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The structural properties of the (Zn, Mg) (S, Se) solid solutions are determined by a combination of
the computational alchemyand thecluster expansionmethods with Monte Carlo simulations. We
determine the phase diagram of the alloy and show that the homogeneous phase is characterized
by a large amount of short-range order occurring among first-nearest neighbors. Electronic-structure
calculations performed using thespecial quasirandom structureapproach indicate that the energy gap
of the alloy is rather sensitive to this short-range order. [S0031-9007(98)06238-3]
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Wide-gap semiconductors are attracting an enormo
technological interest [1] both because of their potent
use in devices capable of operating at high power lev
and high temperature and because of the need for opt
materials active in the blue-green spectral range. ZnS
based technology will be used for operation in this spe
tral range provided that current device lifetime problem
are overcome. One major goal of materials engineeri
for optoelectronic applications is the ability to tuneinde-
pendentlythe band gap,Eg —in order to obtain the de-
sired optical properties—and the lattice parameter,a0, of
the material—in order to be able to grow it on a give
substrate. Unfortunately, in most III-V and II-VI alloys
the additional degree of freedom provided by alloyin
both the cationic and the anionic sublattices cannot
effectively exploited becauseEg and a0 are roughly in-
versely proportional to one another for any values of th
cationic and anionic compositions,sx, yd. From this point
of view, (Zn, Mg) (S, Se) alloys play a special role in tha
the lattice parameter and optical gap can be varied fai
independently as functions ofsx, yd [2].

In spite of this, many technical difficulties still hinde
a precise experimental characterization of these mate
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als, so that their equilibrium structural and optical prop
erties are basically unknown. In this Letter we report o
the first application of state-of-the-art electronic-structu
techniques to the determination of the structural and o
tical properties of a quaternary (double binary) semico
ductor alloy at thermodynamic equilibrium, and prese
results in the specific case of (Zn, Mg) (S, Se).

The first goal of this Letter is to determine the the
modynamic stability of the (Zn, Mg) (S, Se) solid solutio
with respect to segregation into its constituents and/or
the formation of ordered structures. Second, we will an
lyze how the fundamental gap depends on compositio
and the role that short-range order plays in the electro
properties of this material.

The thermodynamic properties of ZnxMg12xSySe12y

are studied by mapping the alloy onto a (double) lattice-g
model [3,4] that is solved by standard Monte Carlo (MC
techniques. To this end, an Ising-like variable,hsRsj, is
first attached to thesth atom in the elementary cell located
at R, and it is assumed to take the values61 according to
the type of atom occupying that lattice site. The ener
of the alloy is then expanded in terms of thes’s including
terms up to three-spin interactions:
Eshsjd ­ E0 1
X
Rs

KssRs 1
1
2

X
RR0

ss0

Jss0sR 2 R0dsRssR0s0 1
1
6

X
RR0R00

ss0s00

Lss0s00sR 2 R00, R0 2 R00dsRssR0s0sR00s00 . (1)
te
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The validity of the truncation is establisheda posteriori.
The two- and three-body interaction constants,J andL, can
in principle be obtained from both thecluster expansion
(CE) [5] or computational alchemy(CA) [6] approaches.
The explicit inclusion of local distortions from the idea
lattice positions renormalizes the two-body interactio
making it long ranged [6] and hence hardly obtainable b
the CE method. In principle, the three-body interaction
L, could also be computed within CA by making use o
the so-called2n 1 1 theorem[7]. Assuming that theL’s
are short ranged, however, they are more convenien
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obtained by the CE method. To this end, we first calcula
the J ’s up to ninth nearest neighbors from CA by using
second-order density-functional perturbation theory [6
We then assume that the only nonvanishingL’s are those
which connect atoms that are first- or, at most, secon
nearest neighbors. Because of symmetry, there are only
such three-body interaction constants. In the zinc blen
structure, there are two inequivalent triplets of second
nearest neighbors which differ according to whether or n
they have a common first-nearest neighbor. We follow
© 1998 The American Physical Society 4939
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the common practice of neglecting such difference [5], an
we keep 4 inequivalent three-body interactions. In ord
to determine the latter, we calculated the total energi
of a set of 28 pseudobinary ordered structures by usi
density-functional theory (DFT) within the local-density
approximation (LDA), and by allowing the lattice to relax
until the forces acting on individual atoms vanish. W
then fitted the cubic term of Eq. (1) to the difference
between the energies so calculated and the predictions
Eq. (1), when truncated to second order. The quality of t
fit so obtained was finally checked against 39 addition
quaternary structures. The resulting mean-square er
is &0.8 meV per atom pair, while the maximum erro
is 2.1 meV . Two- and three-body constants have bee
calculated for 5 and 3 volumes in the rangefVZnS, VMgSeg,
respectively, and interpolated in between.

All our ab initio calculations have been performed in
the plane-wave pseudopotential scheme. Zn3d orbitals
have been treated as core states. Freezing cationd states
in the core is a potential source of problems [8] that
effectively dealt with by adopting thenonlinear core-
correction scheme of Ref. [9] and enhancing the trans
ferability of the pseudopotential following the method
presented in Ref. [10]. The kinetic-energy cutoff use
here (15 Ry) is slightly smaller than the one used
Ref. [10] (16 Ry), with no significant loss of accuracy.

Finite-temperature properties have been determined
lattice-gas Metropolis MC simulations, using supercells
1024 atoms, at constant temperature, pressure, and che
cal potential. Measures were taken overø103 correla-
tion times after thermal equilibrium was reached. The fre
energy surface of the system is extracted from the d
termination of the compositions,x and y, as functions
of the chemical potentials,mx and my . The regions of
spinodal (local) stability correspond to those concentra
tions for which the Hessian of the free energy with respe
to the concentrations is positive definite. The therm
dynamically stable concentrations (binodal regions), a
thus the miscibility gaps, are determined with a generaliz
tion of the common-tangent Maxwell construction usuall
adopted for binary mixtures: the globally stable points a
those which are locally stable and whose tangent planes
not intersect the free energy surface at any other points
the square of concentrations.

Figure 1 shows a cut of the alloy phase diagram
four different temperatures. At typical molecular beam
epitaxy (MBE) temperatures (ø600 K) and above the four
binary components are predicted to be completely m
cible. ForT ­ 550 K [Fig. 1(a)], the homogeneous alloy
is stable at all compositions but for a small island clos
to the Zn0.6Mg0.4Se pseudobinary alloy. The size of the
island increases upon cooling [Fig. 1(b)], and a forbidde
region appears inside the square of compositions, close
the midpointsx, yd ­ s 1

2 , 1
2 d. At T ø 500 K [Fig. 1(c)],

the Mg-rich and the Zn-rich regions become separated b
“corridor” in which the homogeneous alloy is locally
unstable. The composition of the phases in which the all
4940
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FIG. 1. Phase diagram of the alloy at four different temper
tures. The dark gray (binodal) regions are thermodynamica
stable. The light gray (spinodal) regions are only locally stab
(metastable). The white regions are completely unstable. T
segments inside the miscibility gap connect the stable pha
identified by the common-tangent-plane construction (see te
In panels a–c only separation into two phases occurs. In pa
d two cases where the products of separation are three dist
phases are indicated by thicker lines.

separates in the miscibility gap are given by the conta
points of the tangent plane. Segregation may thus res
in the separation into two or three phases, according to
number of contact points. In the present case, the cr
cal temperatures of the pseudobinary alloys with cation
disorder, ZnxMg12xSe and ZnxMg12xS, are much larger
(Tc ­ 613 and 511 K, respectively) than those of the
pseudobinary alloys with anionic disorder, ZnSySe12y

(Tc ­ 254 K) and MgSySe12y (Tc ­ 243 K); therefore,
above room temperature segregation occurs into t
phases: a Zn-rich and a Mg-rich one. This is due to t
larger chemical difference between cations than betwe
anions. At temperatures of the order of the anionic-all
critical temperatures and below (T & 250 K), the ten-
dency to segregation also involves the anionic sublatti
and separation into three phases may occur [Fig. 1(d)].

Our results show that in (Zn, Mg) (S, Se) the onset
segregation occurs at a temperature that is in the rang
typical MBE growth temperatures, and thus much low
than in other II-VI quaternary alloys [11]. This is in
agreement with an analysis of experimental data [1
based ondelta-lattice-parametermodels [13], that locate
Tc between525 and625 K. According to the only experi-
mental report [14] we are aware of, a forbidden regio
of compositions has been observed, at room temperat
inside the predicted miscibility gap.

The equilibrium lattice constant resulting from ou
MC simulations depends linearly upon compositions, th
following Vegard’s law. Slight deviations from this law
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t
TABLE I. Quadratic fit coefficients for LDA and “corrected” LDA (see text) lattice constan
of the alloy. The maximum (mean square) error of the fit is of 0.05% (0.01%).a0sx, yd ­
aMgSe 1 Ax 1 By 1 Cxy 1 Dx2 1 Ey2.

aMgSe A B C D E

LDA 11.326 20.789 20.539 0.058 0.027 0.016
Corrected LDA 11.130 20.443 20.523 0.018 0.027 0.016
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are extracted by a fit of the lattice parameter of the allo
with a quadratic polynomial inx andy (see Table I). A
direct comparison with experimental data may be done
correcting for the LDA error on the equilibrium lattice
constants of the pure constituents of the alloy [6s1 2d%],
which is accounted for by a bilinear interpolation an
added to the quadratic polynomial obtained above. T
corrected coefficients of polynomial fit are also reporte
in Table I. The agreement with experimental data [
is good in the Zn-rich region, especially in proximity o
pure ZnSe, while it is apparently poor in the Mg-rich pa
of the square of the compositions, where, however, t
instability of the system makes it very difficult to measur
the concentrations with the same precision, and the exp
mental data are, in fact, very scarce.

As it is the case in other tetrahedrally bonded alloy
the Vegard’s law does not result from a linear dependen
of individual bond lengths upon compositions, but rath
from a subtle compensation of bond lengths which stay,
fact, rather close to the values they would have in pu
compounds [12]. This behavior is displayed in Fig. 2
which displays the bond lengths as obtained atT ­ 800 K
for the (Zn, Mg) (S, Se) alloy along the MgSe-ZnS diagon
of the square of concentrations (along the other diago
the lattice parameter is almost constant and matched
that of GaAs). At any concentrations, while the lattic
parameter of the alloy varies almost linearly by more tha
12%, the largest deviations between the bond lengths a
their pure-compound values are smaller than 3%.

The typical substrate on which such alloys are grow
is GaAs, whose lattice constant (10.68 a.u.) is close
the equilibrium lattice parameters of ZnSe and MgS

FIG. 2. Left panel: bond-length distributions along the ZnS
MgSe diagonal in the square of the compositions. Right pan
dependence of maxima of the peak upon the concentratio
Diamonds correspond to pure-material bond lengths. Emp
dots refer to the alloy lattice constant, and the dashed line i
linear fit.
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Therefore, the technological relevant concentrations
the quaternary alloy are located along the ZnSe-Mg
diagonal of the square of the compositions. For thes
concentrations, the Mg-Se and Zn-S bonds are subje
to a larger elastic strain than the other bonds; th
formation of MgS and ZnSe clusters is thus expecte
to be energetically favored. In order to clarify this
issue we have calculated the two-body correlations
the Zn1y2Mg1y2S1y2Se1y2 alloy at temperatures above the
miscibility gap. The correlation function is defined as
Css0sRd ­ kss0ss0Rl 2 kssl kss0l. Therefore,Css0sRd ­
0 in the perfectly random alloy,Css0sRd . 0 for ZnSe and
MgS clusterizations, andCss0sRd , 0 for ZnS and MgSe
clusterizations. In correspondence of the first-neares
neighbor shell,Css0sRd has a very pronounced positive
peak, thus indicating a strong tendency to form ZnS
and MgS clusters. This is confirmed by the positive
value of the cation-cation or anion-anion correlations i
the second-nearest-neighbor shell, which are, howev
weaker. Correlations practically die beyond the secon
shell of neighbors.

In Fig. 3 we display the value of the first- and second
shell correlation peaks for a range of temperatures abo
Tc. The nearest-neighbor correlation peak is still signifi
cantly large at very high temperature, thus indicating th
short-range order (SRO) is present even close to the me
ing temperatures (aboveT ø 1700 K): the system can
never be described as a perfectly random alloy.

The second goal of this work is to study the influ-
ence of the SRO on the electronic and optical prop
erties. The band structure of a disordered material
strongly affected by its local environment that is poorly ap
proximated by effective-medium approaches [15,16], pa
ticularly so in the present case where SRO effects a

FIG. 3. First- and second-nearest neighbors two-body co
relations of the Zn1y2Mg1y2S1y2Se1y2 alloy as a function of
temperature.
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FIG. 4. Energy gap of thesZn,Mgd sS,Sed quaternary alloy
lattice matched to GaAs as a function of thex composition
(bottom scale) andy composition (top scale). The dot-dashe
line refers to virtual crystal calculations, the dashed one
perfectly random alloy results, and the solid line to the sho
range-ordered alloy band gaps.

expected to play an important role. A “direct” DFT-LDA
calculation should be in principle performed by using ve
large supercells in order to cope with compositional di
order. Here we adopt thespecial quasirandom structures
(SQS) approach [17], suitably generalized to account
SRO effects [18], double-sublattice disorder, and arbitra
compositions. We have considered three different co
centrations along the line of lattice matching to GaA
and chosen among the discrete set of compositions co
patible with 64-atom SQS’s and close to the ZnSe-ric
region:sx, yd ­ s 1

2 , 1
2 d; s 3

4 , 1
8 d; s 27

32 , 0d. For these concentra-
tions, SQS’s have been obtained by a simulated-annea
procedure aimed at modeling the pair correlation functio
at short range—as obtained from MC simulations pe
formed atT ­ 550 K and resulting in very faithful pair
correlations up to fourth-nearest neighbors. We have e
plicitly verified that the calculated electronic properties o
the alloy are rather insensitive to correlations beyond th
order of neighbors.

It is interesting to compare the results obtained usi
different levels of approximations to substitutional diso
der. In Fig. 4 we display the energy gap as a functio
of the cationic composition along the GaAs-matching lin
of the compositions plane, as obtained from calculatio
performed (i) on the appropriate virtual crystal, (ii) on su
percells describing the perfectly random alloy, and (iii) o
SQS’s that reproduce the SRO correlations as explain
above. We see that virtual crystal is a bad approxim
tion of the real system, while the effects of SRO sho
up in a slight but non-negligible opening of the funda
mental band gap. Our results, once bilinearly correct
for the DFT error in the pure materials, agree very we
(within 40 meV), with freshly appeared experimental es
mates [19]. An analysis of the momentum- and positio
projected density of states shows that the fundamental g
is direct and occurs at theG point of the Brillouin zone
for any concentrations. The top-valence band states
4942
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mainly Se states, while the bottom state of the conduct
band is rather delocalized on the different atomic spec
and it is found to be the most sensitive to the occurren
of short-range order.

A more complete account of this work can be found
the Ph.D. thesis of one of us [20].
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