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We have explored the structural, electronic, optical, and elastic properties of ZnO1−xSex (x = 0, 0.25, 
0.50, 0.75 and 1) ternary alloys with wurtzite structure (WZ). We have used the full potential linearized 
augmented plane wave method in the framework of density functional theory. The lattice parameters, 
bulk modulus, and first pressure derivative are determined in the WZ phase using the equation of 
state of Birch–Murnaghan. The variations of structural parameters versus the concentration x deviate 
slightly from Vegard’s law. The electronic properties including bandgap energy, are studied for ternary 
alloys with their binary constituents, and the studied materials fall in the domain of direct bandgap 
semiconductors. Moreover, the optical properties like dielectric function, refractive index, reflectivity and 
absorption coefficient are examined. The findings of this works could be worthful for the development 
and preparation of these materials for wide-range of optoelectronic applications.

Introduction
Group II–VI semiconductors have attracted considerable inter-
ests of scientists across the world owing to their potential to 
replace the group III–V semiconductors in diversity of applica-
tions particularly optoelectronic industries. Due to their large 
bandgap, these semiconductors are auspicious in the fabrica-
tion of optoelectronic devices that operate in the blue to near 
ultraviolet (UV) range. Among these compounds, zinc oxide 
(ZnO) is a notable semiconductor. Its wide direct bandgap and 
large exciton binding energy make it a good candidate for opto-
electronic applications such as high-mobility low-temperature 
transistors, photodetectors, transparent conducting films, UV 
light emitters, sensors, etc. [1–10]. It is necessary to tune the 
ZnO bandgap to account for both ultraviolet and visible light 
emissions. As a result, efforts are being made to engineer the 
bandgap of ZnO-based materials.

Alloying is a commonly used process for engineering 
the bandgap of semiconductor materials to meet the needs 

of desired applications. For instance, the substitution of zinc 
(Zn) by magnesium (Mg) has been employed; the ternary alloy 
MgxZnO1−x exhibits an increase in bandgap with the increase 
in Mg contents [11, 12]. The elaboration and characterization of 
CdyZn1-yO ternary alloy shows that its bandgap energy decrease 
with increase in cadmium (Cd) concentration which makes this 
ternary alloy very suitable for optical and solar cell applications 
[11, 13]. However, cadmium is a toxic substance; thus, it is nec-
essary to find the alternate materials. One of these materials is 
selenide (Se). The ZnO1−xSex alloy belongs to a class of semicon-
ductors known as highly mismatched alloys (HMAs). The sub-
stitution of O with selenide Se atoms that are considerably bigger 
and less electronegative than O atoms, results in a perturbation 
of the band structure. It is difficult to synthesize such HMAs 
owing to the difference in atomic size and electronegativity. The 
energy band structure of these HMAs is determined by an anti-
crossing interaction between the localized states of minority and 
extended band states of majority components of the alloys.

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-022-00864-z&domain=pdf
http://orcid.org/0000-0001-8463-8340


 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 2
02

2 
 w

w
w

.m
rs

.o
rg

/jm
r

© The Author(s), under exclusive licence to The Materials Research Society 2022 2

Article

Numerous theoretical studies on ZnO1−xSex alloy have 
been reported [14–16]. The influence of selenide atomic con-
centrations on structural and optical properties of ternary 
ZnO1−xSex alloys have been investigated using the DFT method 
implemented in the VASP package, as well as the partially self-
consistent scGW0 approach [15]. The variations in lattice con-
stants as a function of selenide concentration deviate by 0.5% 
from Vegard’s law. Moreover, a large absorption coefficient is 
observed in low energy area. The findings show that the bandgap 
of ZnO1−xSex ternary alloy can be tuned to a desired value suit-
able for solar cell and energy applications.

The ternary alloys ZnO1−xSex have been grown experimen-
tally through radical source molecular beam epitaxy (RS-MBE) 
[17]. Whereas, using the pulsed laser deposition technique 
(PLD), ZnO1−xSex films with various selenium concentra-
tions have also been deposited on the sapphire substrate (001). 
The thin films possess a single phase; the hexagonal wurtzite 
structure with preferred c-axis orientation. Various studies 
have reported the attempts to engineer the bandgap of the 
ZnO1−xSex alloys [18–23]. For example, Mayer et al. [20] syn-
thesized ZnO1−xSex alloys with Se substitutional composition 
x < 0.12 using pulsed laser deposition. In this study, the bandgap 
energy was successfully reduced to 2.05 eV. Current study aims 
to calculate the structural, electronic, and optical properties as 
well as elastic properties of the ternary ZnO1−xSex alloy with 
wurtzite structure. This study paves the pathways for experimen-
tal assembly of these materials with enhanced and controlled 
characteristics for the desired optoelectronic applications.

Results and discussion
Structural properties

The wurtzite structure can be described by three parameters a, 
c and u (internal parameter). All these parameters have been 
calculated for the lowest energy of the crystal. The lattice con-
stants, bulk modulus B0 and its first pressure derivative B’ have 
been optimized by fitting the obtained total energy as a function 
of volume to Birch-Murnaghan’s equation of state [24]. The total 
energy versus volume for different values of Se concentration has 
been plotted in Fig. 1. The structural properties of ZnO1−xSex 
ternary alloys and their binary compounds ZnO and ZnSe are 
given in Table 1. The calculations with WC-GGA scheme give 
the values of a as 3.24, c as 5.19 and c/a as 1.60 for wurtzite 
ZnO, and a as 3.99, c as 6.46 and c/a as 1.62 for ZnSe. These 
values agree well with the experimental and theoretical reports 
available in literature. For the ternary alloys, the values of lattice 
parameters a and c increase with the increase in concentration 
of Se, however, their ratio (c/a) remains the same. The obtained 
values have also been compared with that reported in Ref. [15]. 
The variation trends of a and c with change in x are shown in 

Fig. 2. According to Vegard’s law [33], the lattice parameters for 
wurtzite ZnO1−xSex ternary alloys as a function of composition 
x can be explained in terms of their binary components ZnO 
and ZnSe using the following equations:   

where aalloy and calloy are the lattice constants of the ternary 
alloy, and aZnO, cZnO, aZnSe and cZnSe are the lattice parameters of 
binary compounds, respectively. Figure 2 shows that the curves 
for a and c deviate from Vegard’s law and obey to the following 
quadratic equations:

where b is the bowing parameter. It is found that the downward 
bowing parameter is equal to  −  0.29 and − 0.62 for aalloy and 
calloy, respectively. Furthermore, this deviation can be explained 
by lattice mismatch between the ternary alloy and its binary 
constituents, ZnO and ZnSe.

Electronic properties

Band structure

The electronic band structure is fundamental in the study of elec-
tronic properties of semiconductors, and its knowledge is crucial 
in the fabrication of various optoelectronic devices. Electronic 
band structure of ZnO1−xSex ternary alloys with their binary com-
pounds ZnO and ZnSe are computed using the TB-mBJ approach 
as shown in Fig. 3. The valence band maxima (VBM) and conduc-
tion band minima (CBM) in each band structure are located in the 
same symmetry point Γ which clearly indicates that the studied 
materials are direct bandgap semiconductors. The bandgap energy 
of these alloys is investigated using both PBE-GGA and TB-mBJ 
approximations, and their results are summarized in Table 2. The 
bandgap energy computed with TB-mBJ approach is substan-
tial ameliorated compared to that obtained through PBE-GGA 
approximation. The experimental and theoretical values of energy 
bandgap reported for ZnO and ZnSe are given in Ref. [15]. These 
values are smaller than that of calculated by TB-mBJ approach.

The evolution of energy bandgap as a function of x as calcu-
lated by PBE-GGA and TB-mBJ approximations is depicted in 
Fig. 4. It is obvious from figure that the bandgap energy decrease 
with the increase in x before to 0.5, and then increases with the 
increase in x. The variations in bandgap energy with change in 
x can be well explained by the following quadratic formula [36]: 

where Eg(x), Eg,ZnSe and Eg,ZnO denote the bandgap of ZnO1−xSex, 
ZnO and ZnSe, respectively. The deviation of bandgap from 

(1)aalloy(x) = (1− x)aZnO + xaZnSe

(2)calloy(x) = (1− x)cZnO + xcZnSe

(3)aalloy(x) = (1− x)aZnO + xaZnSe − x(1− x)b

(4)calloy(x) = (1− x)cZnO + xcZnSe − x(1− x)b

(5)Eg(x) = xEg,ZnSe + (1− x)Eg,ZnO − x(1− x)b
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linear composition dependency can be described with the help 
of bowing parameter b. The bandgap energy variations obtained 
using the PBE-GGA and TB-mBJ approximations are governed 
by the following equations:

The energy bandgap curves against change in x of these 
alloys show an upward bowing parameter of 0.85 ± 0.2  eV 
and 0.96 ± 0.2 eV as calculated from PBE-GGA and TB-mBJ 
approximations, respectively. These values of bowing parameter 
are attributed to difference in electronegativity of O (3.44) and 
Se (2.55).

(6)E(x)TB-mBJ
g = 2.86x + 2.68(1− x)+ 0.85x(1− x)

(7)E(x)PBE-GGAg = 1.39x + 0.82(1− x)+ 0.96x(1− x)

Moreover, the bowing parameter b is originally divided 
into tree physical contributions; the first term is volume defor-
mation representing the relative response of the binary con-
stituents ZnO with ZnSe to hydrostatic pressure between the 
equilibrium lattice constants from these binary compounds to 
their ternary alloy. The second one is charge exchange contri-
bution described by charge transfer in bringing ZnO and ZnSe 
compounds to the ZnOSe alloy. The last term is the structural 
relaxation due to the change of the bandgap upon passing from 
the unrelaxed to the relaxed alloy [37].

The density of states

The computed total density of states (TDOS) and partial density 
of states (PDOS) of ZnO and ZnSe as well as the ternary alloy 
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Figure 1:   (a–e) Total energy versus the volume curves of the wurtzite ZnO1−xSex ternary alloys.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 2
02

2 
 w

w
w

.m
rs

.o
rg

/jm
r

Article

© The Author(s), under exclusive licence to The Materials Research Society 2022 4

ZnO0.75Se0.25 are shown in Fig. 5. There are three distinct regions 
in the TDOS spectrum: the lower valence band (LVB), the upper 
valence band (UVB), and the conduction band (CB). For ZnO, the 
DOS is shown in Fig. 5(a). The LVB is essentially dominated by O-2s 

states with a few contributions of Zn-3p states. Whereas, the UVB is 
mainly formed by Zn-3d and O-2p states with a small contribution 
os Zn-3p-4s states. The CB is created by the combined contribution 
of Zn-4s-3p states with a few participations of O-2p states.

The TDOS and PDOS of ZnSe are depicted in Fig. 5(b). The 
LVB is formed by the contribution of Se-4s states with a small 
contribution of Zn-4s-3p states, and the UVB is dominated by 
the Zn-3d states with a small contribution of the Zn-4s and Se-4p 
states. The CB region is essentially formed by the contributions 
of Zn-4s-3p states with a small participation of Se-4p-3d states.

Furthermore, for both ZnO and ZnSe binary compounds, 
there is large contribution of Zn-3d, O-2s and Se-4s states to the 
valence band, while the Zn-4s states contribute to the formation 
of the conduction band, these compounds exhibit semiconduct-
ing nature with a distinctive bandgap up the Fermi level. There-
fore Zn-3d states are broadened between − 3 eV and − 6 eV and 
according to the photoemission results, the Zn-3d state could be 
situated at about − 6 eV in the valence band [38]. The experimental 
work of Girard with co-authors [39] gives more detail about Zn-3d 
states position in the valence band of the ZnO compound in the 
wurtzite phase.

TABLE 1:   The calculated equilibrium 
parameters such as lattice 
constants a and c, bulk modulus B 
and its pressure derivative B’ of the 
wurtzite ZnO1−xSex ternary alloy.

a [25].
b [26].
c [27].
d [28].
e [29].
f [15].
g [30].
h [31].
i [32].

This work using WC-GGA​

ZnO1−xSex a (Å) c (Å) c/a u B B′

ZnO Pres 3.24 5.19 1.60 0.3807 146.12 4.67

Theo 3.29d, 3.286e,
3.17f

5.269d, 5.269e,
5.12f

1.602d,
1.603e

0.38089d,
0.38e

128.72e 4.38e

Exp 3.249a, 3.249b 5.206a, 5.204b 1.601b 0.382c 183b,
181c

4.0b,
4.0c

ZnO0.75Se0.25 Pres 3.48 5.63 1.62 0.37856 105.58 4.54

Theo 3.34f 5.42f – – – –

Exp – – – – – –

ZnO0.5Se0.5 Pres 3.68 5.99 1.62 0.37658 85.06 4.61

Theo 3.53f 5.75f – – – –

Exp – – – – – –

ZnO0.25Se0.75 Pres 3.85 6.24 1.62 0.37695 71.90 4.75

Theo 3.74f 6.11f – – – –

Exp – – – – – –

ZnSe Pres 3.99 6.46 1.62 0.37406 65.80 3.41

Theo 3.93h

4.043i,
3.93f

6.464h,
6.703i,
6.44f

1.64h 0.3740h,
0.371i

70.78h 4.73h

Exp 3.996g 6.626g – 0.375g – –

Figure 2:   Lattice parameters a and c; as a function of composition x for 
the wurtzite ZnO1−xSex ternary alloy.
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For ZnO0.75Se0.25 alloy that we have chosen as prototype, the 
DOS is plotted in Fig. 5(c) which shows that the LVB is formed by 
the contribution of O-2s and Se-4s states. The UVB is dominated 
by the participation of Zn-4s-3p states with a small contribution of 
O-2p and Se-4p states. The CB is formed by the mixture contribu-
tion of Zn-4s-3p, O-2p and Se-4p-3d states.

Optical properties

The optical properties allow us to understand the interaction of 
light with matter. These properties are strongly correlated with the 
electronic properties, especially the bandgap. We can describe the 
response of any material to electromagnetic radiation by knowing its 
complex dielectric function [ε(ω) = ε1(ω) + iε2(ω)]. The imaginary part 

Figure 3:   (a–e) Band gap energies 
of the wutrzite ZnO1−xSex ternary 
alloys.

(a) (b)

(c) (d)

(e)
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of dielectric function is equivalent to the sum of all possible transitions 
between occupied and unoccupied states. It is also closely related to 
the band structure of the material. Following formula is used to deter-
mine the imaginary part of dielectric function ε2(ω) [40]:

The integral is across the first Brillouin zone and Mcv(k) is the 
momentum dipole elements which is given as:

The real part of dielectric function ε1(ω) is related to the imagi-
nary part through well-known Kronig relation [41]:

where P represents the principal value of the integral. The 
information of real and imaginary components of the dielectric 
function enable us to compute the other important optical func-
tions including refractive index [42]:

(8)ε2(ω) =
e2ℏ

πm2ω2

∑

v,c

∫

BZ

|Mcv(k)|2[ωcv(k)− ω]d3

(9)Mcv(k) = uck|e∇|uvk

(10)ε1(ω) = 1+
2

π
P

∫ ∞

0

ω′ε2(ω
′)

ω′2 − ω2
dω′

At low frequency (ω = 0), the refractive index becomes:

The reflectivity can be deduced from the following formula: 

The absorption coefficient is explained in term of real and 
imaginary parts of the dielectric function as:

The optical properties of ternary alloys and their binary con-
stituents ZnO and ZnSe have been calculated, and the obtained 
results are shown in Fig. 6(a)–(e). The curves for real part of 
dielectric function of ZnO1−xSex with their binary compounds 
ZnO and ZnSe are depicted in Fig. 6(a). It is obvious that the 
value of dielectric function is increased with increase in photon 
energy over the region 5.0–8.7 eV. Since that increase happened 
in an area with no absorption, we say that there is a normal 
dispersion. Afterward, the value of dielectric function decreases 
with increase in photon energy in the same region, indicating 
the anomalous dispersion, which is the dispersion that describes 
the decrease of dielectric function in an absorption band. As the 
composition ‘x’ is gradually increased from 0 to 1, the real part 
of dielectric function is shifted toward the lower photon energy 
with an augmentation in their amplitudes. However, when the 
photon energy becomes zero, the values of dielectric constant of 
the samples is decreased, as tabulated in Table 3.

Figure 6b shows the variation in imaginary part of dielectric 
function ε2(ω) as a function of photon energy for ternary alloys 
and their binary components ZnO and ZnSe. ε2(ω) is strongly 
related to the absorption of materials. One can clearly see that 
the ε2(ω) curves have major peaks between the two small humps. 
The value of ε2(ω) increases with increase in photon energy 
until the major peaks are obtained at 12.66, 9.56, 6.54, 6.19 and 
5.7 eV for respective change in x as 0, 0.25, 0.50, 0.75 and 1. The 
right small humps are located at 15.19, 12.09, 7.82, 7.76 and 
7.11 eV for the same respective aforementioned concentrations. 
Afterward, the value of ε2(ω) decreases with increase in photon 
energy. Moreover, the left small humps are found at 5.12, 3.44, 
4.83 and 4.88 eV for x as 0, 0.25, 0.50 and 0.75, respectively. 
These humps disappear in case of ZnSe. It is observed that the 
curves of imaginary part of dielectric function shift toward the 
lower energy with gradual increase in x.

(11)n(ω) =





ε1(ω)

2
+

�

ε21(ω)+ ε22(ω)

2





1
2

(12)n(0) = ε1/2(ω)

(13)R(ω) =
∣

∣

∣

∣

√
ε(ω)− 1

√
ε(ω)+ 1

∣

∣

∣

∣

2

(14)α(ω) =
√
2ω

[

√

ε21(ω)+ ε22(ω)− ε1(ω)

]
1
2

TABLE 2:   The direct band gap energies EΓ→Γ (eV) of the (WZ) ZnO1−xSex 
ternary alloys.

a [34].
b [15].
c [35].

ZnO1−xSex Band gaps PBE-GGA​ TB-mBJ Other works

ZnO EΓ→Γ 0.82 2.68 3.44a

ZnO0.75Se0.25 EΓ→Γ 0.90 2.71 1.64b

ZnO0.5Se0.5 EΓ→Γ 0.75 2.45 1.46b, 1.73b

ZnO0.25Se0.75 EΓ→Γ 1.10 2.64 1.86b

ZnSe EΓ→Γ 1.39 2.86 2.71c

Figure 4:   Direct band gaps energies as function of the composition of the 
ZnO1−xSex ternary alloys.
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The refractive index is an important property for optoelectronic 
applications as it is directly associated with the bandgap of the mate-
rial. Figure 6c shows the refractive index n(ω) of ternary alloys with 
binary compounds as a function of photon energy. It has major peaks 
at 11.66, 5.91, 5.26, 5.89 and 5.21 eV corresponding to the amplitude 

of 1.97, 2.27, 2.76, 2.95 and 3.33 for the values of x as 0, 0.25, 0.50, 0.75 
and 1, respectively. In start, the value of refractive index is increased 
with increase in photon energy. As the photon energy tends to zero, 
the refractive index of alloys and compounds are determined by the 
intercepts of curves with Y-axe, as given in Table 3.
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Figure 6d illustrates the frequency-dependent reflectivity R(ω) 
of ZnO1−xSex alloys including ZnO, and ZnSe. The value of reflec-
tivity increases with increase in photon energy and its major peaks 

are observed at 16.44, 14.38, 11.08, 11.74 and 11.38 eV for com-
position x as 0, 0.25, 0.50, 0.75 and 1, respectively. There appeared 
a few humps in left region of the principal peak; whereas in right 

(a) (b)

(c) (d)

(e)

Figure 6:   (a–e) Optical parameter spectrums as a function of photon energy for the (WZ) ZnO1−xSex ternary alloy; (a) real parts, (b) imaginary parts, (c) 
refractive indices, (d) reflectivity indices and (e) absorption coefficients.
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region, the reflectivity decreased as the photon energy is increased. 
At zero energy, the reflectivity values are found to be 7.09, 10.18, 
12.65, 14.51, and 16.04% for composition x as 0, 0.25, 0.50, 0.75 
and 1, respectively. It is concluded that the reflectivity of the stud-
ied materials is increased by ~ 2% with increase in x from 0 to 1.

The absorption coefficient α(ω) profiles of proposed alloys 
and compounds are presented in Fig. 6(e). This coefficient 
informs about the transparency and opacity of the materials. 
The absorption edges are produced due to electronic transitions 
from fully occupied valence band to least populated conduction 
band. The fundamental absorption region is found to be about 
2.62, 2.66, 2.51, 2.61, and 2.82 eV for compositions x as 0, 0.25, 
0.50, 0.75, and 1, respectively. The value of α(ω) increases as 
the photon energy increases, and reach to maximum for energy 
16.2, 12.39, 10.95, 8.99, and 8.78 eV for corresponding composi-
tion x as 0, 0.25, 0.50, 0.75, and 1. Furthermore, the absorption 
coefficient decreases as the photon energy increases just after the 
major peaks. For ZnO, an additional peak is observed at 32.5 eV. 
The investigated compounds have high absorption coefficients 
which make them worthy candidates for a wide-range of appli-
cations in optics and photovoltaic devices.

The Table 3 summarizes the calculated values of static dielec-
tric constant and refractive index of ZnO1−xSex ternary alloys and 
their endpoints binary compounds ZnO and ZnSe. The results 
obtained by TB-mBJ and PBE-GGA approximations are compared 
to other theoretical and experimental studies where a reasonable 
agreement is observed in between them. The refractive index and 
dielectric function of ZnO1−xSex ternary alloys, their values are 
increased with increase value of x from 0 to 1. The variations in 

refractive index and dielectric constant as a function of composi-
tion is determined from the quadratic fit which obeys the following 
expression:

It is clear that the refractive index and dielectric constant of 
ZnO1−xSex alloys exhibit a non-linear variation with change in x.

Elastic properties

The elastic properties of wurtzite ZnO1−xSex alloys and their 
binary ZnO and ZnSe compounds have been investigated using 
the IRelast tool which can be employed in Wien2k package [50]. 
The knowledge of elastic constants Cij gives important informa-
tion about response of a material to an external applied strain. 
For hexagonal crystals, there are five independent components 
of elastic constant tensor: C11, C12, C13, C33, and C55. In order to 
calculate the elastic constant Cij, we expand the total energy E(V, 
α) of the crystal into a Taylor series in terms of the distortion 
parameters [51]:

Since, there are five elastic constants, so there will be five dif-
ferent strains [52]. The first distortion can be written as:

It applies a uniform tension in xy-plane while keeping the 
z-axis constant. The volume of strain lattice increases, but the sym-
metry remains hexagonal. The energy for this distortion can be 
derived by substituting the strain matrix into the energy formula 
which gives:

The second strain keeps the crystal volume unchanged. The 
symmetry changes to orthorhombic, and the strain matrix takes 
the form:

(15)n(x)TB-mBJ = 1.71+ 1.08x − 0.45x2

(16)n(x)PBE-GGA = 2.16+ 0.98x − 0.44x2

(17)ε1(x)
TB-mBJ = 2.93+ 4.03x − 1.48x2

(18)ε1(x)
PBE-GGA = 4.68+ 4.51x − 1.90x2

(19)

E(V , δ) = E(V0, 0)+ V0





6
�

i=1

τiδi +
1

2

6
�

i=1

6
�

j=1

Cijδiδj + O
�

δ3
�





(20)







1+ δ 0 0

0 1+ δ 0

0 0 1







(21)
E(V , δ) = E(V0, 0)+ V0δ(τ1 + τ2)+ V0

(

(C11 + C12)δ
2
+ O

(

δ3
))

(22)











�

1+δ
1−δ

�1/2
0 0

0
�

1−δ
1+δ

�1/2
0

0 0 1











TABLE 3:   The static dielectric constant with the refractive index of the 
(WZ) ZnO1−xSex ternary alloys.

a [43].
b [44].
c [45].
d [46].
e [47].
f [48].
g [49].

ZnO1−xSex Parameters

This work Other cal

TB-mBJ PBE-GGA​ Theo Exp

ZnO n(ω = 0) 1.72 2.17 1.71d, 1.63e 1.69a

ε1(ω = 0) 2.98 4.74 2.91d, 2.68e 2.89a

ZnO0.75Se0.25 n(ω = 0) 1.93 2.36 – –

ε1(ω = 0) 3.75 5.58 – –

ZnO0.5Se0.5 n(ω = 0) 2.10 2.52 – –

ε1(ω = 0) 4.43 6.36 – –

ZnO0.25Se0.75 n(ω = 0) 2.23 2.61 – –

ε1(ω = 0) 4.97 6.84 – –

ZnSe n(ω = 0) 2.33 2.69 2.30f 2.168b

ε1(ω = 0) 5.45 7.27 5.66g 7.6c
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As a result, Eq. 21 becomes:

In third strain, the crystal remains hexagonal and tension is applied 
along the z-axis. In this case, the strain matrix can be written as:

Now, the energy Eq. 21 becomes:

The elastic constant C55 can be obtained by applying a defor-
mation that causes the crystal structure transition to triclinic 
symmetry. The strain matrix is then written as:

where, the Eq. 21 can be rearranged as:

Finally, in case of fifth strain, the volume remains conserved 
and hexagonal symmetry of strained lattice is sustained. This 
situation can be represented by following relation:

The energy for this strain can be written as:

whereas, Czz = C11 + C12 + 2C33 − 4C13.
When the elastic constants are defined, the other impor-

tant elastic quantities such as bulk and shear modulus can be 
determined easily. According to Voigt formula [53], the bulk 
modulus (B) and the shear modulus (G) are given by the fol-
lowing relations:

Here, M = CZZ = C11 + C12 + 2C33 − 4C13 and C66 =
1
2

(C11 − C12).

(23)E(V , δ) = E(V0, 0)+ V0

(

(C11 − C12)δ
2 + O

(

δ3
))

(24)







1 0 0

0 1 0

0 0 1+ δ







(25)E(V , δ) = E(V0, 0)+ V0δ(τ3)+ V0

(

(C33)
δ2

2
+ O

(

δ3
)

)

(26)







1 0 δ

0 1 0

δ 0 1







(27)E(V , δ) = E(V0, 0)+ V0δ(τ5)+ V0

(

(2C55)δ
2 + O

(

δ3
))

(28)







(1+ δ)−
1
3 0 0

0 (1+ δ)−
1
3 0

0 0 (1+ δ)
2
3







(29)E(V , δ) = E(V0, 0)+ V0

(

(Czz)
δ2

9
+ O

(

δ3
)

)

(30)BV =
[2(C11 + C12)+ 4C13 + C33]

9

(31)GV =
M + 12(C44 + C66)

30

From Reuss equation [54], the bulk modulus (B) and shear 
modulus (G) are written in the form:

where, C2 = (C11 + C12)C33 − 2C2
13.

The average values can be given as [55]:

In addition, the Young modulus (E) and Poisson ratio (ν) 
can also be calculated using the obtained results. These param-
eters are typically used to determine the hardness of polycrystal-
line materials. Following equations relate these variables with 
bulk modulus (B) and the shear modulus (G):

Table 4 shows the calculated values of elastic constants (C11, 
C12, C13, C33, and C55), bulk modulus (B), shear modulus (G), 
Young modulus (E), and Poisson ratio (v). Due to the absence of 
theoretical and experimental data for the examined ZnO1−xSex 
ternary alloys, the derived elastic constants can be regarded as 
good predicted values for future work. The mechanical stability 
of a hexagonal crystal under isotropic pressure can be evaluated 
using Born stability criteria [59]:

The obtained results were verified using the above-men-
tioned equations. The results show that the stability condi-
tions are satisfied and all examined materials are elastically 
stable in the hexagonal wurtzite structure. In addition, the 
brittleness and ductility of the materials can be studied using 
the ratio B/G suggested by Pugh [60]. The ductile materials 
undergo extensive plastic deformation under external stress, 
whereas brittle materials undergo minor plastic deforma-
tion. Materials with a B/G ratio larger than 1.75, such as 
ZnO and ZnO0.75Se0.25 (B/G = 1.94 and 1.87, respectively), 
are ductile, whereas ZnSe, ZnO0.5Se0.5, and ZnO0.25Se0.75 are 
brittle owing to their B/G values which are less than 1.75 
(B/G = 1.67, 1.55 and 1.63, respectively). Also, the Poisson 
ratio enables one to estimate the types of bonds in a mate-
rial. Small Poisson’s ratio indicates covalent bonding, and for 

(32)BR =
C2

M

(33)GR =
5

2

C2C44C66

3BVC44C66 + C2(C44 + C66)

(34)BH =
1

2
(BV + BR)

(35)GH =
1

2
(GV + GR)

(36)E =
9BG

3B+ G

(37)υ =
3B− 2G

2(3B+ G)

(38)C11 > |C12|; 2C2
13 < C33(C11 + C12);C44 > 0
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metallic bonds, it is approximately 0.33. Whereas for ionic 
materials, the typical value for ν is 0.25 [61]. It can be seen 
in Table 4 that for all values of x, ZnO1−xSex has a Poisson 
ratio close to 0.25 which indicates a strong ionic bonding in 
these alloys. These results are also confirmed using the G/B 
ratio. The metallic materials possess this ratio as 0.4, ionic 
materials do as 0.6, and covalent materials show as 1.1 [61]. 
The obtained results are 0.51, 0.54, 0.6, 0.64, and 0.61 for x 
as 0, 0.25, 0.50, 0.75, and 1, respectively. These values are 
close to 0.6 which confirms that the investigated alloys are 
ionic materials.

Conclusions
The structural, electronic, optical and elastic properties of 
wurtzite binary ZnO, ZnSe compounds and their ternary 
ZnO1−xSex alloys have been investigated using the FP-LAPW 
method within the framework of DFT. The findings of the study 
can be summarized as follow:

•	 The computed lattice parameters of the binary compounds 
using the WC-GGA method agree well with experimental 
data.

•	 The lattice parameters of ZnO1−xSex ternary alloys exhibit 
a small deviation from Vegard’s law.

•	 The ZnO1−xSex ternary alloys act as direct bandgap semi-
conductors.

•	 The refractive index, reflectivity and absorption coefficient 
of ZnO1−xSex ternary alloys shift toward lower energies 
with increase in x.

•	 ZnO and ZnO0.75Se0.25 show ductile behavior, whereas the 
ZnSe, ZnO0.5Se0.5, and ZnO0.25Se0.75 act as brittle materi-
als.

Method of calculation
In present work, the calculations are carried out using the full 
potential linearized augmented plane wave (FP-LAPW) within 
the framework of density functional theory as implemented in 
Wien2k code [62–64]. The exchange–correlation potential was 
treated using Wu and Cohen’s generalized gradient approxima-
tion (WC-GGA) [65]. To improve the accuracy of the energy 
bandgap measurements, we have used the modified Becke-
Johnson potential of Tran-Plaha (TB-mBJ) parameterized by 
Koller et al. [66], as it has been proven that this approxima-
tion is more accurate in calculating the bandgap and hence the 
optical and electronic properties of the solid materials [67–69]. 
For comparison, we have also used Perdew-Burke-Ernzerhof ’s 
generalized gradient approximation (PBE-GGA) to calculate the 
electronic and optical properties [70]. In FP-LAPW method, 
the wave function is expanded into spherical harmonic waves 
inside non-overlapping muffin-tin spheres. In the remaining 
space (interstitial region), the wave function developed into a 
plane wave basis set. The energy convergence criteria are chosen 

TABLE 4:   Elastic constants (GPa), 
Bulk modulus B (GPa), Shear 
modulus G (GPa), Young’s modulus 
E (GPa) and Poisson’s ratio ʋ ratio 
of the wurtzite ZnO1−xSex ternary 
alloys.

a [56].
b [57].
c [31].
d [58].

ZnO1−xSex alloys C11 C12 C13 C33 C55 B G E ν

ZnO Pres 293.31 104.24 73.55 278.27 54.63 151.6 78.04 199.84 0.28

Theo 199.7d

201b
104.3d

124.49b
92.9d

119.57b
192d

235.38b
43.2d

34.73b
130.1d

151.02b
49.8d – –

Exp 206a 117a 118a 211a 44a – – – –

ZnO0.75Se0.25 Pres 205.18 69.56 53.77 234.61 42.66 110.98 59.4 151.23 0.27

Theo – – – – – – – – –

Exp – – – – – – – – –

ZnO0.5Se0.5 Pres 82 27.24 17.17 90.43 19.08 41.96 25.18 62.95 0.25

Theo – – – – – – – – –

Exp – – – – – – – – –

ZnO0.25Se0.75 Pres 120.47 34.14 22.28 139.42 27.93 59.73 38.42 94.91 0.24

Theo – – – – – – – – –

Exp – – – – – – – – –

ZnSe Pres 139.58 40.36 29.89 133.5 30.59 68 41.65 103.76 0.25

Theo 116.9d

98.18c
37.4d

41.44c
37.9d

29.99c
115.3d

117.83c
28.7d

22.57c
63.9d 34.8d – –

Exp – – – – – – – – –
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to be 0.0001 Ry. The valence wave functions inside muffin-tin 
spheres are expanded up to lmax as 10. In the interstitial region, 
we have chosen an energy cut-off parameter of the matrix size. 
The radius of the muffin tin spheres was selected as 1.89, 1.63 
and 1.72 atomic units for Zn, O and Se, respectively. A mesh of 
100 special k-points and 500 special k-points is used to, respec-
tively, calculate the structural and optoelectronic properties. 
The present calculations are based on the Wurtzite (B4) struc-
ture, which has hexagonal primitive unit cell with space group 
P63mc. The binary compound ZnO has two atoms: Zn at (1/3, 
2/3, 0) and O at (1/3, 2/3, u). In order to make alloying pos-
sible, we considered a supercell of 2 × 2 × 1.Then we substituted 
the oxygen ‘O’ atoms by Selenium ‘Se’ atoms in the ZnO1−xSex 
ternary alloy, we can get series of alloys just by varying the x 
composition from 0 to 1 by step of 0.25.
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