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Electronic structure and optical properties of Mg𝑥Zn1−𝑥S
bulk crystal using first-principles calculations∗

Yu Zhi-Qiang(余志强), Xu Zhi-Mou(徐智谋)†, and Wu Xing-Hui(武兴会)

Wuhan National Laboratory for Optoelectronics, School of Optical and Electronic Information,
Huazhong University of Science and Technology, Wuhan 430074, China

(Received 10 March 2014; revised manuscript received 21 April 2014; published online 20 August 2014)

We perform the first-principles calculations within the framework of density functional theory to determine the elec-
tronic structure and optical properties of MgxZn1−xS bulk crystal. The results indicate that the electronic structure and
optical properties of MgxZn1−xS bulk crystal are sensitive to the Mg impurity composition. In particular, the MgxZn1−xS
bulk crystal displays a direct band structure and the band gap increases from 2.05 eV to 2.91 eV with Mg dopant compo-
sition value x increasing from 0 to 0.024. The S 3p electrons dominate the top of valence band, while the Zn 4s electrons
and Zn 3p electrons occupy the bottom of conduction band in MgxZn1−xS bulk crystal. Moreover, the dielectric constant
decreases and the optical absorption peak obviously has a blue shift. The calculated results provide important theoretical
guidance for the applications of MgxZn1−xS bulk crystal in optical detectors.
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1. Introduction
II–VI semiconductors, each with a high light emitting ef-

ficiency and large direct band structure at room temperature,
have received considerable attention.[1] Moreover, II–VI semi-
conductors are found to have potential applications in optical
wave guides, visible light emitting devices, blue laser, opti-
cal devices, etc.[2] As one of the important II–VI semicon-
ductors, zinc-blende ZnS with a wide direct band gap value
of 3.72 eV[3] has attracted considerable attention, owing to
its broad potential applications in lasers, light emitting diodes,
electroluminescent devices, fluorescent probes, optoelectronic
devices, and optical coatings.[4–7]

In recent years, many people have found that the band
structure of pure ZnS can be effectively modified by introduc-
ing some impurities or defects. Hoa et al.[8] have found that
the band structure of ZnS nanocluster changed with Mn im-
purity concentration. Kim et al.[9] have reported that the band
structure of Te-doped ZnS nanowire reduced from 3.21 eV to
2.78 eV, corresponding to a dopant composition range from 0
to 0.22. Inoue et al.[10] have presented that the optical band
gap energy (Eg) of ZnxMg1−xS thin film can be evaluated by
the first order equation Eg = 3.81x+ 5.02(1− x), with con-
centration x being between 0.14 and 1. Chen et al.[11] have
experimentally shown that the PL intensity weakens and the
band gap of MgxZn1−xS quantum dots increase with increas-
ing Mg concentration. However, theoretical investigation on
the electronic structure and optical properties of MgxZn1−xS
bulk crystal are still lacking.

In this paper, we perform the first-principles calcula-

tions within the framework of density functional theory to
investigate the electronic structure and optical properties of
MgxZn1−xS bulk crystal. The results show that the electronic
structure and optical properties are sensitive to the Mg impu-
rity composition in MgxZn1−xS bulk crystal. The effects of
Mg composition on the band structure, density of states, and
optical properties of zinc-blende ZnS are obtained in detail.
The results provide useful theoretical guidance for the appli-
cations of MgxZn1−xS bulk crystal in optical detectors.

2. Models and method
The zinc-blende ZnS has a space group of F-43m,[12] and

the pure ZnS bulk crystal with 1×1×1 unit cell is shown in
Fig. 1. The MgxZn1−xS bulk crystal can be displayed by sub-
stituting the Zn atoms by Mg atoms, and the MgxZn1−xS bulk
crystal model is constructed in the framework of 4×4×2 su-
percell. We employ one, two, and three Mg atoms to replace
Zn atoms in the 4×4×2 supercell, thus the values of dopant
composition x correspond to 0.008, 0.016, and 0.024, respec-
tively. The crystal structure of MgxZn1−xS bulk crystal is iso-
morphic with the pure ZnS bulk crystal owing to the substitu-
tive doping.

The first-principles calculations based on the density
functional theory[13] are implemented by using the Cambridge
Sequential Total Energy Package[14] (CASTEP) code, and the
generalized gradient approximation[15] (GGA) is used for the
exchange correlation function in the framework of Perdew–
Burke–Ernzerhof[16] (PBE). The Brillouin zone integrations
with 5× 5× 5 k-point meshes and 4× 4× 4 k-point meshes

∗Projected supported by the National Natural Science Foundation of China (Grant Nos. 61076042 and 61474048).
†Corresponding author. E-mail: xuzhimou@hust.edu.cn
© 2014 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

107102-1

http://dx.doi.org/10.1088/1674-1056/23/10/107102
mailto:xuzhimou@hust.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 23, No. 10 (2014) 107102

are performed in the form of Monkhorst–Pack scheme for the
pure and Mg-doped ZnS bulk crystal, respectively. The con-
vergence criterion for the plane wave energy cutoff is set to be
310 eV. The convergence accuracy for the maximal force be-
tween the atoms is 0.02 eV/Å and the self-consistent conver-
gence criterion is 1.8×10−7 eV/atom. In addition, the 3d104s2,
3s23p4, and 2p63s2 electrons relevant to the Zn, S, and Mg
atoms are used for the pseudopotential configurations, respec-
tively.

Zn

S

Fig. 1. (color online) Crystal structure of pure ZnS unit cell.

3. Results and discussion
3.1. Geometry optimization results

The optimized lattice parameters and total energies of
pure and Mg-doped ZnS bulk crystals are shown in Table 1. It
is clear that the optimized lattice parameter of pure ZnS bulk
crystal, 0.5467 nm, is in good agreement with the experimental
lattice parameter of 0.5416 nm,[17] within an error of around
0.9%, and the lattice constants of MgxZn1−xS bulk crystal in-
crease with the increase of Mg doping concentration, which
relates to the increase of bond length dZn−S between Zn and S
atoms and the smaller electronegativity of Mg atom than that
of Zn atom. In particular, the total energy of MgxZn1−xS bulk
crystal first decreases and then increases, which shows that
the system stability of MgxZn1−xS bulk crystal increases ac-
cording to the lowest energy principles. Meanwhile, the most
possible substitution location of MgxZn1−xS bulk crystal is
presented in Mg0.008Zn0.992S when considering the system’s
stability.

Table 1. Optimized lattice parameters and total energies of MgxZn1−xS
bulk crystal (x at 0, 0.008, 0.016, and 0.024).

Models a = b = c/nm dZn−S/nm E/eV
ZnS 0.5467 0.2366 –1989.35

Mg0.008Zn0.992S 0.5517 0.2368 –7222.96
Mg0.016Zn0.984S 0.5628 0.2376 –3244.14
Mg0.024Zn0.976S 0.5658 0.2384 –5753.62

3.2. Electronic structure

In order to understand the electronic structures of
MgxZn1−xS bulk crystal. The density of states and band struc-

tures of MgxZn1−xS bulk crystal are determined, and the re-
sults are shown in Figs. 2–7, respectively. As shown in Fig. 2,
the pure and Mg-doped ZnS bulk crystals display a direct band
gap along the G–G direction in the first Brillouin zone, and
the increase of the band gap of MgxZn1−xS bulk crystal with
the increase of Mg dopant composition x. The band gap value
of pure ZnS bulk crystal is 2.05 eV, which is close to the earlier
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Fig. 2. (color online) Band structures of (a) pure ZnS, (b) Mg0.008Zn0.992S,
(c) Mg0.016Zn0.984S, and (d) Mg0.024Zn0.976S.
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band gap value of 2.17 eV.[18] However, the band gap value of
2.05 eV is lower than the experimental value of 3.77 eV,[19]

owing to the limitation of density functional theory, which re-
lates to the discontinuity of exchange correlation potential and
has not been performed in the framework of density functional
theory.

The band structures of MgxZn1−xS bulk crystal are shown
in Figs. 2(a)–2(d), respectively. It is found that the band
gap of MgxZn1−xS bulk crystal increases from 2.05 eV to
2.91 eV with the increase of Mg doping concentration x in
a range from 0 to 0.024. In particular, the band gap (Eg) of
MgxZn1−xS bulk crystal varies with the dopant concentration
x, as displayed in Fig. 3, and it is observed that the band gap
of MgxZn1−xS bulk crystal can be evaluated by the first or-
der function Eg = 2.05+ 35.62x, where Mg dopant compo-
sition x in a range from 0 to 0.024. This clearly elucidates
the linear relation between the band gap and dopant composi-
tion of MgxZn1−xS bulk crystal. Moreover, compared with the
band gaps of two-dimensional ZnxMg1−xS thin films[10] rang-
ing from 3.81 eV to 3.84 eV with dopant composition x be-
ing between 1 and 0.976, the band gaps of three-dimensional
MgxZn1−xS bulk crystal ranging from 2.05 eV to 2.91 eV cor-
responding to dopant composition x range from 0 to 0.024 are
low, which may be induced by the quantum size effects of low-
dimensional MgxZn1−xS nanostructures.

0 0.008 0.016 0.024

2.0

2.2

2.4

2.6

2.8

3.0
 Eg

 linear fit of Eg

E
g
/
eV

Composition in x

Fig. 3. (color online) Band gaps of MgxZn1−xS at x = 0, 0.008, 0.016,
and 0.024.

In order to elucidate the electronic properties of
MgxZn1−xS bulk crystal, the total density of states (TDOS)
and partial density of states (PDOS) for pure ZnS bulk crystal
are shown in Figs. 4(a)–4(c). It is observed that the valence
band of pure ZnS bulk crystal is mainly divided into two re-
gions. The lower energy region located around −12 eV is
mainly dominated by the S 3s electrons, while the S 3p elec-
trons, Zn 3p electrons and Zn 3d electrons occupy the higher
energy range from −8 eV to 0 eV in the valence band. The
conduction band above the Fermi surface is mainly composed
of the Zn 4s electrons, Zn 3p electrons, and S 3p electrons.
In addition, the valance band maximum (VBM) along the G–G
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Fig. 4. (color online) Electronic densities of states for pure ZnS.
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Fig. 5. (color online) Electronic densities of states for Mg0.008Zn0.992S.

direction is near the Fermi surface and it is mainly contributed
by the S 3p electrons, while the conduction band minimum
(CBM) along the G–G direction is 2.05 eV above the Fermi
surface, and it is mainly determined by the Zn 4s electrons
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and Zn 3p electrons, which construct the direct band structure
of pure ZnS bulk crystal in Fig. 2(a).
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Fig. 6. (color online) Electronic densities of states for Mg0.016Zn0.984S.

The TDOS and PDOS of MgxZn1−xS bulk crystal are
shown in Figs. 5–7, respectively. As shown in Figs. 5–7, the
VBM along the G–G path that is near the Fermi surface is
mainly occupied by the S 3p electrons, while the CBM along
the G–G direction which is above the Fermi surface is mainly
dominated by the Zn 4s electrons, Zn 3p electrons, and Mg
2p electrons in MgxZn1−xS bulk crystal. In particular, com-
pared with the band gap of pure ZnS bulk crystal, the VBM
along the G–G direction clearly shifts downwards to a lower
energy region with the increase of Mg dopant concentration in
MgxZn1−xS bulk crystal, which relates to the decrease of p–d
type hybridization effects due to the deficiency of 3p electrons
for Mg as compared with for Zn, and the p–p type hybridiza-
tion effects of Mg 2p electrons with Zn 3p electrons. It is also
observed that the CBM along the G–G path shifts upwards
higher energy region with the increase of Mg dopant compo-
sition in MgxZn1−xS bulk crystal, while it results from the s–s
type hybridization effects of Mg 2s electrons with Zn 4s elec-
trons and S 3s electrons, which leads to the increase of band

gap in MgxZn1−xS bulk crystal, as shown in Fig. 2.
Moreover, it is found that the TDOS peaks of MgxZn1−xS

bulk crystal at around −4.5 eV are divided into two peaks
with the increase of Mg dopant concentration, The TDOS
peak of Mg0.008Zn0.992S bulk crystal on the energy level
of −4.0 eV is highest in MgxZn1−xS bulk crystal, and the
TDOS peak of MgxZn1−xS bulk crystal near the VBM shifts
downwards lower energy region, which also implies that the
Mg0.008Zn0.992S may be most stable in the Mg-doped, as
shown in Table 1.
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Fig. 7. (color online) Electronic densities of states for Mg0.024Zn0.976S.

3.3. Optical properties

In order to show the optical properties of MgxZn1−xS bulk
crystal. The dielectric function and the optical absorption co-
efficient of MgxZn1−xS bulk crystal are calculated. The di-
electric function and optical absorption coefficient are closely
bound up with the electronic structure. Moreover, the di-
electric function and optical absorption coefficient can be de-
scribed by the complex dielectric function as[20]

ε(ω) = ε1(ω)+ iε2(ω), (1)

ε1(ω) = 1+
8π2e2

m2 ·∑
V,C

∫
BZ

d3K
2

(2π)

|e ·MCV (K)|2

[EC(K)−EV (K)]
, (2)
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ε2(ω) =
4π2

m2ω2 ·∑
V,C

∫
BZ

d3K
2

(2π)
×|e ·MCV (K)|2 ,

×δ [EC(K)−EV (K)− h̄ω] , (3)

α(ω) =
√

2ω

[√
ε2

1 (ω)+ ε2
2 (ω)− ε1(ω)

]1/2

, (4)

where α(ω) is the optical absorption coefficient, ε1(ω) and
ε2(ω) are the real part and imaginary part of the complex di-
electric function ε(ω), respectively. The imaginary part ε2(ω)

is relevant to the band structure and the real part ε1(ω) can be
shown by the imaginary part ε2(ω) in the form of Kramers-
Kronig relation.

Figures 8 and 9 show the dielectric function spectra of
real part ε1(ω) and imaginary part ε2(ω) for MgxZn1−xS bulk
crystal, respectively. As shown in Fig. 8, the first dielectric
absorption peak of real part ε1(ω) for MgxZn1−xS bulk crystal
at each value of x decreases and shifts upwards higher photon
energy region with the increase of Mg-dopant concentration.
Meanwhile, the zero frequency limits ε1(0), which relates to
the dielectric response to the static electric field decreases
from 6.2 to 4.4 as dopant composition x increases from 0 to
0.024, this leads to the increase of band gap for MgxZn1−xS
bulk crystal in Fig. 2. In order to understand the dependence
of dielectric function on band gap for MgxZn1−xS bulk crys-
tal, the theoretical model[21] ε1(0)≈ 1+(h̄ω ′/Eg)

2 (ω ′ is the
plasma frequency, h̄ is the Dirac constant, and Eg is the band
gap of MgxZn1−xS bulk crystal) clearly elucidates an inverse
proportional relationship between the dielectric function and
band gap of MgxZn1−xS bulk crystal.
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Fig. 8. (color online) Dielectric function spectra of real part for
MgxZn1−xS.

Figure 9 shows the imaginary part of the dielectric func-
tion for MgxZn1−xS bulk crystal. It is clear that the imaginary
part ε2(ω) of the dielectric function has a strong dielectric ab-
sorption region corresponding to incident photon energy range
from 3.1 eV to 10 eV. In particular, the sharp dielectric ab-
sorption peaks in ε2(ω) are found to be around 6.2 eV and
8 eV, which are mainly dominated by the S 3p electrons in-
teracting with the Zn 4s electrons and Zn 3p electrons. The

initial critical points of imaginary part ε2(ω) for MgxZn1−xS
bulk crystal are found to be around 0.11 eV, 0.54 eV, 1.12 eV,
and 1.36 eV, respectively, which are also deemed to be the
thresholds of the direct optical transitions occurring at 2.05 eV,
2.32 eV, 2.59 eV, and 2.91 eV for MgxZn1−xS bulk crystal,
which corresponds to Mg-dopant composition x values of 0,
0.008, 0.016, and 0.024, respectively. Moreover, it is observed
that for each of x values the first dielectric absorption peak of
imaginary part ε2(ω) occurs at around 6.2 eV decreases and
the dielectric absorption peak of imaginary part ε2(ω) shifts
towards higher photon energy region with increasing the Mg-
dopant composition, which validates the results that the band
gap of MgxZn1−xS bulk crystal increases with the increase of
Mg-dopant concentration in Fig. 2.
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Fig. 9. (color online) Dielectric function spectra of imaginary part for
MgxZn1−xS.

Figure 10 shows the optical absorption spectra of
MgxZn1−xS bulk crystal for some different values of x. It
is observed that the optical absorption spectra of MgxZn1−xS
bulk crystal are mainly displayed in the ultraviolet light region,
which corresponds to photon wavelength ranging from 50 nm
to 400 nm and the absorption coefficient maximum values of
MgxZn1−xS bulk crystal are all higher than 2.75×105 cm−1,
which indicates the unique ultraviolet absorption properties
and show an important potential application prospect for
MgxZn1−xS bulk crystal in ultraviolet detectors. In partic-
ular, the optical absorption properties of MgxZn1−xS bulk
crystal are improved when compared with those of pure ZnS
bulk crystal, and the strongest absorption peaks are present in
Mg0.008Zn0.992S with the highest stability. Meanwhile, the op-
tical absorption sides of MgxZn1−xS bulk crystal show an ob-
vious blue shift with the increase of Mg doping concentration,
which confirms the results that the band gap for MgxZn1−xS
bulk crystal increases as Mg-dopant concentration increases
(Fig. 2).
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Fig. 10. (color online) Optical absorption spectra of MgxZn1−xS.

4. Conclusions
In this paper, we determine the band structure, density of

states, and optical properties of MgxZn1−xS bulk crystal us-
ing the first-principles calculations within the framework of
density functional theory. The calculated results show that the
MgxZn1−xS bulk crystal displays a direct band structure and
the band gap increases from 2.05 eV to 2.91 eV as the Mg-
doping concentration x increases from 0 to 0.024. In particular,
the band gap of MgxZn1−xS bulk crystal can be evaluated by
the first order function Eg = 2.05+35.62x, where dopant com-
position x ranges from 0 to 0.024. The top of the valence band
is mainly dominated by the S 3p electrons, while the bottom
of conduction band is mainly occupied by the Zn 4s electrons
and Zn 3p electrons in MgxZn1−xS bulk crystal. Moreover, the
dielectric constant decreases and the optical absorption peak
shows an obvious blue shift. The results provide useful the-
oretical guidance for the potential application of MgxZn1−xS

bulk crystals in optical detectors.
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