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We report the results of a self-consistent pseudopotential study including structural, optical, and thermody-
namic properties of cubic Zn1−xBexSe semiconductor alloy. The system is modeled in various possible con-
figurations using a large 64-atom supercell. The evaluated band-gap bowing is in good agreement with the
experimental data. The different roles of structural and chemical effects on the gap bowing and its variation
with composition are identified and discussed. It is found that structural effect, i.e., the relaxation of atomic
bonds, overwhelms the other contributions to the gap bowing. Lattice parameter fulfills Vegard’s law with a
small downward bowing deviation of about 0.04 Å. Our calculated bond lengths appear to be more reliable
compared with those obtained from previous theoretical studies using smaller atomic supercell. Besides, a
regular-solution model was used to investigate the thermodynamic stability of Zn1−xBexSe, which mainly
indicates a wide phase miscibility gap.
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I. INTRODUCTION

Alloys represent important classes of materials ranging
from metallic alloys, where mechanical and magnetic prop-
erties can be controlled, to semiconductors, where delicate
electronic properties are tuned by composition. The possibil-
ity to alloy semiconductors in order to tune the band-gap
energy according to the device’s applications has attracted a
great deal of attention from both the experimental and theo-
retical points of view. Recent years1–7 have seen great
progress in the development of epitaxial growth techniques,
which leads to successful synthesis of alloys of distinctly
different semiconductor materials. A special attention was
paid to the wide-band-gap semiconductors category and their
different optoelectronic applications such as light-emitting
diodes and laser diodes. ZnSe is one of the promising mate-
rial systems due to the fact that efficient light emission at
short wavelengths �green and blue regions of the visible
spectrum� can be realized. However, device degradation oc-
curring in ZnSe-based structures �ZnSSe, ZnMgSSe, etc.�
has been found to be a compromising problem with these
structures. To overcome this shortcoming, beryllium chalco-
genides, characterized by their higher degree of covalent
bonding as compared to other more ionic wide-gap II-VI
semiconductors such as ZnSe, were proposed as new candi-
dates to increase the resistance of the structures to disloca-
tions, point defects, and their propagation in order to extend
the lifetime and efficiency of these devices by increasing the
bond strength of the II-VI materials involved.1,2

Zn1−xBexSe, which is a real example of alloying binary
compounds with contrasted physical properties, interested
more and more scientific community.2–7 The substitution of
Zn by Be is accompanied by the decrease of the lattice pa-
rameter and a simultaneous rise in the energy band gap.
Wilmers et al.3 examined Zn1−xBexSe alloys throughout the
0–1 Be concentration range using vaccum ultraviolet ellip-

someter, from which they determined the dielectric functions
of this system. The reported x dependence of the band gap
exhibited an important deviation from linearity �band-gap
bowing value of 1.1 eV�. More recently, Chauvet et al.4 pub-
lished the investigation of the band gap of the same system
with x up to 0.70. The latest was determined from photolu-
minescence and reflectivity measurements. They reported a
band-gap bowing value of 0.97 eV and determined the
direct-to-indirect gap crossover at the composition x=0.46.

To model the alloy system, relatively small supercells
were used; for instance 8-, 16-, and 32-atom supercells �see
Refs. 8 and 9 for additional evidence�. Tsai et al.8 employed
first-principles molecular dynamics combined with pseud-
ofunction method to investigate the electronic and structural
properties of Zn1−xBexSe, Zn1−xCdxSe, and Zn1−xSexTe using
8-atom supercells. Their results for Zn1−xBexSe underesti-
mate the slope of the band gap and overestimated the value
of the band-gap bowing, compared with the experimental
ones. They attributed the behavior of the band gap in the
region of x�0.5 to the near constant values of bond lengths.
Indeed, the Be-Se bond behavior they found in the composi-
tion range 0.25�x�0.75 is doubtful. The use of such super-
cells describes the semiconductor alloy as an ordered struc-
ture which is unrealistic and then limits the accuracy of the
results. To make this problem clear, a detailed ab initio self-
consistent study of the Zn1−xBexSe system employing larger
supercells is therefore necessary.

The present work aims to extend the study of the compo-
sition dependence of the energy band gap of Zn1−xBexSe
semiconductor alloys and to investigate in detail the physical
origin of the band-gap bowing b in these systems. In addition
to the consideration of the electronic structure, we also de-
velop a detailed investigation of the more important quanti-
ties characterizing the atomic structure and the phase stabil-
ity of Zn1−xBexSe system, which are related to the bowing
behavior. In the subsequent text, the computational details
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are given in Sec. II. The results are presented and discussed
in Sec. III. Section IV is the conclusion.

II. COMPUTATIONAL DETAILS

The calculation was based on first-principles density-
functional theory �DFT� with the local-density approxima-
tion �LDA�,10 as implemented in the plane-wave pseudopo-
tential scheme.11 The Ceperley-Alder electron-gas results12

as interpolated by Perdew and Zunger13 were used for the
exchange-correlation potential. Pseudopotentials used in the
present work are norm conserving14,15 and were generated
using scalar relativistic calculations. The Zn 3d electrons
were treated as a part of the frozen core, including exchange-
correlation core corrections.16 The electron wave functions
were expanded in plane waves with an energy cutoff of
60 Ry, and the Brillouin zone was sampled at special k
points according to the Monkhorst-Pack17 4�4�4 mesh for
the zinc-blende binary compounds BeSe and ZnSe. These
conditions permit us to ensure convergence on total energy to
less than 10−3 Ry.

Bulk Zn1−xBexSe crystal studied in this work was mod-
eled using a 64-atom supercell which corresponds to a 2
�2�2 conventional cubic cell, adopting the zinc-blende
symmetry. Such a system requires many plane waves; fur-
thermore, the combination of the appropriated parameters

and powerful computers makes it less difficult. The system
made by repeating such a cell may be a representative way to
deal with the physical problem of interest. Schematic ex-
ample of this supercell is displayed in Fig. 1�a�. The figure
shows one of the Cn

32 different possible configurations treat-
ing the alloy Zn32−nBenSe at the composition average n

32 .
From a fundamental point of view, investigating properties
of such a system at an averaged composition requires the
study of all the possible configurations in order to take into
account the disorder in the system. Realizing such a work is
impossible because of the enormous analytical time which
should be devoted.

One realistic solution is based on the choice of some con-
figurations as well as to give a more representative image of
the studied system. In the zinc-blende-like structure, the at-
oms are tetrahedrally bonded so that each Se atom is sur-
rounded by four cations �Be or Zn� as displayed in Fig. 1�b�.
In our case, five configurations were used to characterize the
alloy; this choice is simply related to the five possible ways
to arrange cations around the anion site, so that each of the
configurations proposed here favors one of the five different
environments of the Se atoms.

In large-supercell calculations �64 atoms�, the energy cut-
off was chosen to be equal to 40 Ry in order to earn on
computing time without compromising accuracy. When com-
paring total energies issued from a 64-atom �with energy
cutoff of 40 Ry and one k point� and 2-atom �energy cutoff

FIG. 1. �Color online� Representative 64-atom supercell treating Zn24Be8Se32 semiconductor alloy used in the calculations �a�. The five
possible Se environment configurations are displayed in �b�.
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of 60 Ry and ten special k points� primitive cell calculations
adopted for the pure BeSe compound, the total energy dif-
ference was about 3 mRy. Convergence on total energy in
the self-consistent field was ensured until 10−8 Ry. The re-
laxation of the system was performed according to the “Bee-
man algorithm for variable cell damped dynamics” for the
ionic dynamics18 and the “damped �Beeman� dynamics of
the Parrinello-Rahman extended Lagrangian” for the cell
dynamics.19 The Hellman-Feynman forces acting on each
atom were calculated and the structure was relaxed in all
directions until these forces were less than 2.6 meV/Å.

The properties of Zn1−xBexSe at different beryllium com-
positions were determined by taking the weighted average of
their quantities for the five symmetrically inequivalent con-
figurations treated in the 64-atom supercell. Given a micro-
scopic configuration j, the configuration-averaged properties
of Zn1−xBexSe are given by

P�x� = �
j=0

J

xjPj , �1�

where Pj are the values of the physical properties �total en-
ergy, band gap, etc.� for that configuration and xj the
composition-dependent weights determined for an ideal solid
solution20 as

xj = gjx
j�1 − x�4−j . �2�

The degeneracy factor gj is the number of ways of arranging
the alloying cations in the cluster. In our case, there are five
kinds, j=0, . . . ,4 �J=4�. The degeneracy factors are gj =Cj

4

=4! / j!�4− j�!, i.e., g0=1, g1=4, g2=6, g3=4, and g4=1.

III. RESULTS AND DISCUSSION

Before handling the main steps of the present work, let us
start with a preliminary study on the bulk materials. We have
calculated the structural and electronic properties of ZnSe
and BeSe which crystallize in the 2-atom-unit-cell zinc-
blende structure. We obtained the lattice parameters of 5.59

and 5.122 Å, respectively. The accuracy of the results is very
satisfactory when compared with experimental values of
5.667 and 5.139 Å.21

The band structure for the ordered material can be de-
scribed by the use of a supercell, although it is a more com-
plicated calculation than for the normal cell. Systematic nu-
merical errors can occur when integrating on sampled
Brillouin zone of different unit cells �2 and 64 atoms�. To
overcome such errors, it will be more appropriate to use
equivalent set of k points as described by Froyen.22 One
special k point was used for the 64-atom supercell calcula-
tion, which was enough for the convergence. Figure 2 shows
a representative band structure for Zn1−xBexSe at the aver-
aged composition of 25%. We notice that the band structure
is plotted with respect to the Brillouin zone of simple cubic
64-atom cell. Since the beryllium substitution breaks the
symmetry of the underlying zinc-blende structure, there is no
rigorous and well-defined procedure to “unfold” the band
structure into the Brillouin zone of the primitive 2-atom zinc-
blende unit cell. The high-symmetry points of the primitive
ZnSe cell fold into the � point of the 64-atom unit cell.
Therefore, in the presence of a real symmetry-breaking term,
such as produced by beryllium substitution, we can expect
interactions between the resulting levels. Figure 3 shows the
calculated average band gap for the most important energy
transitions ��15v→�1c and �15v→X1c� together with some
corresponding experimental data for the �→� transition ob-
tained by Chauvet et al.4 The calculated band gap for x
=0.25 is only 2.398 eV, while the experimental one is
3.38 eV.4 This large error in the band gap is a well-known
problem of the LDA, which fails quantitatively in dealing
with excited-state properties. The computed values of the
direct �15v→�1c were fitted by polynomial least squares and
lead to quadratic term �bowing parameter b� of about
1.08 eV, which compares well with the experimental values
of 1.1 eV �Ref. 3� and 0.97 eV.4 The crossover of direct-
indirect gap in the alloy composition variation was found to
be at x=0.36, which deviates from the experimental value of
x=0.46±0.01.4 It is worthy to note that the difference found
between our calculated band gap and the experimental one

FIG. 2. Energy band structure along the
simple cubic high-symmetry directions for
Zn0.75Be0.25Se.
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does not affect the main goal of the present work, which is
about the variation of the band gap and not its absolute
value. The calculated variation follows, indeed, the same
trends observed experimentally. The error noticed is then
relative and not absolute.

A. Optical bowing and its origin

The origin of the widely observed nonlinear dependence
of the fundamental band gap on the composition of semicon-
ductor alloys A1−xBxC was the aim of several studies. Both
experimental and theoretical calculations assume a deviation
from the linear dependence predicted by the virtual-crystal
approximation �VCA�.23 In this approach, the composition
dependence of the band gap is described by a second-order
polynomial with the quadratic term proportional to the so-
called bowing parameter b so that

Eg�x� = xEBC�aBC� + �1 − x�EAC�aAC� − bx�1 − x� . �3�

In order to better understand the origin of the gap bowing
parameter b, Bernard and Zunger24 decomposed it into three
contributions resulting from volume deformation, charge ex-
change, and structural relaxation.

At a given average composition x, the ternary alloy
Zn1−xBexSe obeys the formal reaction

xBeSe�aBeSe� + �1 − x�ZnSe�aZnSe� → Zn1−xBexSe�aeq,ueq� ,

�4�

where aBeSe and aZnSe are the equilibrium lattice constants of
the binary compounds BeSe and ZnSe, respectively. aeq and
ueq are the equilibrium lattice constant and the equilibrium
internal parameter of the alloy at the average composition x.
The different contributions to the band-gap bowing b are
attributed to the following.

First, volume deformation �bVD� represents changes in the
band gaps of the bulk materials ZnSe and BeSe that are
compressed and dilated, respectively, from their equilibrium
lattice constants to the intermediate alloy one aeq=a�x�, ac-
cording to the following reaction:

BeSe�aBeSe� + ZnSe�aZnSe� → BeSe�aeq� + ZnSe�aeq� ,

�5�

so that

bVD =
EBeSe�aBeSe� − EBeSe�aeq�

1 − x
+

EZnSe�aZnSe� − EZnSe�aeq�
x

.

�6�

Secondly, charge exchange �bCE� represents the change in
the band gap upon bringing together the constituents, already
prepared at aeq=a�x�, without permitting any sublattice re-
laxation. The formal reaction is

xBeSe�aeq� + �1 − x�ZnSe�aeq� → Zn1−xBexSe�aeq,u� .

�7�

This term includes charge-transfer effects due to the different
bonding behaviors of the two constituents; the contribution
of this structural relaxation to the bowing is hence

bCE =
EBeSe�aeq�

1 − x
+

EZnSe�aeq�
x

−
EZn1−xBexSe�aeq,u�

x�1 − x�
. �8�

Finally, structural relaxation �bSR�,

Zn1−xBexSe�aeq,u� → Zn1−xBexSe�aeq,ueq� , �9�

represents the change in band gap due to the system relax-
ation. This term includes atomic-relaxation-induced band
mixing,

bSR =
EZn1−xBexSe�aeq,u� − EZn1−xBexSe�aeq,ueq�

x�1 − x�
. �10�

The addition of the three contributions �6�, �8�, and �10�
leads to the total bowing parameter b. The computed bowing
coefficients b together with the three different contributions
for both the direct and indirect band gaps as a function of the
beryllium molar fraction for the Zn1−xBexSe alloy are shown

FIG. 3. Variation of the direct band gap �solid
squares� and the indirect band gap �solid circles�
as a function of beryllium concentration x for
Zn1−xBexSe. Some experimental �Ref. 4� direct
band-gap values �open squares� are added for
comparison.
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in Figs. 4�a� and 4�b�, respectively. We observe the following
facts:

�i� Despite the fact of the large mismatch of the lattice
constants occurring between the bulk materials �9%�, a small
volume deformation term �bVD� was registered for
Zn1−xBexSe system. This can be simply related to the hydro-
static band-gap deformation potentials of the binary alloys.

�ii� The smallest contribution to the gap bowing �bCE
sometimes negative� is attributed to the charge transfer. This
is related to the electronegativity25 mismatch, which is very
small �0.08� between those of Be �1.57� and Zn atoms �1.65�.

�iii� A pronounced and positive structural relaxation con-
tribution �bSR� submerges the two other contributions. This is
known to be relative to the large discrepancy between the
atomic sizes of the alloyed cations, i.e., covalent radii; the Be
ion �covalent radius of 0.90 Å� is much smaller compared
with the Zn ion �1.25 Å�.25

The change in band gap is related to the structural effect
and especially to the atomic bond relaxation. Therefore, in
order to get better information on this behavior, it is very
important to clarify the variation of bond lengths and second-
nearest-neighbor distances for the different compositions
studied. This will be investigated in the following part.

B. Structural properties

Figure 5�a� shows the averaged values of the computed
lattice constant for Zn1−xBexSe as a function of the compo-
sition x. We found that the configurationally averaged lattice
constants fulfill Vegard’s law26 with a small downward de-
viation bowing of about 0.04 Å. More detailed information
on the crystal lattice behavior can be obtained by analyzing
the bond lengths dBe-Se and dZn-Se between Be and Se, and Zn
and Se, respectively. The results obtained are displayed in

FIG. 4. �Color online� Composition depen-
dence of the average �a� direct �→� and �b� in-
direct �→X band-gap bowings �solid down tri-
angles� together with their different contributions;
volume deformation bVD �solid squares�, charge
transfer bCE �solid circles�, and structural relax-
ation bSR �solid down triangles� for Zn1−xBexSe.
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Fig. 5�b�. The first deduction regarding the first-neighbor dis-
tances is a confirmation of the typical behavior of bond
lengths in semiconductor alloys. It was found in both theo-
retical and experimental works that despite the fact that lat-
tice constant follows Vegard’s law, the atoms are able to
readjust themselves in such a way as to maintain bond
lengths similar to those occurring in bulk materials. The
variation of the bond lengths is almost evaluated by the av-
erage bond-length relaxation parameter

��x� = �dZn-Se�x� − dBe-Se�x��/�dZn-Se�0� − dBe-Se�1�� ,

�11�

which ranges from 0 to 1. When �=0, the lattice is perfectly
rigid, so all bonds adjust their lengths to a common value
predicted by Vegard’s Law, whereas �=1 would indicate that
the lattice is flexible, so every bond adjusts to its natural
length observed for the parent binaries; then, we have the
Pauling limit.27 A bimodal distribution of the nearest-
neighbor distances was found, as typically observed in other
ternary ionic and semiconductor alloys. � is almost constant
and it is predicted from the calculation to be equal to 0.73.
Compared with the results obtained by Tsai et al.,8 our cal-
culated lattice constants for binary alloys are in better con-
cordance with experimental ones. Additionally, their calcu-
lated alloy equilibrium lattice constant at x=0.5 deviates
from that determined by Vegard’s rule by 4.5% �in our work,
the deviation is −0.1%�, which is significant and may affect
the accuracy of the calculated properties such as bond
lengths. This deviation is perhaps due to the insufficiency of
the basis set and/or pseudopotential they used. In the inves-
tigation on bond lengths, Tsai et al. found that the Be-Se
bonds for the alloy system �0.25�x�0.75� increase signifi-
cantly from those of the binary compounds and come near
the Zn-Se ones, while in our case, the two types of bonds
tend to maintain their values in the corresponding bulk ma-
terials �BeSe and ZnSe�. They lead to the conclusion that
Be-Se bond is more ionic and less rigid than the Zn-Se one.
This is in contradiction with the experimental work of Vérié1

who proposed to introduce beryllium chalcogenides alloys in
laser structures and based his proposition on the fact that the
higher degree of covalent bonding in Be compounds would
increase the resistance of the structures to defect generation
and propagation essentially caused by the ionic character of
the Zn-Se bonds.

It is also interesting to calculate and to analyze the varia-
tion of the second-nearest-neighbor �2NN� distances dBe-Be,
dZn-Zn, dSe-Se, and dBe-Zn as a function of composition. Unfor-
tunately there are no experimental data available for these
quantities; our corresponding results are plotted in Fig. 5�c�.
In contrast to the nearest-neighbor distances, we notice a
clear composition dependence of all curves. The 2NN dis-
tances exhibits four distinct values: the smallest distance is
found for the Be-Be value while the Zn-Zn distance is the
largest, and both the Se-Se and Be-Zn lengths are between
the extremes.

C. Thermodynamic properties

We investigate in this part the phase stability of
Zn1−xBexSe solid solution systems based on the regular-

FIG. 5. �Color online� Evolution of the average �a� lattice pa-
rameter �solid squares� compared with the VCA �dotted line�, �b�
the average bond lengths dBe-Se and dZn-Se, �c� the second-nearest-
neighbor distances 2NN as a function of beryllium concentration in
the Zn1−xBexSe semiconductor alloy.
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solution model28 as applied to InxGa1−xN and InxAl1−xN by
Ferhat and Bechstedt.29 The Gibbs free energy of mixing for
the Zn1−xBexSe alloy is expressed as

�Gm = �Hm − T�Sm, �12�

where �Hm and �Sm are the enthalpy and entropy of mixing,
respectively. The mixing enthalpy of Zn1−xBexSe alloy can
be obtained as the difference in energy between the alloy and
the weighted sum of the constituents:

�Hm = EZn1−xBexSe − xEBeSe − �1 − x�EZnSe. �13�

The resulting averaged formation enthalpies of
Zn1−xBexSe alloy treated with 64-atom supercell for the com-
positions x=0, 0.25, 0.5, 0.75, and 1 are indicated by the
solid circles in Fig. 6�a�. �Hm has a maximum near x=0.5.
�Hm can also be expressed as

�Hm = �x�1 − x� , �14�

where � is the interaction parameter which depends on the
material. By rewriting expression �14� as �=�Hm /x�1−x�,
we can calculate, for each x, a value of � from the above
DFT values of �Hm. The only shortcoming we may notice
for the regular-solution model for a statistical description of
entropy is that the model could be affected by the number of
DFT enthalpy values extracted from DFT calculation and,
consequently, by the nature of the fit needed. The interaction
parameter � depending on x is then obtained from a linear fit
to the � values. Since the entropic contribution to the free-
energy difference is always negative, a negative � in �Hm
will lead to a negative �Gm over all the composition range
and at any temperature. However, if � is positive, which is
the case in our results, the effect of temperature will be very
important at high values. The best fit gives �=0.567x
+4.96 kcal/mole. The average value of the x-dependent � in
the range 0�x�1 is obtained as �=0.567�0.5+4.96

FIG. 6. �a� Enthalpy of mixing �Hm and �b�
phase diagram calculated using the regular-
solution model as a function of beryllium concen-
tration in Zn1−xBexSe. Solid and dotted curves in
�a� present the enthalpy of mixing calculated us-
ing the regular-solution model with the
x-dependent and x-independent interaction pa-
rameters �, respectively. The binodal line in the
phase diagram �b� is defined by the two branches
x1=x1�T� and x2=x2�T�; the spinodal curve is de-
fined by the two branches x3=x3�T� and x4

=x4�T�.

FIRST-PRINCIPLES STUDY OF THE ENERGY-GAP… PHYSICAL REVIEW B 75, 205112 �2007�

205112-7



=5.243 kcal/mole. Next, we calculate �Hm expressed by Eq.
�14� with �=0.567x+4.96 kcal/mole, as drawn by the solid
curve in Fig. 6�a�. The DFT results of �Hm �solid circles� are
accurately reproduced by the above �Hm curve. Besides, �
=5.243 kcal/mole independent of x is also used to draw
�Hm, as shown by the dotted curve in Fig. 6�a�. The latter is
symmetric around x=0.5, while the x-dependent parameter is
asymmetric leading to a slight deviation toward the highest x
side. The effect of this asymmetry will be pronounced in the
phase diagram shown later. The formation energies are all
positive as shown in the Fig. 6�a�. This implies that the sys-
tem has strong tendency to segregate in its constituents at
low temperature. At high T, disordered configurations are
expected to become favored because of the important in-
crease of the entropic term. Our aim here is to determine the
behavior of the alloy between such limits.

The alloying entropy �Sm is evaluated as �Sm=
−R�x ln x+ �1−x�ln�1−x��, where R is the gas constant. From
the variation of �Gm as a function of x, we deduce the
temperature-composition phase diagram which shows the
stable, metastable, and unstable composition regions of a
mixed crystal for a given growth temperature. Below a criti-
cal temperature TC, the free energy of mixing, remaining
negative, acquires a shape with two minima at two compo-
sition points �i.e., binodal points x1 and x2� and one maxi-
mum. In other way, x1 and x2 are the points where common
tangent touches the free-energy curve. With the definition of
the chemical potential ��x ,T�= �� /�x�Gm�x ,T�, it therefore
holds ��x1 ,T�=��x2 ,T�. For a composition in the range 0
�x�x1 or x2�x�1, the solid solution AxB1−xC phase is
thermally stable against decomposition. However, in the
composition range of x1�x�x2, the total Gibbs free energy
of the system is lowest if the system remains as a mixture of
two immiscible solutions Ax1

B1−x1
C and Ax2

B1−x2
C. The com-

position region between two binodal points is the miscibility
gap. Thermodynamically unstable phases may exist metasta-
bly in cases where the decomposition kinetics is slow, com-
bined with rapid quenching. Within the miscibility gap, there
also exists two inflection points x3 and x4 �spinodal points�,
where �2�Gm /�x2=0. For a composition x between the bin-
odal and spinodal points, the Gibbs free energy increases
when the solid solution decomposes locally into a mixture of
two compositions in the neighborhood of x. In this sense,
there exist local decomposition barriers and the AxB1−xC
phase might exist metastably. Using the interaction param-
eter �=0.567x+4.96 kcal/mole, we quantitatively deter-
mine the critical temperature TC and the stable and/or meta-
stable boundary lines �i.e., the lines linking binodal or
spinodal points at various temperatures�. In Fig. 6�b�, we
show the resulting phase diagram of Zn1−xBexSe. The critical
alloy formation temperature occurs at a point where both the
first and second derivatives of the free energy are zero, i.e.,
the plot has no curvature. The miscibility gap disappears at

TC=1327.36 K, and it is slightly asymmetric about x=0.5
due to the asymmetry of �Hm. We obtain a critical compo-
sition at xC=0.54. The samples studied in the work of Chau-
vet et al.4 have been grown on �100� oriented GaAs sub-
strates by solid source molecular-beam epitaxy where the
substrate temperature was fixed between 300 and 380 °C.
From our phase diagram, more stable semiconductor alloys
are likely to form at high temperature, expecting that
samples actually used in experiment are well outside equilib-
rium. These results indicate that Zn1−xBexSe alloy is unstable
over a wide range of intermediate compositions at normal
growth temperatures. This purpose can be supported by the
work of Plazaola et al.7 where the Zn1−xBexSe crystals were
grown from melt �1850 K� using the high-pressure Bridg-
man method and followed a special procedure in order to
obtain better homogeneity of the crystals.

IV. CONCLUSION

We have investigated the composition dependence of the
energy gap of Zn1−xBexSe ternary alloy using first-principles
pseudopotential plane-wave calculations. The semiconductor
alloy was modeled using a large supercell of 64 atoms in
order to cope with compositional disorder. Nonlinear behav-
ior is observed on the composition dependence of the energy
gap, with increasing of beryllium composition. It is found
that the shape of the calculated energy band gap and bowing
parameter versus Be composition of Zn1−xBexSe agree well
with the experimental results reported by Chauvet et al.4 ac-
companied by a down shift caused by the use of LDA ap-
proximation. The calculated bowing parameter of
Zn1−xBexSe corresponds to 1.08 eV, which agrees very well
with the experimental values of 1.1 eV �Ref. 3� and
0.97 eV.4 The investigation of the origin of the band-gap
bowing shows that this one is mainly dominated by the con-
tribution provided by the structural effect. In contrast to the
lattice parameter, which shows a small deviation from Veg-
ard’s law, bond-length distribution exhibits the typical bimo-
dal behavior where each mode deviates faintly from the val-
ues they would have in pure compounds. This leads to more
realistic behavior compared with those in the preceding the-
oretical works8 using the smallest supercell. On the other
hand, more important composition dependence is registered
for the next-nearest-neighbor distances. Finally, the enthalpy
of mixing �Hm is calculated in the whole composition range.
The calculated �Hm is expressed within the regular-solution
model �Hm=�x�1−x� using the x-dependent interaction pa-
rameter �=0.567x+4.96 kcal/mole. The calculated phase
diagram indicates a significant phase miscibility gap with a
critical temperature estimated at about 1327.36 K. These re-
sults indicate that the Zn1−xBexSe alloy is unstable over a
wide range of intermediate compositions at normal growth
temperatures.
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