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A B S T R A C T

The electronic structures and optical properties of the Zn1−xBexSe semiconductor ternary alloys have been in-
vestigated by using the full-potential linear augmented plane wave (FP-LAPW) method. From this study, the
energy band gap has a value of about 1.2 eV for zinc-blende ZnSe. However, for Zn0.50Be0.50Se and BeSe, the
fundamental band gap energy is found to occur at the highly symmetric X point in the Brillouin zone and has
values of about 2.3 eV and 2.8 eV, for Zn0.50Be0.50Se and BeSe, respectively. Optical parameters, such as di-
electric constant, refractive index and reflectivity are calculated and analyzed. The results demonstrated that the
compounds Zn1−xBexSe have the potential to be used for optoelectronic applications.

Introduction

Beryllium chalcogenides BeX (X= S, Se, Te) are interesting mate-
rials for optoelectronic devices operating in blue and ultraviolet spec-
tral regions. This is due to their wide energy band gaps [1–4]. Beryllium
selenide (BeSe) is an indirect band gap material with the highest va-
lence band edge at the high-symmetry point Г and lowest conduction
band edge at X point [5–7]. It crystallizes in cubic zinc-blende structure.
The interest in this binary semiconductor compound comes from the
ternary BeZnSe and quaternary BeMgZnSe semiconductor compounds
can be lattice matched to Si substrates [8] opening the approach to an
Si-based optoelectronics devices. Moreover, the partial substitution of
Zn by Be can improve the properties of the material of interest offering
thus an impact in the improvement of ZnSe-based optoelectronics
[1,3,9].

Zn1−xBexSe semiconductor ternary alloys are of potential interest
for laser applications [1] and short wavelength optoelectronic appli-
cations [10]. These applications include engine control, flame sensors,
plasma diagnostics and ozone monitors [10,11]. The properties of
Zn1−xBexSe compounds have been investigated [5,9,10,12–14]. How-
ever, an accurate knowledge of the properties of Zn1−xBexSe are re-
quired in order to take advantage for any eventual technological ap-
plications. Furthermore, the present contribution reports on the
calculations of the electronic structures and optical response of
Zn1−xBexSe semiconductor ternary alloys using the full potential line-
arized augmented plane wave (FP-LAPW) method based on the density
functional theory (DFT), within the mBJ-GGA approach.

Computational methodology

All the calculations in the present study, for Zn1−xBexSe compounds
have been performed using the FP-LAPW method [15] using the DFT as
implemented in the Wien2k package [16]. We have applied the mBJ-
GGA approach for improving the accuracy of the electronic structures
and their related optical properties. The convergence parameters
RMT*kmax is taken to be 8, the Imax equal to 10. The charge density is
obtained up to Gmax=12 (a.u.)-1. The convergence tolerance is chosen
to be less than 0.10 mRy for the minimum energy.

Results and discussion

Fig. 1 illustrates the band structures of zinc blende ZnSe,
Zn0.50Be0.50Se and BeSe semiconducting materials along selected high-
symmetry directions in the Brillouin zone computed using the mBJ-
GGA approach. The Fermi energy level is taken to be as zero energy.
Note that the overall features of these bands are qualitatively similar
and differ only in details. From the quantitative point of view, they
differ mainly in their fundamental band gap. The latter is found to
occur at the highly symmetric Г point in the Brillouin zone and has a
value of about1.2 eV for zinc-blende ZnSe. However, for Zn0.50Be0.50Se
and BeSe, the fundamental band gap energy is found to occur at the
highly symmetric X point in the Brillouin zone and has values of
about2.3 and 2.8 eV, for Zn0.50Be0.50Se and BeSe, respectively. The
calculated fundamental energy band gap of ZnSe seems to be under-
estimated with respect to that of 2.721 eV from the experimental results

https://doi.org/10.1016/j.rinp.2019.01.027
Received 9 December 2018; Received in revised form 6 January 2019; Accepted 8 January 2019

⁎ Corresponding author.
E-mail addresses: agassoumi@kku.edu.sa, abdelaziz.gassoumi@gmail.com (A. Gassoumi).

Results in Physics 12 (2019) 1294–1298

Available online 11 January 2019
2211-3797/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22113797
https://www.elsevier.com/locate/rinp
https://doi.org/10.1016/j.rinp.2019.01.027
https://doi.org/10.1016/j.rinp.2019.01.027
mailto:agassoumi@kku.edu.sa
mailto:abdelaziz.gassoumi@gmail.com
https://doi.org/10.1016/j.rinp.2019.01.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rinp.2019.01.027&domain=pdf


reported in Ref. [17]. The underestimation of the band gap is a well-
known limitation of GGA calculation. There is no experimental data
reported so far for the fundamental energy band gaps of Zn0.50Be0.50Se
and BeSe, to the best of our knowledge. Nevertheless, Grein et al. [10]
reported a theoretical value of 2.65 eV obtained from the generalized
DFT calculations for the indirect band gap at X point for BeSe. This
value is in reasonable accord with that calculated in the present work. It
is to be noted that even our value is underestimated with respect to that
of experiment, it gives better accord with respect to experiment than
previous GGA calculations. The better accord between our results and
those from experiment and previous calculations is not surprising since
mBJ-GGA approach has been proved to give more accurate values than
other GGA approaches regarding the energy band gaps [18–20]. The
behavior of the valence bands is that expected from the combinations of
the bonding of hybridized atomic sp3 orbitals. The maxima of the va-
lence bands are flat suggesting thus large hole effective masses, that
result in some specific transport properties for semiconductors of type
p. The valence bands appear to be less dispersive than the conduction
bands. This is due to the fact that the valence bands are less delocalized
than the conduction bands.

The partial and total density of states (DOS) of the zinc-blende BeSe

and Zn1−xBexSe (x= 0.50) semiconductor materials are plotted in
Fig. 2. Note that the Se p states in the valence bands of BeSe are
dominant below 0 eV, whereas in the conduction bands, the Se d states
and Be p states are the most dominant. As regards Zn0.50Be0.50Se
semiconductor ternary alloy, the Se p states in the valence bands have
the dominant contribution below 0 eV, whereas in the conduction
bands, the Se p and Zn s are the most dominant in the energy range
lying between 2 and 4.5 eV and the Se p and Zn p are the most domi-
nant in the energy range lying between 4.5 up to 8 eV. The peaks that
correspond to Se 4s, Be 2s, Zn 3d and Se 4p are clearly shown in Fig. 2.
These peaks present four essential regions. The first region is pre-
dominantly Se 4s states. The rest of the regions are made of Be 2s, Zn 3d
and Se 4p. As one goes from BeSe to Zn1−xBexSe (x= 0.50) the peaks
are shifted either up or down in energy. This is traced back to the
variation in nearest-neighbor bond lengths as well as in the change in
the total symmetry.

The knowledge of the optical properties of semiconductor materials
are very important for numerous applications such as photo-detectors,
lasers and light emitting diodes. The optical properties are highly re-
lated to the electronic band structure of the semiconductor material and
can be obtained readily from it. In the present contribution the real

Fig. 1. Band structures (a) zinc-blende ZnSe (b) zinc-blende Zn0.50Be0.50Se (c) Zinc-blende BeSe.
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ε E( )1 and imaginary ε E( )2 parts of the dielectric function have been
computed for Zn1−xBexSe at various concentrations, where E is the
photon energy, using the following equations,

∫∑= −ε ω e ħ
π m ω

M k δ ω k ω d k( ) | ( )| [ ( ) ]
V C

BZ CV CV2
2

2 2
,

2 3

(1)

M k( )CV in Eq. (1) represent the transition moments elements,
whereas = −ħω k E E( )CV Ck Vk is the excitation energy.
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where P implies the principal value of the integral.

Our results are shown in Figs. 3 and 4, for ε E( )1 and ε E( )2 , respec-
tively. Note that both ε E( )1 and ε E( )2 behave almost in the similar
manner when varying the alloy concentration x on going from 0 (ZnSe)
to 1 (BeSe). This is generally common for the III-V and II-VI tetrahedral
bonded semiconductors [21–23]. Usually, the main difference lies in
their transition energies. The principal peak of the real part for ZnSe
(x= 0) occurs at approximately E ≈ 6 eV, whereas that of BeSe (x= 1)
occurs at around E ≈ 2.9 eV (see Fig. 3). The peak shifts towards dif-
ferent energies when the alloy content x is changed. This can be at-
tributed to the inter-band transitions. The shape of ε E( )1 is generally that
expected for a harmonic oscillator which has a resonant frequency of
around 6.25 eV in our case for ZnSe (x= 0) and at approximately

Fig. 2. Partial and total density of states (DOS) of (a, b, c) zinc-blende BeSe and (d, e, f, g) zinc-blende Zn0.50Be0.50Se.
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7.9 eV for BeSe (x= 1). When varying the alloy composition x, the re-
sonant frequency shifts towards higher or lower energies depending on
x.

Focusing on ε E( )2 , there are three main peaks in the ε E( )2 plot of the
zinc-blende Zn1−xBexSe phase. The ε2curve is zero below the onset of
direct interband transitions. It starts with the E0-type transition at Г,
which corresponds to the fundamental energy band gap. Then, it in-
creases steeply for a photon energy larger than the value of the fun-
damental energy band gap to reach ε2 ≈ 4 at about 5 eV in the case of
ZnSe. The steep increase in ε2above the photon energy of the funda-
mental band gap can be traced back to the onset of direct interband
transitions at the high symmetry Г point in the Brillouin zone with a
predicted gap of 1.2eVin the case of ZnSe. ε2continues to rise to a
maximum of ε2≈ 32 at around 6 eV. The peak in ε2 is ascribed to a high
joint DOS associated with nearly parallel bands near the high symmetry
Г point in the Brillouin zone. This peak is due to transitions from the
highest valence bands to the lowest conduction band. After, ε2 decreases
rapidly to a minimum of ε2. These arise mainly from regions at the Г
point. Note that by adding Be into ZnSe results in the shift of all main
peaks. It changes the peaks intensity suggesting the change of the ab-
sorption which starts for the ε2 at about 1.2 eV in the case of ZnSe. The
variation of the alloy composition x does not seem to affect much the
overall shape of ε E( )2 . The main difference between ε E( )2 at various
alloy concentrations x lies in the transition energies.

The reflectivity spectrum of Zn1−xBexSe at different concentrations
is shown in Fig. 5. It is derived from the complex dielectric function.
Note that the reflectivity spectrum of the zinc-blende Zn1−xBexSe phase
at various concentrations x shows some peaks at around 5, 6 and 7 eV
depending on the alloy concentration x. These peaks reflect the inter-
band transitions from the valence to conduction bands. The peak of the
reflectivity is reduced as the composition x is increased with a shift of
peaks towards high or low energies depending on x. The peaks are af-
fected in both the sharp and broadening. This is consistent with the
results of Gueddim et al. [24] reported for ZnTe1−xOx semiconductor
ternary alloys.

The absorption coefficient gives information about the penetration
of light of a particular wavelength into the material under study before
it is absorbed. The variation of this parameter versus the photon energy
is illustrated in Fig. 6. Note that the peaks of the absorption coefficient
spectra vary in magnitude when proceeding from x=0 (ZnSe) to x=1
(BeSe). The magnitude of these peaks depends on the alloy composition
x. It depends also on the energy of light being absorbed. The absorption
coefficient for x= 0 at around a photon energy of 6 eV is higher than
that for x= 1. Thus, the absorption of light in BeSe is poor as compared
to that in ZnSe at that photon energy. On the other hand, we observe
that the absorption at low photon energies is relatively low. This is due
to the fact that only the electrons located at the valence band edge can
contribute to the absorption. By increasing the photon energy, the value
of the absorption coefficient becomes higher. This can be traced back to
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Fig. 3. Real part of the dielectric function for Zn1−xBexSe at various Be con-
centrations x.
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Fig. 4. Imaginary part of the dielectric function for Zn1−xBexSe at various Be
concentrations x.
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Fig. 5. Reflectivity spectrum for Zn1−xBexSe at various Be concentrations x.
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the increase of the number of electrons, which interact with the photon
increasing thus the number of absorbed photons.

The refractive index spectrum as a function of photon energy for
Zn1−xBexSe at different Be concentrations ranging from x=0 (ZnSe)
to x=1 (BeSe) is computed using mBJ-GGA approach. Our results are
displayed in Fig. 7. We observe clear peaks which are originated from
the excitonic transitions at the E0 edges. As one proceeds from x=0
(ZnSe) to x= 1 (BeSe), these peaks shift towards lower or higher en-
ergies. The shift depends strongly on the alloys content x. The most
important peak in the refractive index spectra is essentially related to
the 2 D exciton. transition (E1). Its position depends also strongly on the
alloy concentration x. It has been reported in the literature that the
excitonic effects have tendency to increase the oscillator strength at the
critical points M0 and M1 [25]. This gain must be compensated by losses
elsewhere. For ZnSe (x= 0), the static refractive index is found to be
about 2.57, whereas for BeSe (x= 1), its value has been determined to
be around 2.9. Our obtained static refractive index for ZnSe agrees well
with that of 2.51 calculated by Hannachi and Bouarissa [26] using the
empirical pseudopotential method and that of 2.5 quoted in Ref. [27].
As far as our static refractive index for BeSe is concerned, our result is
only for reference.

In order to describe the energy loss of fast electrons penetrating the
material of interest, results of the electron-energy-loss function for
Zn1−xBexSe at various concentrations are plotted in Fig. 8. In the

spectra shown in Fig. 8, the peaks are the characteristic associated with
the plasma resonance in which the corresponding frequency is usually
called plasma frequency. These peaks correspond to the trailing edges
in the reflection spectra. We observe small peaks at lower energies
followed by a broad plasma resonance at approximately 11.5 eV. Si-
milar qualitative behavior has been reported for the electron-energy
loss function of ZnS using ab initio molecular dynamics simulation at
different temperatures [28]. By varying the alloy content x, we note a
slight shift of the plasma frequencies towards lower energies with a
small change in the spectrum shape.

Conclusion

We have investigated the electronic structures and optical proper-
ties of the Zn1−xBexSe ternary semiconductor alloysin the zinc-blende
phase using the FP-LAPW method. Band gap dependent optical con-
stants like the dielectric function, the refractive and reflectivity were
investigated based on the mBJ-GGA approach. We calculated the
real ε1(ω) and the imaginary ε2(ω) parts of dielectric function. For ZnSe
(x= 0), the static refractive index is found to be about 2.57, whereas
for BeSe (x= 1), its value has been determined to be around 2.9. We
have also calculated the refractive index n(ω), the extinction coeffi-
cient k(ω), the energy-loss L(ω) and the reflectivity R(ω). The electronic
structure and optical results in our investigation demonstrate promising
applications of Zn1−xBexSe compounds for optoelectronic device tech-
nologies.
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Fig. 7. Refractive index spectrum for Zn1−xBexSe at various Be concentrations
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