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The phase transition and structural, elastic, thermodynamic characteristics of CdSe;_,Te, alloys for all
compositions x (x=0, 0.25, 0.5, 0.75, 1) in both hexagonal wurtzite (WZ) and cubic zinc-blende (ZB)
are studied at zero K and zero pressure in emphasis of the Full Potential Linearized Augmented Plane
Wave (FP-LAPW) approach, in accordance with the Density Functional Theory (DFT). This was inserted
within the WIEN2k code, alongside a local density approximation (LDA) in order to consider the
exchange-correlation functional. For all compositions the CdSe;_,Te, alloys were found to be mechani-
cally stable for both phases ZB and WZ, and the strongest material among all structures is CdSe. Our find-
ings reveal that the relation between elastic constants and the Te concentrations is not linear. The
induced phase transition from ZB to WZ is studied at zero K, and the corresponding volume collapses
at the phase transition boundary are calculated for all compositions x (x = 0.0, 0.25, 0.50, 0.75). Our
results show that for all compositions of the CdSe;_,Te, alloys, the stable phase is zinc-blende.
Furthermore, the elastic characteristics of ZB and WZ phases of CdSe;_,Te, alloys, alongside elastic con-
stants, bulk modulus and shear modulus were determined and assessed in comparison with other theo-
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retical and experimental findings available. A positive relationship was observed.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cadmium-Selenide-Telluride ternary alloys (CdSe;_,Te,) have a
prominent place in modern semiconductor physics and devices
technology due to the high absorption coefficient and the direct
band gap corresponding to a wide spectrum of the wavelength
from ultra-violet to infra-red regions [1,2,3], where the band gap
of CdTe films are found to have a range from 1.49 to 1.53 eV and
for CdSe from 1.9 to 1.7eV [4]. The band gap of the ternary
CdSe; _,Te, lies between these two values, which can be tuned by
varying the molar composition on the thickness of the film [4].
The broad and tunable absorption and emission wavelength
ranges, and remarkable semiconducting properties of CdSe;_,Te,
alloys make them a good candidate for conversion of solar energy
into photovoltaic or photo electrochemical devices [5,6]. Addition-
ally, CdSe; _xTex alloys find extensive applications in photo electro-
chemical solar cells [7-10], transistors, photoconductors [11], solar
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control applications [10], and photo assisted decomposition of
water [2].

The knowledge of the physical and fundamental properties of
CdSe; _xTex will help in sampling, designing, and fabricating the
technological devices in an effective way. The structural phase of
ternary CdSe;_,Te, depends on its molar composition, since the
CdTe crystallized in the cubic form, while CdS and CdSe are most
stable in form of hexagonal wurtzite[12], while the experimental
results showed that CdSe; xTex can be crystallized in either cubic
or hexagonal structures [13-17]. Schenk and Silber [13] studied
the microhardness of CdTe;_,Se, alloys, who discovered that the
cubic phase occurs in the composition extent 0 < Xcgse < 0.45, and
the hexagonal phase in the extent 0.65 < Xcgse < 1.0. On the other
hand, Uthanna et al. [14], Mangalhara et al. [15] and Islam et al.
[16] found that CdSe,Te;_,(0 < x < 1) ternary thin films, indepen-
dent of composition, are zinc-blende (cubic phase). The new work
of Shinde et al. [17], using an X-ray diffraction study, revealed that
CdSey sTeq 4 thin films exhibit a hexagonal crystal structure in nat-
ure. There have been fewer studies on CdSe;_xTex nanocrystals
[18-20]. Their experimental results showed that the physical and
photoelectrical properties depend on the preparation method,
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deposition time, and the temperature [21-23]. The CdSe;_xTex
formed in amorphous film for small thickness less than 200 nm,
and for higher value of thickness films were found to be polycrys-
tallized in nature of a hexagonal phase [24]. The band gap was
found to be affected by the thickness of the film and the concentra-
tion of Te, where the energy band gap decreases by increasing the
Te concentration and by increasing the film thickness. For example,
Das [25] utilized CdSe;_,Te, alloys in order to investigate the main
needs of an appropriate thin film photo electrode for high effi-
ciency photo electrochemical cells. Ravichandran et al. [26] fabri-
cated CdSe; _«Tex thin film with different Te concentrations using
the electro-deposition technique; the photoconductivity of these
films was studied at different light intensities, and wavelength,
as an operation of the applied DC-electric field. They showed that
when the Te concentration for CdSe,_,Te, increases, the gap of
the energy band shrinks. The bowing of the band gap and the
transformation of the structural phase of hot wall deposit CdSe;_,-
Tex thin films were studied by the Muthukumarasamy et al. [27]
for different Te concentrations. They reported a band gap of
1.45 eV for CdSey g Teg 4 thin film, which is very close to the perfect
band gap (1.4 eV) for a solar cell. The most recent works by Shinde
et al. [17,28] investigated the structural, optical, and photo-
electrochemical properties of CdSey gTeq 4 thin films using different
methods.

The elastic constants and thermodynamic properties of
CdSe; _xTex are calculated theoretically, with the use of optimum
values of the structures which are extracted from the 2D-search
of the equation of the state [29] for hexagonal phase of CdSe; xTex
and under the FP-LAPW method [30] based on the Density Func-
tional Theory (DFT) [31] within LDA [32] exchange-correlation
potential. Since LDA exchange-correlation depicts structural
parameters of CdSe and CdTe [33] better than PBE-GGA [34], it is
worth adding some fundamental properties for both hexagonal
and cubic phases of CdSe;_xTex and for all compositions x (x =0,
0.25, 0.5, 0.75, 1), especially given that there is no experimental
data in the literature except on elastic constants of hexagonal CdSe
and zinc-blende CdTe. Nevertheless there are some theoretical
studies, which research the elastic constants of both CdTe and CdSe
[33,35-37]. Lately, Jamal et al. [38] showed that, within the PBE-
GGA exchange-correlation, zinc-blende and the wurtzite structures
of CdSe;_xTeyare mechanically stable through the aforementioned
span of Te concentration (0, 0.25, 0.5, 0.75, 1). Also, their calcula-
tions showed that the concentrations of Te or Se correlate non-
linearly with the elastic constants. The pseudopotential plane wave
approach was used to investigate the elastic constants of ternary
CdSexTe; _x alloys with Se concentration (0, 0.3, 0.5, 0.7, 1) within
the LDA potential for cubic and hexagonal phases [33,37].

Thus, structural parameters and elastic constants, and as a con-
sequence thermodynamic properties are studied using the LDA
exchange-correlation potential, to give a better description of
exchange-correlation functional [33] in order to provide reference
data for experimenters. This will provide essential evidence
regarding the binding characteristic between adjacent atomic
planes and the anisotropic character of binding and structural sta-
bility. Also, the phase transition and stable phase of CdSe,_,Te,
within LDA exchange-correlation are investigated due to previ-
ously mentioned different results of experimental works on the
stable phase of CdSe;_xTex.

Computational details

The optimum parameters (volume, energy, bulk modulus and
derivate of bulk modulus) and optimized c/a ratio, and as a conse-
quence optimized an and c lattice parameters for hexagonal phase
of CdSe,_,Te,, also phase transition, mechanical and thermody-
namic characteristics were studied on the basis of First-principle

computations by utilizing the 2DR-optimize package [39], Gibbs
program [40] and the IRelast package [41] which come with the
WIEN2k package [42]. The elastic constants were estimated by fit-
ting the second derivative of the energy with respect to strain to
polynomial fit using IRelast package. Also phase transition,
mechanical and thermodynamic properties of hexagonal phase of
CdSe;_,Te, were studied using optimum parameters from 2D-
search of EOS. 2D-search of EOS, the method of elastic constants
calculations and linked properties for wurtzite (hexagonal) and
zinc-blende (cubic) symmetries are described in our earlier publi-
cations in more detail [29,43,44].

Our original method to estimate pressure-induced phase transi-
tion is to compute difference of Gibbs-free-energy for both phases
of ternary CdSe; xTex at the same pressure grid and at zero-
temperature. As we know, G=E+PV — TS at T # 0 and therefore
at zero temperature (T = 0) it will be G = E + PV. The above equation
indicates that we must compute the energy (E) and volume (V) at
any pressure (P) for both WZ and ZB phases. To achieve this aim, at
the first step we find Murnaghan’s equation of state (see following
equation) using the calculated total energy as a function of volume
(volume and c/a) changes for ZB (WZ) phase, which we can call
‘1D-search (2D-search) of EOS for ZB (WZ) phase’.

B
BV 1 Vo BVo
EV)=Eo+ o 1 +o—= (v _
() 0+B/{ +B/_1<v> } B/_]
The calculation of  optimized parameters (Eo—
optimize denergy, V,— optimized volume, B — bulk modulus,B'—
derivative of bulk modulus) using Murnaghan’s equation of state

makes us able to find the volume and energy at any pressure,
and as a consequence the Gibbs-free-energy is accessible.

V(P) = Vo{l + P(%) }}71

1 (Vo1 BV
B_1 <W> "B -1

Now, the above equations are used to evaluate the difference of
Gibbs-free-energy ( AG) for both phases on the same pressure grid.

The calculations have been performed in the framework of the
DFT [31], and we have employed the FP-LAPW method [30], as
implemented in the WIEN2k code [42]. We have used the LDA
for the calculation of exchange-correlation energy functional
[32], which is the recommended exchange-correlation functional
for our compounds [33]. The wave functions were expanded with
a cut off of Ryt x Kmax =9 in the interstitial region, while in the
muffin tin spheres they expanded, in the form of spherical-
harmonics, up to lnhax = 10 while the charge density was Fourier
expanded up to G, = 12. In the full Brillouin zone, k-point num-
bers were 2000 and 3000 k-points in the phases of wurtzite and
zinc-blende.

The atoms’ location was displaced, due to the internal coordi-
nates during the process of elastic constants and the 2D-search
computations, until the forces go around (1 mRy/bohr).

E(P)Eo+¥{1+

Results and discussion
-Structural properties

The optimal parameters of the lattice for CdSe; xTex ternary
alloys in different concentrations (x = 0, 0.25, 0.5, 0.75, 1), in the
ZB and WZ phases, are computed to be utilized in the elastic con-
stants (ECs) of interested compounds at zero pressure. 2D-search
of EOS (volume and c/a structure optimization) using the 2DR-
optimize package [39] is used to find the EOS for the hexagonal
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Table 1
The structural parameters of the zinc-blende and wurtzite phases of CdSe;_xTex(x = 0.0, 0.25, 0.5, 0.75, 1.0) alloys compared with theoretical and experimental data.

Compounds a(A) c(A) B (GPa) B
CdSecubic 6.019 58.89 4.85
Theor 6.207,%6.210,°6.050° 45.60°65.12°
Exp 6.052,'6.084,5"6.050! 53.00'
CdSewurtzite(2p) 4.250 6.950 57.19 4.59
Theor 4.340,4.270° 7.270,°6.980 43.64°
Exp 4.300' 7.010'
CdSeg75Tep25 cubic 6.121 55.29 488
Theor 6.526° 43.08*
CdSeq 75Te0.25 wurtzite(20) 4.323 14.142 54.21 4.78
Theor 4.429° 14.891° 42.32°
CdSegsTeq 5 cubic 6.220 52.05 4.89
Theor 6.407° 42.21°
CdSeq sTeg s wurtzite(2D) 4.392 7.196 50.84 4.78
Theor 4.437° 7.459" 39.14°
CdSeg25Te0.75 cubic 6.319 49.16 4.90
Theor 6.322° 40.14°
CdSeg 25Te€o 75wurtzite(2D) 4.462 14.619 48.13 4.80
Theor 4.563" 14.653" 36.31°
CdTecupic 6.415 46.59 491
Theor 6.620,°6.626,°6.480,°6.540™ 36.24,°48.94°
Exp 6.480,'6.540"6.477™ 44.50'
CdTewurzite(2) 4.529 7.438 46.34 491
Theor 4.680,'4.560,M4.480 7.650,°7.540,"7.360’ 34.62°
Exp 4.570™ 7.470™

2 Ref. [50].

b Ref. [45].

€ Ref. [35].

f Ref. [45].

& Ref. [46].

h Ref. [47].

I Ref. [48].

J Ref. [33].

! Ref. [51].

™ Ref. [49].

phase since the equation of state has two degrees of freedom such
as volume and c/a. Our prior works show that a two-dimensional
search of EOS can be necessary [43,29] and displays the exactness
of the method of calculations (DFT in this case) better than a one-
dimensional search (i.e. volume changes) of EOS.

Our results are listed and compared in Table 1, along with the-
oretical results and experimental data. For zinc-blende (cubic)
symmetry of CdSe (x=0) and CdTe (x=1), our calculated a-
lattice constant using LDA is underestimated when compared with
the experimental data [45-49] and earlier DFT-LDA computations
[35], and is in very good accordance with the experimental reports.
However, it can be clearly seen that our results are in excellent
agreement with the previous [35] DFT-LDA calculation. For
x=0.25,x=0.5and x = 0.75 our LDA a-lattice parameters are smal-
ler than those conveyed by Reshak et al. [50]. Although we used the
same package (WIEN2k) and therefore the same approach (FP-
LAPW), our number of k-mesh points we used in the full Brillouin
zone were 3000 so we selected lmax = 10 with different exchange-
correlation (LDA), whilst they used 1400 k-points and Inax = 6 with
PBE-GGA exchange-correlation in their calculations [50]. This is
potentially the main explanation for the disagreement in results.

Table 1 shows the structural parameters data for both ZB and
WZ phases. As the Te concentration increases, the lattice parame-
ter for ZB CdSe;_xTex within LDA exchange-correlation increases
monotonically. On the other hand, the bulk modulus decreases
monotonically.

The same behavior can be seen in derivatives of bulk modulus
with a monotonic variation. However, the variation for derivatives
of bulk modulus with increasing Te concentration is so small. For
hexagonal (wurtzite) CdSe (x=0) and CdTe (x =1), our computed
a and c lattice constants within LDA are underestimated with

respect to the experimental data [49,51]. However, one can see
that our results confirm the previous DFT-LDA calculations [33].
For x=0.25, x=0.50 and x=0.75, our LDA lattice parameters a
and c are a little bit smaller than that conveyed by Reshak et al.
[50]. However, the lack of agreement originates from the different
k-points, the value of Imax and the exchange-correlation functional
utilized in past and present calculations.

Our results show that as the concentrations of Te changes from
zero to one in the hexagonal symmetry, the lattice constant a
increases monotonically. At the same time, the bulk modulus
decreases monotonically within LDA potential when shifting from
wurtzite-CdSe to wurtzite-CdTe, as seen in Table 1.

As can be seen in Table 1 for hexagonal phase, approximately
the derivative of bulk modulus is increasing as the Te concentra-
tion increases. Nevertheless, the variation is so small as we shift
from wurtzite-CdSe to wurtzite-CdTe. As the bulk modulus means
that there is a resistance against the volume changes, it is clear that
decreasing Se concentration (increasing the Te value) in ternary
CdSe; _«Tex alloys leads to the reduction in hardness (resistance
to changes in volume) for both phases. Our results show that
increasing the Te content leads to decreasing energy at about
—1091.05 and —-1091.03 (Ryd/atom) for cubic and wurtzite phases
as we shift from CdSe to CdTe, respectively. This means that we
expect to see a linear equation when we fit the optimized energy
based on the Te content.

In order to find the effect of increasing the Te content regard-
ing the a-lattice constant, the bulk modulus and the optimized
energy of ternary CdSe; xTex alloys within LDA potential for
both cubic and hexagonal phases and prediction analytical
expressions for them, we have obtained the following polyno-
mial fit (order of fit 2):
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ac(x) = —0.014x2 4+ 0.410x + 6.019

an(x) = —0.013x2 4 0.291x +4.250

Bc(X) = 2.754x% — 15.0463x + 58.886
By(x) = 3.474x* — 14.586x + 57.332

Ec (x) = —0.004x* — 4364.192x — 8018.133
Ey (X) = 0.055% — 4364.201x — 8018.125

Where a shows the a-lattice constant for hexagonal (H) and
cubic (C) phases in units of angstrom, B represents the resistance
against the volume changes (bulk modulus) in units of (GPa) and
E exhibits optimized energy in units of (Ryd/atom).

As can be seen from the above equations, the a-lattice constants
for the cubic and wurtzite phases have swerved slightly from the
linearity as a function of Te concentration (x). The above equations
show that the deviation from linearity regarding the a-lattice
parameter for the cubic phase is bigger than that of the wurtzite
phase. Our fitting indicates that bowing parameters of bulk modu-
lus is larger than the a-lattice parameter, which confirms the non-
linear behavior of bulk modulus against x changes as long as the
bowing parameter of the hexagonal phase from linearity is larger
than that of the ZB phase. Our fitting regarding the optimized
energy indicates that the optimized energy of the ZB phase has
swerved slightly from linearity as function of x changes, however
the divergence from linearity in the WZ structure is larger than
that in the ZB structure.

Elastic constants

The IRelast package [41] is used to calculate the elastic con-
stants of ZB and WZ phases of CdSe; xTex alloys at zero-
temperature and zero-pressure and at various Te composition
(x=0.0, 0.25, 0.5, 0.75, 1.0) at their optimized lattice parameters.
Tables 2 and 3 show these values along with experimental data
[52,53] and earlier theoretical calculations [33,36,37]. Theoretical
calculations of the ECs guide us to give estimation for the impor-

Table 2

tant technological characteristics such as hardness, brittleness/-
ductility, stiffness, and types of bonds for our substance of interest.
The elastic constants help to predict the properties of the mate-
rial such as the ductility of the material, which is determined by
the value of the ratio of bulk modulus to shear modulus (B/S). If
it is less than 1.75 [43] a material is treated as brittle, otherwise
it is a ductile material. The type of bond in the structure can be
determined by the indication of Cauchy pressure (C;, — C44) (for
hexagonal compound C44 = Cs5). Generally, the Cauchy pressure
of compounds with more prevailing ionic (covalent) bonds is pos-
itive (negative) [43], or by Poisson’s ratio, for which the value is
much less than 0.25 (around 0.1) for a typical covalent compound,
and around 0.25 or higher for an ionic compound [54]. Moreover,
our previous studies suggested the usual value v =0.236 for Pois-
son’s proportion as a limit for specifying type of bonds [43].
Stiffness is specified through the resistance against forces of
deformation. As the material becomes stiffer with the larger the
amount of young modulus (Y), we believe that there is a correlation
between Young’s modulus, which defines the ratio of stress to
strain, and the level of stiffness. Hardness is specified by how much
our material can resist when changing shape. There are three repre-
sentatives for this. The first one is bulk modulus, which means “the
resistance to volume changes”. The second one is shear modulus,
which means “resistance against reversible deformations” and the

third one is Vickers hardness as H{™" = 2(kZS)0585 -3(k=
5,S — shear and B — bulk modulus) [55]. Therefore, we have found
that shear modulus can predict hardness better than bulk modulus
[43] because it is resistant to reversible deformations, whilst new
research of Chen et al. [55] reports that Vickers hardness again
shows hardness better than shear modulus. Using Chen’s equation
negative Vickers hardness is predicted for some ionic compounds
such as our compounds of interest in this research. The possibility
of negative Vickers hardness is removed with the new Tian’s equa-
tion as H™" = 0.92k"*’$%7% [56]. When hardness is >5 (GPa), both
formulas are in accordance with experimental data, but overesti-
mate it at low hardness side [56]. As we know the Voigt and Reuss
approximation estimate the higher and lower boundaries of

The calculated elastic constant (Cj; in GPa), Bulk modulus (B), Shear modulus (S) and Young’s modulus (Y) in Voigt (V)-Reuss (R)-Hill (H) approximations (in GPa), Poisson’s ratio
(v), transverse elastic wave velocity (V in m/s), longitudinal elastic wave velocity (V| in m/s), average wave velocity (Vy, in m/s), Debye temperature (®pin K) and Vickers
hardness base on the Chen and Tian equations (Hv in GPa) for zinc-blende CdSe 1 xTexx = 0.0, 0.25, 0.5, 0.75, 1.0) alloys in comparison with available experimental and theoretical

data.
Cubic CdSe CdSey75Tegas CdSepsTegs CdSepzsTeq 75 CdTe
Ci1 71.36,67.81,88.4" 67.79 64.41,59.17° 61.50 59.51,57.38,%(53.51)°
Cio 53.43,50.12738.3" 49.48 46.33,42.04° 43.33 41.02,39.19,°(36.81)°
Cyg 23.34,22.89735.7° 22.75 22.96,20.95* 21.48 21.34,21.31,%(19.94)°
By 59.40 55.58 52.35 49.38 47.19
Br 59.40 55.58 52.35 49.38 47.19
By 59.40 55.58 52.35 49.38 47.19
Sv 17.59 17.31 17.39 16.52 16.50
Sk 14.22 14.27 14.21 13.90 14.01
Su 15.90 15.79 15.80 15.21 15.26
Yv 48.03 47.04 46.98 44.60 4434
Yr 39.50 39.43 39.10 38.12 38.24
Yy 43.80 43.27 43.07 41.38 41.31
W 0.365 0.358 0.350 0.349 0.343
VR 0.389 0.381 0.375 0.371 0.364
Vi 0.377 0.370 0.362 0.360 0.354
Vi 1651.64 1636.57 1629.39 1592.62 1589.38
Vi 3718.38 3605.63 3512.18 3408.36 3343.93
Vin 1863.83 1845.08 1835.14 1793.11 1787.94
®p 184.39 179.48 175.67 168.96 165.96
H,hen -0.842 —-0.695 -0.525 -0.521 -0.371
HVTi’“ 1.457 1.552 1.663 1.657 1.775

Theoretical results are bold while Experimental results are given in parenthesis.
2 Ref. [37] (LDA).
b Ref. [36].
¢ Ref. [52] (at 25 C).
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Table 3

The calculated elastic constant (Cj; in GPa), Bulk modulus (B), Shear modulus (S) and Young’s modulus (Y) in Voigt (V)-Reuss (R)-Hill (H)approximations (in GPa), Poisson’s ratio
(v), transverse elastic wave velocity (V; in m/s), longitudinal elastic wave velocity (V; in m/s), average wave velocity (V,, in m/s), Debye temperature (@p in K) and Vickers
hardness base on the Chen and Tian equations (Hy in GPa) for wurtzite CdSe;_,Te,(x = 0.0, 0.25, 0.5, 0.75, 1.0) alloys in comparison with available experimental and theoretical

data.
HEX CdSe CdSep75Teg 25 CdSe(sTeqs CdSe25Teg 75 CdTe
Cy 81.11,78.88,%62.76,°(74.6 ¢ 76.60 72.43,70.94,°53.88" 69.09 67.03,68.93,751.99”
[ 49.25,48.81,°36.39,°(46.1) 45.66 42.24,41.72,°30.37" 40.27 38.32,38.09,727.99°
Ci3 42.55,41.48,°30.17,°(39.4) 39.66 36.80,34.60,24.53" 33.93 32.08,30.82,722.17°
Cs3 90.34,89.48,°70.36,°(81.7)° 86.23 82.81,83.21,°61.84° 79.74 78.18,81.10,760.34"
Css 13.29,13.51,11.93,°(13.0)° 12.88 12.50,12.83,10.56" 12.22 12.59,13.17,°10.61°
By 57.92,56.45,°50.90,°(53.4) 54.37 51.04,49.42,°41.98" 48.24 46.35,46.36,%38.70"
Br 57.91,56.45,°50.90,°(53.4) 54.35 51.00,49.42,°41.98" 48.21 46.31,46.36,%38.70°
By 57.91,56.45,°50.90,°(53.4) 54.36 51.02,49.42,°41.98" 48.22 46.33,46.36,°38.70"
Sy 16.38 15.87 15.47 15.09 15.22
Sk 15.69 15.21 14.81 14.39 14.57
Sh 16.04 15.45 15.14 14.74 14.90
Yy 44.91 43.40 42.16 40.99 41.17
Yr 4317 41.74 40.50 39.26 39.56
Yy 44,04 42,57 41.33 40.13 40.37
vy 0.370 0.366 0.362 0.358 0.351
VR 0.375 0.372 0.367 0.364 0.357
VH 0.373 0.369 0.364 0.361 0.354
Vi 1657.70,1598.05% 1622.12 1593.78,1606.77° 1566.81 1571.32,1651.97°
v 3686.17,3661.09° 3565.37 3456.47,3433.46° 3362.42 3312.25,3294.34°
Vm 1869.67,1862.93° 1828.60 1795.55,1808.91° 1764.29 1767.80,1795.78°
®p 185.03,183.82" 178.00 171.95,172.87° 166.30 164.04,168.42°
HyChen -0.74 -0.72 -0.63 -0.59 -0.42
HyTian 1.524 1.529 1.583 1.606 1.715

Theoretical results are bold while Experimental results are given in parenthesis.
2 Ref. [33] (LDA).
b Ref. [33] (PBE-GGA).
¢ Ref. [48] (at 300 K).

mechanical characteristics [43]. Therefore thermodynamic proper-
ties, for example average sound velocity (V,,) along with the
transversal (V) and longitudinal (V)) sound velocities and Debye
temperature (0p) are assessed through the application of the Hill
method that is a half-value of Voigt and Reuss equations.

Table 2 demonstrates that the LDA elastic constants, which we
calculated for cubic phase of CdSe and CdTe, are in good agreement
and bigger than earlier theoretical LDA computations, as calculated
by Benyettou et al. [37]. The difference between Benyettou et al.‘s
calculations and ours stems from the fact that we used FP-LAPW
while they used the pseudopotential plane wave method.

Our calculated LDA elastic constants, cubic CdSe, in comparison
with previous computations of Hannachi et al. [36], display a big
difference for Cy;, Cy, and C44 Our C;; and G4 are smaller than
their calculations, while our C;; is larger. This difference can be
considered from this fact that we employed FP-LAPW, whereas
they utilized the empirical pseudopotential method. In the cubic
phase of CdTe, our evaluated LDA elastic constants are in accor-
dance with experimental result [52]. Nonetheless, previous LDA
calculations [37] are in better accordance than our LDA computa-
tions. We should emphasize that our theoretical and Benyettou
et al’s [37] calculations are at zero-temperature while the experi-
mental data were at 298 K. For cubic CdSeqsTegs, our estimated
elastic constants within LDA are larger than and in correlation with
the previous LDA computations [37].

The elastic constants for the zinc-blende CdSe;_,Te,(x =0.25
and 0.75) within LDA are calculated for the first time, which made
them a servant for upcoming theoretical and experimental work.

The dominant bond for CdSe and CdTe in the form of ZB is an
ionic bond which is proved by the positive indication of Cauchy
pressure (C;,-C44 > 0) within LDA potential, which is the same as
the sign of Cauchy pressure utilizing both experimental and theo-
retical elastic constants and also by our evaluated Poisson’s ratio,
in which we find them as v=0.377 and v=0.354 for cubic CdSe
and CdTe, respectively (check Table 2). This means that for the sec-

ond time, by using Poisson’s ratio, we could estimate that cubic
CdTe and CdSe are substances with ionic bonds. This is compatible
with our estimation by applying the Cauchy pressure’s sign. Our

(gg) ratio for cubic CdSe and CdTe are 3.74 and 3.09. Such a predic-

tion shows how the cubic CdSe has larger ductile properties than
the cubic phase of CdTe.

The value of bulk modulus and shear modulus for ZB CdSe is of a
greater value, thereby showing how ZB CdTe is softer than CdSe
whilst Vickers hardness (Hill's data was applied) illustrates how
CdSe is softer than CdTe.

Young’s modulus values predict that ZB CdSe is stiffer than ZB
CdTe. As can be seen in Table 2, elastic constants of cubic CdSe
are bigger than cubic CdTe. Thus, we can describe that from a
mechanical viewpoint, CdSe is more strong than CdTe.

Our calculations (see Table 2) indicate that the mechanical in
addition to the thermodynamic characteristics, namely C;;, C;2,
approximately C,4, Bulk modulus, approximately Young’s modulus,
Poisson’s ratio, Debye temperature, transverse and longitudinal
elastic wave velocities and average wave velocity for cubic
CdSe; _xTex within LDA potential reduce monotonically. However
Chen'’s Vickers hardness grows monotonically with the growth of
the Te (decreasing the Se) concentration. Table 2 shows that Cyy
is not so sensitive to changes of Te content.

Our Poisson’s ratio and Cauchy pressure (C;,-C44>0) show that
the strength of the ionic bond decreases by increasing the Te con-
centration. Bulk modulus and Hill’s shear modulus results estimate
that ZB CdSe is the hardest substance in all compositions x (x =0,
0.25, 0.5, 0.75, 1) which this study looks at. However, Vickers hard-
ness (Hill's data was applied) suggests that ZB of CdTe is the hard-
est substance. Furthermore, our computed Young's modulus
suggests that ZB of CdSe is the stiffest substance, for all values of
X (x=0, 0.25, 0.5, 0.75, 1). The largest values of elastic constants
are related to ZB of CdSe for all variations of x (x =0, 0.25, 0.5,
0.75, 1). This denotes that from a mechanical viewpoint, cubic CdSe
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is the strongest of all the substances of the cubic ternary CdSe;_-
Tex alloys (x =0, 0.25, 0.5, 0.75, 1).

In order to find the effect of increasing Te content regarding the
elastic constants of ZB ternary CdSe,_,Te, alloys in LDA exchange-
correlation and prediction analytical expressions for them, we have
done the following polynomial fit as a function of Te concentration
(order of fit 2):

Ci1(x) = 4.149x* — 16.145x + 71.431
Ci2(x) = 3.920x*> — 16.308x + 53.402
Cas(X) = —0.903x% — 1.205x + 23.315
The above equations indicate that for C44 the bowing parame-
ters are smaller than C;; and C;, as the deviation from linearity

for C4,is bigger than that of C,,. They present a non-linear relation
between the elastic constants and Te concentration.

For cubic systems, the Born elastic stability conditions [57,58]
are as following. It is clear that the third condition (Cy; > 0) is an
extra condition which is usually used because from the first two
conditions we can derive the third one.

C]] —C]z > 0, C]] +2C]2 > 0, C]] > 0, C44 >0

The above conditions (see Table 2) are evidently satisfied by our
results. This shows that cubic ternary CdSe;_xTeyx alloys within LDA
potential have a mechanical stability throughout the whole studied
range (x = 0.0, 0.25, 0.50, 0.75, 1.0).

Our calculations of the elastic constants for hexagonal CdSe; x-
Te, ternary alloys within LDA potential are mustered in Table 3,
along with experimental [53] and theoretical data [33]. To our
knowledge, no simulated or experimental result exists for the elas-
tic constants of hexagonal CdSe;_,Te(x =0.25 and 0.75) within
LDA exchange-correlation. Our calculations are appending appro-
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priate data to this area of research, which we expect will provide a
substantial source of information for future investigations.

Our findings show that our outcomes within LDA potentially
agree very well with the earlier theoretical LDA computation [33]
for x=0.0, 0.50, 1.0 and the experimental result [53]. It is impor-
tant to note that the evaluated elastic constants using LDA
exchange-correlation are larger than earlier PBE-GGA computa-
tions produced by Saib et al. [33]. The lack of consistency between
our results and the experimental results of hexagonal CdSe and
CdTe is due to the fact that our simulated-data was carried out
at zero temperature, whilst experiments were conducted at room
temperature, as well as the absence of a precise choice of
exchange-correlation functional. Also, as Table 3 indicates, the sim-

ulated data of CdSe presented by Saib et al. [33] using LDA poten-
tial are in further accordance with experimental results at 300 K,
while for CdTe our results within LDA are in good accordance with
the experimental results.

Our Poisson’s ratio and Cauchy pressure (C12—Css > 0, for hexag-
onal symmetries C44 = Cs5) within LDA exchange-correlation fore-
cast that for hexagonal CdSe and CdTe compounds the dominant
bonds are ionic bonds, and thus is in understanding with the sign
of Cauchy pressure using experimental and theoretical elastic con-
stants. Table 3 shows that Shear modulus and bulk modulus of
hexagonal CdTe are smaller than hexagonal CdSe, which offers that
CdSe is harder than CdTe, whilst Vickers hardness, evaluated using
Hill’s data, illustrates that hexagonal CdTe is harder than hexago-
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Fig. 2a. Difference of Gibbs free energy as function of pressure for two phases of CdSe compound within LDA. The inset: Calculation of the volume versus pressure for two

phases.

nal CdSe. Compared to the hexagonal CdTe, Young’s modulus of
hexagonal CdSe is larger. This suggests that hexagonal CdSe is stif-
fer than hexagonal CdTe. The ratio of Hill's bulk modulus and Hill’s

shear modulus (*;H—”) for hexagonal phase of CdSe and CdTe (3.61

and 3.11, respectively) estimates that hexagonal CdSe is more duc-
tile than hexagonal CdTe.

Our simulated results show that the elastic constants of hexag-
onal CdTe are smaller than hexagonal CdSe. Therefore, from a
mechanical viewpoint CdSe is stronger than CdTe, which is in
alignment with the earlier theoretical estimation [33].

As Table 3 shows, the mechanical and thermodynamic charac-
teristics, namely Cq;, Cq5, Ci3, G3, approximately Css, approxi-
mately Bulk, Shear and Young’s modulus, Poisson’s ratio,
longitudinal elastic wave velocity, approximately transverse elastic
and average wave velocities and Debye temperature for hexagonal
CdSe; _xTex within LDA potential are reduced monotonically with
growth of Te content.

The value of Poisson’s ratio and the value of Cauchy pressure
(C12-Css5 > 0) suggest that for hexagonal CdSe;_xTex ternary alloys
within LDA potential, dominant bonds are ionic bonds for all com-
positions x (x = 0.0, 0.25, 0.50, 0.75, 1.0) of interest.
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The computed bulk and shear modulus which we have calcu-
lated predicts that hexagonal CdSe is the hardest substance for all
compositions x (x = 0.0, 0.25, 0.50, 0.75, 1.0) of relevance. But Vick-
ers hardness (Hill's data was used) suggests hexagonal CdTe as the
hardest substance.

The available data of Young’s modulus (see Table 3) indicate
that hexagonal CdSe can be understood as the stiffest substance
for all variations of x (x = 0.0, 0.25, 0.50, 0.75, 1.0). Table 3 indicates
that the largest value of elastic constants related to hexagonal CdSe
occurs when we increase Te concentration. Thus, the strongest
material from a mechanical viewpoint is the hexagonal CdSe, when
shifting from hexagonal CdSe to hexagonal CdTe. Moreover, Table 3
shows that the hexagonal CdSe has the largest longitudinal elastic

wave velocity, transverse elastic, average wave velocities and
Debye temperature for all changes of x (x =0.0, 0.25, 0.50, 0.75,
1.0) within LDA exchange-correlation. Our calculations (see
Table 3) show that Cs5 has the smallest changes with increasing
Te concentration.

In the process of finding linear/non-linear relationships and
bowing parameter trends, we fitted the evaluated elastic constants
of hexagonal ternary CdSe;_xTex alloys in LDA potential with a
polynomial of degree 2 for all interested of changes of x (x=0,
0.25, 0.5, 0.75, 1). The following equations show that Ci; (Css)
has the biggest (smallest) bowing parameter from linearity, thus
suggesting the non-linear relation between the elastic constants
and Te concentration.
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C11(X) = 6.583x% — 20.863x + 81.209
C12(X) = 5.406x% — 16.306x + 49.274
Ci3(x) = 2.366x% — 13.034x + 42.634
C33(X) = 6.229x2 — 18.553x + 90.401
Cs5(X) = 1.897x% — 2.721x + 13.345

For elastic stability of hexagonal compounds, three necessary
and sufficient conditions [59] (as following) are offered which
are evidently satisfied by our calculations.

G > [Gal, 2Cf3 < C33(Cy +Ga), Cs5 >0

These three conditions indicate that the hexagonal ternary
CdSe;_xTex alloys within LDA potential are mechanically stable
for all variations of x (x =0, 0.25, 0.5, 0.75, 1).

Phase transition and stable phase

Our results (Fig. 1(a)-(e)) exhibit that the stable phase for all
compositions x of interest (x = 0,0.25,0.5,0.75,1) for bulk ternary
CdSe; _xTex alloy is zinc-blende (cubic), which is in agreement with
the works of Uthanna et al. [14], Mangalhara et al. [15] and Islam
et al. [16]. They found that the stable phase for CdSe,Te;_y
(0<x<1) ternary thin films, independent of composition, is
zinc-blende (cubic phase). Additionally, in the new work of Shinde
et al. [17] the structure of the CdSeogTep.4 thin films was found to
be hexagonal.

Using the estimated difference of Gibbs-free-energy (AG = 0) at
the same pressure grid, it is possible to evaluate the pressure-
induced phase transition for two phases of ternary CdSe,_,Te,
alloys.

Our results indicate that DFT + LDA does not foretell a phase
transition from cubic to wurtzite for CdTe compound at T=0 K.
Therefore, we can suggest that a phase transition can occur in CdTe
compound at a temperature which is not 0 K.

Following Fig. 2(a), our results foresee a possible pressure-
induced phase transition from cubic to wurtzite phase for CdSe
at a pressure of about 6.1(GPa) using 2D-search of EOS for hexag-
onal phase. The corresponding volume collapses at the phase-

transition boundary are also calculated to be 168.744 (bohr®|
atom).

Our results (see Fig. 2(b)) exhibit a possible pressure-induced
phase transition from cubic to wurtzite phase for the ternary
CdSep2sTeg7s alloy at pressure of about 11.1 (GPa). The corre-
sponding volume collapses at the phase-transition boundary are
also calculated to be 182.646 (bohr3/atom).

Fig. 2(c) indicates a possible pressure-induced phase transition
from cubic to wurtzite phase for the ternary CdSeqsl'e 5 alloy at a
pressure of about 203.5 (GPa). The corresponding volume collapses
at the phase-transition boundary are also calculated to be112.086
(bohr3/atom).

Also, we found that (see Fig. 2(d)) the DFT + LDA calculation
predicts a phase transition from cubic to wurtzite for the ternary
CdSeg.75Teg2s alloy at pressure of about 129.9 (GPa). The corre-
sponding volume collapses at the phase-transition boundary are
also calculated to be 116.969 (bohr3/atom).

Conclusion

A two (one) dimensional search of EOS is used in order to obtain
the optimum lattice parameters for CdSe; xTex ternary alloys at
different Te compositions (0, 0.25, 0.5, 0.75, 1) for hexagonal
(cubic) phase, and to calculate the elastic constants at zero-
temperature and zero pressure. The outcomes from our research
display that increasing the Te concentration leads to a decrease
in the hardness of the structure from the viewpoint of bulk modu-
lus, since the bulk modulus, for both phases of CdSe;_,Te, within
the LDA exchange-correlation, decreases steadily while shifting
from CdSe to CdTe. The ZB and WZ phases of CdSe;_xTex alloys
at various combinations satisfied the mechanical stability condi-
tions at zero K. Elastic constants of ZB and WZ of CdSe have the lar-
gest values for all changes of x. This means that, in a mechanical
sense, CdSe is the strongest substance in the ternary CdSe,_,Te,
alloys (x=0.0, 0.25, 0.50, 0.75, 1.0). If we make a comparison
between the values of Cauchy pressure and Poisson’s ratio, we
can say that for both phases of CdSe;_xTex ternary alloys (within
the LDA exchange-correlation), the ionic bonds are more dominant
for all compositions x (x = 0.0, 0.25, 0.50, 0.75, 1.0) of interest. The
non-linear relation between the elastic constants and Te concen-
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tration can be inferred from our findings. Vickers hardness (Hill’s
result was utilized) suggests the CdTe as the hardest substance
for both phases. The results from our study show that for all com-
positions x (x = 0.0, 0.25, 0.50, 0.75, 1.0) of interest related to tern-
ary CdSe;_,Te, alloys the stable phase is zinc-blende. We also
noted a possible pressure-induced phase transition from cubic to
wurtzite phase for all compositions x (x =0.0, 0.25, 0.50, 0.75)
within LDA exchange-correlation.
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