically allowable range is set by the he
of formation of bulk GaAs and by the requirement that t
arsenic chemical potential may not exceed the chemical
tential of bulk arsenic, since the material is in equilibriu
with arsenic precipitates in the arsenic-rich limit. The atom
coordinates were allowed to relax in these calculatio
within the constraints imposed by the tetrahedral symme
In agreement with the previous work, Zhang and Northr
found that antisites and/or vacancies should be more num
ous than arsenic interstitials in tetrahedral sites under
equilibrium conditions.22

Chadi used DFT-LDA calculations and 33-atom sup
cells to investigate many different types of bonding config
rations for self-interstitials in GaAs, including various sp
interstitials, as well as hexagonal, twofold coordinated, a
tetrahedral interstitials, all fully relaxed within the con
straints of the chosen symmetry.23 He found that the lowes
energy configuration for arsenic interstitials in the neutral
21 charge state is a split interstitial consisting of two A
atoms sharing an arsenic lattice site, displaced from this
in opposite directions along â110&-like axis, while the low-
est energy configuration for positively charged arsenic in
stitials in the11 or 12 charge state is a split interstitia
consisting of an As atom and a Ga atom sharing an gall
lattice site, displaced from this site in opposite directio
along a^100&-like axis. Since we will be interested below
primarily in arsenic interstitials in semi-insulating orn-type
GaAs, we will use the notation Asi-As for the interstitial
with two atoms sharing an arsenic site and aligned alon
^110&-like axis, which should be the lowest energy inters
tial configuration in semi-insulating orn-type material.

Chadi also showed that neutral arsenic interstitials, wh
have unpaired spins, are unstable relative to formation o
pair of 11 and21 charged interstitials—i.e., arsenic inte
stitials form a negative-U system. This suggested that arsen
interstitials may not be observable in EPR experiment23

Chadi reported the relative energies for the most energ
cally favorable arsenic interstitial configurations in each
these charge states, including in each case a number of m
stable configurations somewhat higher in energy than
lowest energy configurations, all of which were more co
2-2
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plicated than the simple tetrahedral configurations.23 How-
ever, since Chadi did not report absolute interstitial form
tion energies as a function of arsenic chemical potential,
comparison with the formation energies of defects involv
a different number of excess arsenic atoms, such as ars
antisites, was possible from this work.

Landmanet al. investigated the relative formation ene
gies of the point defects containing excess As, AsGa, VGa,
and the lowest energy Asi configuration in semi-insulating o
n-type, As-rich GaAs, Asi-As,24 using DFT-LDA-based cal-
culations with the Harris-Foulkes functional and a basis
pseudoatomic orbitals.25,26 They placed the defects in 64
atom supercells, and estimated summations ink space by
using a single Chadi and Cohen special point.27 Since Harris-
Foulkes, pseudoatomic-orbital calculations do not give as
curate results for semiconductor heats of formation or for
relative energies of compound semiconductor and pure,
tallic phases as fully self-consistent DFT-LDA calculatio
with a sufficiently large basis of plane waves, they did n
use this method to calculate the arsenic chemical potenti
the arsenic-rich limit. Instead, the relative formation energ
of the tetrahedral Asi with arsenic nearest neighbors, AsGa,
and VGa in the arsenic-rich limit for the chemical potenti
were taken from information given by Zhang an
Northrup,22 and the relative formation energy of Asi-As was
determined by the results of Landmanet al. that the neutral
Asi-As is 4 eV lower in energy than the unrelaxed, neut
tetrahedral Asi with arsenic nearest neighbors. Since the t
rahedral interstitial was found to be unstable, relaxing to
other configuration in the calculation of Landmanet al., they
were obliged to compare their results for the ideal, unrela
tetrahedral interstitial to Zhang and Northrup’s results
a tetrahedral interstitial which had been relaxed wh
constrained to keep its tetrahedral symmetry. This led to
additional uncertainty in the relative formation energies
tween zero and 0.8 eV.24 However, Landmanet al. con-
cluded that the lowest energy split Asi may have a concen
tration approaching that of AsGa for certain Fermi levels.24

Since the theoretical investigations described above h
been carried out over a long period of time, it has gradua
become possible not only to include lattice relaxation and
investigate more complicated interstitial configurations,
also to do more accurate calculations, using larger unit c
and better sets ofk points for the summations overk space.
Pöykko et al. showed how sensitive calculated defect pro
erties can be to thek-space sampling method and superc
size in their investigation of theVAs-SiGa complex in GaAs.28

They found that the use of theG point can produce mislead
ing results even when supercells are 64 atoms in size, r
forcing the conclusions of Makov that theG point produces
particularly slowly converging results with respect to c
size.29 So it is essential to use a special point mesh in t
type of calculation. Furthermore, Puskaet al., concluded that
cell sizes of 128 to 216 atoms are needed to properly as
the physical properties of the silicon vacancy in bulk silico
because of the dispersion of energy levels and long ra
ionic relationships.30

In this paper, we investigate the combined effects of c
size andk space sampling on the formation energy, cha
19530
-
o

nic

f

c-
e
e-

t
in
s

l
t-
-

d
r

n
-

ve
y
o
t

lls

-
l

in-

l
s

ss
,
ge

ll
e

state transitions, atomic relaxations, and characterizatio
localized defect states for arsenic self-interstitials in Ga
Because of the more ionic nature of the material and
complicated split interstitial defect structure, comparison
these results for interstitials in GaAs to the previous res
for vacancies in silicon30 can enhance our understandin
of the range of behavior for different defects in differe
materials. We compare the formation energy of the low
energy arsenic interstitial inn-type or semi-insulating GaAs
Asi-As, with the formation energies of AsGa and VGa at
the arsenic-rich end of the range of physically allow
chemical potentials, all calculated by state-of-the-art D
pseudopotential31 calculations, using the larger superce
and sets of specialk points which we have determined to b
necessary. We conclude our study by discussing the rela
concentrations of these defects in equilibrium in As-ric
n-type or semi-insulating GaAs at growth temperatures, a
reporting the computed charge transition levels and expe
electrical behavior of Asi-As as a function of Fermi level.

II. COMPUTATIONAL METHOD

We have used the molecular dynamics code develope
the Fritz Haber Institut~FHIMD!31 for this investigation, us-
ing density-functional theory~DFT!32 within the local den-
sity approximation~LDA !, with the Ceperley-Alder33 form
for the exchange and correlation potentials as parameter
by Perdew and Zunger.34 The core electrons are treated in th
frozen-core approximation and the ion cores are replaced
fully separable35 norm-conserving pseudopotentials.36 Plane
waves are included up to the energy cutoff of 10 Ry. T
atoms are allowed to relax until the force components are
less than 531024 Hartrees per Bohr radius and the ze
temperature formation energies change by less than
31026 Hartrees per step for at least 100 steps.

To evaluate the defect formation energy, we used the
malism of Zhang and Northrup,22 which gives for the forma-
tion energy in the As-rich limit at zero temperature

DEf5E~NGa,NAs ,q!2NGamGaAs

2~NAs2NGa!mAs (bulk)1qeF . ~1!

Here q electrons have been transferred to a reservoir at
Fermi energyeF in order to produce a defect in the desire
charge state.E(NGa,NAs ,q) is the zero-temperature total en
ergy produced by theab initio code for a supercell contain
ing the desired defect, the chemical potentialmGaAs is the
energy per atomic pair of bulk GaAs, and the arsenic che
cal potential in the As-rich limitmAs (bulk) is the energy per
atom of pure bulk As computed using the sameab initio code
and pseudopotentials.NGa andNAs are the numbers of atom
of each species in the supercell containing the defect.
will discuss the effect of temperature, which can be imp
tant for defect concentrations, in Sec. III.

Because the zero of the energy levels floats freely,37 re-
sults from different DFT supercell calculations must
aligned in order to obtain the correct charge transition lev
We apply the procedure outlined by Kohanet al.,38 in which
we first compute the difference between the electrical pot
2-3
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tial in the supercell with the neutral defect and the electri
potential for the corresponding bulk crystal supercell, av
aged over parallel planes, as a function of position alon
line normal to the planes. Far from the defect within t
supercell, this difference becomes a constant. In orde
make the potential far from the neutral defect equal to
corresponding potential in the bulk cell, a uniform shift
applied to the potential and the energy levels, yielding
proper alignment of the energy levels of the defect with
energy levels of ideal bulk crystal supercell. The same s
is applied for all charge states of a given defect.

A well-known shortcoming of the LDA is that it underes
timates the band gaps of materials. The typical method
dealing with this problem is to simply shift the conductio
band states up uniformly by the amount needed to reprod
the experimental gap, using the so-called ‘‘sciss
operator.’’39 More recently, an analytically based model ju
tifying the rigid shifting upward of all conduction band stat
by a scissors-type correction has been shown to prod
good results for a large number of semiconductors.40 Since
the LDA can produce similarly large errors in the energies
the deep defect states, it is also important to correct for th
errors when determining where the charge transition lev
corresponding to deep defect states lie in the experime
gap. Unfortunately, a full GW calculation,41–45which would
correct these errors, is not currently possible for the la
supercells needed for studies of defects. Therefore, we a
the same upward shift to the defect states with predomina
conduction band character as is applied to the conduc
band states themselves, while leaving the defect states
predominantly valence band character fixed relative to
valence band edge.

III. RESULTS AND DISCUSSION

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

We used cubic supercells with dimensions of both t
and three times the computationally determined bulk lat
constant, corresponding to bulk cells of 64 and 216 ato
along with three different Brillouin zone~BZ! sampling
schemes to examine the effects cell size and samp
scheme have on the formation energies and transition le
for the Asi-As. In order to investigate the most efficie
choice ofk points to obtain good results, we have used a3

Monkhorst-Pack~MP! mesh,46 a 23 MP mesh, and theG and
L points, which was recommended as a good minimal se
k points for cubic supercells with no particular symme
within the supercell,29 and which has subsequently been us
in defect calculations, e.g., to study the structures associ
with dopants in highlyn-doped Si.47 Calculations comparing
different summation schemes for vacancies in Si show
use of the G1L points produces a reasonably we
converged formation energy in a 64-atom supercell.30

This earlier work on the vacancy in silicon has shown t
the neutral vacancy formation energy computed with diff
ent k-space sampling schemes converges at different r
with respect to supercell size.30 However, an acceptably con
verged value for the neutral vacancy formation energy can
19530
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attained more easily than an acceptably converged des
tion of the charge transition levels and the atomic relaxati
and defect symmetry for different charge states.30

To augment our understanding of the effects of cell s
and sampling scheme, we computed the formation ener
of the different charge states for the fully relaxed split inte
stitial Asi-As in GaAs. Charge was balanced by a unifor
background to avoid long range Coulomb interactions
tween the supercells. Table I lists the formation energies
obtained for all the excess-arsenic-containing elemen
point defects in the arsenic-rich limit, with GaAs in equilib
rium with bulk arsenic, including complete results for th
variousk-space sums for Asi-As. For comparison, the for
mation energies of the unrelaxed, ideal tetrahedral As in
stitials with As neighbors (Asi1) and with Ga neighbors
(Asi2) are also shown. These tetrahedral interstitials are
stable, and will relax to other configurations if allowed
break their tetrahedral symmetry.

Table I displays formation energies evaluated for t
Fermi level at the valence band maximum~VBM !, and also
for the Fermi level pinned at the calculated position of t
~11/0! charge state transition of the AsGa, which is at

TABLE I. Formation energies for excess-arsenic-containing
fects computed in the As-rich limit. These were calculated w
supercells corresponding to the bulk 216 atom cell. The value
the last column are computed with the Fermi level pinned at
calculated~11/0! transition level of the As antisite defect.

Defect k-space Charge Formation Formation
sum state energy~eV! energy~eV!

eF at VBM semi-insulatingeF

AsGa MP 23 12 0.9 2.0
AsGa MP 23 11 1.3 1.8
AsGa MP 23 0 1.8 1.8

AsGa MP 13 12 0.9 1.8
AsGa MP 13 11 1.1 1.6
AsGa MP 13 0 1.6 1.6

Asi1 MP 23 0 6.9 6.9

Asi2 MP 23 0 6.2 6.2

Asi-As MP 23 11 3.5 4.1
Asi-As MP 23 0 3.8 3.8
Asi-As MP 23 21 4.4 3.8

Asi-As MP 13 11 3.4 3.8
Asi-As MP 13 0 3.7 3.7
Asi-As MP 13 21 4.1 3.7

Asi-As G1L 11 3.6
Asi-As G1L 0 3.6
Asi-As G1L 21 4.1

VGa MP 23 0 2.9 2.9
VGa MP 23 21 3.0 2.5
VGa MP 23 22 3.1 2.1
VGa MP 23 23 3.4 1.8
2-4
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VBM10.54 eV for the 23 MP mesh and VBM10.45 eV for
the 13 MP mesh. This choice of Fermi level was based on
experimental finding that there can be high concentration
AsGa in As-rich GaAs, and that these high concentrations
AsGa can pin the Fermi energy near this transition level. U
ing either choice of Fermi level as a reference, the format
energies and equilibrium concentrations of the defects ca
determined as a function of Fermi energy~or doping level!.

In Fig. 1, we present the results of the formation ene
calculations for Asi-As in which both cell size andk-space
sampling methods have been varied. This figure shows
formation energy for the Asi-As in its preferred charge state
For Fermi levels in the range where the neutral Asi-As is
preferred, the formation energy is independent of Fe
level. If the Fermi level is decreased past the (0/11) charge
transition level, so that the11 charge state is preferred, th
formation energy vs. Fermi level curve has a slope of11, as
can be seen from Eq.~1!, and if the Fermi level is increase
past the (0/21) charge transition level, so that the21
charge state is preferred, the formation energy vs. Fe
level curve has a slope of21.

The most obvious feature in Fig. 1 is the wider variati
in the energies computed using the smaller supercell. C
vergence with cell size is also visibly slower when using
13 MP mesh or theG1L points, which use a less finel
spaced set ofk points than the 23 MP mesh to cover the
Brillouin zone. It is clear that the 217 atom cell with the 23

MP mesh is well converged. We see that the two less fin
spaced sampling schemes produce somewhat converge
sults in the 217 atom cell, as does the 23 MP mesh in the 65
atom cell. In agreement with previous results for the vaca
in bulk Si,30 we find that different sampling schemes can

FIG. 1. Defect formation energies for the As split interstit
computed in the As-rich limit. Comparisons are presented for
ferentk-space sums and two supercell sizes. Dashed lines are
for cells containing 65 atoms, and solid lines for 217 atom ce
Transition levels between the different charge states are ma
with circles for the 23 MP mesh, squares for the 13 MP mesh, and
triangles for theG1L k-space sum.
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used to produce either an attraction between defects~i.e., a
lowering of energy in the smaller supercell!, as in the 13 MP
or theG1L cases, or a charge-state dependent repulsio
attraction between defects, as in the 23 MP case.

When comparing the results for the 65-atom and the 2
atom cells, using the 23 MP mesh, we see that the charg
transition levels converge less rapidly than the neutral de
formation energy with increasing cell size, due to long-ran
interactions of the electrons in the localized defect state w
the charged defects in neighboring cells. The neutral Asi-As
formation energy changes by less than 0.1 eV when the
size is reduced from 217 to 65 atoms, while the charge tr
sition levels move by about 0.4 eV, when using the 23 MP
mesh. This trend is not seen in the less-well-converged
sults obtained using the 13 MP mesh or theG1L points,
where the neutral Asi-As formation energies move by 0.5 t
0.6 eV when the cell size is reduced from 217 to 65 atom
perhaps due to interactions of the deep defect level with
band edges.

In the neutral charge state, the topmost filled electro
level is half filled. This level corresponds to a localized sta
centered on the split interstitial oriented along a^110&-like
direction. In Fig. 2, the charge density associated with t
defect state is shown in a plane parallel to an arsenic lat
plane, but slightly above this plane, so that it includes
two arsenic atoms of the split interstitial, which have relax
slightly away from the ideal lattice site. This plot clear
shows that the defect state is localized inp-like orbitals
which appear to be forming ap antibonding state, as eviden
from the node in the charge density midway between the
As atoms forming the split interstitial. This result is corrob
rated by an examination of the characterization of the st
using the 217-atom cell and the 23 MP mesh, which shows
that in contrast to the very extended character of the bulk

-
ed
.
ed

FIG. 2. This contour plot shows levels of constant charge d
sity for the localized defect state of the neutral Asi-As in the 217
atom supercell, evaluated in the plane containing the two defec
atoms, which is 0.48 Å above the As lattice site associated with
defect. The dark circles represent the positions of the As ato
including the defect atoms and the As atoms of the original lat
plane. The light circles show the locations of the neighboring
atoms projected onto the plane.
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states, 20% of the defect state is localized in thepy and pz
orbitals of the two As atoms of the neutral defect. Since
charge density in this defect state points roughly along
direction of the As-Ga bonds between the defect As ato
and the two Ga atoms bonded to both of these As atoms
note that this state makes a bonding contribution to th
As-Ga interactions as well as making an antibonding con
bution to the interaction between the As atoms of the def

The characterization of the deep defect state in the 2
atom supercell is not very sensitive to thek space sampling
method used. For example, 20% of the state is also foun
be localized in thepy andpz orbitals of the two As atoms o
the neutral defect when theG1L sampling is used.

In smaller supercells, the defect state interacts with
images and becomes less localized. One way to observe
is to examine the variation in energy of the defect st
acrossk space, i.e., the dispersion of the state. We charac
ize this variation by computing the difference between
highest and lowest energy obtained from ak-space survey
along theD, S, L, andT lines in the cubic Brillouin zone.
The dispersion measured in this way is 0.1 eV in the 2
atom supercell, and 0.5 eV in the 65 atom cell. This inter
tion of the defects in neighboring supercells contributes
the variation in the positions of the charge transition lev
between the different cell sizes and sampling schemes, n
above, and supports the conclusion that the larger 217 a
supercell should be used for accuracy in describing
charge transition levels and deep defect states.

B. Defect atomic structure and relaxation

The detailed structure of the atomic positions is also
pected to be dependent on the cell size andk-space sampling
approach. However, in contrast to the behavior observed
the vacancy in silicon,30 where the defect symmetry an
atomic relaxations are very sensitive to the supercell size
k-space sampling, we find that the atomic structure of
Asi-As defect is remarkably similar for the 65-atom and 21
atom supercells, and also depends little on thek-space sam-
pling approach. In Fig. 3 we show the structure of the neu
split interstitial oriented along thê011& direction, viewed

FIG. 3. The neutral Asi-As defect from the 217-atom superce
is shown~viewed from a direction slightly displaced from the@100#
direction! with larger dark spheres representing the As atoms
smaller light spheres representing the Ga atoms.
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from the @100# direction. The two Ga atoms labeled Ga~1!
and Ga~3! are bonded to both As atoms of the defect, wh
those labeled Ga~2! and Ga~4! are bonded to only one of th
defect atoms. The structure exhibitsC2v symmetry in all
charge states and returns to this symmetry when the ato
coordinates are perturbed from their equilibrium positio
and allowed to relax.

Although the local lattice expansion introduced by t
additional atom of the interstitial might be expected to co
verge slowly with supercell size, we find that reasonable c
vergence is more easily reached for the atomic positions t
for the electronic properties discussed in the previous s
tion. The As-As and As-Ga distances found in the 65 at
supercell differ by less than 0.01 Å from those found in t
217 atom supercell, using the 23 MP mesh. The distance
between the two As atoms of the Asi-As defect is 2.39 Å.
~For comparison, the GaAs bulk nearest neighbor distanc
this calculation is 2.41 Å.! The distance between Ga~1! or
Ga~3! and either of the As atoms of the defect is 2.60 Å. T
distance between Ga~2! or Ga~4! and the nearest As of th
split interstitial is 2.32 Å.

The two different supercell sizes produce slightly diffe
ent results in the position of the center of mass of the two
atoms of the split interstitial. The center of mass of the p
of As atoms is shifted away from the bulk lattice site by 0.
Å in the @100# direction toward the plane containing Ga~1!
and Ga~3! in the case of the 217 atom supercell, using the3

MP mesh. This shift is 0.50 Å in the smaller supercell. Sin
the nearest neighbor distances are very similar in the
supercells, this difference is accomplished through variat
of bond angles. The angle between the bonds from one o
As atoms to the Ga~1! and Ga~3! atoms is 107.7° in the smal
supercell and 106.8° in the large supercell.

We find that the atomic structure of the Asi-As defect
depends very little on thek-space summation method, as c
be shown by examining the bond lengths between the
atoms of the defect and between those As atoms and the
neighboring Ga atoms in the 217 atom supercell. For
neutral Asi-As defect, these bond lengths change by less t
0.1% when the summation method is changed.

For the11 charge state of the defect, we find a small b
perceptible dependence of the bond lengths on thek-space
summation method. The As-As distance obtained using
23 MP mesh is about 1% smaller than that obtained using
G1L sampling. The bond between either of the As ato
and the Ga~1! or Ga~3! atom is about 1% longer when usin
the 23 MP mesh than when using theG1L summation
method. The distance between the Ga~2! or Ga~4! atom and
the nearest As atom of the split interstitial is about 0.5
longer for the 23 MP mesh calculation than for theG1L
calculation.

There is a similar but weak effect~under 0.5%! in the
defect bond lengths observed in the21 state, with the roles
of the 23 MP mesh and theG1L points reversed —i.e., the
23 MP mesh now gives a larger As-As distance and sma
As-Ga distances. The 13 MP mesh produces results betwe
those of the other twok-space summation methods.

The effect of these small variations in bond lengths is
reduce the changes in bond length seen in the 23 MP mesh

d
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calculations when the defect becomes charged, if one of
otherk-space sampling methods is used instead. In part
lar, theG1L sampling is observed to produce a somew
smaller dependence of these bond lengths on charge s
This dependence of bond lengths on the charge state o
defect is seen below to result from the changes in occupa
of the deep defect state when the charge state is changed
from the bonding or antibonding character of this state
particular bonds.

Focusing on results for the 217 atom cell with the 23 MP
mesh, we observe that the distance between the atoms o
defect has a significant dependence on the charge state o
system. The As-As bond expands to 2.47 Å~about 3.5%
compared to the neutral state bond length!, when the system
is allowed to relax in the21 charge state. This can be eas
understood, since the antibonding defect state on the two
atoms is doubly occupied and can cause a stronger repu
contribution to the interaction between these two atoms
the 21 charge state of the defect, while it is only sing
occupied for the neutral state of the defect.

When the system is allowed to relax in the11 state the
As-As bond shrinks to 2.31 Å, a contraction of about 3
This can also be easily understood, since the antibond
defect state on the two As atoms of the defect is comple
unoccupied for the11 charge state, so it no longer makes
repulsive contribution to the interaction between the two
atoms. The bond length between Ga~1! or Ga~3! and either
As atom of the defect is 3.5% longer and the bond len
between Ga~2! or Ga~4! and the nearest defect As atom
1.9% longer in the11 state than in the neutral state. Sin
the deep defect state acts as a bonding state for the A
bonds between the defect As atoms and Ga~1! and Ga~3!, as
discussed above in Sec. III A, it is easy to understand w
these bonds are longer in the11 state, when the defect sta
is fully unoccupied and can no longer contribute to t
strength of these bonds.

We note that because of the contribution of the def
state to the As-Ga bonds between the defect As atoms
Ga~1! and Ga~3!, these two Ga atoms move significant
when the charge state is changed, changing the occupati
the defect state. These Ga atoms are about 4% closer to
other in the21 state and about 5.5% farther apart in the11
state than in the neutral state. The other two Ga atoms,
bonded to only one defect As atom, do not move in respo
to the change in charge state.

In performing these calculations, we fixed the lattice co
stant at the value determined through minimization of
energy of the bulk crystal. While the ideal calculation shou
include a full lattice constant determination with each chan
of defect configuration, for simplicity we did not perform
this relaxation. This may be deemed a reasonable choic
light of evidence presented by Puskaet al.30 for ab initio
supercell calculations in the LDA, using supercells of siz
comparable to ours, in which vacancies in bulk Si are fou
to alter the lattice constant by around 0.2%, while artificia
introduced distortions in the lattice constant of up to 1%
seen not to affect their reported results significantly.
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C. Relative defect concentrations in equilibrium

We now compare our well-converged results for the f
mation energies of the elementary excess-arsenic-contai
point defects AsGa, VGa, and Asi-As ~the most favorable Asi
configuration in semi-insulating orn-type GaAs!, computed
using the large supercell and the 23 MP mesh. These forma
tion energies in the As-rich limit, corresponding to GaAs
equilibrium with bulk arsenic, are presented as a function
Fermi energy in Fig. 4. The formation energies for two sp
cific choices of Fermi energy have also been listed in Tabl

In Fig. 4, we can see that theVGa and AsGa defects pos-
sess significantly lower formation energies than the Asi-As
for all Fermi energies. For example, the formation energy
AsGa is seen to be at least 2 eV lower than the format
energy for Asi-As for all Fermi energies. Small uncertaintie
in the formation energy should not alter this strong quali
tive ordering of the formation energies or the predicti
based on this ordering that equilibrium concentrations
Asi-As should be significantly lower than equilibrium con
centrations of AsGa, as discussed below.

To estimate equilibrium concentrations of the exce
arsenic-containing defects we begin with the usual exp
sion

C5Ne2DEf /kBTeSf /kBe2PDVf /kBT, ~2!

whereN is the number of sites at which the defect can fo
in the crystal per unit volume,DEf is the total energy of
formation of the defect,kB is the Boltzmann constant, andT
is the temperature. The formation entropy of the defect isSf ,
P is the pressure, andDVf is the change in the crystal vol
ume associated with the defect formation.

We note that the defect formation energyDEf for charged
defects, as given by the formula in Eq.~1!, has an explicit

FIG. 4. Defect formation energies for selected defects over
calculated band gap in the As-rich limit. Zero Fermi level corr
sponds to the valence band maximum.
2-7
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dependence on the Fermi energy, in addition to its dep
dence on the calculated energies for defect formation at
Fermi energy. Therefore we must compute the Fermi ene
self-consistently, in order to determine the native defect c
centrations present in a particular sample. If any electric
active impurities or dopants are present in the material,
concentrations of these impurities or dopants in all cha
states must also be taken into account. We must set up
charge balance equation, requiring that the free electron
hole concentrations~which also depend on the Fermi leve!
must cancel out any net charge resulting from the concen
tions of all positively and negatively charged defects a
impurities. This equation can then be solved to determine
Fermi level. Once the Fermi level is known, it may be us
to determine the formation energies and the resulting e
librium concentrations of all the defects present.

If the defect formation energyEf for the most energeti-
cally favorable charge state of Asi-As in a particular sample
is within kBT of the formation energy of the most favorab
charge state of AsGa, we may expect that the equilibrium
concentrations of these two defects are comparable, as
ing that the effects of the entropy of formationSf and the
change in the crystal volumeDVf associated with the defec
formation can be neglected. We will now concentrate on
relative defect concentrations at 1500 K~near the melting
point of GaAs!, since defects with a higher formation ener
such as Asi-As have their greatest chance to attain equil
rium concentrations comparable to those of more energ
cally favorable defects at high temperature. We will estim
the effective corrections to the formation energy which oc
at this temperature due to the entropy of formation a
change in volume associated with the defects.

First, to estimate the effect of the change in volume,
let P be atmospheric pressure and overestimateDVf to be the
volume per bulk atom in the cell, which gives an effecti
correction to the defect formation energyPDVf of 9
31025 eV. We may safely neglect this correction.

Previous calculations48 on defects in Si found that th
formation entropySf is dominated by vibrational contribu
tions, and that the formation entropies are 6kB and 5kB for
the self-interstitial and the vacancy, respectively. We n
that the self-interstitial in silicon is â110& split interstitial
with the same basic structure as Asi-As in GaAs. Therefore,
in analogy to the results for defects in silicon,48 we may
assume that it is unlikely for the split interstitial Asi-As to
have a very different formation entropy when compared
defects such as AsGa, which only contain atoms occupyin
lattice sites. If we letSf510kB ~an overestimate! for Asi-As,
this gives rise to an effective reduction of the defect form
tion energy bySfT, or 1.3 eV at 1500 K. Even if we apply
no reduction to the AsGa formation energy due to entropy
this still leaves the effective formation energy about 0.7
higher for Asi-As than for AsGa, producing equilibrium con-
centrations of Asi-As which are about 0.4% those of AsGa at
1500 K.

We conclude that even using this extremely liberal e
mate for the formation entropy of Asi-As and ignoring the
19530
n-
ro
y
-

ly
e
e
he
nd

a-
d
e

d
i-

m-

e

-
ti-
e
r
d

e

e

o

-

i-

formation entropy of AsGa cannot lead to an Asi-As concen-
tration approaching that of the antisites in thermal equil
rium.

D. Defect electrical behavior

Although the placement of the calculated charge transit
levels in the experimental gap has an uncertainty far exce
ing 0.1 eV due to the shortcomings of the LDA in calculatin
the gap, as discussed in Sec. II, our as-calculated band
and charge transition levels are reported here to 0.1 eV~or
0.01 eV, for the closely spacedVGa levels!, for the conve-
nience of the reader who prefers not to read them off
picture in Fig. 4. For the AsGa, the ~12/11! transition level
appears at 0.4 eV above the VBM, and the~11/0! level is at
EVBM10.5 eV. For the Asi-As, the ~11/0! transition is at
EVBM10.3eV, and the (0/21) transition is at EVBM

10.5eV. The levels for theVGa defect are at 0.09 eV, 0.13
eV, and 0.2 eV above the VBM for the (0/21), (21/22),
and (22/23) transitions, respectively. The calculated ba
gap of 0.8 eV is underestimated by 0.7 eV compared to
experimental zero-temperature gap of 1.5 eV.

As discussed previously in Sec. II, we can get a rou
estimate of where the charge transition levels fall within t
experimental gap by shifting the conduction band deriv
states~including the deep defect states with primarily co
duction band character! by the amount needed to correct th
gap, while leaving the defect states with predominantly
lence band character fixed relative to the valence band e
Since the acceptor levels of theVGa are derived from the
dangling bonds on the arsenic neighbors of the vaca
which require three extra electrons to fill them, they sho
have the predominantly valence band character of anion d
gling bond states. In Sec. III A, the deep defect state of
Asi-As was shown to have predominantly arsenicp-type
character, similar to the character of the valence band e
states. However, the AsGa double donor defect state derive
from an antibonding state of predominantly conduction ba
character, which has been lowered in energy due to the
placement of the original anion-cation bonds of the id
crystal by anion-anion bonds between the antisite and
nearest neighbors. This donor state is occupied by the
extra electrons contributed by the arsenic atom that has b
substituted for a gallium atom, which cannot be accomm
dated in the bonding states of the valence band.

We conclude that the charge transition levels of the VGa
and the Asi-As should remain fixed relative to the valenc
band edge, while the donor levels of AsGa, which possess a
conduction band character, should be shifted up toge
with the conduction band states. In Fig. 5, we show
charge transition levels for these defects corrected by
above procedure, using the room temperature gap of 1.4
The transition levels of AsGa are shifted to 1.0 and 1.1 eV, in
fortuitously good agreement with the MCDA results iden
fied with this defect in LT GaAs,14,49although the transitions
are both about 0.4 eV higher than those associated with AGa
in melt-grown GaAs.50
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IV. SUMMARY

In this work we have shown that larger supercells an
betterk-space sampling than have been used in a large n
ber of previous DFT defect calculations are required to g
accurate results for the formation energies, charge trans
levels, defect state properties, and atomic structure and
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48P. E. Blöchl, E. Smargiassi, R. Car, D. B. Laks, W. Andreoni, a

S. T. Pantelides, Phys. Rev. Lett.70, 2435~1993!.
49H.-J. Sun, G. D. Watkins, F. C. Rong, L. Fotiadis, and E.

Poindexter, Appl. Phys. Lett.60, 718 ~1992!.
50E. R. Weber, H. Ennen, U. Kaufmann, J. Windscheif,

Schneider, and T. Wosinski, J. Appl. Phys.53, 6140~1982!.
2-10


