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We calculate absolute formation energies of native defects in GaAs. The formation energy and hence
the equilibrium concentration of the defects depends strongly on the atomic chemical potentials of As
and Ga as well as the electron chemical potential. For example, the Ga vacancy concentration changes
by more than 10 orders of magnitude as the chemical potentials of As and Ga vary over the thermo-
dynamically allowed range. This result indicates that the rate of self-diffusion depends strongly on the

surface-annealing conditions.

PACS numbers: 61.70.At, 61.70.Bv, 71.55.Eq

Defects play a very important role in mediating self-
diffusion and the diffusion of substitutional impurities in
semiconductors. Although the defect concentration is
often determined by Kinetics, there are important process-
es, such as during prolonged anneals at high tempera-
tures, where the concentration is governed primarily by
defect formation energies. Thus the formation energies
of individual native defects are quantities of central im-
portance. It is known that the formation energy and
hence the concentration of charged defects depends on
the electron chemical potential [1-4]. More generally,
the formation energy is dependent on the chemical poten-
tials of the atomic constituents as well as the electron
chemical potential. In this Letter we present first-
principles calculations of the absolute formation energies
of individual native defects in GaAs as a function of the
atomic chemical potentials of As and Ga. The chemical
potentials are allowed to vary over a restricted range
determined by equilibrium thermodynamics [5]. Experi-
mentally, the atomic chemical potentials can be con-
trolled by annealing the system in a sealed ampoule con-
taining varying amounts of elemental Ga or As.

Our results, together with the requirement of charge
neutrality, provide a basis for calculating the equilibrium
concentration of defects and allow us to understand the
observed strong dependence of self-diffusion rates in
GaAs on surface-annealing conditions: With n-type
dopants self-diffusion is enhanced by As-rich conditions
and is suppressed by Ga-rich conditions [6]. Conversely,
with p-type dopants self-diffusion is enhanced by Ga-rich
conditions and is suppressed by As-rich conditions [6]. In
n-type GaAs, self-diffusion is thought to be mediated by
the triply charged Ga vacancy [7]. Our calculations indi-
cate that the concentration of such vacancies can change
by ~10 orders of magnitude depending on whether the
system reaches equilibrium in As-rich or Ga-rich condi-
tions. Thus the atomic chemical potentials play a crucial
role in the theory and phenomenology of defect forma-
tion.

Previous theoretical studies due to Baraff and Schluter
[1,8] yielded important insight into the defect energetics
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in GaAs. These authors focused mainly on the Fermi-
level dependence of the defect energies and on the ener-
gies of defect reactions; the calculation of absolute forma-
tion energies of individual defects was not attempted.
More recent calculations of defect formation energies in
GaAs by Jansen and Sankey [9] are based on the as-
sumption that the formation energies of neutral Ga and
As vacancies are the same. This assumption is equivalent
to fixing the Ga and As chemical potentials at unknown
values which may or may not be physically allowed.

The formalism we have adopted for the calculation of
defect formation energies is similar to that employed in
calculations of surface energies [5,10]. In equilibrium
the same restrictions on the chemical potentials at the
surface apply to defects in the bulk. If the system con-
tains an excess of As, the excess As may form a bulk As
precipitate. Consequently, the chemical potential of As
may not exceed the chemical potential of bulk As;
HAs =< UAskulk)- Similarly, the chemical potential of Ga
may not exceed that of bulk Ga; uga < UGauik). In addi-
tion, the sum of the As and Ga chemical potentials is re-
quired to equal the chemical potential (per pair) of bulk
GaAs; ugatuas=ucaass These conditions limit the
difference in chemical potentials, ug, —uas, to a range
determined by the heat of formation of bulk GaAs from
elemental As and Ga.

The formation energy Q of a defect may be written as

Q=FEp—n.U, —NGallGa — NAsHAs » ¢}

where Ep is the energy of a supercell containing ng, Ga
atoms, nas As atoms, and one defect. n, is the number of
electrons transferred from an electron reservoir with a
chemical potential g, to the defect for a given charge
state. By defining

Ap = (uGa— tas) — (UGatbulk) — HAsbulk)) »
Eq. (1) may be rewritten as
Q=Ep—n.p,— ;_(”Ga_”As)All ’ )

where E) is independent of Ay and u.. For a perfect
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crystal Ej =0, and the formation energy vanishes. The
restrictions on the chemical potentials are

O=<u,=<E; and —AH=Au=<AH,

where E, is the energy gap, and AH = — (ugaas
— UGa(bulk) — HAs(ulk)) is the heat of formation of GaAs
[11]. In our calculations we have neglected the tempera-
ture dependence of Ej, E,, and AH. We recognize, how-
ever, that this dependence may be important in obtaining
accurate defect concentrations for high temperatures.

The calculation of the defect energy (Ep) employed
the local-density approximation [12], scalar-relativistic
pseudopotentials [13,14], and a supercell containing 32
atoms. Plane waves with kinetic energies up to 8 Ry were
included in the expansion of the wave functions [15]. The
atomic relaxations associated with the defect were deter-
mined by force calculations, and the associated relaxation
energies can be substantial (~0.8 eV). While Q varies
typically by several eV over the allowed range of u, and
Ay, the error in Q is not expected to be larger than + 0.3
eV.

The thermodynamic transition levels for the defects are
shown in Fig. 1. These results are in qualitative agree-
ment with those obtained by Jansen and Sankey [9]. The
transition levels for the Ga vacancy are clustered in a
rather narrow energy range between 0.19 and 0.32 eV
above the valence-band maximum corresponding to a pos-
itive correlation energy. The effective Coulomb interac-
tion is not large for V¢, because the added electrons are
distributed over the four spacially separated As dangling
bonds. For the Ga interstitial, formation of the 3+
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FIG. 1. Thermodynamic transition energy levels for native
defects having levels in the gap. V denotes vacancies. The sub-
scripts a and 7 are used for antisites and interstitials, respective-
ly, and the subscript 1 (2) labels interstitials with four As (Ga)
nearest neighbors. Vs and Ga;, are singly positively charged
defects for all values of u..
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charge state requires that electrons are removed from an
orbital which has weight not only on the interstitial but
also in four neighboring As-Ga bonding regions. The
positive charge is therefore distributed over an extended
volume and this reduces the effective correlation energy.
Figure 2 shows the defect formation energy Q as a
function of Au for three characteristic values of the elec-
tron chemical potential. The formation energies of the
defects can be changed significantly depending on wheth-
er Au=—AH (As-rich limit) or Au=AH (Ga-rich lim-
it). For example, when u. is at the conduction-band
minimum the formation energy of the Ga vacancy is in-
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FIG. 2. Defect formation energies as a function of Au are
shown for three different u.. Ay varies from the As-rich limit
(—AH) to the Ga-rich limit (AH). The charge state of the de-
fects depends upon u. and can be determined from Fig. 1.
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creased from 0.25 eV in the As-rich limit to over 1 eV in
the Ga-rich limit. In certain extreme conditions the
charged Ga and As antisite defects have negative forma-
tion energies. However, such extreme values for Ay and
U cannot be obtained simultaneously because of charge
neutrality requirements. Over the whole range of allowed
Au, the energies for the As vacancies and interstitials
remain high.

The equilibrium concentration C; of a defect is
N;exp(— Q;/1), where t =kpT and N; is the concentra-
tion of sublattice sites (2.2x10%%/cm? for GaAs). Given
Au, p., and T we may calculate the defect concentra-
tions. However, u, itself depends on the defect concen-
trations and the effective doping level through the re-
quirement of charge neutrality. This consistency require-
ment renders the concentration of the dominant defect
much less sensitive to uncertainties in the formation ener-
gies than might otherwise be anticipated. Given an
effective doping level, Ny =Nj —N. , where Nj and
N4 are the concentrations of ionized donor and acceptor
impurities, u, is determined as a function of Au and the
temperature. Specifically,

2n.Ci+Neexpl—(Eg —pe)/t]1 — Noexp(—p /1) =N, .
3)

The three terms on the left are, respectively, the sum of
defect charge densities, the electron concentration, and
the hole concentration. N, and N, are the effective con-
duction-band and valence-band density of states [16].
The usage of Boltzmann rather than Fermi-Dirac statis-
tics in Eq. (3) is adequate to determine the defect con-
centrations for the doping levels and temperatures con-
sidered here. Shown in Fig. 3 is the calculated depen-
dence of u, on Au at T=580°C for three different dop-
ing levels: Ny =10'8/cm? (excess of donors), Ny =0 (im-
purity compensated or undoped), and Ny=—10'%/cm3
(excess of acceptors). The variations in u, as a function
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FIG. 3. The electron chemical potential u. is shown as a
function of Au for three different doping levels for a tempera-
ture of 580°C. The structure in these curves results from com-
pensation by the defects.

of Au result from charge compensation by the native de-
fects.

We are now in a position to obtain equilibrium defect
concentrations as a function of temperature, doping level,
and Au. For example, we may determine the deviation
from ideal stoichiometry (S) arising from native defects.
Thermodynamics places well-defined limits on the equi-
librium value of S. For a given temperature, the most
As-rich material will be obtained when Au=—AH and
the most Ga-rich material when Au=AH. In equilibri-
um, the contribution to S arising from native defect for-
mation is undoped material is very small. For example,
Smax~10'%/cm? in the Ga-rich limit and 10'*/cm? in
the As-rich limit for a typical molecular-beam-epitaxy
growth temperature (77=>580°C). The low values of S max
are a consequence of two facts: (1) The neutral defects
in GaAs are high in energy, and (2) there are no pairs of
low-energy charged defects which can compensate each
other and both contribute to S in the same sense. In
doped material deviations from stoichiometry occur
through the formation of charged defects and S, is lim-
ited by the effective doping level.

We now turn to the question of the concentration of in-
dividual defects. We are specifically interested in the
mobile defects (vacancies and interstitials) which mediate
self-diffusion. Figure 4 shows the calculated equilibrium
concentration of V&, in GaAs for an effective doping lev-
el of 10'®/cm? and a temperature of 827°C. This doping
level can be achieved readily by Si diffusion into GaAs
[6]. For this doping level we find that V&, is the dom-
inant defect in the As-rich limit and that its concentra-
tion approaches a limiting value ~ § of the effective dop-
ing level. Under these conditions the formation energy of
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FIG. 4. (a) Concentration of the Ga vacancy and Ga antisite

as a function of Au at 7=827°C for n-type doping. (b) Con-

centration of the Ga interstitial and As antisite under p-type
conditions. '
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the vacancy is sufficiently low that on the order of one
V. is formed for every three electrons introduced by
doping. On the other hand, in the Ga-rich limit the rela-
tively immobile Ga,?~ is the dominant defect and the
concentration of V&, is negligible. This result explains
why impurity-enhanced diffusion employing n-type
dopants is most effective in As-rich conditions [6,17,18].
The strong dependence of the V&, concentration on Ap
occurs for two reasons: (1) As-rich conditions provide a
low-energy sink for the removed Ga atoms; and (2) p,
tends to increase (see Fig. 3) as Au approaches the As-
rich limit and this further lowers the formation energy of
Vés. Experimentally, As-rich conditions are obtained by
annealing the GaAs under a high As overpressure. The
surface then provides an effective sink for Ga interstitials
thus suppressing their equilibrium concentration. This
leads, by the law of mass action, to an enhanced concen-
tration of vacancies.

Experimental evidence that self-diffusion in n-type
GaAs occurs via diffusion of V&, is the observation that
the diffusion rate is proportional to the third power of the
free-electron concentration [7]. This dependence is ob-
served over a wide range of doping levels and implies that
the Ga vacancy is triply charged even for very low doping
levels. Our calculations strongly support this result. Be-
cause the (2—|3 —) transition level of the Ga vacancy is
well below midgap in our calculations we find that the
dominant charge state of the vacancy is 3— even for un-
doped GaAs.

Self-diffusion in GaAs may also be enhanced by the
in-diffusion of group-II p-type dopants such as Be, Mg,
and Zn. Under conditions of heavy p-type doping (IV,
=—102/cm?) we find that the Ga;;°*" is the dominant
native defect in Ga-rich conditions (see Fig. 4). This de-
fect has a negligible concentration under As-rich condi-
tions (where the As,?t has the highest concentration).
The contribution to Ga self-diffusion arising from inter-
stitials therefore depends strongly on annealing conditions
at the surface. This result is in agreement with experi-
ments [6,17). We find that the charge state of the Ga in-
terstitial depends on the level of p-type doping. For p-
type doping less than 10'’/cm? the interstitial occurs
predominantly in the singly charged state. Thus the
diffusion rate will not necessarily exhibit a simple power-
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law dependence on the hole concentration.

In summary, we calculated the formation energies of
native defects in GaAs as a function of electronic and
atomic chemical potentials over their allowed range.
These results indicate that impurity-enhanced self-dif-
fusion in GaAs is mediated by V', under As-rich, n-type
conditions and by Ga,;** under Ga-rich, p-type condi-
tions.
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