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Ground-state structure of coherent lattice-mismatched zinc-blende A,_.B,C semiconductor alloys
(x=0.25 and 0.75)
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Using valence force-field and first-principles total-energy calculations, we investigate the relative stability of
possible ground-state structures, famatinite, Q8, and Q16, proposed in previous ground-state searches for
coherent lattice-mismatched zinc-blende A;_,B,C (x=0.25 and 0.75) semiconductor alloys. Our total-energy
calculations show that among all the alloys, the Q8 or Q16 are the possible ground-state structures with the
lowest total energies, whereas the famatinite structure is not. The observed trends are explained in terms of
strain and the Coulomb energy contributions in these lattice-mismatched semiconductor alloys.
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Physical properties of the semiconductor alloy A;_B.C
can be tuned by its atomic configuration as well as the alloy
concentration x. Therefore, understanding the alloy stability
and physical properties as functions of the atomic configura-
tion has attracted much attention in the last 20 years.!!° For
the lattice-mismatched zinc-blende semiconductor alloy, it
has been shown that due to bond-length mismatch induced
strain, the ground state at 7=0 K is phase separated AC and
BC zinc-blende compounds. However, under coherent
strained condition (i.e., no bond-breaking phase separation),
the freestanding lowest energy ground-state structures can
have different configurations. Using cluster expansion and an
exhaustive enumeration approach,!! Ferreira et al. found that
the coherent ground state at x=0.5 has the chalcopyrite (CH)
structure, which can be described as an (AC),(BC), layered
structure along the [201] direction.” They showed that the
CH structure has the smallest bond angle distortion when the
C atom is displaced to accommodate the mismatched A—C
and B—C bond lengths; therefore, it has the minimum strain
energy at x=0.5.2"* Their observation has led to the predic-
tion that under coherent strain condition, the metastable
(with respect to the phase separation) chalcopyrite structure
can form,>* which is consistent with experimental
observations.!> Their observations and predictions for the
x=0.5 alloy were recently reconfirmed by Liu et al.® using
valence force field (VFF)'3-!> and density functional'® for
the total-energy calculations and the exhaustive enumeration
approach!' and the genetic algorithm method!'” for the
ground-state search of a group of lattice-mismatched II-V
semiconductor alloys: GalnN, GalnP, GalnAs, GalnSb,
InAsSb, and InPAs. However, for Ga »sIn, 75N, they predict
that® at x=0.25, the eight-atom unit-cell famatinite (FM)
structure [Fig. 1(a)], which is an (AC);(BC)5 layered struc-
ture along the (201) direction, has the lowest total energy,
whereas in the previous ground-state search,? it has been
shown that the ground state for lattice-mismatched zinc-
blende semiconductor alloys has the Q8 structure [Fig. 1(b)],
which is a 16-atom unit-cell (AC),(BC),(AC),(BC), layered
structure along the (201) direction. It has also been suggested
that, in some cases, the Q16 structure [Fig. 1(c)], which has
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a 32-atom tetragonal unit cell and cannot be expressed as a
layered structure, can have slightly lower total energy than
the Q8 structure.®

To clarify this issue, we have performed VFF and density
function total-energy calculations for the lattice-mismatched
II-V alloys: Ga;_,InN, Ga;_/]InP, Ga,_In.As, GaN,_P,,
GaAs,_,Sb,, and InAs;_,Sb,. We find that for all the systems
studied here, the QS8 structure always has lower fotal energy
than the FM structure at x=0.25 and 0.75, and depending on
the alloys, the Q16 structure, in some case, can have slightly
lower total energy than that of the QS8 structure. This is

FIG. 1.
with (a) famatinite structure with lattice vectors a;=(1,0,0),

(Color online) Atomic configuration of Gag7slng,sN

a,=(0,1,0), and a3=(0.5,0.5,1), (b) Q8
a,=(2,0,0), a,=(0,1,0), and a3=(1.5,0.5,1), and (c) Q16 struc-
ture with a;=(2,0,0), a,=(0,1,0), and a3=(0,0,2).
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because for these semiconductor alloys, the Q8 and Q16
structures have less bond bending when the C atoms are
displaced to accommodate the bond-length mismatch be-
tween AC and BC constituents and also because the Q8 and
Q16 structures have lower Coulomb energy than the FM
structure.’ Our results confirmed the previous predictions>%
that the Q8 structure is more stable than the FM structure and
therefore is the possible ground-state structure of lattice-
mismatched A;_.B,C alloys at x=0.25 and 0.75. Structures
with a larger unit cell could have lower total energy than the
Q8 structure, but their total energy should be almost degen-
erate with the QS8 structure. In the following, we will de-
scribe in more detail our calculation methods and discuss our
calculated results.
The formation enthalpy of A,_.B,C alloy is defined as

AH(x)=E(A,_B,.C)-[(1-x)E(AC) +xE(BC)], (1)

in which E(A,_,B,C), E(AC), and E(BC) are the total ener-
gies of the alloy A;_B,C and constituents AC and BC at
their own equilibrium lattice constants, respectively. In this
study, the total energies are calculated within the density
functional formalism as implemented in the plane wave VASP
code.!®!8 For the exchange-correlation potential, we use the
generalized gradient approximation (GGA) of Perdew and
Wang, known as PW91.!” The Ga 3d and In 4d electrons are
treated explicitly as valence electrons. The interaction be-
tween the core electrons and the valence electrons is in-
cluded by the standard frozen-core projector augmented-
wave potentials provided within the VASP package.”?! An
energy cutoff of 300 eV was applied in all cases. For the
Brillouin-zone integration, we used the k-point meshes that
are equivalent®® to the 6X 6 X6 Monkhorst-Pack meshes??
for an eight-atom cubic unit cell. All the lattice vectors and
atomic positions are fully relaxed by minimizing the quan-
tum mechanical stresses and forces.

It has been shown that for lattice-mismatched isovalent
semiconductor alloys, the major contribution to the forma-
tion enthalpy is the strain energy, which, for conventional
(with moderate lattice-mismatch) semiconductor alloys, can
be described well by the VFF model.'3-! In this VFF model,
the strain energy for configuration o is given by

4 2 6
3ay,
AEyp(0) =2 > Z [r12171_d12m]2+2 >

2
I m=1 8dlm [ s=1 k=1 SdlskldlskZ

X[Fisiaisea €08(01) = digradiga cos(6p) 2, (2)

in which [ runs through all the fcc lattice sites in the unit cell,
s=1,2 denotes the two sublattice sites in the zinc-blende
cell, m runs through the four different bonds, and k runs
through the six angles with the vertex at site Is. Iskl and Isk2
represent the two bonds that form the angle k at the site Is.
d,,, (similarly for d;; and d,gy,) is the ideal bond length for
bond Im, whereas ry,, (similarly for r,, and r;y,) is the cor-
responding calculated bond length. 6, is the angle formed
between bonds Iskl and Isk2 and 6,=109.5° is the ideal
tetrahedral bond angle. The first term on the right-hand side
in Eq. (2) is the bond-stretching contribution to the strain
energy originating from the bond-length deviations from the
ideal bond lengths, while the second term is the bond-
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TABLE 1. Input parameters for VFF calculation from Refs. 15,
24, and 25, including the cation-anion distances d and force con-
stants a and S for pure compounds.

a o p
Compound (A) (N/m) (N/m)
GaN 1.9486 96.30 14.80
InN 2.1564 79.20 7.10
GaP 2.3612 47.32 10.46
InP 2.5495 43.04 6.24
GaAs 2.4480 41.19 8.94
InAs 2.6233 35.18 5.49
GaSb 2.6396 33.16 7.23
InSb 2.8057 26.61 4.28

bending contribution originating from the bond-angle devia-
tions from the ideal tetrahedral angle. The ideal bond lengths
d, bond-stretching elastic constants «, and bond-bending
elastic constants B used in this study are listed in Table
1.132425 For the bond angle between mixed bonds Isk1 and
Isk2, we use Bi=(Bisi1+ Biskz) /2. We want to point out that
the elastic constants are fitted to experimental data near the
equilibrium; thus, when the alloy lattice constants differ sig-
nificantly from the one for the binary constituent, errors due
to the neglect of volume and bond-length dependence of the
elastic constants are expected. In the following, we will first
discuss our VFF-calculated results.

The strain energies calculated using the VFF functional
[Eq. (2)] for Ga,_,JIn N, Ga,_InP, Ga,_JIn.As, GaN,_P,,
GaAs,_,Sb,, and InAs,_,Sb, (x=0.25 and 0.75) alloys with
FM, Q8, and Q16 structures (Fig. 1) are listed in Table II. We
find that (i) the strain energies for Q8 and Q16 are very
similar; the difference is usually less than 1 meV/atom. This

TABLE II. VFF-calculated strain energy AEygp(o) (in meV/
atom) of Ga,_JInN, Ga,_JInP, Ga;_InAs, GaN_P,,
GaAs;_,Sb,, and InAs;_,Sb, alloys for the FM, Q8, and Q16 struc-
tures at x=0.25 and 0.75.

Structures FM Q8 Ql6
Gag75Ing 25N 27.58 23.90 23.65
GagasIng 75N 16.53 16.80 17.33
Gaojslnozsp 15.25 13.55 13.50
Ga0_251n0A75P 10.90 10.78 11.00
GaOA75[n0A25AS 11.24 10.05 10.01
Ga0_251n0'75As 8.26 8.14 8.29
GaNy75Poas 104.97 92.41 91.95
GaN0'25P0'75 80.36 80.72 82.17
GaAsO'75$b0'25 13.70 12.46 12.45
GaASO'zssbo"]S 11.85 11.45 11.58
IHASOV75SbO'25 8.03 7.28 7.29
IHASO.25Sb0'75 6.73 6.54 6.64
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TABLE III. Atomic correlation functions 1I,,, of mth nearest
neighbor pair figures in the FM, Q8, and Q16 structures.

StruCtureS HO H2,l H2’2 H2q3 H2’4 H2§5 H2,6 H2’7 Hz’g

M 1 0o 2/3 1/3 1/3 0 0 1 0
Q8 1 1/12 1/3 5/12 0 1/6 0 1 1
Ql6 1 1/12 1/3 5/12 0 1/12 0 5/12 1/12

is not surprising because these two structures differ in their
atomic pair correlation functions (see Table IIT) only starting
at the fifth neighbor.® (ii) The strain energy for A, 75B,5sC is
always larger than for A ,sB(7sC (here, we use the conven-
tion that the ideal bond lengths dz->d, ), indicating that the
strain energy is asymmetric and it is more difficult to mix a
larger atom into a smaller size compound than mix a smaller
atom into a larger size compound. (iii) For A ;5B,5C, the
Q8 structure is always lower in energy than the FM structure.
The difference could be quite large for systems with large
size mismatch, such as Gag;5Ing,sN and GaNy 5P »5. Com-
pared to the bond-stretching contribution, the bond-bending
term contributes more to the lowering of the strain energy of
the Q8 relative to FM structures, indicating that the Q8 struc-
ture can better accommodate the bond distance mismatch
with smaller bond angle distortions. This is also consistent
with the fact that the Q8 and Q16 structures have smaller
IT, 4 atomic correlation functions than the FM structure.? (iv)
Similar trends also exist for A ,5B75C. However, the energy
difference becomes much smaller. For Gag,slng,sN and
GaNj,sPj 75, the FM structure even has a slightly smaller
VFF strain energy than the Q8 structure. However, we notice
that the order of the stability is quite sensitive to the bond-
bending elastic constant 8. For example, if we change the 8
value for InN from 7.10 to 9.00 N/m, as one would expect
when the volume of a compound is compressed, the strain
energy of the FM structure will be higher than the Q8 struc-
ture for Gag,5Ing 75N.

Although the VFF model gives a generally correct trend
of the relative stability of the alloy as a function of the con-
figuration, it does not fully take into account the charge dis-
parity between the mixed atoms and the nonharmonic effect
in the elastic energy. The introduced error could be large
when the chemical and size mismatches between AC and BC
are large. To obtain a more accurate description of the sta-
bility of the alloys, in the following, we describe our results
from first-principles total-energy calculations, in which no
parameters are fitted to the zinc-blende constituents.

The GGA-calculated results are shown in Table IV. We
find that the trend of the stability agrees quite well with the
VFF calculation. The GGA results show that the FM struc-
ture is always higher in energy than the Q8 structure. This is
true even for Gag,sIng 75N and GaN »5P 75, where the VFF
model predicts that the FM structure has slightly lower strain
energy than the Q8 structure. The reason for this reverse of
the stability is that in first-principles GGA calculation, first,
the elastic constants for AC and BC compounds are renor-
malized, becoming closer to each other in the alloy and thus
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TABLE IV. GGA calculated formation enthalpies AH(x) (in
meV/atom) of Ga;_JInN, Ga;_JInP, Ga,_InAs, GaN,_ P,
GaAs|_,Sb,, and InAs;_,Sb, alloys for the FM, Q8, and Q16 struc-
tures at x=0.25 and 0.75. The numbers with a “ *” indicate the
ground-state formation enthalpies.

Structures FM Q8 Q16
Ga0A751n0A25N 25.23 ]9.05* 19.20
GaoAzslnojsN 15.50 ]523* 16.32
Gag7sIng 2sP 13.54 10.70 1051
Ga0_251n0'75P 10.36 9.44* 9.57
Ga0_751n0'25As 10.50 8.10 7.88%
Gao'zslnojsAS 7.92 7.07* 7.12
GaNy75Poas 161.32 134.33* 135.26
GaNy2sPos 97.01 88.03* 88.62
GaAs 15Sbo s 16.71 13.28 13.02%
GaAsg »5Sbo s 13.41 11.24 11.06*
IHASO.75Sb0'25 11.36 8.95 8.72%
IHASO‘25SbO'75 9.28 7.64 7.49%

reducing the disparity between the AC and BC compounds.
Second, the Coulomb interaction resulting from the charge
disparity between A and B atoms in the A,_B,C alloy is
taken into account in the GGA calculations. As shown in
Ref. 5, the Madelung constants of this interaction for the FM,
Q8, and Q16 structures are 2.5257, 2.5614, and 2.5615, re-
spectively, so the Madelung energy of the Q8 or Q16 struc-
ture is lower than that of FM, which stabilizes the Q8 and
Q16 structures.

In conclusion, using first-principles total-energy calcula-
tions, we have shown that the Q8 structure, which is an
(AC)(BC),(AC)(BC)4 layered structure along the (201) di-
rection, always has a lower total energy than the famatinite
structure and, therefore, is the possible ground-state structure
for coherent lattice-mismatched zinc-blende A,_.B,C
(x=0.25 and 0.75) semiconductor alloys. In some cases, the
tetragonal Q16 structure, which is not a layered structure,
may have a lower energy than the Q8 structure. However, in
these cases, the two structures are almost degenerate in en-
ergy (with energy differences of less than 0.5 meV/atom).
The relative stability of these structures is explained in terms
of their different strain and Coulomb energy contributions
and is in agreement with previous predictions.>® Experimen-
tal test of our predictions is called for.
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