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On the spinodal decomposition of InxGa1−xNyAs1−y and GaSbxNyAs1−x−y alloys
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bDepartamento de Ingenierı́a Eléctrica, CINVESTAV-IPN,
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Spinodal decomposition ranges of GaAs-enriched GaSbxNyAs1−x−y and InxGa1−xNyAs1−y quaternary alloys as the result of the transfor-
mations of the bonds, strain and coherency strain energies at the phase separation are described. The alloys are represented as strictly regular
solutions. The spinodal decomposition ranges of the alloys are demonstrated up to 600◦C. It is shown that GaSbxNyAs1−x−y alloys having
one mixed sublattice are more promising from the standpoint of spinodal decomposition than InxGa1−xNyAs1−y alloys with two mixed
sublattices.
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Se describen los rangos de la descomposición espinodal de las aleaciones cuaternarias GaSbxNyAs1−x−y y InxGa1−xNyAs1−y enrique-
cidas con GaAs, como resultado de la transformación de los enlaces, las energı́as de deformación y de coherencia en la separación de
fase. Las aleaciones se representan como soluciones estrictamente regulares. Los rangos de descomposición espinodal se mostraron hasta
600◦C. Se demuestra que las aleaciones GaSbxNyAs1−x−y con una subred mezclada son más prometedoras desde el punto de vista de la
descomposición espinodal que las aleaciones InxGa1−xNyAs1−y con dos subredes mezcladas.

Descriptores: Aleaciones cuaternarias; descomposición espinodal.

PACS: 81.05.Ea; 64.75.+g

1. Introduction

In the previous paper [1], the spinodal decomposition ranges
of GaP-rich GaSbxNyP1−x−y and InxGa1−xNyP1−y quater-
nary alloys were described. Spinodal decomposition is im-
portant because it allows us to know the region of the unsta-
ble states of an alloy. Besides, dilute nitride III-V alloys have
attracted a lot of attention since the last decade. N concentra-
tions around 1% and above could be easily achieved in GaAs
or GaP [2]. Therefore, a dilute amount of nitrogen offers the
unique feature of simultaneously reducing the band gap and
the lattice parameter of a given III-V alloy [2]. In particular,
when a small percentage of N is incorporated into GaAsSb,
a band gap reduction [3] and a lattice contraction [4] are ob-
served, as in other dilute III-V nitrides. Thus, the GaSbNAs
quaternary alloy is another candidate for preparing strained
or lattice-matched materials with low band gap on GaAs. We
are going to consider the GaAs-rich GaSbxNyAs1−x−y and
InxGa1−xNyAs1−y quaternary alloys. The significant dis-
tinction in the atomic sizes of nitrogen and other V-group
elements (As and Sb) gives rise to the substantial strain en-
ergy of such alloys. The strain energy provides the tendency
toward phase separation that can lead to thermodynamically
unstable states with respect to spinodal decomposition [5].
These unstable states may be produced as the transformation
of a homogeneous alloy into a two-phase system [6]. At the
same time, this kind of decomposition formed leads to an oc-
currence of the coherency strain energy due to the stress be-

tween both formed regions with different compositions and
these regions and other parts of an alloy [6]. The coherency
strain energy increasing the internal energy of an alloy de-
creases the spinodal decomposition range.

According to Gibb’s classic treatment of phase stabil-
ity, spinodal decomposition begins from the changes that are
large in extent but small in degree [7] and develops when a
negligibly small phase separation fluctuation decreases the
free energy of an alloy.

GaSbxNyAs1−x−ybelong toABxCyD1−x−y-type alloys
where the anions (Sb, N and As) are surrounded by only one-
type cations (Ga), having one mixed sublattice. Therefore,
decomposition of such alloys resulting in an exchange of lat-
tice sites between the anions does not vary the concentrations
of the bonds. Accordingly, the spinodal decomposition range
of GaSbxNyAs1−x−y alloys depends only on their strain and
coherency strain energies. N-low content InxGa1−xNyAs1−y

belongs toAxB1−xCyD1−y-typequaternary alloys with a
zinc blende. Their crystal lattice consists of the mixed cation
and anion sublattices, since two kinds of the atoms fill each
of them. As a result,AxB1−xCyD1−y alloys have four types
of chemical bonds:A − C, A − D, B − C and B − D.
A special characteristic of these alloys is the transforma-
tion of the AC and BD bonds in theAD and BC bonds or
vice versa. This peculiarity is independent of the concen-
trations x and y. Therefore, the spinodal decomposition
in these semiconductors is accompanied by the transforma-
tions of the bonds. The transformation of the bonds changes
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the chemical composition and should change the free en-
ergy of the alloy [8, 9]. Therefore, spinodal decomposi-
tion range of the InxGa1−xNyAs1−y alloys depends on the
strain and coherency strain energies and transformation of
the bonds. As it was shown in Ref. 10, the very extensive
spinodal decomposition range of the InxGa1−xNyAs1−y lat-
tice mismatched to GaAs occurs due to the transformation
of the bonds. The observed compositional inhomogeneity of
InxGa1−xNyAs1−y [11,12] confirms the theoretical results
from Ref. 10.

As described above, there are two types of III-nitride qua-
ternary alloys that can be used in the device applications. The
crystal structure belonging to both of them is very strained
internally. These internal strains should result in significant
strain energy and, accordingly, a tendency toward spinodal
decomposition. Moreover, one type of alloy has an additional
origin of spinodal decomposition. However, what type of al-
loy has the thermodynamic preference from the standpoint
of spinodal decomposition is unknown up to now. The reg-
ular solution model is the “conventional” model for the de-
scription of both types of these alloys and will be used. The
aim of this study is to consider the spinodal decomposition
ranges in GaSbxNyAs1−x−y and InxGa1−xNyAs1−y taking
into account the transformations of the bonds and strain and
coherency strain energies.

2. Model

The initial stage of spinodal decomposition is accompanied
by transfers of atoms over distances of the order of a lat-
tice parameter. It was shown [13] that in cubic crystals
the spinodal decomposition forms layers in a plane, where
their elastic energy is minimal. Accordingly, the transfers
of atoms produce a thin two-layer region with negligibly
small differences in the compositions. The compositions of
the layers formed at the initial stage of the decomposition
can be considered to have constant values due to their small
thickness. As the decomposition develops, the transfers of
atoms and thickness of the layers and composition of the lay-
ers varies with their thickness. Afterwards, the difference
in the mean concentrations of the phases increases contin-
uously [14]. The initial stage of spinodal decomposition is
considered to be the occurrence of two thin layers oriented in
the (100) plane since the relation between the stiffness coef-
ficients2C44 − C11 + C12 > 0is fulfilled [15]. The stiffness
coefficients of the alloys were estimated as average values of
the constituent compounds. In this case, the elastic energy is
minimal, due to the occurrence of these layers [13].

The phase separation leads to changes in the value ofx,
y or both of them in two phases occurring in the decomposed
alloy. An alloy reaches the spinodal decomposition range
when the variation in its free energy becomes equal to zero:
δf = 0 [16]. This condition is fulfilled if one of two expres-
sions

∂2f

∂x2
, (1)

∂2f

∂x2
× ∂2f

∂y2
−

(
∂2f

∂x∂y

)2

. (2)

becomes equal to zero [14]. The Helmholtz free energy of
the homogeneous alloys grown on crystalline substrates can
be represented as in Refs. 9 and 17:

f = fC + uS + uL − Ts, (3)

where,fC ,uS , uLare the chemical part, strain and lattice mis-
match energies, respectively,sis the configurational entropy
andT is the absolute temperature. A very detailed study of
the thermodynamic stability of the quaternary alloys with re-
spect to spinodal decomposition includes the termuL as in
Ref. 17, since the decomposition leads to an occurrence of
the coherency strain energy due to the stress between the
phases that appear. Then the negligibly small lattice mis-
match between the alloy and substrate is introduced in or-
der to include it in our consideration of the coherency strain
energy. As GaSbxNyAs1−x−y alloys have a mixed sublat-
tice, they contain three types of chemical bonds: GaSb, GaN
and GaAs. The crystal lattice of the InxGa1−xNyAs1−y al-
loys consists of mixed cation and anion sublattices, since two
kinds of atoms fill each of them. Thus, these alloys have
four types of bonds: InN, InAs, GaN and GaAs. For the
sake of brevity, GaSbxNyAs1−x−y and InxGa1−xNyAs1−y

will be written asABxCyD1−x−y andAxB1−xCyD1−y al-
loys, respectively. The chemical parts of the free energy of
ABxCyD1−x−y andAxB1−xCyD1−y alloys are given as a
sum of the energies free of the constituent compounds, re-
spectively, as

fC = xµ0
AB + yµ0

AC + (1− x− y)µ0
AD, (4)

fC = xyµ0
AC + x (1− y)µ0

AD + y (1− x)µ0
BC

+ (1− x) (1− y) µ0
BD, (5)

whereµ0
AB is the chemical potential of compoundAB. By

Vegard’s law, the strain energies ofABxCyD1−x−y and
AxB1−xCyD1−y alloys are written, respectively, as

uS = xyαAB−AC + x (1− x− y)αAB−AD

+ y (1− x− y) αAC−AD, (6)

uS = x (1− x) yαAC−BC + xy (1− y)αAC−AD (7)

+ x (1− x) (1− y) αAD−BD

+ y (1− x) (1− y)αBC−BD, (8)

whereαAB−AC is the interaction parameter betweenABand
AC compounds in the alloy. The strain energy is represented
by the interaction parameters between the constituent com-
pounds of the alloy. The interaction parameters were ob-
tained from the strain energies of the corresponding ternary
alloys estimated by the valence force field model as [1,15].
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These energies were interpolated asαx(1−x), whereα is the
interaction parameter between the constituent compounds of
the ternary alloy andx is the concentration of the compound.
The lattice mismatch energy of the epitaxial layer on the sub-
strate with the orientation (001) is given as [18]

uL =
(C11 − C12) (2C11 + C12)

C11

(
a− aS

aS

)2

(9)

wherea andaS are the lattice parameters of the alloy and
substrate, respectively,C11 andC12 are given as [1]. The

configurational entropies of ABxCyD1−x−y and
AxB1−xCyD1−y are expressed respectively, just as in Ref.
1, by the equations

s=−R [x ln x+y ln y+(1−x−y) ln (1−x−y)] , (10)

s=−R [x ln x + (1−x) ln (1−x)

+y ln y+(1−y) ln (1−y)] , (11)

where,R is the universal gas constant. Conditions (1) and (2)
for ABxCyD1−x−y andAxB1−xCyD1−y alloys taking into
account (3-10) can be rewritten, respectively, as

−2αAB−AD + RT
1− y

x (1− x− y)
+

∂2uL

∂x2
= 0, (12)

[
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RT (1− y)
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]
×
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+
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−
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+
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)2

= 0, (13)

αAC−BCy + αAD−BD (1− y)− RT

2x (1− x)
+

∂2uL

∂x2
= 0, (14)

{
2 [αAC−BCy + αAD−BD(1− y)]− RT

x(1− x)
+

∂2uL

∂x2

}

×
{

2 [αAC−ADx + αBC−BD(1− x)]− RT

y(1− y)
+

∂2uL

∂y2

}

+

[
µ0

AC + µ0
BD − µ0

AD − µ0
BC + (αAC−BC − αAD−BD) (1− 2x)

+ (αAC−AD − αBC−BD) + ∂2uL

∂x∂y

]2

= 0. (15)

3. Results and discussion

GaSbxNyAs1−x−yand InxGa1−xNyAs1−y alloys are grown
by the molecular beam and metalorganic vapor phase epi-
taxies at the growth temperatures of 600◦C or lower [19,20].
Therefore, the spinodal decomposition ranges were estimated
in the temperature interval from 0 to 600◦C. The value
µ0

InN − µ0
′InAs− µ0

GaN+ µ0
GaAswas estimated by

µ0
InN − µ0

InAs− µ0
GaN+ µ0

GaAs= ∆h− T∆s

+

T∫

298.15

∆cdT − T

T∫

298.15

∆c

T
dT , (16)

where

∆h = hInN − hInAs − hGaN + hGaAs,

∆s = sInN − sInAs − sGaN + sGaAs,

∆c = cP
InN − cP

InAs − cP
GaN + cP

GaAs,

hInN, sInN, cP
InN, hInAs, sInAs, cP

InAs,

hGaN, sGaN, cP
GaN, hGaAs, sGaAs

and

cP
GaAs

are the enthalpies, the entropies at the standard state and spe-
cific heat capacities at constant pressure of InN, InAs, GaN
and GaAs, respectively. Specifically, Eq. (16) is the chem-
ical term in Eq. (15) due to the transformation of the InN
and GaAs bonds in the less thermodynamically profitable
InAs and GaN bonds. Thus, the transformation of the bonds
changes the chemical composition of theInxGa1−xNyAs1−y

quaternary alloys. The thermodynamic characteristics of the
metastable cubic GaN and InN are supposed to be equal
to the same characteristics of their stable hexagonal mod-
ifications. The thermodynamic, elastic and structure char-
acteristics of the constituent compounds were taken from
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FIGURE 1. The spinodal decomposition ranges of the
GaAs-enriched GaSbxNyAs1−x−y and InxGa1−xNyAs1−y alloys.
In0.34Ga0.66N0.02As0.98 and GaSb0.07N0.023As0.907are the ex-
perimental values.

Ref. 21. The interaction parameter between the compounds

αGaSb−GaAs = 22.92kJ/mole,

αGaSb−GaN = 409kJ/mole,

αGaN−GaAs = 22.81kJ/mole,

αInN−GaN = 45.32kJ/mole

andαInAs−GaAs = 18.19kJ/mole were estimated from the
strain energy of the corresponding ternary alloys by the ap-
proach from Ref. 22. The bond stretching and bond bending
elastic constants of GaAs, GaSb, GaN, InN and InAs were
taken from Refs. 23 and 24. Other interaction parameters
used in the calculations were taken from Ref. 25.

The lattice parameters of GaSbxNyAs1−x−y are given
as a = xaGaSb+ yaGaN + (1− x− y) aGaAs and for
InxGa1−xNyAs1−y as

a = xyaInN + x (1− y) aInAs + y (1− x) aGaN

+ (1− x) (1− y) aGaAs.

In the estimates we supposed that the lattice parameters
of the alloys and the substrate are close to each other(
a ≈ aGaAs

)
. Thus, the concentrations of Sb and In in

the considered GaSbxNyAs1−x−y and InxGa1−xNyAs1−y

alloys lattice matched to GaAs are given, respectively, as

x =
aGaAs− aGaN

aGaSb− aGaAs
y

and

x =
y(aGaAs− aGaN)

aInAs − aGaAs+ (aInAs − aInN + aGaN− aGaAs)
.

Accordingly, the spinodal decomposition ranges of these al-
loys are the functions of one independent variable, which is
nitrogen concentration. The spinodal decomposition ranges
of the GaAs- enriched alloys are demonstrated in Fig. 1.
As can be seen from Fig. 1, the GaSb0.07N0.023As0.907

(a = 5.655Å, λ = 1300nm) alloy [26] is outside the spin-
odal decomposition range at its growth temperature. At the
same time, the lattice mismatched In0.34Ga0.66N0.02As0.98

(a = 5.767Å,λ = 1320nm) [27] alloy is located deep in
the spinodal decomposition range. Thus, from the stand-
point of spinodal decomposition, GaSbxNyAs1−x−y are
more promising alloys than InxGa1−xNyAs1−y. It is impor-
tant to mention that the consideration of a wider tempera-
ture range is invalid since the GaAs-rich GaSbxNyAs1−x−y

and InxGa1−xNyAs1−y quaternary alloys are epitaxially
grown up to 6000C [19, 20]. Consequently, the nitro-
gen concentrations are very small for both types of al-
loys. In addition, the spinodal decomposition ranges shown
in Fig. 1 begin withy = 0.005 and y = 0.010 for
InxGa1−xNyAs1−y and GaSbxNyAs1−x−y alloys, respec-
tively. The bond transformation occurring during the phase
separation of InxGa1−xNyAs1−y leads to a dramatic incre-
ment in the temperature of spinodal decomposition. The
transformation of In-As and Ga-N bonds into In-N and Ga-As
bonds is thermodynamically profitable since the sum of the
free energies of In-N and Ga-As is significantly smaller that
that of In-As and Ga-N. The lengths of the In-N and Ga-As
bonds are closer to each other than those of the In-As and Ga-
N bonds. Therefore, the bond transformation reaction during
spinodal decomposition is given asnIn− As + nGa− N →
nIn − N + nGa− As. The coherency strain energy de-
creases the spinodal decomposition range of the alloys con-
sidered. Therefore, in spite of the significant strain energy,
the GaSbxNyAs1−x−y alloys in the large composition re-
gions are outside the spinodal decomposition range at their
growth and lower temperatures.

4. Conclusions

In summary, we have described spinodal decomposition
ranges of the GaSbxNyAs1−x−y and InxGa1−xNyAs1−y

lattice-matched to GaAs by taking into account the trans-
formations of the bonds, strain and coherency strain ener-
gies. The strain energy is estimated by the valence force
field model with the bond stretching and bond bending elas-
tic constants of Ga(Sb, As). From the standpoint of spinodal
decomposition, GaSbxNyAs1−x−y are more promising than
InxGa1−xNyAs1−y.
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