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A B S T R A C T

Special quasi-random structure (SQS) was used to investigate the structural, electronic, and optical character-
istics of the binary and ternary beryllium chalcogenide alloys. The computations were performed using the
pseudopotential technique. The GGA-WC scheme was applied to study the structural and optical features of these
present alloys, while the HSE06 hybrid functional was used to correct the underestimation of the electronic band
structure. The optimized lattice constants and bulk modulus demonstrate a non-linear tendency with increasing
x concentration. The phase transition may occur for all ternary alloys at x =0.5 with the orthorhombic assumed
crystal system. The ternary alloys of BeO1−xAx (A= S, Se) at 0.5 x 1 have an indirect band gap, while
BeO1−xTex0.5 x 1 manifest a metallic demeanor using HSE06 formalism. The optical spectra were computed
and discussed in detail. Furthermore, the thermodynamic stability of the studied compounds was examined using
the miscibility critical temperature.

1. Introduction

Alkaline earth oxides, an important substance of metal oxides,
crystallize in cubic rocksalt (RS) structure. Beryllium oxide (BeO) is a
special type of this series that crystallizes in wurtzite (WZ)structure. It
also can be found in zinc blende (ZB) and rocksalt forms at varying
pressure [1–3]. Due to its unique crystal, optical, electronic, and
thermal features [4–7], BeO can be used in rockets, missiles, atomic
energy, aviation, nuclear, and metallurgical applications [8–10]. Ber-
yllium chalcogenides are very attractive compounds for technological
applications because of their wide band gap, high bulk modulus, and
also they have the same structure and bonding with III-IV semi-
conductors group [11]. Beryllium chalcogenide BeX (X= S, Se, Te)
semiconductors crystallize in the zinc blende (ZB) form at normal
conditions [12,13]. The pressure-induced phase transition from ZB (B3)
to NiAs (B8) structure for BeTe and BeSe at 35 GPa and 56 GPa, re-
spectively [14]. On the other hand, BeS transforms from (B3) to (B8) at
69 GPa [15].

From an experimental point of view, beryllium oxide transforms
directly from wurtzite to rocksalt structure under the influence of
pressure [16,17]. Theoretically, Van Camp and Van Doren [18], con-
firmed that the wurtzite type transforms to zinc blende and rocksalt
structure at 74 GPa and 137 GPa, respectively. Based on phonon dis-
persion, both RS-BeS and RS-BeO are dynamically unstable at zero
pressure [19]. The phonon dispersion of rocksalt magnesium oxide
MgO can be taken as a reference system for comparison with dynami-
cally stable structures [20]. Furthermore, the phonon dispersion of RS-
BeO testified by Guoet al. [21] shows no imaginary frequencies at
81.27 GPa, indicating that the RS-BeO structure is dynamically stable at
higher pressure. Based on enthalpy versus pressure and common tan-
gent of total energy versus volume curves, Dabhiet al. [14]found that
the sequence of phase transition from B3 to B1 comes out to be 73 GPa,
59 GPa and 41 GPa for BeS, BeSe, and BeTe, respectively.
Beryllium oxide possesses a wide band gap of about 10.67 eV [22].

Furthermore, Thapa et al. [23]investigated the electronic properties of
ZB-BeX (X= S, Se, Te) using the FP-LAPW method. They suggested that
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BeSe and BeS systems have an indirect band gap, with a metallic be-
havior for BeTe. Recently, it is possible to estimate the most valuable
characteristics of solid materials, such as bandgap structure, elastic
constants, optical, and thermodynamic features using quantum me-
chanical computations [24–30].
In the present work, density functional theory has been used to

study in details the structural, electronic, optical, and thermodynamic
properties of RS-BeO1−xAx (A= S, Se, Te) solid solutions. We have
used the SQS method, which significantly diminishes the size of the
supercell needed in order to find a realistic order of a random alloy.
Lately, there has been a consideration in the investigation of these types
of alloys, and a few theoretical first-principles calculations have been
achieved.

2. Computational method

First-principles analysis was proceeded to employ the plane-wave
pseudopotential scheme within the framework of density functional
theory (DFT) as implemented in the CASTEP code [31]. The ex-
change–correlation energy of electrons interaction was treated by
means of the Wu-Cohen generalized gradient approximation (GGA-WC)
[32]. For geometry optimization, ultra-soft pseudopotentials were used
together with a plane-wave cutoff energy of 1000 eV. Brillouin zone
(BZ) scheme integration of 14× 14×14 k-points by means of Mon-
khorst-Pack grid [33] was appropriate in making the electron system to
converge for pristine binary beryllium chalcogenides. For the ternary
alloys, we applied cutoff energy of 800 eV and 32 irreducible k-points.
Furthermore, finer k-point meshes (455 points) were applied to esti-
mate the optical properties of the studied materials. The convergence
tolerance adopted for all the geometry optimization in the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm [34] were set asa fine
quality with a maximum force of 3× 10−2 eV/Å. A tolerance of
1× 10−6 eV/atom with a convergence window of three steps was
exploited for the self-consistent calculations. Due to the under-
estimation of the band gap values using the conventional method based
on DFT, HSE06 hybrid function [35,36] was conducted to produce a
better exchange and correlation energy. Supercell was built to change
the atomic position of the studied alloys. Zunger et al. [37] suggested
that employing a quasi-random structure technique can reduce the
supercell size. This technique can be used to study various properties of
alloys [38–40]. Several tests have been done using different values of
plane-wave cutoff energy and k-points mesh to produce stable final
energy. The configuration of valence electrons was 2s2 for Be, 2s22p4

for O, 3s23p4 for S, 4s24p4 for Se and 5s25p4 for Te.

3. Results and discussion

3.1. Structural properties

We recorded the optimized lattice parameters and bulk modulus for
the parent compounds BeA (A= S, Se, and Te), BeO and ternary
BeO1−xAx (A= S, Se, Te) alloys for x=0.25, 0.5 and 0.75. At x=0.25
and 0.75, the optimized structure belongs to the rocksalt structure
(space group Fm m3̄ no. 225). At x=0.5, phase transition may occur for
all ternary alloys with an orthorhombic assumed crystal system [40].
Their structural characterizations were estimated by using the GGA-WC
approximation. Special quasi-random structure (SQS) was employed to
create the binary and ternary supercells. The atomic position of ternary
alloys at various x concentration are listed in Table 1. We reported in
Table 2 the lattice constant of the ternary alloys BeO1−xAx (A= S, Se,
Te) according to the x concentration. The optimized lattice constants of
the parent compounds BeA (A= S, Se, and Te) are in acceptable
agreement with the previous experimental and theoretical reports
[1,14,18,19,41–46]. Our calculated lattice parameters diverge from the
standard ones within 2.9, 0.43 and 0.37% for BeO, BeSe, and BeTe,
respectively. Consequently, the GGA-WC scheme underestimates the

lattice constant. There is no available data for ternary alloys, therefore,
our results are predictions. It is obvious that the lattice constant in-
creases when the x fraction increases in BeO1−xAx (A= S, Se, Te) alloys
as presented in Fig. 1. A second polynomial function was used to esti-
mate the lattice constant deviation based on Vegard's rule [47], which
revealed that the deviation increases in the sequence S→ Se→Te. This
can be explained by their large difference in the atomic radius [39,48].
Also, it should be related to the large mismatch of the lattice constants a
of the end compounds [49]. This, in turn, may lead to the phase se-
paration even at low x concentration during the synthesis process.
However, infraction of Vegard's rule has been stated for semiconductor
alloys, both theoretically [50] and experimentally [51,52]. The calcu-
lated lattice constants at various concentrations as displayed in Fig. 1,
were fitted according to the expression below:

= +a xa x a bx x b(1 ) (1 )BeO A BeA BeO
dx x1 (1)

where a a,BeO A BeOx x1 and aBeA are the lattice constants of BeO1−xAx
alloys and their parents BeO, and BeA, correspondingly. The quadratic
expression bd signifies the disordered factor. The achieved values of
upward bowing factors (b) are −0.49, −0.708, and −1.33 Å for
BeO1−xSx, BeO1−xSex, and BeO1−xTex, respectively. Variations of the
total energy (E) vs. primitive unit cell volume (V) data were adapted
under the Birch-Murnaghan [53] equation of state to evaluate the
ground state features of the binary and ternary beryllium chalcogen-
ides, like bulk modulus B0 and its pressure derivative B'. The values of
the bulk modulus B0 and B' are tabulated in Table 2. The reported va-
lues of bulk modulus and its pressure derivative in Table 2 are con-
sistent with the previous theoretical data [1,14,18,42–45]. The varia-
tion of the bulk modulus as a function of the alloying concentration x
for the BeO1−xSx, BeO1−xSex, and BeO1−xTex compounds are depicted
in Fig. 2, and likened to the estimated result by the linear concentration
dependence (LCD). A considerable change from the LCD is detected by
downward bowing equivalent to 119.4, 160 and 258.4 GPa for
BeO1−xS, BeO1−xSe and BeO1−xTe, respectively. It seems that the de-
viation from LCD is more significant in the order S→ Se→Te, and this
may be primarily because of the large bulk modulus mismatch between
the end compounds [54]. A comparison of the bulk modulus and lattice
parameters of the studied compounds (Figs. 1 and 2) evinces that an
augment of the later parameters is followed by a reduction of the
former ones. This form of variation depicts the weakening or
strengthening result caused by changing the x concentration. There are
no experimental data for structural properties to be used as a reference,
but our estimated values are comparatively close to those of Park et al.
[42] and Munoz et al. [45].

3.2. Electronic band structure

We show in Fig. 3 the band structures for BeO0.5S0.5, BeO0.5Se0.5 and
BeO0.5Te0.5 alloys at the optimized lattice parameters using HSE06
approximation. The bandgap structure prediction displays indirect
band gap (R─Γ'k-points) semiconductors for BeO0.5S0.5 and BeO0.5Se0.5
and a metallic demeanor in BeO0.5Te0.5. Pristine BeTe binary compound

Table 1
Atomic position of the ternary alloys BeO1−xAx (A= S, Se, Te).

x Atom Position

0.25 Be (0, 0, 0) (0.5, 0.5, 0) (0.5, 0, 0.5) (0, 0.5, 0.5)
O (0.5, 0, 0) (0, 0.5, 0) (0, 0, 0.5)
A (0.5, 0.5, 0.5)

0.5 Be (0, 0, 0) (0.5, 0.5, 0) (0.5, 0, 0.5) (0, 0.5, 0.5)
O (0, 0.5, 0) (0, 0, 0.5)
A (0.5, 0, 0) (0.5, 0.5, 0.5)

0.75 Be (0, 0, 0) (0.5, 0.5, 0) (0.5, 0, 0.5) (0, 0.5, 0.5)
O (0.5, 0,5, 0.5)
A (0.5, 0, 0) (0, 0.5, 0) (0, 0, 0.5)
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shows metallic character since the bandgap is closed. Furthermore, the
calculated band structures for BeO, BeS, and BeSe binary compounds
using HSE06 are given in Fig. S1 (Supporting Information). It can be
seen from the binary band structures that the valence band maximum
(VBM) and conduction band minimum (CBM) located at the Γ-L'k-points
for BeO, and at Γ-X' for BeS and BeSe, resulting in indirect bandgap
compounds. It is well known that the materials with the indirect band
gap are optically inactive due to the phonon contributing to inter band
transitions. Thus their applications are limited compared to the direct
band gap materials. Interestingly, when chalcogen atoms(S and Se) are
substituted the oxygen site in binary BeO at compositions x=0.25, the
ternary alloys adopt the direct band gap character with both VBM and
CBM are located at the R-R' k-points and hence are optically active
materials (see-Fig. S2). Therefore, the alloys are expected to be very
valuable for the optoelectronic devices working in the UV region. The
calculated band gap values using HSE06 and GGA-WC formalisms for
all considered concentrations (0 x 1) are summarized in Table 3,
along with the previous theoretical [4,43,55,56] results for comparison.
It can be seen that the band gap decreases as the x concentration in-
creases. Therefore, these alloys may be of interest for optoelectronics by
means of pressure application. Depending on the need and requirement
of a specific application, any preferred band gap between 0.32 and
9.21 eV can be attained [57]. According to the data in Table 3, one can
observe that the projected values for the band gap utilizing the GGA-
WC scheme are underestimated when compared to the calculated ones.
It is well identified that in the self-consistent density functional theory,
the GGA generally underestimates the energy band gap [58]. This is
commonly due to the fact that GGA has simplified formulas that are not
satisfactorily flexible to precisely simulate both the exchange–correla-
tion energy and its charge derivative.
The total and partial densities of states (TDOS and PDOS) of these

alloys for the GGA-WC case were also considered as depicted in Fig. 4
within the energy interval from (EF −10 eV) up to (EF +10 eV). The EF
represents the Fermi level which is set to zero. The upper valence band
positioned in the range (−5, −3.9 and −4.6 to EF) is primarily because
of the O-p, Be-p (S-p, Se-p, and Te-p) sites for BeO1−xSx, BeO1−xSex and
BeO1−xTex, respectively. The first conduction band positioned in the
range from 2.45 to 7.95 eV, 1.7 to 10.8 eV and 0.7 to 0.9 eV is mainly
composed of Be and (S, Se, Te) for BeO1−xSx, BeO1−xSex, and
BeO1−xTex, respectively. The major band gap at equilibrium relates to
the electronic transition between (O-p) site to (Be-p) states. There is no
intersecting between conduction and valence bands in BeO1−xSx and
BeO1−xSex, the gap is not weaker and the density of states near the
Fermi level has a smaller value. Hence, these show that the reported

alloys are semiconductors [56].

3.3. Thermodynamic properties

The thermodynamic results were obtained based on GGA-WC cal-
culations. The phase stability of BeO1−xAx(A= S, Se, Te) solid solu-
tions were resolved using the Gibbs free energy defined according to the
following expression [59].

=G H T S (2)

where

= =H x x E xE x E(1 ) (1 )Tot
BeO x S Se Te

Tot
Be S Se Te

Tot
O S Se Te1 ( , , ) ( , , ) ( , , )x

(3)

= +S R x x x x[ ln (1 )ln(1 )] (4)

S and H are mixing entropy and enthalpy of mixing, respectively. Ω
is the interaction parameter, ETot

BeO S Se Te( , , )x1 , ETot
Be S Se Te( , , ) and ETot

O S Se Te( , , ) are
the total energies of the BeO1−xAx (A= S, Se, Te) alloys, Be (S, Se, Te),
and O (S, Se, Te) binary compounds, while R is the constant of ideal
gases and Tis the absolute temperature.
Using Eq. (3), the achieved interaction parameter Ω values at var-

ious concentrations, as depicted in Fig. 5, are well quadratically fitted.
Using Eqs. (2)–(4), we projected the x-T phase diagram of the BeO1−xAx
(A= S, Se, Te) alloys. The interaction parameter decreases with in-
creasing x concentration and it increases in the sequences S→ Se→Te.
The larger enthalpy for BeO1−xTex alloy suggests a large value of Ω and
therefore, a higher critical temperature [60]. All of the proposed
ternary alloys have a positive formation enthalpy, denoting that the
studied polymorph is not energetically favorable and cannot be syn-
thesized at normal conditions. This polymorph can be stabilized under
extreme conditions of pressure or temperature. This behavior has been
confirmed by previous experimental and theoretical investigations
[14,16,17]. This conclusion also confirmed in Table 4, as the tem-
perature increase, the free energy F becomes more negative, leading to
negative formation enthalpy according to equation (2). Furthermore,
Schon [61] found that RS-BeO possesses negative enthalpy at 160 GPa,
demonstrating the stability of this polymorph at high pressure.
The binodal curve, which denotes the equilibrium solubility limits

versus temperature, can be computed using the common tangent
method from the ΔG [62]. As demonstrated in Fig. 6, the critical tem-
perature for particular x concentrations is found to be 145 K, 222 K and
365 K for BeO1−xSx, BeO1−xSex, and BeO1−xTex, respectively. These
results are similar to the qualitative behavior of other alloys [63–65].
One can perceive that the critical temperatures of the studied alloys are

Table 2
The calculated lattice constant and bulk modulus of BeO1−xSx, BeO1−xSex and BeO1−xTex alloys along with the available experimental and theoretical data.

a (Å)
Present

a (Å)
Exp.

a (Å)
Previous

B(GPa)
Present

B(GPa)
Previous

B'
Present

B'
Previous

BeO1−xSx
x=0 3.68 3.79 [41] 3.657 [1], 3.648 [42], 3.651 [43], 3.685 [46] 243.05 231 [42], 244 [1], 232 [43] 4.09 3.64 [1], 3.80 [18]
x=0.25 3.99 183.73 3.7
x=0.5 4.29 146.33 3.78
x=0.75 4.44 125.62 3.74
x=1 4.61 4.64 [44], 4.63 [19], 4.492 [45] 111.27 112 [14], 107 [44], 127.5 [45] 3.73 3.69 [14], 3.4 [44], 3.201 [45]

BeO1−xSex
x=0.25 4.09 167.63 3.74
x=0.5 4.48 130.2 3.84
x=0.75 4.65 109.83 3.74
x=1 4.86 4.93 [44], 4.795 [45] 89.33 97 [14], 85 [44], 91.2 [45] 4.43 3.57 [44], 4.032 [45]

BeO1−xTex
x=0.25 4.34 137.85 3.53
x=0.5 4.90 102.46 3.87
x=0.75 5.09 81.85 4.04
x=1 5.35 5.37 [44], 5.252 [40] 68.43 71 [14], 65 [44], 79.2 [45] 4.23 3.76 [44], 3.567 [45]

[41] ICSD #26957 and ICDD #01-074-1224.
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low, indicating the easy random mixing of BeO and OA (A=S, Se, and
Te). With the spinodal curve, it is possible to draw out the metastability
region. The wide range between the bimodal and spinodal curves
confirms that the alloys may exist as a metastable phase [63]. These
results may suggest that the rocksalt alloys are stable at low tempera-
ture. The benefit of metastable alloys within device structures can ex-
tend the range of electronic and optical features. The flexibility in
materials design accorded by the metastable alloys unfold opportunity

for exciting novel device ranges that drives attempts to unravels and
promote their production, stabilization, and optimization [66].
To measure the heat capacity of BeO0.5A0.5 (A= S, Se, Te) alloys

under the effect of high temperature, we have employed the quasi-
harmonic Debye model [67]. As a first step, a set of total energy cal-
culation versus primitive cell volume (E–V); in the static approximation
was performed and fitted with a numerical EOSso as to determine its

Fig. 1. Lattice constant and its deviation based on Vegard's rule as a function of
the x fraction in BeO1-xAx (A=S, Se, Te) alloys using GGA-WC. Fig. 2. Bulk modulus and its deviation based on Vegard's rule as a function of

the x fraction in BeO1-xAx (A= S, Se, Te) alloys using GGA-WC.
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structural parameters at P=0 and T=0, and then derive the macro-
scopic features as function of temperature from standard thermo-
dynamic relations. The heat capacity CV was calculated by the following
expression [68]:

=C nk D T T3 4 ( / ) 3 /
e 1v B D

D
T/D (5)

where n is the number of atoms per formula unit, kB is the Boltzmann
constant and D T( / )D symbolizes the Debye integral. Fig. 7 exhibits the
variation heat capacities CV as a function of temperature at nil pressure
for the binary BeS, BeSe and BeTe compounds and ternary BeO0.5S0.5,
BeO0.5Se0.5 and BeO0.5Te0.5 alloys. At higher temperatures, CV does not
have a dependency on temperature and approaches to the Dulong-Petit

[69] limit and is equivalent to ~50 J.mol−1.K1 for parent oxides and
~49.5 J.mol−1.K-1for ternary alloys. There is no available experimental
or theoretical data for comparison, then our results are predictions.
Furthermore, these results agree well with the heat capacity values of
WZ-BeO and ZB-BeX (X= S, Se, Te) [14,70,71]. We reported in Table 4
the computed heat capacities CV (Jmol−1.K−1), entropy S
(J mol−1.K−1)and free energy F (J mol−1) for BeO,
BeO0.5S0.5,BeO0.5Se0.5 and BeO0.5Te0.5 at various temperatures.

3.4. Optical properties

It is important to study the optical functions since they deliver
meaningful evidence about the electronic structure of solids [72]. The
optical features of solids are typically recognized using the complex
dielectric function ε(ω)= ε1(ω)+ iε2(ω), which signifies the electronic
band structure [73]. The Kramers-Kronig relation was used to calculate
the real part ε1(ω) from the imaginary part [74]. The momentum matrix
elements between the unoccupied and occupied electronic states can be
employed to evaluate the imaginary part ε2(ω) [75]. Detail descriptions
of the schemes utilized to estimate the optical features can be found in
Ref. [48] and references therein. The refractive index n ( ) of the
semiconducting solids is an essential parameter in defining the optical
and electric characteristics of the crystal [76]. Furthermore, under-
standing of the refractive index is necessary for devices like wave-
guides, detectors, solar cells and photonic crystals [77]. The value of
n ( ) can be calculated from the dielectric function by means of the
given expression [78].

= +
+

n ( ) ( )
2

( ) ( )
2

1 1
2

2
2 1/2

(6)

The refractive index satisfies the relation =n (0) (0)1/2 [79] at low
frequency. We listed in Table 5 the band gap, real part of the dielectric
function, reflectivity, refractive index, critical value of the absorption
coefficient and conductivity at zero frequency for BeO1−xSx, BeO1−xSex
and BeO1−xTex. Zero frequency limit ε1(0) is the most significant
quantity for the real part ε1(ω) of the dielectric function ε(ω), which is
the electronic part of the static dielectric constant and depends strongly
on the bandgap [74]. We remark that the alloys with small band gap
yield a larger static dielectric constants ε1(0). This can be described on
the basis of the Penn model = +(0) 1 ( /E )p1 g

2 [80]. The obtained
values are consistent with previous theoretical reports [4].
The absorption spectra for parent oxides and ternary alloys are

depicted in Fig. 8. It can be seen that all ternary alloys have two bands

Fig. 3. The band structures of BeO0.5S0.5, BeO0.5Se0.5 and BeO0.5Te0.5 al-
loys using HSE06 formalism along the high directions X, R, M and Γ points in
the first Brillouin zone at the calculated equilibrium lattice constants. The
horizontal dotted line designates Fermi level (EF).

Table 3
The calculated band gap of BeO1−xSx, BeO1−xSex, and BeO1−xTex alloys
compared with experimental and theoretical data.

Present (eV)
GGA-WC

Present (eV)
HSE06

Previous (eV)

BeO1−xSx
x=0 7.79 9.21 10.96 [4], 9.01 [43], 9.1 [55]
x=0.25 4.06 4.61
x=0.5 1.65 2.66
x=0.75 0.58 1.48
x=1 0.92 2.02 1.15 [55], 0.972 [56]

BeO1−xSex
x=0.25 3.48 3.66
x=0.5 0.83 1.34
x=0.75 0.00 0.32
x=1 0.47 0.90 0.4 [55]

BeO1−xTex
x=0.25 1.80 2.40
x=0.5 0.00 0.00
x=0.75 0.00 0.00
x=1 0.00 0.00 −0.8 [55]

M.M. Obeid, et al. Chemical Physics 526 (2019) 110414

5



which correspond mainly to the transition from O-2p (VB) to the un-
occupied Be-p (CB) states. It is also seen in Fig. 8 that the peaks of the
absorption (imaginary part) of the BeO, BeS, BeSe, BeTe, Be0.5O0.5Te0.5,
Be0.5O0.5Se0.5, Be0.5O0.5S0.5 compounds shifted toward lower energies

(red-shift) by augmenting the x concentration. This trend is similar to
the decreasing of the band gap with increasing x amount. In Table 5,
one can perceive that the refractive index and reflectivity at zero fre-
quency follow the same trend of the static dielectric constant ε1(0) with
increasing x values. Furthermore, the critical values of the absorption
coefficient and conductivity decrease as the x concentration increased
which are of consistent with the vary of the band gap values listed in
Table 3.
In Fig. 9, we show the loss function of BeO, BeS, BeSe, BeTe,

Be0.5O0.5S0.5, Be0.5O0.5Se0.5 and Be0.5O0.5Te0.5 as a function of energy.
The energy loss function is a vital factor describing the energy loss of a
fast electron traversing of the material [81]. The peak in energy loss

Fig. 4. The total and atomic site projected densities of states (TDOS and PDOS)
of BeO0.5S0.5, BeO0.5Se0.5 and BeO0.5Te0.5 alloys using GGA-WC formalism.
The vertical dashed line designates Fermi level (EF).

Fig. 5. The interaction parameter calculated using the GGA-WC scheme as a
function of composition.

Table 4
Calculated heat capacities CV (Jmol−1.K−1), entropy S (Jmol−1.K−1) and free
energy F (Jmol−1) for BeO, BeO0.5S0.5,BeO0.5Se0.5 and BeO0.5Te0.5 binary and
ternary alloys at various temperatures.

CV (Jmol−1.K−1) S(Jmol−1.K−1) F(Jmol−1)

T= 100 K
BeO 12.40 17.69 12991.1
BeO0.5S0.5 30.67 48.43 3185.35
BeO0.5Se0.5 20.25 136.28 8208.4
BeO0.5Te0.5 30.67 48.43 3185.35

T=300 K
BeO 36.42 45.24 6615.75
BeO0.5S0.5 46.00 91.93 −11359.50
BeO0.5Se0.5 43.93 50.57 1324.97
BeO0.5Te0.5 46.00 91.93 −11359.5

T=500
BeO 43.78 65.90 −4611.84
BeO0.5S0.5 48.83 116.13 −32351.66
BeO0.5Se0.5 47.53 75.54 −11604.1
BeO0.5Te0.5 48.38 116.13 −32351.6

T=700
BeO 46.52 81.13 −19385.7
BeO0.5S0.5 49.10 131.84 −55985.6
BeO0.5Se0.5 48.65 91.04 −28417.6
BeO0.5Te0.5 49.10 132.54 −57307.5

T=900
BeO 47.78 92.99 −36843.5
BeO0.5S0.5 49.41 144.92 −85105.8
BeO0.5Se0.5 49.13 104.03 −48045.2
BeO0.5Te0.5 49.41 144.92 −85105.8
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function occurs at about 32.7 eV, 19.8 eV, 20.8 eV and 18.9 eV for BeO,
BeS, BeSe and BeTe, respectively, while at about 21.4 eV, 23.6 eV and
22.04 eV for Be0.5O0.5S0.5, Be0.5O0.5Se0.5 and Be0.5O0.5Te0.5, respec-
tively. This indicates that the S, Se, and Te alloying BeO makes the main
peaks to shift toward lower energy values, and the intensity decreases

with increasing the x concentrations. Furthermore, the obtained optical
data of the studied compounds are in reasonable agreement with pre-
vious theoretical reports [4,43,55,82].

4. Conclusions

We applied ab initio analysis using GGA-WC and HSE06 approx-
imations in details for the structural, electronic, and optical properties
of binary and ternary chalcogenide alloys BeO1−xSx, BeO1−xSex, and
BeO1−xTex. The structural parameters are in acceptable agreement with
the current theoretical and experimental records using GGA-WC. The
lattice constant and bulk modulus values vary non-linearly as the x
concentration increased. It is evidence that the binary compounds BeO,
BeS and BeSe exhibit an indirect band gap while the ternary alloys
BeOA (A= S and Se) at x=0.25 exhibit a direct band gap.
Furthermore, the BeOTe alloys exhibit metallic behavior, except at
x=0.25, where an indirect band gap has occurred. It can be

Fig. 6. The predicted x-T phase diagram of the BeO1-xAx (A= S, Se, Te) alloys
based on GGA-WC.

Fig. 7. Displays the heat capacities CV versus temperature up to T=1000 K at
zero pressure for (a) the binary BeS, BeSe and BeTe compounds and (b) for
ternary BeO0.5A0.5 (A= S, Se, Te) alloys based on GGA-WC calculations.

Table 5
The calculated energy gap Eg, static dielectric constant ε1(0), reflectivity R (0),
refractive index n(0), the critical values of the absorption coefficient (A) and
conductivity for BeO1-xSx, BeO1-xSex and BeO1-xTex alloys using GGA-WC
formalism.

Eg (eV) ε1(0) R (0) (%) n(0) A (critical value) Conductivity
(critical value)

BeO1−xSx
x=0 7.79 3.82 10.43 1.95 7.01 6.91
x=0.25 4.06 5.24 15.36 2.28 3.55 3.51
x=0.5 1.65 7.12 20.66 2.66 2.53 2.44
x=0.75 0.58 8.85 24.68 2.97 1.97 1.78
x=1 0.92 9.92 26.84 3.15 2.91 2.85

BeO1−xSex
x=0.25 3.48 5.48 16.13 2.34 3.05 2.89
x=0.5 0.83 8.19 23.24 2.86 2.08 1.87
x=0.75 0.00 10.54 27.99 3.24 1.64 1.27
x=1 0.47 12.01 30.49 3.46 2.25 2.19

BeO1−xTex
x=0.25 1.80 6.77 19.79 2.60 1.78 1.62
x=0.5 0.00 11.45 29.57 3.38 0.61 0.49
x=0.75 0.00 26.65 45.78 5.16 0.01 0.01
x=1 1.32 18.29 38.57 4.27 1.05 0.96
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determined that the ternary alloys can be utilized in optoelectronics
working in the UV, visible, and IR regions. The dielectric constant,
refractive index and reflectivity at zero frequency using GGA-WC in-
crease with increasing of x concentration. Furthermore, the negative
value of the real part shifts toward lower energies with increasing x

concentration for all ternary alloys. The same trend can also be seen for
the imaginary part. Furthermore, the critical value of the absorption
coefficient and conductivity decrease as the x concentration increased.

Fig. 8. The absorption versus energy for the binary BeO, BeS, BeSe and BeTe
compounds and ternary BeO0.5S0.5, BeO0.5Se0.5 and BeO0.5Te0.5 alloys
based on GGA-WC calculations. Fig. 9. The loss function versus energy for the binary BeO, BeS, BeSe and BeTe

compounds and ternary BeO0.5S0.5, BeO0.5Se0.5 and BeO0.5Te0.5 alloys
based on GGA-WC calculations.
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Finally, the considered phase diagrams specify that the ternary alloys
are stable at a relatively low temperature.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemphys.2019.110414.
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