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Effects of Strain and Local Charge on the Formation of Deep Defectsin I11-V Ternary Alloys
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The effects of external and internal strains and of defect charges on the formation of gallium vacancies
and arsenic antisites in GaAs and InysGaysAs have been investigated by ab initio density functional
methods. Present results show that a proper understanding of strain and defect charge permits the de-
velopment of a defect engineering of semiconductors. Specifically, they predict that arsenic antisites in
InGaAs ternary alloys can form, upon p-type doping in the presence of an arsenic overpressure, even in

the case of high-temperature epitaxial growths.

PACS numbers: 71.55.Eq, 78.55.Cr

The importance of the defect formation energy as a key
quantity describing the behavior of defects has been clari-
fied by several theoretical studies investigating the forma-
tion of shallow and deep defects in GaAs [1,2] and GaN
[3], as well as of shallow defects in ternary InGaAs al-
loys [4]. Defect formation energies depend on the relative
abundances of the atomic constituents (e.g., Ga and As
in GaAs) during the crystal growth. If a thermodynamic
equilibriumis assumed to hold between the condensed and
gaseous phases, these abundances are related to the chemi-
cal potentials (ga, mas) Which define the reservoirs from
where atoms are taken (or brought) in order to create de-
fects. If the defect is charged, the formation energy also
depends on the electron chemical potential, w., which de-
fines the reservoir of electrons [1-5]. In a supercell ap-
proach, the formation energy ()p of a defect D in GaAs
may be written asin Ref. [1]

Op =Ep — nepe —

where Ep, is the energy of a supercell containing ng, Ga
atoms, nas As atoms, and one D defect, and n, is the
number of electrons transferred from an electron reservoir
with a chemical potentia w,. to the defect D in a given
charge state. It can also be shown that

1
QOp = EZ) — Nefe — §(nGa - nAs)A/J«,
where the defect energy E), is written in the form

NGaMGa — NAsMAs,

1
E/D =Ep — 3 ,UvGaAs(B)(nGa + nAs)

1
— 5 (nGga — nas) (MGaB) — MAs®)) -

mx ) 1S the chemical potential of the X species in the
bulk and A i is the chemical potential difference (wg, —
mas) — (MGa — masp)- I equilibrium, several re-
strictions apply to the atomic chemical potentials [1]. As
an example, in the case of GaAs an excess of As atoms
may form a bulk As precipitate. In order to avoid this ef-
fect, uas should not exceed the chemical potential of bulk
AS, wasp). Similar considerations lead to the following
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restrictions to the chemical potentials:
0=wp,=E, and — AH =Au =AH,

where E,, isthe energy gap and AH isthe heat of formation
of GaAs [1].

These restrictions determine what values of uy arerele-
vant to the defect formation. In particular, Au = —AH
and Ay = AH correspond to the Asrich limit and the
Ga-rich limit case, respectively, i.e., to different growth
conditions which may affect the formation of defects. Dif-
ferent values of w. arerelated, instead, to different doping
levels, u. = 0 corresponding to a Fermi level at the top of
the valence band. The above equationsfor (), are dightly
different in the case of InGaAs, where further restrictions
apply to the chemical potentials of the cations [4].

Further investigations on the formation of defects in
I11-V semiconductors have been stimulated by an increas-
ing interest in the defect engineering of semiconductors,
namely, a controlled introduction of defects aimed to tun-
ing the material properties. As an example, materials for
ultrafast optical devices have been obtained by growing
GaAs at low temperature (LT) by molecular beam epitaxy
(MBE) [6]. This growth leads to nonstoichiometric GaAs,
with about 1% excess arsenic, which should favor the for-
mation of As antisites (double deep donors formed by As
atomslocated at gallium sites) [ 7] and Gavacancies. Simi-
larly, arsenic antisites are likely responsible of the ultra-
fast photoresponses at 1.55 um achieved in the case of
LT-grown InGaAs/InAlAs quantum wells [8]. These ex-
perimental works suggest that the introduction of deep de-
fects can improve the optical properties of ternary alloys
of interest for optoelectronic devices.

In the present L etter, the theoretical approach introduced
in Ref. [1] has been used to perform a careful analysis of
the effects of internal and external strain on the forma-
tion of vacancies and antisites in GaAs and Iny sGay sAS,
aternary aloy that almost matches InP and is of interest
for optoelectronic devices [9]. In particular, the combined
effect of strain and local charges on the defect has been
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investigated, since it is well known that deep defects are
sensitive to lattice and local-charge rearrangements [10].
The results achieved in the case of GaAs have been com-
pared with those found in the case of InysGaysAS by
taking into account that, generally, a ternary aloy (like
In,Ga,—,As) may be assumed to be given by abinary com-
pound where a fraction x of the cations have been substi-
tuted randomly with cations of a different species. This
substitution has severa effects. (i) the crystal symmetry
becomes lower; (ii) the lattice constant (ag) changes (it
increases when the new cation in the ternary aloy is big-
ger in size than that of the original binary compound); and
(iii) the presence of two cations of different sizeinducesan
internal strain, which is an intrinsic property of the aloy.
This strain is mainly accommodated by deformations of
the bond angles, while the bond distances, e.g., the Ga-As
and In-As distances, are amost egqual to those reported in
GaAs and InAs, respectively [11]. Present results clarify
well the different effects of an internal strain, an external
strain, and local charges on the defect on the formation
of vacancies and antisites in GaAs and InysGaysAs and
show that these effects permit the development of a defect
engineering of these semiconductors. They can also be ex-
tended to other pairs of binary/ternary compounds.

The defect energy Ep and the total energies related
to the ux(p) potentials have been calculated in the local
density approximation [12] by using supercells, separable
ab initio pseudopotentials [13], plane-wave basis sets, the
special-points technique for k-space integration [14], and
the exchange-correlation functional of Ceperley and Alder
[15]. The geometry of a given supercell has been fully
relaxed by minimizing the forces on the atoms [16]. Con-
vergence tests have been done by using plane-wave cutoffs
ranging from 12 to 20 Ry, supercells of 32 and 64 atoms,
and k-point meshes equivalent to a (4,4,4) or (8,8,8)
Monkhorst-Pack mesh in the zinc-blende unit cell. There-
sults presented here have been achieved by using 64-atom
supercells, the (4,4,4) k-point Monkhorst-Pack mesh in
the zinc-blende unit cell, and cutoffs of 18 Ry. The struc-
ture of the Iny5GaysAs aloy has been simulated by ran-
domly populating the cationic sites of a 64-atom supercell
with In and Ga atoms in the stoichiometric ratio. The po-
sition of the defect levelsin the energy gap has been esti-

TABLE I.

mated by calculating the corresponding occupancy levels,
i.e., the Fermi-energy values €"/"*! for which the occu-
pation number of the electronic state changes from n to
n + 1 [17]. Further details about the calculation proce-
dures can be found elsewhere [18].

Although different types of vacancies and antisites have
been investigated, only the results relative to gallium va-
cancies, V., and arsenic antisites, Asg,, are reported here
[19]. These defects have been chosen for their peculiar
properties and technological interest. The two defects are
complementary: (i) Ga vacancies are deep acceptors and
As antisites are deep donors; (ii) vacancies induce loca
voids in the lattice which lead to a displacement of the
nearest neighboring (NN) As atoms toward the vacancy
[20], while the antisites are characterized by displacements
of the NN atoms far fromthe antisite [21]. These displace-
ments are induced by the antibonding interactions of the
Asga. with its NN As atoms. Furthermore, both gallium
vacancies and As antisites are favored by the presence of
an excess of As atoms (a growth condition which favors
the realization of materials with ultrafast optical response)
[6,7]. Finally, Vg, and Asg, form both in InysGay sAsand
in GaAs, which allows us to compare the defect forma-
tion energies in materials with and without internal strain,
respectively. Then, the formation energies of the Asy,,
AsiZ, V., and Vg, defects have been estimated in GaAs
and Iny5Gay 5AS. Since two competing effects are related
to the increase of a¢ and to the insurgence of an inter-
nal strain on going from GaAs to InysGaysAS, these ef-
fects have been investigated separately by introducing two
model materials, “strained” GaAs, with ay extended to
that of InysGaysAs (GaAs-ext), and strained Iny 5Gay 5AS,
with a( contracted to that of bulk GaAs (Iny sGay sAs-ctd).
These model materials provide also afirst, qualitative esti-
mate of the effects of an external strain on the formation of
vacancies and antisites, although they do not fully repro-
duce the structure of strained, pseudomorphic heterostruc-
tures grown by MBE [11].

Table | gives the formation energies of vacancies and
antisites corresponding to the most favorable growth con-
ditionsfor these defects, Auw = —AH (i.e., Asrich limit),
where AH isthe heat of formation of GaAsor Iny;GaysAS
[22]. The position of the Fermi level, which determinesthe

Defect formation energies of arsenic antisites (Asg,) and galium vacancies

(Via) corresponding to the most favorable growth conditions for these defects, i.e., Asrich
limit (Auw = —AH, where AH is the heat of formation of GaAs or InysGaysAs. GaAs-ext
(IngsGay sAs-ctd) indicates a model, “strained” materia with the lattice constant extended
(contracted) to that of InysGaysAs (GaAs). The last column gives the value of the electronic
chemical potential w. in the material where the defect forms. The zero of w. is taken at the
top of the valence band. E, is the energy gap. All values are given in eV.

Defect GaAs GaAs-ext IngsGaysAS InysGay sAs-ctd Me
A, 0.77 0.26 0.58 0.90 E./2
AsS? 0.07 -0.15 0.11 0.30 0
% 2.77 2.87 2.74 1.09 0
Vel 1.48 1.80 1.95 0.23 E,/2
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charge state of the defects, is reported in the last column
of the table. The occupancy levels estimated for Asg,

and Vg, indicate that the As;;> and Vo, are stable charge
states when ., = 0 (Fermi level at the top of the valence
band). When the Fermi level is at midgap (u. = E,/2),
the stable states are, instead, As, and Vg, . In the case of
A<, the formation energy of this defect decreases appre-
ciably on going from GaAsto GaAs-ext; see Table I. This
behavior can be related to changes of the local geometry
of the defect; see Table 1. In GaAs, the antibonding inter-
action of the As antisite with its NN As atoms leads to an
Asga-As bond length (2.56 A) larger than both the calcu-
lated Ga-As distance (2.41 A) and the As-As distance esti-
mated by atomic covalent radii (2.45 A) [23]. In GaAs-ext,
the increase of a, (from 5.56 to 5.76 A) and the corre-
sponding increase of the Ga-Asdistance up to 2.50 A allow
the Asg,-As distance to relax to 2.63 A. This relaxation
stabilizes the defect and shows that a decrease of the Asga

formation energy isrelated to an increase of ay. While the
above results agree with the expected behavior of the Asg,

defect, a quite surprising picture emerges from the results
achieved in the case of InysGaysAs. In this materia ag

also increases with respect to that of GaAs. Moreover, the
Asg, loses its tetrahedral symmetry (due to local lattice
distortions), which introduces further degrees of freedom
for the structural relaxation around the defect. However,
these two conditions have not the expected effects on the
formation energy of Asg, in InygsGaysAs which is larger
than that found for GaAs-ext although the two materials
have a same a(. The increase of ay on going from GaAs
to InysGay sAs is compensated, indeed, by the insurgence
of an internal strain which leads to Asg,-As distances al-
most equal, on the average, to those found in GaAs (see
Table I1). This compensation effect of the internal strain
on the Asg, formation energy is confirmed by a compari-
son of the GaAs and InysGaysAs-ctd cases. Although
these materials have the same a, the Asg,-As distances
in the alloy are shorter (on the average) than those found
in GaAs. Accordingly, the formation energy of the defect
is larger in Iny5Gay sAs-ctd. In the case of InysGaysAS,
the increase of ay and the presence of an internal strain
have therefore opposite effects on the local geometry and
the formation energy of the defect. The above results also

TABLE II.

imply that the formation of As antisites may be favored by
an external tensile strain both in IngsGay sAs and GaAs.
The charged antisite, AsG2, has a different behavior with
respect to the neutral defect because: (i) the electronic state
responsible for the Asg,-As antibonding interactions cor-
responds to a defect level in the energy gap; (ii) this level
isempty. In GaAs, the latter condition determines a strong
reduction of the Ass,-As antibonding interactions which
leads to a dramatic reduction of the As’;> formation en-
ergy. Accordingly, the Asg,-As distances are very closeto
the As-As bond length estimated by the As covalent radius,
see Table II. Asafurther consequence, the formation en-
ergy of AsSZ isonly slightly affected by an increase of o,
as shown by the close values of Q)p found for GaAs and
GaAs-ext (see Table I1). Interestingly, similar results have
been found in the case of InysGaysAS, where the close-
ness of the Asg,-As distances to those found in GaAs and
the corresponding small difference in the formation en-
ergy values show that the internal strain has minor effects
when the As antisite is positively charged. This result is
also confirmed by the small increase of ()p in the case of
IngsGay sAs-ctd. It can be concluded that p-type doping
has a major effect on the formation of As antisites. These
defects may also be favored, to alesser extent, by the pres-
ence of an externa tensile strain.

In the case of V¢, , the formation energy of this defect is
amost the same in the different materials investigated here
but for the case of Iny sGay sAs-ctd; seeTable |. Thisresult
can be accounted for by the absence of an internal recon-
struction involving the vacancy dangling bonds [20]. This
is shown by a comparison of the As-As distances between
the As atoms neighboring the vacancy (which are second
nearest neighbors) with the As-As distance given by the
covalent radii (2.45 A); see Table Il. A weak interaction
between the As neighbors of the vacancy implies a smaller
sensitivity of this defect to changes of a( with respect to
the antisites. In InysGaysAs-ctd, the interna strain and
the contracted a, favor a bonding interaction between two
of the four As atoms carrying dangling bonds in the va-
cancy, as shown by the As-As distance of 2.63 A found
for these two atoms; see Table II. That bonding interac-
tion stabilizes the defect and accounts for the small forma-
tion energy. Similar trends are shown by the Qp values

The Asg,-As distances between an As antisite (Asg,) and its nearest neighboring

(NN) As atoms are reported in the table together with the As-As distances between the NN
atoms of a gallium vacancy. In the case of InysGaysAs, the four Asg,-As distances and the
three most representative As-As distances between the As neighbors of a vacancy are given
in parentheses. GaAs-ext (InysGaysAs-ctd) indicates a model, “strained” material with the
lattice constant extended (contracted) to that of Iny;GaysAs (GaAs). All values are given in

angstroms.

Defect GaAs GaAs-ext Ing5Gay sAS InysGay sAs-ctd
A, 2.56 2.63 (2.50, 2.55, 2.56, 2.64) (2.41, 2.46, 2.47, 2.57)
As? 2.46 2.53 (243, 2.46, 2.46, 2.49) (2.35, 2.38, 2.38, 2.39)
Ve, 3.75 431 (3.30, 3.50, 3.80) (2.63, 3.10, 3.40)
7 3.52 3.89 (340, 3.67, 3.78) (3.00, 3.10, 3.40)
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calculated for the Vg, defect. However, these values are
aways smaller than those calculated for V&, , thus suggest-
ing the existence of weak bonding interactions between the
arsenic atoms neighboring the charged vacancy. This in-
teraction may aso account for the small ()p value found
for the VG_a3 in InysGay sAs-ctd. In general, the formation
energies of vacancies result to be significantly larger than
those of antisites and dlightly affected by strain.

Theresults achieved in the cases of GaAsand Iny sGay s-
As may be extended to other pairs of binary/ternary com-
pounds if one takes into account some general properties
of antisites and vacancies in I11-V semiconductors. Theo-
retical studies of Asg, in GaAs [21] and Py, in InP [24]
show that even the latter defect gives rise to antibonding
interactions with its NN atoms. This seems acommon fea
ture of the antisite defects at the cationic sites, which may
be explained by simple chemical arguments. an Asg, anti-
site uses three electrons to bind to its neighbors, as the
substituted cation does. The remaining two (valence) elec-
trons give rise to an excited level in the energy gap and to
an antibonding el ectronic state which makes the formation
of antisites sensitive to both an extension and a contrac-
tion of ay. Changes of ay may be caused by an externa
strain or by the presence of cations of different sizesin a
ternary aloy. In the latter case, the presence of an inter-
nal strain can balance the change of ag. When the defect
loses the “antibonding electrons’ the effects of strain are
minimized and the antisites have small formation energies
both in binary and ternary compounds. In the case of va
cancies, generally the vacancies at the cationic sites do not
giverise to an internal reconstruction, asit has been found
in the case of Vg, in GaAs[20] and Vi, in InP [24]. This
implies a smaller sensitivity of these centers to changes of
ao and to the presence of an internal strain.

In conclusion, present results show that the formation
of vacancies and antisites is related to a fine interplay be-
tween changes of «ay, internal strain, and charges on the
defect. Strain and doping can effectively control the for-
mation of antisites in binary and ternary compounds. [t
seems difficult, instead, to control the formation of va-
cancies in the same materials because small formation
energies may be achieved for these defects only in the
presence of aquite large decrease of a(. These results have
immediate applications in the defect engineering of semi-
conductors. As an example, in the case of In,Ga,—As/
In,Al;—,As quantum wells LT-grown upon Be doping [8],
present results strongly support the formation of As anti-
sites. Furthermore, if thermodynamic equilibrium is as-
sumed, present results predict that As antisites can be
formed in InGaAs upon p-type doping in an As overpres-
sure even in a high temperature growth. This result is of
interest for the realization of InP-based structures. In that
case, the growth processes require a cracking of molecu-
lar species which cannot be achieved in LT processes. As
a matter of fact, In,Ga,—,As/InP heterostructures show-
ing ultrafast optical properties have been grown by chemi-
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cal beam epitaxy at high temperature under high fluxes of
arsine [25].
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