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The significant diffusion of Ga under Ga-rich conditions in GaAs and GaSb is counter intuitive as the

concentration of Ga vacancies should be depressed although Ga vacancies are necessary to interpret

the experimental evidence for Ga transport. To reconcile the existence of Ga vacancies under Ga-rich

conditions, transformation reactions have been proposed. Here, density functional theory is employed

to calculate the formation energies of vacancies on both sublattices and the migration energy barriers

to overcome the formation of the vacancy-antisite defect. Transformation reactions enhance the

vacancy concentration in both materials and migration energy barriers indicate that Ga vacancies will

dominate. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824126]

A number of binary III–V compound semiconductors

have high electron mobility, narrow direct band gap and can

be lattice matched with ternary or quaternary III–V

compounds.1–5 These properties make them technologically

important for microelectronic applications, diodes, photovol-

taics, and solar cells.1 For example, GaAs is being consid-

ered for advanced nanoelectronic devices as the recent trend

is to replace silicon (Si) in devices with substrates that ex-

hibit higher electron mobility.6,7 Interestingly, theoretical

studies can provide a fundamental insight in the defect proc-

esses of group III–V compounds (such as growth in GaAs).5

Interestingly, Bracht et al.8,9 have determined that self-

diffusion in GaSb is asymmetric with Ga diffusing more

rapidly than Sb by over three orders of magnitude near the

melting temperature. Furthermore, Ga self-diffusion is more

significant than Sb even under Ga-rich conditions. Ga-

diffusion is mainly vacancy-mediated in GaSb so one needs

to understand the large disparity between the diffusion coef-

ficients of Ga and Sb and the role of Ga vacancies (VGa)

even under Ga-rich conditions.

Bracht and Brotzmann6 explain the diffusion of Zn in

GaAs via the kick-out mechanism that involves neutral and sin-

gle positively charged self-interstitials. In addition, VGa contrib-

utes to Zn diffusion via the dissociative mechanism.6 Zn

diffusion in GaAs is effectively a probe to determine the indi-

vidual contributions of charged Ga interstitials (Gai) and VGa to

the total Ga self-diffusion coefficient. For Zn diffusion under

As-rich conditions, Bracht and Brotzmann6 fitted the experi-

mental Zn profiles data for the individual contribution of Gai

and VGa to Ga self-diffusion in GaAs, which are consistent with

the total self-diffusion coefficient. That is, the individual contri-

butions are lower than the total Ga self-diffusion. However, the

situation is very different under Ga-rich conditions. Although

the same diffusion mechanisms (see Eqs. (2)–(4) of Ref. 6)

describe the experimental Zn profiles and even the Ga pro-

files, the individual contributions of neutral and positive

charged VGa reduced to standard conditions (electronically

intrinsic and to an As pressure of 1 atm), exceed the total

Ga self-diffusion coefficient.10 It is striking that the same

model that works for As-rich conditions also accurately

reproduces Zn profiles obtained under Ga-rich conditions.

One counter intuitive idea that may nevertheless explain

the situation is that significant concentrations of VGa exist

and can evolve from VAs even under Ga-rich conditions.

Apart from the investigation of vacancies, the present

study will also focus on the associations of antisites defects

with vacancies. Using density functional theory (DFT), we

present a detailed investigation of the point defects under dif-

ferent compositional conditions (stoichiometric, Ga-rich, and

As/Sb-rich) and Fermi levels. To gain a complete under-

standing of the processes, we also consider the kinetics of

the transformation reactions.

The results were generated using density functional

theory as implemented in the VASP code.11 Exchange and

correlation were described according to the formulation of

Perdew et al.12 Pseudopotentials were generated using the

projector-augmented method13 in which the 3 electrons of

the group III atoms and 5 electrons of the group IV atoms

were treated as valence. Wavefunctions were expanded to a

kinetic energy cut-off of 400 eV.

The calculations were carried out in 216 atom super-

cells. Integration over the Brillioun zone was performed

using a 2� 2� 2 grid generated according to Monkhorst and

Pack.14 Energies and forces were iterated up to tolerances of

1� 10�5 eV and 1� 10�2 eV/Å, respectively. Defect forma-

tion energies were calculated according to

Ef ¼ EtotðD; qÞ � EtotðperfectÞ þ
X

a
nala þ qle þ Ecorr

(1)

where EtotðD; qÞ and EtotðperfectÞ are the total energies of

the defective and perfect cells, respectively. na represents the

a)Electronic mail: h.tahini@imperial.ac.uk
b)alex.chroneos@open.ac.uk
c)bracht@uni-muenster.de
d)r.grimes@imperial.ac.uk
e)Udo.Schwingenschlogl@kaust.edu.sa

0003-6951/2013/103(14)/142107/4/$30.00 VC 2013 AIP Publishing LLC103, 142107-1

APPLIED PHYSICS LETTERS 103, 142107 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

109.171.137.210 On: Wed, 19 Mar 2014 12:04:14

http://dx.doi.org/10.1063/1.4824126
http://dx.doi.org/10.1063/1.4824126
mailto:h.tahini@imperial.ac.uk
mailto:alex.chroneos@open.ac.uk
mailto:bracht@uni-muenster.de
mailto:r.grimes@imperial.ac.uk
mailto:Udo.Schwingenschlogl@kaust.edu.sa
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4824126&domain=pdf&date_stamp=2013-10-02


number of atoms added or removed and la is the corre-

sponding chemical potential. Charged defect-defect interac-

tions were accounted for using the recent technique due to

Freysoldt et al.,15 which has been applied in several previ-

ous studies and appears in the equation above as Ecorr. To

calculate the migration barriers, we employed the nudged

elastic band technique with the climbing image functional-

ity (CI-NEB).16

It is important to consider how VGa is relevant in GaAs

and GaSb. When III–V compounds are stoichiometric, they

are ordered binary compounds with the zinc-blende structure

(F�43m, space group No. 216). The zinc-blende structure has

two sublattices, with each sublattice being occupied, ideally,

by atoms of one kind. The four nearest neighbor sites of every

lattice site lie on the other sublattice, whereas the second

neighbour sites lie on the same sublattice. In the plane-passing

mechanism proposed by Bockstedte and Scheffler17 (for Ga

diffusion in GaAs), a Ga atom at a second nearest neighbor

position with respect to a VGa moves towards it leaving its

own site vacant. Thus, the Ga atom moves towards the inter-

stitial region along the diffusion plane that is perpendicular to

the (110) plane (see also Fig. 3 in Ref. 17). The advantage of

the plane-passing mechanism is that it does not necessitate the

formation of defect complexes (such as VSbVGa in the

triple-defect mechanism18) or the creation of antisite disorder

(such as in the ten-jump process19). This is because Ga

self-diffusion is taking place on the Ga-sublattice and As

self-diffusion on the As sublattice. In recent DFT studies,

El-Mellouhi and Mousseau20,21 considered other possible

mechanisms for Ga self-diffusion in GaAs but predicted that

the plane-passing mechanism is the most energetically favor-

able for V0
Ga and V1�

Ga (both with diffusion barriers of 1.7 eV)

but also for V2�
Ga (diffusion barrier 1.85 eV).

Results presented in Fig. 1(a) show that in GaSb, irre-

spective of the composition conditions (i.e., Ga or Sb rich)

or Fermi level, the isolated VGa defect has a lower formation

energy than the antimony vacancy (VSb). Fig. 1(b) shows

that for GaAs, the VAs is more favorable than the VGa only

for some p-type conditions in stoichiometric and Ga-rich

compositions, although, it is always most favorable in

As-rich compositions.

Bracht et al.8 have proposed the transformation reaction

VAs ! VGaþGaAs as a way to produce VGa from VAs in

GaAs under Ga-rich conditions. In essence, Bracht et al.8

considered the formation of two isolated species, however,

as an intermediate process the vacancy-antisite pair is

formed. Formally, the dissociation energy required to break

up the pair defect also needs to be calculated to gain a full

understanding of the defect processes. This will involve the

VGa migrating away from the pair via the plane-passing

mechanism,17 effectively with a Ga atom at a second nearest

neighbor position (with respect to a VGa) moving towards it,

leaving its own site vacant. Here, we assume that under ex-

perimental conditions, all the vacancies will contribute to

diffusion at their sublattice. For such conditions, our calcula-

tions, illustrated in Fig. 1(b), reveal that it is energetically

favourable to form isolated vacancies. In addition, we calcu-

lated the transformation reaction to form antisite-vacancy

pairs for both materials to assess the impact on the VGa con-

centration, as was proposed experimentally. Fig. 1 reports

the antisite-vacancy pair formation energies for the most sta-

ble charge states as a function of the Fermi level for stoichio-

metric, III-rich, and V-rich conditions in both GaSb and

GaAs. The most stable cluster configuration is predomi-

nantly the nearest neighbour GaAsVGa in GaAs and SbGaVSb

in GaSb regardless of composition. Considering first GaSb

under Ga-rich conditions, the GaSbVGa cluster has a low for-

mation energy under n-type conditions supporting the trans-

formation reaction VSb ! VGaþGaSb that was previously

proposed to explain the VGa mediated diffusion of Ga in

FIG. 1. Lowest energy vacancy and antisite-vacancy pair formation energies assuming the most stable charge state as a function of the Fermi level for stoichio-

metric, III-rich and V-rich conditions for (a) GaSb and (b) GaAs. Numbers in the figures represent the charge state of the respective defects.
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GaSb under Ga-rich conditions.8 The present study, how-

ever, also supports the view that isolated VGa is produced

even under Ga-rich conditions and is prevalent over VSb

(Fig. 1(a)). Again, this is consistent with the experimental

evidence of significantly higher Ga self-diffusion compared

with Sb self-diffusion in GaSb. At any rate, the transforma-

tion reaction can add complementary VGa to the system.

In GaAs under Ga-rich conditions, GaAsVGa has low for-

mation energies especially for low Fermi levels where VAs

have lower formation energies than VGa (see Fig. 1(b)).

Accordingly, we expect through the transformation reaction

that additional VGa is added to the system. Therefore, GaAs

and GaSb are similar under Ga-rich conditions. Where the

two materials behave differently is that under all conditions

the SbGaVSb pair exhibits a lower formation energy than the

VGa, the analogous pair in GaAs (i.e., the AsGaVAs pair) exhib-

its significantly higher formation energy under Ga rich condi-

tions. The lower formation energies of the SbGaVSb pair

suggest that the transformation reaction VGa ! VSbþ SbGa

would form VSb even under Sb-rich conditions, something

that was not observed experimentally.8 Hence to understand

the absence of these thermodynamically favourable species,

the kinetics of the transformation reactions are considered

next by calculating the migration energies for these processes.

While the formation of VGa via transformation reactions

may increase the VGa concentration one has to consider the

migration energy barrier that must be overcome to form the

defect pair. A schematic representation of the transformation

reaction VAs! VGaþGaAs in GaAs is provided at the top of

Fig. 2(a). In essence, a nearest neighbour Ga atom moves

into the vacant As site. This leads to the formation of the Ga

antisite and a vacant Ga site. Analogous mechanisms were

also considered for VGa ! VAsþAsGa, VSb ! VGaþGaSb,

and VGa! VSbþSbGa in Figs. 2(b), 3(a), and 3(b).

Figs. 2 and 3 report the energies along the path defined

on the top of the figures for GaAs and GaSb, respectively.

The charge states considered correspond to the dominant val-

ues of the vacancy-antisite pair identified in Fig. 1. It can be

observed by comparing Figs. 2(a) and 2(b) and Figs. 3(a)

and 3(b) that the lowest energy barriers, irrespective of the

charge states, are for the production of VGa via the respective

transformation reactions. For example, considering GaAs

(see Fig. 2), the barrier to form doubly negatively charged

VAsþAsGa pairs (via VGa ! VAsþAsGa, Fig. 2(a)) is more

than 1.3 eV higher compared with the barrier to form the

doubly negatively charged VGaþGaAs pairs (via VAs ! VGa

þGaAs, Fig. 2(b)).

It is evident that the transformation reactions leading to

the production of VGa are energetically favourable over the

analogous reactions for all conditions in both materials (Figs.

2 and 3). For GaSb this supports the model proposed by

Bracht et al.,8 namely, that under Ga-rich conditions transfor-

mation reactions (VSb! VGaþGaSb) lead to the formation of

Ga vacancies (Fig. 3). At high Fermi levels, the energy of this

FIG. 2. The migration energy barriers for (a) VAs !
VGaþGaAs and (b) VGa ! VAsþAsGa transformation

reactions in GaAs. On the top of the figure is the initial

and final state of the transformation reaction. Cubes

represent the vacant site, red spheres the As atoms and

purple spheres the Ga atoms. The reaction coordinates

represent the distance between the images along the

path of the diffusing species. Numbers in the figures

represent the charge state of the respective defects.

FIG. 3. The migration energy barriers for (a) VSb !
VGaþGaSb and (b) VGa ! VSbþSbGa transformation

reactions in GaSb. On the top of the figure is the initial

and final state of the transformation reaction. Cubes

represent the vacant site, red spheres the Sb atoms and

purple spheres the Ga atoms. The reaction coordinates

represent the distance between the images along

the path of the diffusing species. Numbers in the figures

represent the charge state of the respective defects.
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process is very low leading to the transformation of VSb to

additional VGa. Conversely, the process VGa ! VSbþSbGa in

GaSb (which appears favourable at high Fermi energies in

terms of formation energies in Fig. 1(a)) is hindered by the

high migration energy barriers (refer to Fig. 3(b)). The picture

in GaAs is very similar, that is, the migration energy barriers

for the production of VGa via the transformation reactions are

lower as compared with the production of the VAs.

The results of the present study lead to counterintuitive

conclusions as it is predicted that the concentration of VGa or

GaAsVGa pairs is significant and dominant over group-V

vacancies even under Ga-rich conditions for both GaSb and

GaAs. They are consistent though with the experimentally

observed diffusion behavior in both materials. Transformation

reactions under Ga-rich conditions can provide complemen-

tary VGa but these reactions are not necessary to explain the

existence of VGa as they exhibit formation energies that are

compatible with high Ga diffusion. The kinetics of the proc-

esses are, however, necessary to explain the suppression of

VSb as the migration energies of the transformation reaction

establish the dominance of the VGa over VAs or VSb for GaAs

and GaSb.
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