
Vol.:(0123456789)1 3

Applied Physics A (2019) 125:644 
https://doi.org/10.1007/s00339-019-2938-5

First principles investigations of structural and optoelectronic 
properties of cubic  MgxZn1−xSeyTe1−y quaternary semiconductor alloys 
using FP‑LAPW approach

Debankita Ghosh1 · Sayantika Chanda1 · Bimal Debnath1 · Manish Debbarma1 · Rahul Bhattacharjee1,2 · 
Surya Chattopadhyaya1

Received: 28 May 2019 / Accepted: 14 August 2019 / Published online: 24 August 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Structural and optoelectronic properties of technologically important  MgxZn1−xSeyTe1−y quaternary alloys are calcu-
lated employing DFT-based FP-LAPW approach. Computations of exchange–correlation potentials are performed with 
PBE-GGA for structural properties and both the mBJ and EV-GGA for optoelectronic properties. Each specimen within 
 MgxZn1−xSeyTe1−y system is a direct band gap (Γ–Γ) semiconductor. At each cationic (Mg) concentration x, lattice constant 
decreases, while bulk modulus and band gap increase nonlinearly with increase in anionic (Se) concentration y. Again, 
nonlinear increase in lattice constant and band gap, while decrease in bulk modulus is observed with increase in cationic 
concentration x at each anionic concentrations y. Calculated band gap bowing for few ternary alloy systems are in good 
agreement with corresponding experimental data. The calculated contour maps for lattice constants and energy band gaps 
would be very useful for designing new quaternary alloys with desired optoelectronic properties. Optical properties of the 
said specimens within  MgxZn1−xSeyTe1−y quaternary system show several interesting features. Composition dependence of 
each calculated zero-frequency limit shows opposite trend, while each calculated critical point shows similar trend of com-
position dependence of band gap. Finally, suitability of ZnTe and InAs as substrates for the growth of several zinc-blende 
 MgxZn1−xSeyTe1−yquaternary alloys has been investigated.

1 Introduction

In materials science and engineering, optoelectronic and 
various other physical properties of semiconductors can be 
tuned by the alloy formation process for satisfactory fabrica-
tion of application-oriented semiconductor devices. Though 
the formation of ternary alloys is the introductory process, 
the possibility of formation of quaternary or multinary alloys 
provides us more capability of precise tuning of various 
physical properties of semiconductors to achieve the target 

and hence widen their applications. The choice of suitable 
elemental or compound semiconductors with wider range 
of band gaps as ingredients and the fabrication procedure to 
ensure stable and low-resistive p-type doping, highly stable 
Ohmic contacts and low defect density in the fabricated ter-
nary and quaternary alloys are very important in their effi-
cient microelectronic and optoelectronic applications [1, 2].

Recently, ternary and quaternary semiconductor alloys, 
fabricated on the basis of II–VI compounds, are attracting 
enormous attraction due to their interesting optoelectronic 
properties in the visible and far-infrared spectral region 
[3–8]. The wide band gap diatomic zinc selenide (ZnSe) 
and zinc telluride (ZnTe) belong to IIB–VIA transition metal 
chalcogenide family, while magnesium selenide (MgSe) and 
magnesium telluride (MgTe) belong to the group IIA–VIA 
alkaline-earth chalcogenide family. The ZnSe are widely 
used in manufacturing blue-green laser diodes [9]. Moreo-
ver, both the ZnSe and ZnTe are used to prepare optical wave 
guides [10] and wide-band-gap hetero-structure lasers [11]. 
The MgSe and MgTe based hetero-junctions are also well 
known as wide band-gap light emitters [12].
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Under ambient conditions, both the ZnSe and ZnTe crys-
tallized in cubic zinc blende (B3) or wurtzite (B4) phase 
[13] and exhibit high-pressure structural phase transition 
from zinc blende (B3) to rock-salt (B1) phase [14–16]. 
On the other hand, the ambient and most stable rock-salt 
structure for MgSe [17] and MgTe [18] was experimentally 
confirmed. Moreover, molecular beam epitaxial (MBE) 
growth of zinc blende MgSe [18] and MgTe [19] was also 
experimentally confirmed. Experimentally, MgSe exhibits 
the pressure-induced structural phase transition from rock-
salt (B1) to iron sillicide (B28) structure [17], while MgTe 
transforms from wurtzite (B4) to nickel-arsenide NiAs (B8) 
structure [18].

Several experimental studies on the electronic proper-
ties [20–24], optical properties [25, 26], elastic proper-
ties [27, 28] etc. on ZnSe and ZnTe have established their 
superiority in different areas of microelectronic and opto-
electronic applications. In addition, the lattice parameters 
of zinc-blende MgSe [29, 30] and MgTe [24, 31] as well 
as rock-salt MgSe [17] and MgTe [18] were investigated. 
Experimental studies on their electronic properties indicate 
that ZnSe and ZnTe as well as MgSe and MgTe are wide 
direct fundamental band gap (Γ–Γ) semiconductors in their 
B3 phase [31, 32].

Experiments were performed for preparation and charac-
terization of structural, morphological, electrical and opti-
cal properties of nano-crystalline cubic MgSe thin films 
[33, 34], molecular beam epitaxial (MBE) growth of ZnSe 
thin films and epilayers on GaAs substrates and their opti-
cal characterizations [35–37], molecular beam epitaxial 
(MBE) growth of cubic MgTe thin films as suitable materi-
als for optoelectronic applications in the entire visible range 
[38]. Moreover, MBE growth of ZnTe epilayers on InAs 
substrates and their optical and structural characterizations 
[30], structural and optical characterizations of molecular 
beam epitaxially (MBE) grown ZnTe epilayers on GaAs sub-
strates with ZnSe/ZnTe strained superlattices buffer layers 
[39], electrical characterizations of ZnTe thin films, depos-
ited by thermal evaporation method on n-type Si substrate 
[40], studies of Raman spectroscopy and photoluminescence 
of molecular-beam epitaxially (MBE) grown ZnTe thin films 
on GaAs substrates [41], etc. have also been performed for 
their different potential applications.

Recently, bulk II–VI ternary and quaternary alloys as 
well as their thin films and nanostructures were investigated 
extensively to identify their suitable areas of microelec-
tronic and optoelectronic applications. Some of the remark-
able investigations include synthesis of ternary  ZnSexTe1-x 
alloy thin films by solid-state reactions and study of their 
structural, morphological and optical properties [42], depo-
sition of  ZnSe1−xTex epilayers on GaAs substrates by iso-
thermal closed space sublimation (ICSS) technique and their 
structural characterization [43], solution-phase synthesis of 

 ZnSexTe1−x ternary alloyed nanowires and investigations of 
their band gap bowing [44], etc. No experimental study on 
MgSeTe bulk ternary alloys as well as their thin films and 
nanostructures has yet been performed so far.

Several experiments on mixed magnesium–zinc–chalco-
genide ternary alloys as well as their thin films performed 
so far include MBE growth of  Zn1−xMgxSe ternary alloys 
and measurement of their lattice constants and band gaps 
[29], MBE growth of  MgxZn1−xSe ternary alloys on GaAs 
substrate and their visible-near ultraviolet spectroscopic 
ellipsometric (SE) studies on optical properties [45], high-
pressure Bridgman growth of  Zn1-xMgxSe mixed crystals 
and Mg-concentration dependence of their lattice constants, 
luminescences and electrical properties [46], MBE growth 
of zine-blende  Zn1−xMgxSe alloys on GaAs substrate and 
spectroscopic ellipsometric (SE) investigation of their opti-
cal properties at room temperature [47], photoluminescence 
(PL) measurements of band gaps, room temperature opti-
cal reflectivity and wavelength dependence of the refractive 
indices of MBE grown  Zn1−xMgxTe ternary wide-gap semi-
conductor alloys over a wide range of compositions [48], etc.

In case of magnesium–zinc–chalcogenides quaternary 
alloys, some experimental studies were also performed so 
far. Few of them include MBE growth of  Zn1−xMgxSeyTe1−y 
epilayers and ZnTe/Zn1−xMgxSeyTe1−y quantum wells (QW) 
on InAs substrates and their structural, electronic and opti-
cal characterizations [30], MBE growth of quaternary alloys 
 Zn1−xMgxSeyTe1-y on InAs substrate and their structural 
characterizations [32], MBE growth of  MgxZn1−xSeyTe1−y 
quaternary alloys on InP substrate and their structural, elec-
tronic and optical characterizations [49], MBE growth of 
 Zn1−xMgxSeyTe1−y alloys on ZnTe substrates and photolumi-
nescence studies of their optical properties [50], etc.

On the theoretical side, structural properties and phase 
stabilities, high-pressure structural phase transition from B3 
to B1 phase, phonon dispersions, elastic properties, band 
structures and electronic properties, optical properties, ther-
mal and thermodynamic properties and lattice dynamics of 
bulk diatomic zinc blende ZnSe and ZnTe [51–63] as well 
as MgSe and MgTe [63–72] have been studied under the 
framework of different DFT-based approaches and taking 
into consideration a variety of exchange–correlation poten-
tial schemes.

In case of bulk pure zinc chalcogenide ternary alloys 
ZnSeTe and magnesium chalcogenide ternary alloys MgSeTe, 
few theoretical studies performed so far include calculations of 
origins of optical bowing for  ZnSexTe1−x alloys [73], self-con-
sistent ab initio FP-LAPW investigation of the structural, elec-
tronic and thermodynamic properties of  ZnSexTe1−x semicon-
ductor ternary alloys [74], first-principles study of structural, 
elastic and thermodynamic properties of  ZnSexTe1−x ternary 
alloys [75], DFT-based FP-LAPW investigation of structural, 
electronic and thermodynamic properties of zinc blende 
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 MgSexTe1−x ternary alloys [76], FP-LAPW investigation of 
electronic and optical properties of zinc blende  MgSexTe1−x 
ternary alloys [77].

In case of bulk magnesium–zinc chalcogenide mixed ter-
nary alloys MgZnSe/Te, theoretical studies performed so far 
include DFT-based FP-LAPW investigations of structural and 
electronic properties of zinc-blende  Zn1−xMgxX (X=Se and 
Te) ternary alloys [78, 79], structural, electronic and optical 
properties of zinc-blende  Zn1−xMgxX (X=Se and Te) ternary 
alloys [80] as well as the structural and optoelectronic proper-
ties of zinc blende  MgxZn1−xTe ternary alloys [81]. A couple 
of recent studies on ternary alloys with Mg or Zn as one of 
the constituents include FP-LAPW based investigations of the 
structural, electronic and optical properties of  MgxCd1−xX [82] 
and  Zn1–xHgxX [83] (X=Se and Te).

In case of bulk magnesium–zinc–chalcogenides quaternary 
alloys MgZnSeTe, theoretical studies performed are rare in 
number and only a couple of studies have been performed 
so far. In the first study, Shim and coworkers [84] have uti-
lized the correlated function expansion (CFE) methodology 
to calculate the energy band gap and the alloy bond length of 
 Zn1−xMgxSeyTe1−y quaternary alloys over the entire composi-
tion space (x, y). In the subsequent study, Hassan and cowork-
ers [85] have studied the structural and electronic properties of 
 Zn1−xMgxSeyTe1−yquaternary alloys using the DFT-based FP-
LAPW approach. But these studies covered very inadequate 
number of compounds as well as properties so that a detailed 
theoretical study on various properties of all the compounds 
under the  MgxZn1−xSeyTe1−y quaternary system with appro-
priate exchange–correlation (XC) functional is necessary for 
whole range of Mg-concentration (x) and Se-concentration (y).

In this paper, we have presented the results obtained from 
systematic theoretical study of structural, electronic and 
optical properties of cubic binary, ternary and quaternary 
specimens within the  MgxZn1−xSeyTe1−y quaternary system 
for whole range of cationic (x) and anionic (y) concentra-
tions (x, y = 0.0, 0.25, 0.50, 0.75 and 1.0). First principle 
based FP-LAPW approach has been applied along with 
appropriate schemes for calculations of necessary XC func-
tional for structural and optoelectronic properties. Moreover, 
we have made an elaborate study on the anionic (Se) concen-
tration y and cationic (Mg) concentration x dependence of 
the said properties of the specimens within this quaternary 
system. Our calculated data will propose new experiments 
as well as suggest them as potential candidates in different 
optoelectronic applications.

2  Computational details

Density functional theory (DFT) [86, 87] based full-poten-
tial linearized augmented plane wave (FP-LAPW) method-
ology [88] has been efficiently implemented in WIEN2K 

code [89, 90] and it has been used to carry out present 
study to compute structural, electronic and optical proper-
ties of binary, ternary and quaternary specimens under the 
 MgxZn1−xSeyTe1−yquaternary system. For structural prop-
erties, the exchange–correlation (XC) potentials have been 
calculated with Perdew-Burke-Ernzerhof generalized gra-
dient approximation (PBE-GGA) [91], while the modified 
Becke-Johnson (mBJ) [92, 93] and Engel-Vosko general-
ized gradient approximation (EV-GGA) [94] schemes have 
been utilized for efficient calculations of XC potentials for 
electronic and optical properties. For structure visualization 
purpose and to carry out some analysis, the graphic code 
XCrySDen [95] has been utilized in the present study.

In the FP-LAPW approach, Kohn–Sham wave functions 
inside the non-overlapping muffin-tin spheres, surround-
ing the atomic sites, have been expanded in spherical har-
monics with the maximum value of angular momentum 
lmax = 10. The same are expanded with plane waves basis 
set in the interstitial region of the unit cell with a cut-off 
value Kmax = 8.0/  RMT, where  RMT is the smallest muffin-tin 
radius and the Kmax is the magnitude of the largest K-vector 
in the plane wave expansion. The potential and charge den-
sity Fourier expansion parameter  Gmax is taken as 16  Ry1/2. 
The  RMT values of Mg, Zn, Se and Te are taken as 2.3, 2.5, 
2.4 and 2.5 a.u., respectively. The Brillouin zone integra-
tions have been performed using a mesh of 5000 k-points. 
Both the plane wave cutoff and the number of k-points were 
varied to ensure total energy convergence and it is achieved 
through self-consistent-field (SCF) calculations with an 
energy threshold value of  10–5 Ry.

The  MgxZn1−xSeyTe1−yquaternary alloy system is sur-
rounded by two cationic ternary alloy systems  MgxZn1−xSe 
and  MgxZn1−xTe as well as two anionic ternary alloy sys-
tems  ZnSeyTe1−y and  MgSeyTe1−y. They, in turn, formed 
from the four binary compounds ZnSe, ZnTe, MgSe and 
MgTe. Therefore, in the introductory stage, we have adopted 
the eight-atom 1 × 1 × 1 cubic zinc-blende unit cell of these 
binary compounds in our calculations. These have been 
designed by using the experimental lattice parameters of 
ZnSe [21], ZnTe [21], MgSe [32] and MgTe [32]. The ani-
onic ternary alloys  ZnSeyTe1−y and  MgSeyTe1−y at y = 0.25, 
0.50 and 0.75 have been designed by successive substitution 
of Te atom(s) with Se atom(s) in the 1 × 1 × 1 unit cell of 
ZnTe and MgTe, respectively. The cationic ternary alloys 
 MgxZn1−xSe and  MgxZn1−xTe at x = 0.25, 0.50 and 0.75 have 
been designed by successive replacement of Zn atom(s) 
with Mg atom(s) in 1 × 1 × 1 unit cell of ZnSe and ZnTe, 
respectively. Each of the ternary alloys for x/y = 0.25, 0.50 
and 0.75 is a simple eight-atom cubic cell. The quaternary 
(pseudo ternary) alloys  MgxZn1−xSeyTe1−y for x = 0.25, 0.50 
and 0.75 have been designed by cationic substitution process 
i.e. consecutive substitution of Zn atom(s) with Mg atom(s) 
in the cubic unit cells of anionic ternary alloys  ZnSeyTe1−y 
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(y = 0.25, 0.50 and 0.75) and each of the resultant quater-
nary structures is also an eight-atom cubic cell. They can 
also be formed from the other three ternary systems by cati-
onic/anionic substitution process. The schematic diagram 
of the procedure of formation of ternary and quaternary 
alloys from their basic constituent binaries [96] is presented 
as Fig. 1. The crystal structures of newly designed nine 
cubic quaternary specimens within  Mg0.25Zn0.75SeyTe1−y, 
 Mg0.50Zn0.50SeyTe1−y and  Mg0.75Zn0.25SeyTe1−y systems are 
presented in Figs. S1a–c, S2a–c and S3a–c, respectively for 
y = 0.25, 0.50 and 0.75 in the Supplementary Materials.

In the present study, the concentration dependence of 
structural, electronic and optical properties has been investi-
gated by considering the  MgxZn1−xSeyTe1−y quaternary sys-
tem into five sub-systems on the basis of variation of x and y 
in two ways. In the first way, we have considered the entire 
anionic concentration range y = 0.0, 0.25, 0.50, 0.75 and 1.0 
at each of the five cationic concentrations x = 0.0, 0.25, 0.50, 
0.75 and 1.0 and investigated the effects of successive ani-
onic substitution on these properties at each of the cationic 
concentrations. In the second way, we have taken the entire 
cationic concentration range x = 0.0, 0.25, 0.50, 0.75 and 
1.0 at each of the five anionic concentrations y = 0.0, 0.25, 
0.50, 0.75 and 1.0 and investigated the effects of successive 
cationic substitution on the aforesaid properties at each of 
the anionic concentrations. In both the ways, the qualitative 
nature of specimens in each sub-system, formed at either 
fixed x or y, is similar and they are presented in terms of a 
matrix in Table 1.

3  Results and discussions

3.1  Structural properties

The structural properties of the binary, ternary and quater-
nary specimens within the  MgxZn1−xSeyTe1−yquaternary 
system have been computed using structural optimization 
technique, where the total energy of each of the designed 
unit cells is minimized with respect to the cell parameters 
as well as atomic positions. The total energies of each unit 

cell at different volumes, around the equilibrium unit cell 
volume, are calculated using the self-consistent-field (SCF) 
technique and the resultant parabolic variation is fitted to 
Murnaghan’s equation of state [97]. From such fitting, we 
have achieved the ground-state structural parameters, such as 
minimum energy ( E0 ), equilibrium volume ( V0 ), equilibrium 
lattice parameter ( a0 ), bulk modulus ( B0 ) and first-order 
pressure derivative of bulk modulus ( B∕

0
 ) for each sample, 

as presented in Table 2. Also, some available experimental 
and earlier theoretical structural data for the specimens are 
also included in Table 2 for comparison.

3.1.1  Lattice constant and bulk modulus of binary, ternary 
and quaternary specimens

For binary compounds ZnSe and ZnTe, our computed struc-
tural data have been compared with some available experi-
mental a0 , B0 and B∕

0
 data [20, 21, 27]. Our computed a0 and 

B0 for ZnSe and ZnTe agree well with the respective experi-
mental data, though the computed a0 for both specimens 
are marginally overestimated and B0 is marginally underes-
timated with respect to the corresponding reported experi-
mental data. In case of B∕

0
 , our computed data for ZnSe and 

ZnTe are underestimated by 0.497 and 0.029, respectively, 
compared to the corresponding experimental data [20, 27]. 
In case of other pair of binary compounds MgSe and MgTe, 
only equilibrium lattice constant a0 is reported from several 
experimental observations [29, 30, 32, 48], while none of 
their experimental B0 and B∕

0
 data are available for compari-

son. In each case, our calculated a0 agrees excellently well 
with the corresponding experimental data, though each of 
them is marginally overestimated with respect to the cor-
responding reported experimental findings.

In the present study, we have also compared our computed 
a0 , B0 and B∕

0
 data for the said binary compounds with some 

available data obtained from some earlier theoretical calcula-
tions for ZnSe and ZnTe [54–60, 62, 79–81] as well as MgSe 
and MgTe [64–67, 67, 71, 76, 79–81]. Our computed a0 and 
B0 for ZnSe, ZnTe, MgSe and MgTe are in good agreement 
with several corresponding earlier theoretical data. Moreo-
ver, our calculated a0 data for the binary compounds ZnSe, 

  ZnSe  ZnTe  MgSe  MgTe   

ZnSeyTe1-y  MgxZn1-xSe  MgxZn1-xTe  MgSeyTe1-y

   MgxZn1-xSeyTe1-y

Fig. 1  Schematic diagram for formation of ternary and quaternary 
alloys within  MgxZn1−xSeyTe1−y system from their basic constituent 
binary compounds

Table 1  Matrix for qualitative nature of specimen for different x and y 

B binary, T ternary, Q quaternary

x y

0.0 0.25 0.50 0.75 1.0

0.0 B T T T B
0.25 T Q Q Q T
0.50 T Q Q Q T
0.75 T Q Q Q T
1.0 B T T T B
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Table 2  Calculated a0 B0 and B∕

0
 of binary, ternary and quaternary specimens within  MgxZn1−xSeyTe1−y system

Experimental data: aRef. [21], bRef. [20], cRef. [27], dRef. [32], eRef.[30], fRef. [48], gRef. [29], hRef. [19]. Earlier theoretical data: a1Ref. [54], 
b1Ref. [55], c1Ref. [56], d1Ref.[58], e1Ref. [59], f1Ref. [60], g1Ref. [62], h1Ref. [57], i1Ref.[66], j1Ref. [65], k1Ref. [64], l1Ref. [71], m1Ref. [67], 
a2Ref .[74], b2Ref. [76], a3Ref. [80], b3Ref.[81], c3Ref. [79]

x y Specimen a0 (Å) B0 (GPa) B
∕

0.0 0.0 ZnTe 6.104 48.56 5.011
6.089a, 6.1037b 50.9b 5.04b

6.020a1, 6.174b1, 6.103c1, 6.063d1, 6.00e1, 6.11a3, 
6.10b3, 6.198c3

49.2a1, 51.2b1, 52.9c1, 50.54d1, 55.21e1, 50.18a3, 
45.94b3, 44.35c3

4.88b1, 4.60e1

0.25 ZnSe0.25Te0.75 6.087 50.96 4.501
6.099a2 45.63a2

0.50 ZnSe0.50Te0.50 5.979 52.71 4.747
5.989a2 48.90a2

0.75 ZnSe0.75Te0.25 5.861 55.18 5.165
5.873a2 52.14a2

1.0 ZnSe 5.674 60.08 4.273
5.669a, 5.67b, 5.667c 62.5b, 64.7c 4.77c

5.630f1, 5.582g1, 5.618h1, 5.66a3, 5.738c3 63.34f1, 70.8g1, 67.6h1, 82.26a3, 58.20c3 4.57i1

0.25 0.0 Mg0.25Zn0.75Te 6.198 44.62 4.871
6.20a3, 6.18b3, 6.284c3 46.26a3, 34.95b3, 40.79c3

0.25 Mg0.25Zn0.75Se0.25Te0.75 6.177 46.23 4.365
0.50 Mg0.25Zn0.75Se0.50Te0.50 6.064 48.81 4.629
0.75 Mg0.25Zn0.75Se0.75Te0.25 5.942 50.86 5.011
1.0 Mg0.25Zn0.75Se 5.803 52.69 4.035

5.72a3, 5.815c3 74.15a3, 52.96c3

0.50 0.0 Mg0.50Zn0.50Te 6.359 37.85 4.127
6.275a3, 6.27b3, 6.363c3 41.14a3, 37.48b3, 37.4c3

0.25 Mg0.50Zn0.50Se0.25Te0.75 6.257 39.95 4.098
0.50 Mg0.50Zn0.50Se0. 50Te0.50 6.141 41.06 4.316
0.75 Mg0.50Zn0.50Se0.75Te0.25 5.993 44.36 6.427
1.0 Mg0.50Zn0.50Se 5.873 50.03 4.033

5.80a3, 5.877c3 66.35a3, 49.18c3

0.75 0.0 Mg0.75Zn0.25Te 6.384 35.21 3.792
6.35a3, 6.36b3, 6.442c3 39.37a3, 39.94b3, 35.09c3

0.25 Mg0.75Zn0.25Se0.25Te0.75 6.333 37.38 3.862
0.50 Mg0.75Zn0.25Se0.50Te0.50 6.214 39.12 4.049
0.75 Mg0.75Zn0.25Se0.75Te0.25 6.082 42.88 4.314
1.0 Mg0.75Zn0.25Se 5.935 48.14 3.653

5.86a3, 5.938c3 63.94a3, 47.99c3

1.0 0.0 MgTe 6.427 33.54 3.672
6.42d, 6.35e, 6.42f

6.39i1, 6.38j1, 6.4454k1, 6.512l1, 6.517b2, 6.43a3, 
6.517b3, 6.517c3

38.0i1, 38.7j1, 38.0k1, 33.52l1, 33.97b2, 34.85a3, 
33.70c3

3.79i1, 3.89j1, 
3.96k1, 
4.604l1

0.25 MgSe0.25Te0.75 6.403 35.37 3.732
6.407b2 36.02b2

0.50 MgSe0.50Te0.50 6.279 37.04 3.913
6.283b2 38.43b2

0.75 MgSe0.75Te0.25 6.144 40.48 3.942
6.148b2 41.21b2

1.0 MgSe 5.995 46.34 3.525
5.89d, h, 5.91 g

5.92i1, 5.87j1, 5.99m1, 6.005b2, 5.93a3, 6.002c3 49.0i1, 50.5j1, 45.3m1, 45.12b2, 57.81a3, 44.48c3
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ZnTe, MgSe and MgTe show best agreement with some of 
the corresponding experimental outcomes relative to all of 
the reported other theoretical findings.

Any experimental structural data for the anionic ternary 
alloys  ZnSeyTe1−y and  MgSeyTe1−yas well as cationic ter-
nary alloys  MgxZn1−xSe and  MgxZn1−xTe are unavailable 
for comparison. But, earlier theoretical a0 and B0 data for 
 ZnSySe1−y[74],  MgSyTe1−y[76],  MgxZn1−xSe [79, 80] and 
 MgxZn1−xTe [79–81] ternary alloys are available for com-
parison. The calculated a0 for each of the anionic ternary 
alloys  ZnSeyTe1−yis marginally underestimated, while B0 
for each of them is marginally overestimated with respect 
to the corresponding earlier theoretical data [74]. In case of 
each of the other anionic ternary alloys  MgSeyTe1−y, both of 
our calculated a0 and B0 are marginally underestimated with 
respect to the corresponding earlier theoretical data [76]. In 
case of cationic ternary specimens within  MgxZn1−xSe and 
 MgxZn1−xTe systems, both of our calculated a0 and B0 for 
each specimen are in excellent agreement with most of the 
corresponding earlier theoretical data [79–81].

In case of quaternary specimens within the 
 MgxZn1−xSeyTe1−y system, we are unable to compare our 
computed structural data due to lack of such kind of experi-
mental or earlier theoretical data in literature.

3.1.2  Concentration dependence of lattice constant 
and bulk modulus

In the present study, we have investigated the concentra-
tion dependence of a0 and B0 for the specimens within the 
 MgxZn1−xSeyTe1−y quaternary system for the entire cationic 
and anionic concentration range x/y = 0.0, 0.25, 0.50, 0.75 
and 1.0. Keeping the cationic (Mg) concentration x fixed 
at each of the five specified values, we have observed that 
the a0 decreases with increase in anionic (Se) concentra-
tion y and each of such variations is presented in Fig. 2a. In 
this case, substitution of tellurium atom(s) of higher radius 
(1.23 Å) with selenium atom(s) of lower radius (1.03 Å) 
decreases the volume of the cubic unit cell and hence the 
lattice constant a0 . Due to inversely proportional relation-
ship between lattice constant and bulk modulus, we have 
observed increment in B0 with increase in anionic (Se) con-
centration y at each of the five aforesaid cationic concentra-
tions x, presented in Fig. 2b.

Again, keeping the anionic (Se) concentration y fixed at 
each of the five specific values, we have observed that a0 
increases with increase in cationic (Mg) concentration x and 
each of such variations is presented in Fig. 2c. The substitu-
tion of zinc atom(s) of lower radius (1.42 Å) with magne-
sium atom(s) of slightly higher radius (1.45 Å) is responsi-
ble for the increase in cubic unit cell volume and hence a0 . 
This, in turn, decreases the B0 with increase in cationic (Mg) 

concentration x at each of the five aforesaid anionic (Se) 
concentrations y and such variations are presented in Fig. 2d.

It is also observed from Fig. 2b that at any specific sele-
nium concentration y, bulk modulus and hence the hardness 
of the specimen gradually decreases with increase in Mg-
concentration x in the unit cell. Moreover, it is observed 
from Figs. 2d that at any specific Mg-concentration x, the 
hardness of the specimen gradually increases with increase 
in selenium concentration y in the unit cell.

From Fig. 2a, b, we have observed nonlinear variation 
of a0 and B0 , respectively, with selenium concentration y at 
each of the magnesium concentrations x. Also, the variation 
of a0 and B0 with magnesium concentration x at each of the 
selenium concentrations y, shown in Fig. 2c, d, respectively, 
exhibits nonlinearity.

For an ideal alloy system, Vegard’s law [98] suggests 
the linear concentration (x/y) dependence (LCD) of lattice 
constant ( a0 ), while experimental studies [29, 99] confirm 
a nonlinear variation in a real alloy system having the fol-
lowing form:
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The nonlinear coefficient �a is the bowing parameter 
in lattice constant verses concentration curve for any real 
alloy system, which is obtained by fitting the correspond-
ing a0 verses concentration (x/y) curve with Eq. 1. Similar 
quadratic relationship is also valid to explain the nonlin-
ear concentration dependence of bulk modulus in any real 
alloy system and the nonlinear coefficient �B measures the 
bowing in bulk modulus verses concentration curve.

Now at each of the cationic concentrations x, the a0 
verses y curve shows marginal upward bowing due to 
marginal mismatches between the lattice constants of 
the terminal binary/ternary compounds. The same is also 
observed in case of a0 verses x curve at each of the ani-
onic concentrations y. Each of the B0 verses y as well as 
B0 verses x curves at each of the fixed x and y, respec-
tively, shows small downward bowing due to small mis-
match of the bulk modulus of the corresponding terminal 
binary/ternary compounds. In case of lattice constant as 
well as bulk modulus verses anionic/cationic concentra-
tion curves, the respective calculated bowing parameters 
�a and �B are presented in Table 3. It is observed from 
Table 3 that �a increases, while �B decreases gradually, as 
we proceed from  ZnSeyTe1−y to  MgSeyTe1−y by replacing 
consecutively Zn with Mg atom(s). On the other hand, �a 
decreases, while �B increases gradually as we proceed from 
 MgxZn1−xTe to  MgxZn1−xSe by replacing consecutively Te 
with Se atom(s).

The Contour map of each of the calculated lattice con-
stant and bulk modulus versus the compositions x and y 
for  MgxZn1−xSeyTe1−y quaternary system are presented in 
Fig. 3a, b, where we again observe a marginal deviation of 
the lattice constant and bulk modulus from their respective 
LCD. If lattice constants or bulk modulus of four binary 
compounds are known, any one of them for ternary or 

(1)a(x) = �a + �ax + �ax
2 quaternary specimen, formed at any x and y in the range 

0 ≤ x, y ≤ 1, can be evaluated from the corresponding con-
tour plot.

3.2  Electronic properties

Before applying any semiconductor in fabricating an elec-
tronic device, it is necessary to study its electronic proper-
ties, especially band gap, experimentally or theoretically in 
order to investigate its appropriateness in such fabrication 
process. In the present work, the electronic properties of the 
binary, ternary and quaternary specimens under the 
 MgxZn1−xSeyTe1−yquaternary system have been computed 
with mBJ and EV-GGA functional. The calculated band 

Table 3  Calculated bowing parameters from concentration depend-
ence curves of a0 and B0

Alloy system Fixed 
concentra-
tion

Variable 
concentra-
tion

�
a
 (Å) �

B
 (GPa)

ZnSeyTe1−y x y − 0.039 6.584
Mg0.25Zn0.75SeyTe1−y x y − 0.041 5.897
Mg0.50Zn0.50SeyTe1−y x y − 0.047 5.192
Mg0.75Zn0.25SeyTe1−y x y − 0.053 4.514
MgSeyTe1−y x y − 0.058 4.007
MgxZn1−xTe y x − 0.063 3.429
MgxZn1−xSe0.25Te0.75 y x − 0.055 4.927
MgxZn1−xSe0.50Te0.50 y x − 0.039 5.751
MgxZn1−xSe0.75Te0.25 y x − 0.027 6.248
MgxZn1−xSe y x − 0.019 7.843

6.10

6.20

6.00

6.30

5.90

6.40

0.00 0.25 0.50 0.75 1.00
0.00

0.25

0.50

0.75

1.00
0.00 0.25 0.50 0.75 1.00

0.00

0.25

0.50

0.75

1.00

Magnesium concentration (x)

ZnSe MgSe

MgTeZnTe

Se
le

ni
um

 c
on

ce
nt

ra
tio

n 
(y

)

(a) 

(b) 

46.0

49.0

43.0

52.0

55.0

40.0

0.00 0.25 0.50 0.75 1.00
0.00

0.25

0.50

0.75

1.00
0.00 0.25 0.50 0.75 1.00

0.00

0.25

0.50

0.75

1.00

MgTe

MgSeZnSe

ZnTe
Magnesium concentration (x)

Se
le

ni
um

 c
on

ce
nt

ra
tio

n 
(y

)

Fig. 3  Contour map of the calculated a lattice constant a0 , b bulk 
modulus B0 versus the compositions x and y for  MgxZn1−xSeyTe1−y 
quaternary alloys



 D. Ghosh et al.

1 3

644 Page 8 of 23

gaps for the compounds with both these XC functional are 
presented in Table 4 along with some available experimental 
as well as some earlier theoretical band gaps for comparison. 
It is observed from Table 4 that in case of each of the speci-
mens under consideration, calculated band gap follows the 
trend EmBJ

g
  > EEV-GGA

g
 for the two XC functional used.

3.2.1  Band structures

The computed band structure of each of the binary com-
pounds ZnSe, ZnTe, MgSe and MgTe indicates a direct 
minimum band gap (Γ–Γ) in their zinc-blende (B3) phase 
under both the XC functional used. Some experimental 
observations for ZnSe and ZnTe [20, 22] as well as MgSe 
and MgTe [24, 29–32] also support such qualitative fea-
tures of the respective calculated band structures. The cubic 
ternary specimens within the  ZnSeyTe1−y,  MgSeyTe1−y, 
 MgxZn1−xTe and  MgxZn1−xSe systems also indicate a 
direct minimum band gap (Γ–Γ). Though any experimental 
information regarding the band structures of these speci-
mens are not available, such feature of band structure of 
each of these ternary alloys has been confirmed by some 
respective earlier theoretical findings for  ZnSeyTe1−y [73], 
 MgSeyTe1−y [75],  MgxZn1−xTe and  MgxZn1−xSe [79, 80]. In 
case of band structure of each of the nine cubic quaternary 
specimens within the  MgxZn1−xSeyTe1−ysystem, we have 
also observed direct band gap (Γ–Γ), but such qualitative 
feature cannot be compared due to unavailability of any 
experimental observation or earlier theoretical study of this 
kind. Such newly designed direct-band-gap and optically 
active semiconductor quaternary specimens may be useful 
in manufacturing faster and highly efficient optoelectronic 
devices [100]. The band structures of nine quaternary speci-
mens within  Mg0.25Zn0.75SeyTe1−y,  Mg0.50Zn0.50SeyTe1−yand 
 Mg0.75Zn0.25SeyTe1−y systems are presented in Figs. S4a–c, 
S5a–c and S6a–c, respectively, for y = 0.25, 0.50 and 0.75 in 
the Supplementary Materials.

3.2.2  Band gaps of binary, ternary and quaternary 
specimens

From Table 4, we have observed that our mBJ-based cal-
culated band gap ( Eg ) for each of the ZnSe and ZnTe is in 
excellent agreement with corresponding experimental data 
[20, 22], while the same with EV-GGA are much smaller 
than the corresponding experimental outcomes. On the other 
hand, our calculated band gap for MgSe with mBJ functional 
is 0.189 eV larger than a corresponding experimental data 
[29], while it is 0.589 eV larger than another corresponding 
experimental data [24]. Our EV-GGA based calculated band 
gap for MgSe lies between two reported experimental band 
gap data [24, 29]. Several experimental band gap data have 
been reported for MgTe [30–32]. Our mBJ-based calculated 

band gap for MgTe is fairly overestimated with respect to 
each of the aforesaid experimental data. On the other hand, 
our computed EV-GGA based band gap for MgTe is in 
excellent agreement with one of the reported experimental 
band gap data [32], though our one is marginally underesti-
mated by 0.046 eV.

It is to be noted that our mBJ-based calculated band 
gaps for ZnSe and ZnTe come closest to the correspond-
ing experiment compared to the reported earlier theoretical 
data. Only a set of mBJ-based earlier theoretical band gap 
data for ZnSe and ZnTe [75] agree well with our respective 
mBJ-based calculated data, though they are 0.059 eV and 
0.044 eV smaller compared to our respective mBJ-based 
computed data. In case of MgSe and MgTe, our computed 
band gap with mBJ functional is overestimated by 0.039 eV 
and 0.027 eV, respectively, compared to corresponding mBJ-
based earlier theoretical data [80]. Some earlier theoretical 
EV-GGA based data for MgSe [75, 79, 80] and MgTe [71, 
80] agree well with our corresponding calculated data with 
same XC functional.

It is to be noted that no experimental band gap data for 
any of the ternary alloys are available in literature for com-
parison. In case of each of the anionic ternary specimens, 
comparison of our calculated band gaps with different XC 
functional have been made with PBE-GGA and EV-GGA 
based earlier theoretical data for the corresponding ternary 
alloys within  ZnSeyTe1−y [73] and  MgSeyTe1−y [75] systems. 
Both of our mBJ- and EV-GGA based calculated band gaps 
for each of the anionic ternary specimens within  ZnSeyTe1−y 
and  MgSeyTe1−y systems are overestimated substantially 
with respect to each of the corresponding EV-GGA and 
PBE-GGA based earlier theoretical data [73, 75]. In case of 
all the cationic ternary specimens within the  MgxZn1−xTe 
and  MgxZn1−xSe systems, comparison of our calculated band 
gaps with different XC functional has been made mainly with 
some mBJ [80] and EV-GGA [79, 80] based correspond-
ing earlier theoretical data. Our mBJ-based calculated band 
gap is overestimated for  Mg0.25Zn0.75Te,  Mg0.50Zn0.50Te and 
 Mg0.75Zn0.25Te by 0.154, 0.141 and 0.135 eV, respectively, 
and for  Mg0.25Zn0.75Se,  Mg0.50Zn0.50Se and  Mg0.75Zn0.25Se 
by 0.121, 0.339 and 0.266 eV, respectively, compared to 
the corresponding mBJ-based earlier theoretical data [75]. 
Our calculated band gap for each of the  MgxZn1−xTe ter-
nary alloys with EV-GGA functional is overestimated with 
respect to some corresponding earlier theoretical data [79, 
80] with same XC functional. The same for each of the 
 MgxZn1−xSe ternary alloys is marginally underestimated 
with respect to a set of corresponding earlier theoretical data 
[80], while marginally overestimated with respect to another 
set of corresponding earlier theoretical data [79], computed 
with same XC functional.

In case of any of the nine cubic quaternary specimens 
within  MgxZn1−xSeyTe1−ysystem, no experimental or earlier 
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Table 4  Calculated minimum band gaps of binary, ternary and quaternary specimens within  MgxZn1−xSeyTe1−y quaternary system using mBJ 
and EV-GGA functional

Experimental data: aRef. [22], bRef. [20], cRef. [32], dRef. [30], eRef. [31], fRef. [29], gRef. [24]
Earlier theoretical data: a1%Ref. [52] ⇒LDA, a1&Ref. [52] ⇒GW, b1Ref. [72], c1Ref. [53], d1Ref. [78], e1* Ref. [71] ⇒PBE-GGA, e1#Ref. [70] 
⇒EV-GGA, f1%Ref. [63] ⇒LDA, g1Ref. [76], a2*Ref. [73] ⇒PBE-GGA, a2#Ref. [73] ⇒EV-GGA, b2*Ref. [75] ⇒PBE-GGA, b2#Ref. [75] ⇒EV-
GGA, a3@Ref. [80] ⇒WC-GGA, a3#Ref. [80] ⇒EV-GGA, a3$Ref. [80] ⇒mBJ, b3*Ref. [79] ⇒PBE-GGA, b3#Ref. [79] ⇒EV-GGA 

x y Specimen Minimum energy band gap (eV)

EV-GGA mBJ

0.0 0.0 ZnTe 1.821 2.394
2.39a, b

1.33a1%, 2.57a1&, 2.27b1, 2.398c1, 1.021a2*, 1.577a2#, 1.12a3@, 1.76a3#, 2.35a3$, 1.012b3*, 1.575b3#

0.25 ZnSe0.25Te0.75 1.893 2.421
0.862a2*, 1.457a2#

0.50 ZnSe0.50Te0.50 1.978 2.529
0.835a2*, 1.448a2#

0.75 ZnSe0.75Te0.25 2.057 2.644
0.906a2*, 1.545a2#

1.0 ZnSe 2.133 2.829
2.87a, 2.82b

1.45a1%, 2.54a1&, 2.68b1, 2.7d1, 1.109a2*, 1.863a2#, 1.14a3@, 2.09a3#, 2.77a3$, 1.129b3* 1.889b3#

0.25 0.0 Mg0.25Zn0.75Te 2.278 2.634
1.27a3@, 1.91a3#, 2.48a3$, 1.253b3*, 1.827b3#

0.25 Mg0.25Zn0.75Se0.25Te0.75 2.345 2.718
0.50 Mg0.25Zn0.75Se0.50Te0.50 2.438 2.806
0.75 Mg0.25Zn0.75Se0.75Te0.25 2.552 2.972
1.0 Mg0.25Zn0.75Se 2.606 3.061

1.91a3@, 2.68a3#, 2.94a3$, 1.427b3*, 2.060b3#

0.50 0.0 Mg0.50Zn0.50Te 2.358 2.921
1.67a3@, 2.21 a3#, 2.78a3$, 1.456b3*, 2.039b3#

0.25 Mg0.50Zn0.50Se0.25Te0.75 2.432 3.028
0.50 Mg0.50Zn0.50Se0. 50Te0.50 2.499 3.117
0.75 Mg0.50Zn0.50Se0.75Te0.25 2.577 3.197
1.0 Mg0.50Zn0.50Se 2.646 3.399

2.23a3@, 2.96a3#, 3.06a3$, 1.710b3*, 2.558b3#

0.75 0.0 Mg0.75Zn0.25Te 2.708 3.255
2.20a3@, 2.68a3#, 3.12a3$, 1.687b3*, 2.270b3#

0.25 Mg0.75Zn0.25Se0.25Te0.75 2.737 3.379
0.50 Mg0.75Zn0.25Se0.50Te0.50 2.847 3.441
0.75 Mg0.75Zn0.25Se0.75Te0.25 2.947 3.543
1.0 Mg0.75Zn0.25Se 3.084 3.616

2.64a3@, 3.25a3#, 3.35a3$, 2.027b3*, 2.857b3#

1.0 0.0 MgTe 3.444 3.877
3.49c, 3.67d, 2.90e

2.325e1*, 3.667e1#, 2.354f1%,2.470g1, 2.293b2*, 3.153b2#, 2.53a3@, 3.62a3#, 3.85a3$, 2.293b3*, 3.156b3#

0.25 MgSe0.25Te0.75 3.514 3.943
2.300b2*, 3.199b2#

0.50 MgSe0.50Te0.50 3.626 4.091
2.334b2*, 3.277b2#

0.75 MgSe0.75Te0.25 3.698 4.117
2.398b2*, 3.386b2#

1.0 MgSe 3.768 4.189
4.0f, 3.60 g

2.206f1%, 2.854g1, 4.21d1, 2.494b2*, 3.529b2#,2.77a3@, 3.92a3#, 4.15 a3$, 2.517b3*, 3.584b3#
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theoretical band gap data are available in literature for 
comparison.

3.2.3  Concentration dependence of band gap

In this sub-section, we are going to present the results 
obtained from investigation of cationic (x) and anionic (y) 
concentration [x/y = 0.0, 0.25, 0.50, 0.75 and 1.0] depend-
ence of fundamental energy band gap (Eg) of the specimens 
within the  MgxZn1−xSeyTe1−y quaternary system in two ways. 
Keeping the cationic (Mg) concentration x fixed at each of 
the five specified values, the calculated Eg is observed to 
be increased with increase in anionic (Se) concentration (y) 
and each of such variations is presented in Fig. 4a, b, for 
mBJ and EV-GGA functional, respectively. Again, keeping 
the anionic (Se) concentration (y) fixed at each of the five 
specific values, it is observed that the calculated Eg increases 
again with increase in cationic (Mg) concentration (x) and 
each of such variations with mBJ and EV-GGA functional 
is presented in Fig. 4c, d, respectively. The variation of Eg 
with Se-concentration (y) at each of the Mg-concentrations 
(x), shown in Fig. 4a, b, as well as with Mg-concentration 
x at each of the Se-concentrations y, shown in Fig. 4c, d, 
shows nonlinearity under both the XC functional employed.

For any real alloy system, the nonlinear concentration 
dependence of band gap (Eg) can be expressed in the fol-
lowing way:

Here Eg(x) is the concentration-dependent band gap and 
the nonlinear coefficient �g is called band-gap bowing or 
optical bowing parameter. For any specific XC functional, 
the band-gap bowing �g for each alloy system is calculated 
by fitting Eg verses x or y curves with Eq. 2.

Now, the Eg verses y curves at each of the Mg-concen-
trations (x) as well as Eg verses x curves at each of the Se-
concentrations (y) show downward bowing under both the 
XC functional employed. In case of the Eg verses anionic/
cationic concentration curves, the calculated bowing param-
eters �g with both the employed XC functional are also pre-
sented in Table 5. It is clear from Table 5 that �g gradually 
increases under both the XC functional employed as we 
proceed from  ZnSeyTe1−y to  MgSeyTe1−y by replacing con-
secutively Zn with Mg atom(s). On the other hand, �g gradu-
ally decreases under both the XC functional employed as we 
proceed from  MgxZn1−xTe to  MgxZn1−xSe by replacing suc-
cessively Te with Se atom(s). A fair agreement is observed 
between our computed �g and the reported experimental data 
for  MgxZn1−xTe [30], but our computed �g with mBJ func-
tional is overestimated by 0.094 eV. In case of  MgxZn1−xSe 
system, an excellent agreement is observed between our 
computed �g and a couple of the reported experimental �g 

(2)Eg(x) = �g + �gx + �gx
2

data [29, 32]. Moreover, in case of each of the  MgxZn1−xSe 
and  MgxZn1−xTe systems, our computed �g with EV-GGA 
functional is underestimated by 0.164 eV and overestimated 
only by 0.064 eV, respectively, compared to the correspond-
ing earlier theoretical data with same XC functional [79]. In 
case of other systems, any experimental or earlier theoretical 
�g data are unavailable for comparison.

The Contour map of the calculated fundamental band 
gap versus the compositions x and y for  MgxZn1−xSeyTe1−y 
quaternary system are presented in Fig. 5a, b for mBJ and 
EV-GGA functional, respectively. If Eg of four constituent 
binary compounds are known, the same of ternary or qua-
ternary specimen, formed with them at any x and y in the 
range 0 ≤ x, y ≤ 1, can be evaluated from such contour plots.

3.2.4  Density of States (DOS)

Using the density of states (DOS) of any semiconductor 
specimen, one can identify the atomic and orbital signature 
of various electronic states present in its band structure. In 
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the present study, though we have computed the total den-
sity of states (TDOS) and partial density of states (TDOS) 
of each of the specimens within  MgxZn1−xSeyTe1−y qua-
ternary system, only TDOS (filled gray curves) and PDOS 
(colored lines) of the ternary and quaternary specimens 
within  Mg0.25Zn0.75SeyTe1−y system for the whole anionic 
(Se) concentrations y and those within  MgxZn1−xSe0.25Te0.75 
system for the whole range of cationic (Mg) concentrations 
x are presented as representatives in sets of Figs. 6a–e, 
7a–e, respectively. In both the set of figures, the contri-
butions of different atomic orbitals of the constituents of 
each of the concerned specimens within both the systems in 
their various regions of valence and conduction bands are 
clearly presented. Moreover, the effects of gradual anionic 
(y) substitution at fixed cationic (x) concentration on DOS 
from Fig. 6a–e as well as effects of successive cationic (x) 
substitution at fixed anionic (y) concentration on DOS from 
Fig. 7a–e can be clearly observed.

From Figs. 6a, 7a, we have observed from the TDOS 
and PDOS of ternary specimen  Mg0.25Zn0.75Te and 
 ZnSe0.25Te0.75, respectively, that different regions of valence 
and conduction band of the former are dominated by various 
orbitals of Mg, Zn and Te atoms, while the same for the later 
are dominated by various orbitals of Zn, Se and Te atoms. 
After initiation of doping of Se atom in the former as well 
as Mg atom in the latter and afterward, it is observed from 
Figs. 6b–d, 7b–d that in different regions of valence and con-
duction band of successive quaternary specimens, the con-
tribution of different orbitals of chalcogen now comes from 
combined contribution of selenium and tellurium atoms in 
the former set, while the contribution of different orbitals of 

atom(s), other than chalcogens, now comes from combined 
contribution of Mg and Zn atoms in the latter set. Moreover, 
in different valence and conduction band regions of the said 
specimens, contribution from different orbitals of Se atom(s) 
gradually increases and those of Te gradually decrease with 
increase in Se-concentration in the former set, while con-
tribution from different orbitals of Mg atom(s) gradually 
increases and those of Zn gradually decrease with increase in 
Mg-concentration in the later set. Finally, we have observed 
the complete domination of different orbitals of Se atoms in 
the TDOS and PDOS of ternary specimen  Mg0.25Zn0.75Se in 
Fig. 6e, while those of Mg atoms in the TDOS and PDOS 
of ternary specimen  MgSe0.25Te0.75 in Fig. 7e. It should be 

Table 5  Calculated optical bowing parameters ( �g ) from concentra-
tion dependence curves of Eg

a Ref. [30] = experimental data, bRef. [29] = experimental data, cRef. 
[32] = experimental data, dRef. [79] = calculated data with EV-GGA 

Alloy system Fixed 
concentra-
tion

Variable 
concentra-
tion

�g (eV)

mBJ EV-GGA 

ZnSeyTe1−y x y 0.717 0.784
Mg0.25Zn0.75SeyTe1−y x y 0.801 0.821
Mg0.50Zn0.50SeyTe1−y x y 0.846 0.877
Mg0.75Zn0.25SeyTe1−y x y 0.903 0.964
MgSeyTe1−y x y 0.949 1.019
MgxZn1−xTe y x 0.764

0.67a
1.524
1.46d

MgxZn1−xSe0.25Te0.75 y x 0.714 1.337
MgxZn1−xSe0.50Te0.50 y x 0.638 1.208
MgxZn1−xSe0.75Te0.25 y x 0.524 1.084
MgxZn1−xSe y x 0.415

0.40b

0.47c

0.816
0.98d
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Fig. 5  Contour map of the calculated minimum band gap Eg versus 
the compositions x and y for  MgxZn1−xSeyTe1-y quaternary alloys with 
a mBJ, b EV-GGA functional
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noted that in different valence and conduction band regions 
of the said specimens, contributions of atomic orbitals of Mg 
and Zn in the former set and contributions of atomic orbitals 
of Se and Te in the later set remain unchanged due to their 
presence with fixed concentrations in the respective set.

In case of both the categories, the most interesting parts 
of DOS for each of the specimens are the regions of valence 
and conduction band closest to Fermi level, because most 
of the significant dipole-allowed optical transitions take 
place between different orbitals in these regions. We have 
observed in PDOS all the concerned specimens within 
 Mg0.25Zn0.75SeyTe1−y system in Fig. 6a–e or PDOS all the 
concerned specimens within  MgxZn1−xSe0.25Te0.75 system 
in Fig. 7a–e that the contributions to valence band closest to 
Fermi level mostly comes from chalcogen-p states, i.e. either 
from Te-5p or from Se-4p or from both of them, while those 
from Zn-3p, 3d and Mg-2p are very low. On the other hand, 
the conduction band of these compounds near Fermi level are 
dominated almost equally by either Zn-5s or Mg-4s or both of 
them as well as by either Te-5p or collectively by Se-4p, 5s, 
4d or by both the sets, while contribution from Mg-3p, 3d as 
well as Te- 6s, 5d are very low.

3.3  Optical properties

When electromagnetic wave is incident on a crystal, electronic 
excitations take place within it and hence different optical fea-
tures of that crystal can be observed and for any solid, such 
features are strongly dependent on the electronic properties 
of the said solid. Study of optical properties of a crystal gives 
us clear idea about the nature of its reaction to the frequency 
of the incident electromagnetic radiation and a material is 
selected for manufacturing optoelectronic devices on the basis 
of its optical features. Optical features of a material are studied 
mainly by its frequency dependent complex dielectric function 
�(�) , expressed as [101];

Here, �1(�) and �2(�) are the real and imaginary part 
of �(�) , respectively. The refractive index n(�) , extinction 
coefficient k(�) , normal incidence reflectivity R(�) , optical 
conductivity �(�) , optical absorption coefficient �(�) and 
energy loss function L(�) of any semiconductor specimen 
can be derived from its �1(�) and �2(�) and their expressions 
and some of their ancillary parameters, employed in the 

(3)�(�) = �1(�) + i�2(�)
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specimens within  Mg0.25Zn0.75SeyTe1−y quaternary alloys for a 
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present study, are presented as Eqs. SQ1–SQ14 in Section-I 
of the Supplementary Materials.

3.3.1  Frequency response curves of different optical 
parameters

In the present work, we have calculated the frequency 
responses of the �1(�) , �2(�) , n(�) , k(�) , R(�) , �(�) , �(�) 
and L(�) of the binary, ternary and quaternary specimens 
within  MgxZn1−xSeyTe1−ysystem up to incident energy 
30.0 eV employing mBJ and EV-GGA functional using Eqs. 
SQ1–SQ14. The frequency responses of �1(�) and �2(�) 
with mBJ functional are presented in Figs. 8 and 9, respec-
tively, in the main text, while those of n(�) , k(�) , R(�) , 
�(�) , �(�) and L(�) with same XC functional are presented 
in Figs. S7–S12 in the Supplementary materials. In each of 
these Figures, we have presented the frequency response 
curves of specimens in the five left panels, where each of 
the five curves in any panel are formed with a fixed cationic 
(Mg) concentration (x), but with five different anionic (Se) 
concentrations (y). On the other hand, the curves formed 
with a fixed anionic (Se) concentration (y), but with all the 
five different cationic (Mg) concentrations (x) are presented 
in each of the five right panels.

In each of the �1(�) spectra in Fig. 8, we have observed 
that �1(�) is substantially high with prominent peak(s) up 
to about 6.0 eV. Again, in the mid-energy region about 
6.5–15.0 eV, the calculated �1(�) in all the spectra become 
negative and in the subsequent energy region beyond 
15.0 eV, �1(�) in all the spectra again achieve very low 
positive value. The negative value of �1(�) is a signature of 
metallic behavior of any of these specimens as a result of 
reflection of incident electromagnetic radiation by it in this 
spectral range. From each of the n(�) spectra in Fig. S7, 
it is observed that n(�) is significantly high up and show 
prominent peaks up to about 6.5 eV of incident energy, 
while we have observed n(�) < 1 in the subsequent higher 
energy region for each specimen. On the other hand, we 
have observed in the R(�) spectra of all the specimens in 
Fig. S8 that R(�) is significantly high in the broad energy 
region 3.5–15.5 eV and then gradually drops down to very 
low value in the subsequent energy region.

In the �2(�) spectra of all the specimens within 
 MgxZn1−xSeyTe1-yquaternary system in Fig. 9, it is observed 
that �2(�) is significantly high in the incident energy region 
4.0–10.0 eV, while it becomes insignificant in the subsequent 
energy region in case of each specimen. The HOMO–LUMO 
electronic transitions between different atomic orbital of 
valence and conduction band are responsible for occurrence 
of peak(s) in the �2(�) spectra of each specimen in the afore-
said energy region.

The most intense peaks in the �2(�) spectra of ZnSe and 
ZnTe at 6.14 eV and 4.99 eV, respectively, are due to strong 

electronic transitions Se-4p → Zn-5s and Te–5p → Zn–5s, 
respectively, while comparatively much weakly intense 
peaks at the 7.58 eV and 6.24 eV in the �2(�) spectra of 
ZnSe and ZnTe, respectively, are due to comparatively 
much weak electronic transitions Se–4p → Zn–4p and 
Te–5p → Zn–4p, respectively, from occupied valence to 
unoccupied conduction band. On the other hand, the most 
intense peaks in the �2(�) spectra of MgSe and MgTe at 
6.38 eV and 5.32 eV, respectively, are due to strong elec-
tronic transitions Se–4p → Mg–4s and Te–5p → Mg–4s, 
respectively, while slightly weaker peaks at 7.61 eV and 
6.54 eV in the �2(�) spectra of MgSe and MgTe are due to 
comparatively weak electronic transitions Se–4p → Mg–4p 
and Te–5p → Mg–4p, respectively, from occupied valence 
to unoccupied conduction band. It should be noted that the 
intensity difference between two peaks in the �2(�) spectra 
of each of the ZnSe and ZnTe are much higher compared to 
that between the two peaks occurred in the �2(�) spectra of 
each of the MgSe and MgTe.

In case of �2(�) spectra of anionic ternary specimen 
 ZnSe0.25Te0.75, the first intense peak at 5.24 eV is due to 
combined effort of a very strong Te-5p → Zn-5s and much 
weaker Se-4p → Zn-5 s electronic transitions, while that aris-
ing out in the �2(�) spectra of  MgSe0.25Te0.75 at 5.54 eV 
is due to combined effort of a very strong Te-5p → Mg-4s 
and much weaker Se-4p → Mg-4s electronic transitions from 
valence band to conduction band. On the other hand, the next 
intense peak at 6.49 eV in the �2(�) spectra of  ZnSe0.25Te0.75 
is due to combined effort of strong Te-5p → Zn-4p and much 
weaker Se-4p → Zn-4p transitions, while that at 6.87 eV in 
the �2(�) spectra of  MgSe0.25Te0.75 is due to combined effort 
of strong Te-5p → Mg-4p and much weaker Se-4p → Mg-4p 
electronic transitions from valence band to conduction band. 
It is also observed that intensity difference between two 
peaks in the �2(�) spectra of  ZnSe0.25Te0.75 is higher com-
pared to that between the two peaks occurred in the �2(�) 
spectra of each of  MgSe0.25Te0.75. It is also to be noted that 
intensity of transitions originating from Se-4p and gradually 
dominating over the transitions originating from Se-4p and 
peak positions clearly exhibits marginal blue shift in both 
the  ZnSeyTe1-y and  MgSeyTe1-y systems with increase in Se-
concentration (y).

In case of �2(�) spectra of cationic ternary specimen 
 Mg0.25Zn0.75Se and  Mg0.25Zn0.75Te, the first intense peak 
arising at 6.00 eV and 4.77 eV, respectively, are due to 
combined effort of electronic transitions Se-4p → Zn-5s, 
Se-4p → Mg-4s and Te-5p → Zn-5s, Te-5p → Mg-4s, respec-
tively, from valence to conduction band. On the other hand, 
the next intense peaks, arising at 7.74 eV and 5.54 eV, 
respectively, are due to electronic transitions Se-4p → Zn-4p, 
Se-4p → Mg-4p and Te-5p → Zn-4p, Te-5p → Mg-4p, 
respectively, from valence to conduction band. Also, we 
have observed substantial intensity difference between two 
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peaks in the �2(�) spectra of each of the said cationic ternary 
alloys. It is to be noted that intensity of transitions terminates 
to Mg-4s, 4p gradually dominating over the transitions to 
Zn-5s, 4p with increase in Mg-concentration (x) in both the 
 MgxZn1−xSe and  MgxZn1−xTe systems.

In case of �2(�) spectra of nine quaternary speci-
mens  Mg0.25Zn0.75SeyTe1−y,  Mg0.50Zn0.50SeyTe1−y and 
 Mg0.75Zn0.25SeyTe1−y at y = 0.25, 0.50 & 0.75, the first 
intense peak in each spectra is due to combined effort 
of Te-5p → Zn-5s, Te-5p → Mg-4s, Se-4p → Zn-5s and 
Se-4p → Mg-4s electronic transitions from valence band 
to conduction band. On the other hand, the compara-
tively low intense peak in each spectrum in the higher 
energy side of the first peak is due to Te-5p → Zn-4p, 

Te-5p → Mg-4p, Se-4p → Zn-4p and Se-4p → Mg-4p 
electronic transitions from valence band to conduction 
band. Keeping Mg-concentration (x) fixed, if we gradu-
ally increase the Se-concentration (y) to 0.50 and then to 
0.75, the transitions originating from Se-4p become gradu-
ally stronger compared to the transitions originating from 
Te-5p in both the peaks of the �2(�) spectra of each of the 
corresponding quaternary specimens. On the other hand, 
if we gradually increase the Mg-concentration (x) to 0.50 
and then to 0.75 keeping Se-concentration (y) fixed, the 
transitions terminating to Mg-4s, 4p become gradually 
stronger compared to the transitions terminating to Zn-5s, 
4p in both the peaks of the �2(�) spectra of each of the 
corresponding quaternary specimens.

Fig. 8  Frequency response 
curves of �1(� ) for the speci-
mens within  MgxZn1−xSeyTe1−y 
quaternary system for different 
Se-concentrations at each of 
the Mg-concentrations (5 left 
panels) and for different Mg-
concentrations at each of the Se-
concentrations (5 right panels)
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In the frequency response spectra of k(�) in Fig. S9, 
we have observed k(�) > 1 throughout the incident energy 
region 5.0–15.0 eV. Also we have observed peaks having 
maximum amplitude k(�) > 2 in the k(�) spectra of each of 
the specimens. Therefore, incident photons with energy in 
this specific range suffer more difficulty during their penetra-
tion through each of these specimens compared the photons 
having energy beyond this energy region in the k(�) spectra 
[100].

The �(�) spectra of each specimen in Fig. S10 show 
a couple of peaks in the narrow incident energy region 
4.0–10.0 eV with peak values �(�) greater than at least 7000 
Ω−1 cm−1, while �(�) becomes very low beyond this energy 
region. The �(�) spectra of each specimen in Figures S11 

show substantial optical absorption [ �(�) > 100] in the wide 
5.0–15.0 eV incident energy region and maxima, having 
�(�) more than 175, occurs in this narrow energy segment.

Electron energy loss function L(�) is used to investigate 
inelastically scattered electrons by atoms in a lattice site and 
to calculate the amount of energy loss during such scattering 
process. It is obvious from Eq. SQ14 that L(�) of any speci-
men is strongly dependent on its �2(�) [102] and their fre-
quency responses are qualitatively opposite in nature. In the 
L(�) spectra of each specimen in Fig. S12, we have observed 
that L(�) is insignificant because of the significantly high 
value of �2(�) in the energy region up to 11.0 eV. It indicates 
that inelastic scattering of only few electrons occurs and 
hence minimum energy loss occurs due to it in this energy 

Fig. 9  Frequency response 
curves of �2(� ) for the speci-
mens within  MgxZn1-xSeyTe1-y 
quaternary system for different 
Se-concentrations at each of 
the Mg-concentrations (5 left 
panels) and for different Mg-
concentrations at each of the Se-
concentrations (5 right panels)
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region. On the other hand,L(�) gradually increases beyond 
11.0 eV of incident energy because of the insignificant value 
of �2(�) in this energy region. As a result, number of inelas-
tically scattered electrons and hence energy loss due to it 
gradually increases. It is also observed that L(�) for each 
specimen is significantly high with peak(s) in the incident 
energy region 12.0–20.0 eV, because �2(�) is significantly 
low in this region. It should be noted that we can measure 
the plasma resonance frequency for any specimen from the 
energetic position of the most intense peak present in the 
L(�) spectra of that specimen.

3.3.2  Zero‑frequency limits and critical points in different 
optical spectra

In the present study, we have calculated zero-frequency 
limits �1(0),n(0) and R(0) of the �1(�) , n(�) and R(�) spec-
tra, respectively, for the binary, ternary and quaternary 
specimens within the  MgxZn1−xSeyTe1−yquaternary system. 
They are the value of the optical parameter �1(�),n(�) and 
R(�) in their respective spectra at zero-incident energy/
frequency and known as static dielectric constant, static 
refractive index and static reflectivity, respectively. Our 
calculated static dielectric constants �1(0) , static refractive 
index n(0) and static reflectivity R(0) of all the specimens 
under  MgxZn1−xSeyTe1−yquaternary system with both the 
EV-GGA and mBJ functional are presented in Table 6 along 
with available experimental or earlier theoretical data of few 
specimens for comparison.

Few available experimental �1(0) data for ZnSe and ZnTe 
[25, 26] are incorporated in Table 6 for comparison, while 
no experimental �1(0) data for zinc-blende MgSe and MgTe 
are available. We have also compared our computed �1(0) for 
the binary compounds with some earlier theoretical data for 
ZnSe [61, 82] and ZnTe [61, 81, 82] as well as MgSe [65, 77, 
83] and MgTe [65, 80, 81, 83]. Our mBJ-based computed 
�1(0) data for ZnSe and ZnTe are in excellent agreement 
with the corresponding experimental data. Also, they are 
closer to corresponding respective experimental data com-
pared to most of the respective earlier theoretical findings 
due to excellent matching of our mBJ-based computed band 
gaps with respective experimental findings. On the other 
hand, our EV-GGA based �1(0) for ZnSe and ZnTe are fairly 
overestimated with respect to the corresponding experimen-
tal data due to fair underestimation of our EV-GGA based 
computed band gaps with respect to corresponding experi-
mental data.

In case of MgSe and MgTe, our computed data �1(0) with 
the mBJ functional is underestimated with respect to some 
of the corresponding earlier theoretical data [80, 83] due to 
our mBJ based improved band gaps, while fair agreement is 
observed between our EV-GGA based calculated �1(0) and 

the corresponding earlier theoretical data for MgTe [80, 83]. 
In case of any of the ternary or quaternary specimens, no 
experimental or earlier theoretical �1(0) data is available in 
literature to compare. It is also observed from Table 6 that 
our computed �1(0) for each specimen with both the func-
tionals shows the trend �1(0)EV−GGA > �1(0)mBJ because of 
the fact that our calculated band gap follows the trend 
EmBJ
g

 > EEV−GGA
g

 . All the aforesaid dependence of �1(0) on 
band-gap (Eg) can be explained by the approximate relation 
between the Eg and �1(0) , as proposed by Penn [103]:

Equation 4 indicates that �1(0) is approximately inversely 
proportional to the square of Eg and hence �1(0) of any mate-
rial increases with decrease in its band gap and vice versa.

For any specimen, the approximate relationship between 
n(0) and �1(0) is [101]

On the other hand, since the extinction coefficient k(�) = 0 
at zero incident frequency, the relationship between n(0) and 
R(0) , using Eq. SQ10, becomes

This ultimately gives us the relation between R(0) and 
�1(0) as follows;

Any experimental n(0) and R(0) data for binary, ternary 
and quaternary specimens is unavailable for comparison. 
On the other hand, some earlier theoretical n(0) and R(0) 
data for ZnSe and ZnTe [80–82] as well as MgSe and 
MgTe [77, 80, 83] are available in literature. In case ani-
onic ternary alloys  ZnSeyTe1-y and  MgSeyTe1-y as well as 
any of the quaternary specimens, no earlier theoretical n(0) 
and R(0) data are available, while some earlier theoretical 
data n(0) and R(0) is available in literature for cationic 
ternary alloys  MgxZn1-xSe [65, 80] and  MgxZn1-xTe [80, 
81]. It is to be noted that n(0) and R(0) has been calculated 
with mBJ functional in one of the earlier theoretical stud-
ies [80]. Our mBJ based computed n(0) and R(0) for each 
of these binary and cationic ternary specimens agrees well 
but marginally underestimated with respect to the corre-
sponding earlier mBJ based data [80] as well as others [65, 
77, 81–83]. This is due to our comparatively higher mBJ 
based band gap of each of these specimens relative to the 

(4)�1(0) ≈ 1 +

(
ℏ�p

Eg

)2

(5)n(0) ≈
√
�1(0)

(6)R(0) =

[
1 − n(0)

1 + n(0)

]2

(7)R(0) =

�
1 −

√
�1(0)

1 +
√
�1(0)

�2
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Table 6  Calculated �1(0) , n(0) and R(0) of binary, ternary and quaternary specimens within  MgxZn1−xSeyTe1−y alloys using mBJ and EV-GGA 
functional

Experimental data: aRef. [26], bRef. [25]
Earlier theoretical data: a1Ref. [61], b1Ref. [82], c1Ref. [81], d1Ref. [80], e1Ref. [65], f1Ref. [77], g1Ref. [83]

x y Specimen Zero-frequency limit

�1(0) n(0) R(0)

mBJ EV-GGA mBJ EV-GGA mBJ EV-GGA 

0.0 0.0 ZnTe 7.135 7.418 2.576 2.824 0.194 0.214
7.28a

7.99a1

7.13b1

6.67c1

2.67b1 2.58c1

2.65d1
0.197b1

0.2054d1

0.25 ZnSe0.25Te0.75 6.928 7.219 2.535 2.786 0.189 0.209
0.50 ZnSe0.50Te0.50 6.562 6.839 2.462 2.715 0.178 0.199
0.75 ZnSe0.75Te0.25 6.222 6.481 2.392 2.646 0.168 0.190
1.0 ZnSe 5.742 6.202 2.271 2.593 0.157 0.182

5.9b

6.74a1

5.5b1
2.34b1

2.32d1
0.158b1

0.159d1

0.25 0.0 Mg0.25Zn0.75Te 6.705 6.937 2.294 2.714 0.158 0.199
2.48c1

2.35d1
0.163d1

0.25 Mg0.25Zn0.75Se0.25Te0.75 6.429 6.641 2.255 2.658 0.149 0.192
0.50 Mg0.25Zn0.75Se0.50Te0.50 6.116 6.342 2.219 2.598 0.142 0.183
0.75 Mg0.25Zn0.75Se0.75Te0.25 5.801 6.099 2.152 2.528 0.136 0.174
1.0 Mg0.25Zn0.75Se 5.476 5.651 2.117 2.456 0.131 0.163

2.14d1 0.133e1

0.50 0.0 Mg0.50Zn0.50Te 6.211 6.574 2.217 2.584 0.146 0.181
2.22c1

2.30d1
0.156d1

0.25 Mg0.50Zn0.50Se0.25Te0.75 5.952 6.227 2.164 2.534 0.138 0.174
0.50 Mg0.50Zn0.50Se0. 50Te0.50 5.667 5.949 2.133 2.476 0.132 0.166
0.75 Mg0.50Zn0.50Se0.75Te0.25 5.398 5.668 2.103 2.417 0.126 0.157
1.0 Mg0.50Zn0.50Se 5.113 5.359 2.078 2.369 0.121 0.147

2.13d1 0.1311e1

0.75 0.0 Mg0.75Zn0.25Te 5.717 5.921 2.171 2.449 0.135 0.162
2.21c1

2.19d1
0.1398d1

0.25 Mg0.75Zn0.25Se0.25Te0.75 5.475 5.771 2.131 2.398 0.128 0.156
0.50 Mg0.75Zn0.25Se0.50Te0.50 5.255 5.584 2.071 2.355 0.118 0.149
0.75 Mg0.75Zn0.25Se0.75Te0.25 4.998 5.337 2.001 2.299 0.111 0.141
1.0 Mg0.75Zn0.25Se 4.756 5.082 1.952 2.244 0.105 0.132

1.97d1 0.107e1

1.0 0.0 MgTe 5.156 5.436 2.095 2.299 0.129 0.140
4.46c1

5.495d1

6.091e1

5.48g1

2.11c1

2.17d1,f1
0.1363d1,f1

0.25 MgSe0.25Te0.75 5.021 5.292 2.046 2.266 0.121 0.136
0.50 MgSe0.50Te0.50 4.822 5.106 1.991 2.222 0.113 0.129
0.75 MgSe0.75Te0.25 4.624 4.914 1.954 2.177 0.106 0.122
1.0 MgSe 4.416 4.725 1.911 2.135 0.097 0.119

5.167e1

4.418f1

4.43g1

1.95d1

2.10g1
0.1049d1
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respective earlier theoretical band gap data [80] with same 
XC functional. It is also observed from Table 6 that our 
computed n(0) and R(0) for each specimen with the cou-
ple of XC functional show the trend n(0)EV−GGA > n(0)mBJ 
as well as R(0)EV−GGA > R(0)mBJ , respectively, because 
of the fact that our calculated band gap follow the trend 
EmBJ
g

 > EEV−GGA
g

 . All the aforesaid dependence of n(0) on 
band-gap ( Eg ) can be explained by the following relation 
between the Eg and n(0) , obtained by combining Eqs. 4 
and 5, as;

The dependence of R(0) on band-gap ( Eg ) can also be 
explained by the following relation between the Eg and 
R(0) , obtained by combining Eqs. 7 and 8, as;

Equation 8 states that n(0) and is approximately inversely 
proportional to Eg and hence an increase in band gap results 
in a decrease in static dielectric constant of a material and 
vice versa. Also, an increase in R(0) with decrease in band 
gap and vice versa is the outcome of Eq. 9.

The critical points in the �2(�) , k(�),�(�) and �(�) spec-
tra is the threshold incident energy Ec(eV) at which each of 
these optical parameters starts responding to the incident 
radiation. It is to be noted that a semiconductor specimen 
with higher fundamental band gap requires higher critical 
point energy in its �2(�) and k(�) spectra and vice versa 
according to the Kramers–Kronig transformations between 
�1(�) and �2(�) [Eqs. SQ3 and SQ4] as well as those 
between n(�) and k(�)[Eqs. SQ6 and SQ7], respectively. 
Since �(�) is proportional to �2(�) and �(�) is proportional 
to k(�) according to the Eqs. SQ11 and SQ13, respectively, 
the similar band gap dependence of critical points are 
observed in the �(�) and �(�) spectra. The critical points in 
the aforesaid spectra of all the binary, ternary and quaternary 
specimens under  MgxZn1−xSeyTe1-yquaternary system with 
both the EV-GGA and mBJ functional are presented in 
Table 7, but no experimental critical point data for any of 
these specimens are available for comparison. On the other 
hand, in the earlier calculated critical points in the �2(�) and 
�(�) spectra, only the binary specimens MgSe and MgTe are 
available in a literature [77]. It is also observed from Table 7 
that our mBJ based computed critical points in each of the 
�2(�) spectra of MgSe and MgTe are higher than the 

(8)n(0) ≈

√√√√
1 +

(
ℏ�p

Eg

)2

(9)R(0) =

⎡⎢⎢⎢⎢⎣

1 −

�
1 +

�
ℏ�p

Eg

�2

1 +

�
1 +

�
ℏ�p

Eg

�2

⎤⎥⎥⎥⎥⎦

2

respective critical points, reported in an earlier theoretical 
study [77], because our calculated band gaps for MgSe and 
MgTe with mBJ functional are much higher than the respec-
tive band gaps, reported in that earlier theoretical study with 
EV-GGA functional. It is clear from Table 7 that our calcu-
lated critical point in each of the �2(�) , k(�) , �(�) and �(�) 
spectra of any specimen maintains the trend EmBJ

c
 > EEV−GGA

c
 

since our calculated band gaps with both the XC functional 
follow the trend EmBJ

g
 > EEV−GGA

g
.

3.3.3  Concentration dependence of Zero‑frequency limits 
and critical points

The zero-frequency limits �1(0) , n(0) and R(0) as well as 
critical points in the �2(�) , k(�) , �(�) and �(�) spectra of 
the specimens within  MgxZn1−xSeyTe1−y quaternary system 
are strongly dependent on the cationic (Mg) and anionic (Se) 
concentrations x and y, respectively. We again investigated 
the concentration dependence of these optical constants in 
two ways.

Keeping the cationic (Mg) concentration (x) fixed at each 
of the five specified values, each of the calculated zero-fre-
quency limits �1(0) , n(0) and R(0) under both the employed 
XC functional decreases, while the critical points in each 
of the �2(�) , k(�) , �(�) and �(�) spectra increases with 
increase in anionic (Se) concentration y, as observed from 
Tables 6 and 7, respectively. Also, at each of the five fixed 
anionic (Se) concentrations y, each of the calculated �1(0) , 
n(0) and R(0) under both the employed XC functional again 
decreases, while the critical points in each of the �2(�) , 
k(�) , �(�) and �(�) spectra increase again with increase in 
cationic (Mg) concentration x, as presented in Tables 6 and 
7, respectively. It is to be noted that in both types of vari-
ations, our calculated band gaps with each of the mBJ and 
EV-GGA functional increase. Therefore, both the trends of 
variation of each of the �1(0) , n(0) and R(0) as well as critical 
points in each of the said spectra with cationic (x) and ani-
onic (y) concentrations are strongly related to the concentra-
tion (x/y) dependence of band gaps and an increase in band 
gap results in a decrease in each of these zero-frequency 
limits and increase in critical points, respectively, and vice 
versa. Therefore, such band gap dependence of each of the 
�1(0) , n(0) and R(0) is again well supported by Eqs. 4, 8 and 
9, respectively, while that of each of the critical points in 
the �2(�) ,  k(�) , �(�) and �(�) spectra by Kramers–Kro-
nig transformations between �1(�) and �2(�) [Eqs. SQ3 and 
SQ4], between n(�) and k(�) [Eqs. SQ6 and SQ7] as well 
as Eqs. SQ11 and SQ13, respectively.
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3.4  Selection of substrates for the growth 
of quaternary alloys

In this section, we have investigated the possibility of lat-
tice matching between  MgxZn1−xSeyTe1−y and ZnTe and 
InAs in order to test their acceptability as appropriate sub-
strate for the growth of these quaternary alloys and adopt 
some knowledge about interfaces of our investigated alloys 
and immediacy effects on them. This is due to the fact that 
their lattice constants and lattice constants of some of these 
quaternary alloys are very close. With zinc-blende crystal 
structure, ZnTe and InAs are also direct band gap semicon-
ductors. Therefore, they can be chosen as suitable substrates 
for the growth of some of the  MgxZn1−xSeyTe1−y alloys. The 
lattice parameter of ZnTe and InAs are found experimentally 
as 6.08 Å and 6.058 Å, respectively.

The lattice constant a(x, y) for the quaternary alloy is 
determined using the modified Vegard’s rule as [104]:

Here, aMgSe , aMgTe , aZnSe and aZnTe are the lattice constants 
of MgSe, MgTe, ZnSe and ZnTe, respectively.

Now, substituting the a(x, y) with the lattice constant 
of ZnTe in Eq. 10, the condition for lattice matching of 
 MgxZn1−xSeyTe1−y is

Similarly, the condition for lattice matching of 
 MgxZn1-xSeyTe1-y with InAs, obtained by substituting the 
a(x, y) with the lattice constant of InAs in Eq. 10, is

(10)
a(x, y) = xyaMgSe + (1 − x)yaZnSe + x(1 − y)aMgTe

+ (1 − x)(1 − y)aZnTe

(11)y =
0.3345x + 0.1025

0.0735x + 0.4485
( 0 ≤ x ≤ 1)

Table 7  Calculated critical points in the �2(�) , k(�) , �(�) and �(�) spectra of binary, ternary and quaternary specimens within 
 MgxZn1−xSeyTe1−y alloys using mBJ and EV-GGA functional

Earlier theoretical data: aRef. [77]

x y Specimen Critical point (eV) in the spectra of

�2(�) k(�) �(�) �(�)

mBJ EV-GGA mBJ EV-GGA mBJ EV-GGA mBJ EV-GGA 

0.0 0.0 ZnTe 2.455 1.884 3.252 1.803 3.163 2.456 3.136 2.564
0.25 ZnSe0.25Te0.75 2.537 1.911 3.278 1.884 3.212 2.483 3.163 2.592
0.50 ZnSe0.50Te0.50 2.809 2.102 3.387 1.993 3.325 2.565 3.299 2.646
0.75 ZnSe0.75Te0.25 3.027 2.292 3.415 2.183 3.432 2.637 3.408 2.755
1.0 ZnSe 3.326 2.486 3.445 2.537 3.626 2.782 3.598 2.837

0.25 0.0 Mg0.25Zn0.75Te 2.619 2.048 3.306 1.993 3.192 2.564 3.218 2.673
0.25 Mg0.25Zn0.75Se0.25Te0.75 2.782 2.184 3.388 2.075 3.272 2.646 3.272 2.755
0.50 Mg0.25Zn0.75Se0.50Te0.50 3.001 2.237 3.555 2.211 3.408 2.728 3.408 2.809
0.75 Mg0.25Zn0.75Se0.75Te0.25 3.272 2.591 3.768 2.591 3.571 2.891 3.573 2.945
1.0 Mg0.25Zn0.75Se 3.571 2.837 3.903 2.863 3.789 3.054 3.778 3.109

0.50 0.0 Mg0.50Zn0.50Te 2.809 2.299 3.333 2.183 3.274 2.728 3.326 2.809
0.25 Mg0.50Zn0.50Se0.25Te0.75 3.001 2.455 3.415 2.483 3.385 2.918 3.435 2.945
0.50 Mg0.50Zn0.50Se0.50Te0.50 3.244 2.646 3.578 2.619 3.544 3.054 3.598 3.082
0.75 Mg0.50Zn0.50Se0.75Te0.25 3.489 2.863 3.838 2.836 3.734 3.190 3.761 3.190
1.0 Mg0.50Zn0.50Se 3.816 3.183 3.987 3.244 3.972 3.299 3.979 3.300

0.75 0.0 Mg0.75Zn0.25Te 3.109 2.637 3.361 2.483 3.461 2.946 3.489 3.000
0.25 Mg0.75Zn0.25Se0.25Te0.75 3.299 2.954 3.442 2.639 3.598 3.190 3.626 3.190
0.50 Mg0.75Zn0.25Se0.50Te0.50 3.517 3.000 3.605 2.809 3.762 3.263 3.789 3.217
0.75 Mg0.75Zn0.25Se0.75Te0.25 3.843 3.245 3.874 3.054 4.007 3.354 4.007 3.408
1.0 Mg0.75Zn0.25Se 4.143 3.544 4.046 3.251 4.251 3.597 4.224 3.571

1.0 0.00 MgTe 3.789 3.462 3.986 3.217 4.143 3.517 3.982 3.598
3.49a 3.57a

0.25 MgSe0.25Te0.75 3.925 3.598 4.122 3.326 4.224 3.625 4.061 3.680
0.50 MgSe0.50Te0.50 4.172 3.816 4.235 3.544 4.387 3.762 4.224 3.789
0.75 MgSe0.75Te0.25 4.415 4.034 4.313 3.789 4.578 3.925 4.415 3.925
1.0 MgSe 4.744 4.170 4.421 4.115 4.853 4.061 4.659 4.034

4.58a 4.74a
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In this study, we have seen that six quaternaries achieve 
less than 5% as lattice mismatching to ZnTe substrate. These 
quaternaries correspond to specific concentrations x = 0.25, 
y = 0.25; x = 0.50, y = 0.25; x = 0.50, y = 0.50; x = 0.75, 
y = 0.25; x = 0.75, y = 0.50; x = 0.75, y = 0.75 and the lattice 
mismatching values are 1.59%, 2.90%, 1.003%, 0.411%, 
2.20% and 0.03%, respectively. On the other hand, there are 
seven quaternary alloys, which achieve less than 5% as a 
lattice mismatching to InAs substrate. They correspond to 
specific concentrations x = 0.25, y = 0.25; x = 0.25, y = 0.50; 
x = 0.50, y = 0.25; x = 0.50, y = 0.50; x = 0.75, y = 0.25; 
x = 0.75, y = 0.50; x = 0.75, y = 0.75 and the lattice mismatch-
ing values are 1.90%, 0.09%, 3.20%, 1.37%, 4.50%, 2.57% 
and 0.39%, respectively.

Each of the Eqs. 11 and 12 provides a line of x and y 
concentrations in which the corresponding alloys are lattice 
matched to ZnTe and InAs, respectively. We have consid-
ered three different concentrations along the straight line 
(0.25, 0.398); (0.50, 0.556); (0.75, 0.702) for ZnTe substrate 
and (0.25, 0.447); (0.50, 0.601); (0.75, 0.746) for InAs sub-
strate. In Figs. 10 and 11, the EVGGA and TB-mBJ based 
calculated energy band gaps as a function of magnesium 
(x) concentration along the ZnTe and InAs matching line, 
respectively, in the composition plane are presented. The 
results show that one can tune the cationic (x) and anionic 
(y) concentrations in quaternary alloys to achieve a wide 
range of band gaps and hence the optical properties for 
alloys grown on each of the ZnTe and InAs substrate. It is 
clear from Fig. 10 that the band gap ranges from 2.30 to 
3.25 eV with EV-GGA functional and from 2.94 to 3.98 
with mBJ functional in case of ZnTe substrate. On the other 
hand, it is found from Fig. 11 that in case of InAs substrate, 
the band gap ranges from 2.35 to 3.35 eV with EV-GGA 
functional and from 3.00 to 4.08 eV with mBJ functional.

4  Comments on accuracy of the calculated 
results

The compounds under the quaternary system 
 MgxZn1−xSeyTe1−y are generated by combining four binary 
compounds ZnSe, ZnTe, MgSe and MgTe in different cati-
onic (x) and anionic (y) concentrations. In our calculations, 
we have observed that the calculated lattice constants, bulk 
modulus, electronic band gaps and several optical constants 
of these source/parent binary compounds agree excellently 
well with the corresponding experimental data. In case of 
ternary or quaternary specimens, though no such experimen-
tal data are available, the calculated aforesaid parameters 
with different employed exchange–correlation functional 

(12)
y =

0.3345x + 0.1245

0.0735x + 0.4485
(0 ≤ x ≤ 1)

are according to our expectations and can be explained 
from the point of view of physics. Again, we have observed 
that variations of aforesaid parameters with x and y are in 
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accordance with the established physical laws and they have 
been explained in different sections of the manuscript. For 
example, well known Penn model states that semiconductor 
with lower band gap possesses higher �1(0) and vice versa. 
Variation of our calculated �1(0) with band gap satisfies the 
Penn model in an excellent manner. In case of other calcu-
lated parameters, nature of their concentration dependences 
also shows very good correlation with respective estab-
lished physical law(s). Since the calculated results on dif-
ferent parameters for source/parent binaries show excellent 
matching with corresponding experiments and their natures 
of variations with cationic and anionic concentrations are 
in accordance with different well-established physical laws, 
our calculations have presented reliable results on differ-
ent aspects of the concerned specimens with high degree of 
accuracy according to our opinion.

5  Conclusion

DFT-based FP-LAPW approach in combination with PBE-
GGA, EV-GGA and mBJ functional has been employed 
to calculate the structural and optoelectronic properties of 
the specimens within  MgxZn1−xSeyTe1−y quaternary sys-
tem as a function of the compositions x and y. Consider-
ing the whole range of anionic concentrations (y) at each 
of the fixed cationic concentrations (x) and vice versa, the 
 MgxZn1−xSeyTe1−y quaternary system has been divided into 
five binary-ternary and ternary-quaternary sub-systems in 
each category and elaborate studies have been made on the 
concentration dependences of the said properties. Concentra-
tion x and y dependence of the lattice constant, bulk modulus 
and band gap exhibits nonlinear behavior. At each of the cat-
ionic (Mg) concentrations, x, the lattice constant decreases, 
while the bulk modulus increases with increase in anionic 
(Se) concentration y. On the other hand, we have observed 
increase in lattice constant and decrease in bulk modulus 
with increase in cationic concentration x at each of the 
fixed anionic concentrations y. The direct band gap (Γ–Γ) is 
observed in each of the specimens within  MgxZn1−xSeyTe1−y 
quaternary system. At each of the cationic concentrations x, 
band gap increases with increase in anionic concentrations 
y and similar trend is observed in case of variation of band 
gap with cationic concentrations x at each of the anionic 
concentrations y. Frequency responses of different optical 
parameters have been computed. It is observed that the zero-
frequency limit in each of the �1(�) , n(�) and R(�) spectra 
shows opposite trend, while the critical points in each of the 
�2(�) , k(�) , �(�) and �(�) spectra show the same trend of 
variation of band gap with concentrations x and y. Finally, 
the lattice matching of  MgxZn1−xSeyTe1−y quaternary alloys 
to ZnTe and InAs substrates has been calculated and found 
that these substrates are suitable for the growth of some of 

the said quaternary alloys. The results on the quaternary 
alloys should be useful for designing optoelectronic devices 
in the visible and UV spectral range, when they are lattice 
matched to ZnTe and InAs substrates.
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