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First-principles calculations of the ground-state properties and the stability of Cd;..Zn,Te solid solutions are presented
using the full-potential linearized augmented plane wave (FP-LAPW) method in combination with the local density
approximation (LDA). It is found that the structural parameters, i.e. lattice constants and bulk moduli follow a linear
function of the composition x. The stability of the alloys is viewed as an energetic balance between pure structural
constraints and quantum chemical effect. Our calculations yield to the prediction of an ordering tendency for low Zn
content, occurrence of an intermediate disordered phase at 50-50 % of composition and phase separation for the Zn-
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Introduction

The mixed crystals of II-VI compounds semiconductors
have attracted mush attention in recent years because of
the relevance of their optical properties. These materials
permit many applications as infrared detectors, solar
cells and other optoelectronic devices [1]. The CdZnTe
(CZT) alloy is one of the most promising II-IV-based
alloys that have been the subject of many interesting
experimental studies. CZT was successfully grown both
in bulk and in thin film forms by different techniques
such as two-stage process [2], molecular beam epitaxy
[3], chemical vapour deposition [4, 5] and
electrodeposition technique [6].

Very recently, Arbaoui et al. [7] reported on the growth
of CZT by the RF magnetron sputtering technique. They
showed that the formation of the polycrystalline ternary
alloy is favoured for a small concentration of Zn. In

contrast, for samples with higher Zn content, the XRD
spectra showed no formation of CdZnTe. The measured
lattice constants are found to vary linearly with Zn
composition as expected from the Vegard’s law.

The main goal of the present work is to investigate
theoretically the possibility to form the CZT ternary
alloys with varying Zn composition. Since ordering
phenomena can influence directly both electronic and
optical properties of a material, it motivates us to
investigate the stability of Cd,.Zn,Te ordered structures
by using the Full-Potential Linearized Augmented Plane
Wave (FP-LAPW) method [8]. This method is one of the
most accurate schemes to calculate structural, electronic
and thermodynamic properties of materials. We
considered that the ternary alloys are cubic pseudo-
binary semiconductors with one of the two fcc
sublattices occupied by Te atoms and the other by Cd
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and Zn. Furthermore, we introduce the disordering effect
and predict that the alloys prefer ordering for low Zn
content and clustering elsewhere.

The paper is organized as follows. In section 2, we
briefly describe the calculation procedure. Results and
discussions are presented in section 3 and the paper is
summarized in section 4.

Method of calculation

Our calculations have been made using FP-LAPW
approach within the framework of the Density
Functional Theory (DFT) [9, 10] as implemented in
WIEN2K [11] code. The exchange-correlation
contribution to the total energy is described within the
Local Density approximation (LDA) [12].

Kohn-Sham wave functions were expanded in terms of
spherical harmonic functions inside the non-overlapping
muffin-tin spheres surrounding the atomic sites (MT
spheres) and in Fourier series in the interstitial regions.
Inside the MT spheres of radius Ryr, the /-expansion of
the wave function were carried out up to /,,x = 10 while
the charge density was Fourier expanded up to G, =
=14 (Ryd)". In order to achieve energy eigenvalues
convergence, the wave functions in the interstitial region
were expanded in plane waves with a cut-off parameter
of Kinax = 8/Ryr for both binary and ternary alloys. Ry
values were assumed to be 2,2 a.u. for Zn, 2,6 a.u. for Cd
and 2,4 a.u. for Te atoms, respectively for all structures.
A mesh of 30 special k-points for both binary and ternary
compounds was taken in the irreducible wedge of the
Brillouin zone. Both the MT radius and the number of &-
points were varied to ensure total energy convergence.
The core states that are completely confined inside the
corresponding MT spheres were treated fully relativistic,
while for the valance states we used the scalar relativistic
approach that includes the mass velocity and Darwin s-
shift, but omits spin-orbit coupling.

Results and discussions

Structural parameters

First, we calculated the structural properties of the binary
compounds CdTe and ZnTe in the zinc blend structure.
Then, the ordered ternary alloys Cd;.Zn,Te were
simulated at the compositions x = 0,25, 0,5 and 0,75. For
each composition, we carried out a structural optimization
by minimizing the total energy with respect to the cell
volume and also the atomic positions. A simple cubic
structure (luzonite) of eight atoms is used to model
compositions of x = 0,25 and x = 0,75. For x=0,5 the
smallest ordered structure is a four-atom tetragonal cell,
which corresponds to the (001) superlattice.

The calculated lattice constants and bulk moduli were
obtained by fitting the total energy versus unit cell volume
to the Murnaghan’s equation of state [13]. In Fig. 1 and
Fig. 2 we depicted, respectively the lattice constants and
the bulk moduli as a function of the composition x. From
Fig. 1, one can see that the calculated lattice parameters

are close to those obtained by considering an ideal mixing
between CdTe and ZnTe, the differences between theme
are less than 0.4 %. The calculated lattice constants follow
a decreasing linear function of composition x as expected
by the Vegard’s law, this concords well with the results
reported in Refs. [7, 14-16]. A fitting of both the
experimental data reported in Ref. [7] and the calculated
ones leads to the following linear equations:

lexp(X) = 6.479 — 0.432x, (1)
an(x) = 6.421 — 0.411x. ©)

Considering the general trend that the LDA usually
underestimates the lattice parameters, our LDA results
are in reasonable agreement with experiment and the
other theoretical values. In Fig. 2, the composition
dependence of the bulk moduli is compared with the
results predicted by the linear concentration dependence
(LCD). The bulk moduli exhibit a small deviation from
the LCD and are in reasonable agreement with those
obtained by Wei et al. [17].

6,4

6,3 -

a [Ang]

6,1

6,0

T T T T
1] oz o4 0,5 0,8 1,0

Compasition =
Fig. 1. The calculated lattice constants (solid squares) and

lattice constants of ideal mixing solid solutions (doted line) for
the five ordered structures (Cd);.,(Zn),Te (n =0, 1, 2, 3, 4)
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Fig. 2. Calculated bulk moduli (solid squares) and those of
ideal mixing (dotted line) as a function of composition

Stability of the ordered phase
In order to study the stability of CdZnTe in the ordered
form. we calculated the formation energies of the five
(n=0, 1,2, 3, 4) structures using the following relation
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n n
Eﬁ)rm(n) = E(Cd)lfn(Zn)nTe _ZEZnTe - l_z CdTe » (3)

where Ecq) (zn) 1o 18 the total energy of the nth ordered

-
alloy, Ezyre and Ecgre are total energies of ZnTe and
CdTe binaries, respectively. The results are viewed in
Fig. 3 (solid squares) together with those for disordered
alloys (solid line).
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Fig. 3. The calculated formation energies for ordered
structures and disordered alloys

The formation energy can give a measure of the stability
of a material. For low Zn compositions we notice that it
is negative below x = 0.41 and positive elsewhere. This
trend indicates an ordering tendency that occurs for low
Zn content and a phase separation for Zn-rich range.
Thus, our results are consistent with the experimental
ones from Ref. [7].

In order to clarify the physical origin of this behaviour,
we decompose Ej,,, into three physically recognizable
contributions [18-20] as follows:

Epm=Eyp+ Ece + Egg, “

where Eyp is the hydrostatic “volume deformation”
contribution due to the dilatation of ZnTe and
compression of CdTe from their equilibrium lattice
constants (6.00 A and 6.414 A, respectively) to the
common (Vegard-like) lattice constant of the alloy;

Ecr is the “charge exchange” energy that releases when
ZnTe and CdTe, taken at common lattice constant,
combine to give Cd;..Zn, Te ordered alloy. The internal
relaxation effects are not included in this energy;

Egg is the “structural relaxation” term due to the full
relaxation of cell-internal degrees of freedom.

From the equation (2), one can derive two different
energetic terms Eg,,, and E,. that have different
physical meanings:

Efarm = Ec'hem + Estructs (5)

where E,.,, means a chemical contribution associated to
an electronic mismatch between cations and E,,,,., means
a structural contribution (positional relaxation + volume
deformation) induced by both lattice and atom-size
mismatches.

Fig. 4 shows the splitting of the formation energies of
the ternary alloys into the three physical contributions;
we can deduce the following important remarks:

— The large lattice mismatch (= 6 %) between the binary
constituents leads to a large and positive Eyp that tends
to decrease the stability of CdZnTe alloys over the whole
range of composition. Because of the atom-size
mismatch, including one Zn atom in a CdTe host leads to
a less strained structure then including one Cd atom in a
ZnTe host. This behaviour can be deduced form the fact
that EVD (X = 025) < EVD (X = 075)

— In contrast to Eyp, internal relaxations tend to increase
the stability of the alloys by taking a negative Egy values.
However, the sum Ej,p + Egz remains positive and
increases with increasing the concentration.

— The electronic contribution Eqz to the formation
energies appears to be a relevant term.

For x = 0.25, the energy Er is negative and overwhelms
the Eyp + Egz term. This let us to conclude that the
expected stability of CdZnTe alloys for low Zn content
have a chemical nature.

— At 50-50 % content, both structural and chemical parts
are positive, leading to a phase separation. We notice
that the chemical part contributes significantly to the
formation energy. For the highest Zn composition (i.e.
x = 0,75), the alloy instability takes a structural nature
and the structural energy contribution overwhelms the
chemical one.
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Fig. 4. Energy contributions to the formation energies of
ordered alloys

Stability of the disordered phase
In this section, the energetics of the disordered alloys are
calculated using a cluster expansion. Following the idea
of Connolly and Williams [21], the energy of formation
of the disordered solid solutions can be written as

4

E o ()= 2 B (0)E () ©)
n=0
P, (x)=[:]x"(1—x)“” : ()
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where E%

form (x) is the energy of formation of each of the
five ordered structures. P,(x) is a statistical weight
representing the probability that the nth short-range
ordered structure occurs in the alloy. From Fig. 3 (solid
line), it is observed that a maximum of alloy stability is
attained at x = 0.22 and that a negative curvature appears.
Calculating inflexion points of the curve corresponding to
0’ G(x)/ox* = 0 where G(x) is the Gibbs free energy of
mixing, leads to the concentrations (cj, c;) = (0.409,
0.997) that delimit a spinodal decomposition domain.
Comparing both ordered and disordered phases for the
whole range of x leads to the evidence that ordered phase
remains more stable then the disordered one for
compositions less than x = 0.38. From the Ilater
concentration to x = 0.41, the coexistence of the two
phases is predicted. Then, the disordered phase becomes
more stable than the ordered phase until x = 0.48, in this
range the ordered phase is unstable. Finally, both phases
become unstable for higher Zn content and a miscibility
gap is expected.

Then, our explanations on the stability trends of the
alloys may be suggested as follows. First, the ordering at
low composition of Zn needs the intermixing of Cd and
Zn elements and rearrangements of atoms. This is
induced by the long time and the high temperature of the
annealing of the samples [7]. Also, as explained before,
the charge exchange between Cd, Zn and Te atoms acts
like a driving force that tends to stabilize the alloy. All
these factors cause the interdiffusion of Cd and Zn,
which results in a grain nucleation and growth leading to
a polycrystalline material. By increasing Zn content, the
electronic contribution to the formation energy increases
rapidly and tends to separate the alloy into regions with
short-range periods consisting of the mixed clusters
(Cd3ZnTey, CdyZn,Te, and CdZn;Tey). After that, the
system exhibits an excess of the “pure” (CdsTe; and
Zn,Te,) clusters and a deficiency in the mixed ones.

Conclusion

In summary, we performed accurate FP-LAPW calculations
to investigate the structure and the stability of Cd,..Zn,Te
solid solutions in the ordered and disordered forms. It was
shown that the lattice constants are a decreasing linear
function of composition, in agreement with available
experimental works. The calculated formation energy of the
ordered structures is resulting from a competition between
three different physical contributions, i.e. the volume
deformation, the internal relaxation and the charge
exchange. The ordering tendency for low Zn content is
explained to have a chemical nature.

The experimental threshold reported in Ref. [7] at which
a phase separation occurs (x < 0.4) is well predicted by
our calculations.
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