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Abstract

We propose a generalized gradient approximation simple and effective Engel-Vosko (GGA-EV) to calculate the structural,
electronic, optical properties of ZnO phases, namely, wurtzite, zincblende structures using an implementation of the FP method
(L) APW in the framework of the density functional theory (DFT). For Choosing a good exchange and correlation potential for
effective treatment of the excited state properties such as electronic band structure is necessary density functional. To validate our
approach, we compare the results to those obtained using the parameterized generalized gradient approximation of Perdew et al.
(GGA-PBE). We calculated the band structure, density of states, dielectric function, reflectivity, refraction index and absorption
coefficient. GGA-EV yielded a wider valence band and narrower d-band in comparison to GGA-PBE. Thus an improved the
energy band gap that has been caused by repulsion between the states of Zn-d and O-p states which resulted a large separation by
GGA-EV. Our calculations show that the edges of the optical absorption, refraction index and reflectivity for GGA-EV are better
in comparison toGGA-PBE.
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1. Introduction

Zinc oxide (ZnO) is a II-IV compound semiconductor with a wide direct band gap of 3,3eV [1] at room
temperature and a free-exciton binding energy of 60meV [2]. ZnO has received considerable attention due to its
applications such as: gas sensor devices [3], transparent electrodes [4], piezoelectric devices [5] and solar cells
[6].The theoretical and experimental efforts are huge in the study of the fundamental properties of existing materials
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and new materials research. Theoretical studies are based on analytical models or computer simulations. The density
functional theory(DFT) [7,8] is one of the most accurate and effective microscopic theories in computational
materials science, which efficiently describes the ground-state physical properties of electronic systems using LDA-
PWOI1 [8,9] or GGA-PBE [10,11] as the exchange-correlation energy functional. Calculations in these local (semi)
approximations are sufficiently accurate and are helpful for interpretation of experimental data regarding ground-
state properties [12]. However, DFT calculations with GGA-PBE do not properly interpret the excited-state
properties, which results in underestimation of the band gap and over estimation of electron delocalization,
particularly for systems with localized d and f electrons [13, 14]. In this approximation, the orbital-independent
potential is taken in to account to calculate the Kohn—Sham energy gap, which is not comparable to the true gap,
which is the ionization potential I minus the electron affinity A [12, 15, 16]. Another form of exchange correlation
(XC) potential suggested by Engel and Vosko (GGA-EV) [17], yields better values for the electronic parameters
[18—19]. In this study we investigated the use of GGA-EV for the band gap, electronic and optic properties of ZnO.
The ZnO exists in hexagonal wurtzite WZ phase under ambient and can be obtained in zinc-blende (ZB) phase by
growing it on a cubic substrate, which is important for controlled p-type conductivity [19, 20, 21,22,23].

Using the full potential linearized augmented plane-wave plus local orbital (FP-L (APW+lo)) method designed
within the framework of DFT at the level of GGA-EV as the XC potential. We carried out a comprehensive study of
the electronic and optical properties of ZnO in WZ and ZB phases to validate our approach, we compared the results
obtained by GGA-EV with those obtained by GGA-PBE.

2. Method of calculation

The full-potential linear augmented plane waves plus local orbitals (FP-LAPW+lo) method was used to solve the
Kohn—Sham equation within the density functional theory (DFT) [7, 8] formulation as employed in WIEN2k code
[24]. The XC potential proposed by Engel and Vosko GGA- EV [17] was used to calculate electronic and optical
properties of ZnO in WZ and ZB phases. To check the validity of this XC potential, calculations with GGA-PBE
were also performed for comparison. The radius of muffin—tin (RMT) sphere values for Zn and O atoms were taken
to be 1.85 and 1.64 a.u., respectively. The plane wave cut off parameters were RMT * Kmax= 8.5 (where Kmax is
the largest wave vector of the basis set). Regarding the number of k-points, 900 were used in these calculations, 120
k-points for wurtzite and 216 k-points for zinc-blende were used for the Brillouin zone integrations in the
corresponding irreducible wedge. When the total energy convergence is less than 10 Ry, the self- consistent
calculation is considered to be stable.

3. Results and discussion
3.1. Structural properties

The calculated structure parameter, the other theoretical prediction and the experiment results are presented
in Table 1.1t is shown that our calculation agrees well with the other experimental and theoretical results.

We calculated the total energy as a function of the unit-cell volume around the equilibrium cell volume
V,.Fig.1.shows the calculated total energies versus volume for the wurtzite and zinc blend phases of ZnO, or we
notice that the wurtzite structure has the lowest energy which means it is more stable than the zinc-blend phase. The
calculated total energies are fitted to an-empirical functional form (the third-order Murnaghan equation) [25] to
obtain an analytical interpolation of our computed points from which to calculate derived structural properties.
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Table 1.Structures parameters of ZnO.

ZnO wzZ Other cal. Exp.values 7B Exp.values
a(A) 3.294 3.283[41], 3.292[27] 3.258[42], 3.25[23] 4.6227 4.47[33]
c(A) 5.316 5.309[41], 5.292[27] 5.22[42], 5.204[23] 4.6227
u 0.378 0.3786[41], 0.380[27] 0.382[42]
By (GPa)  129.135 131.6[41], 133.7[27] 181[42], 183[23] 129.228
B’ 4.424 4.2[41], 4.05[27] 4[42, 23] 443
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Fig. 1.The variation of the total energy as a function of the volume obtained for both zinc blende structure (B3), wurtzite (B4).

3.2. Electronic properties

To investigate the electronic and optical properties of ZnO, GGA-EV was used as the XC functional in DFT
calculations. The electronic band structure of ZnO calculated for WZ and ZB phases within GGA-PBE and
GGA-EV is shown in Fig.2. We note that the valence band maximum (VBM) and the conduction band minimum
(CBM) are located at the I" point in the Brillouin zone (BZ), resulting in a direct band gap. In the VB for WZ and
ZB phases, the O-p orbital that exhibits t2g symmetry is strongly hybridized to the Zn-d orbital with the same
symmetry, resulting in a three-fold degenerate energy level at the I point in the BZ for ZB [28]. However, for WZ a
two-fold degeneracy exists because of band folding along the [111]/ [0001] direction [27]. The band gap values
computed according to GGA-PBE and GGA-EV are listed in Table2, along with experimental values and other
theoretical calculations. It is evident from the data that the GGA-PBE band gap results are anexcellent agreement
with available theoretical results, but are underestimated in comparison to experimental data. This is because of the
simpler form of these XC functional and their lack of flexibility in giving precise values of the XC energy and its
charge derivative simultaneously. However, GGA-EV compensates this deficiency and reproduces better results for
the band gap values. It has been success fully applied in several studies to investigate the electronic properties of
solids and yields results that are comparable to experimental values because of better choice of the XC potential in
this approximation [18, 19].



1520 H.I Berrezoug et al. / Energy Procedia 74 (2015) 1517 — 1524

Table 2.Band gap (eV) calculated for wurtzite and zinc-blend phases of ZnO.

ZnO GGA-PBE GGA-EV Other cal. Exp.values
wz 0.783 1.80 0.98[35],0.80[36] 3.44[40]
0.81[37]
7B 0.624 1.532 0.65[20], 0.64[27]  3.27[39]
0.71[38]
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Fig. 2.Band structures of WZ, ZB of ZnO phases according to GGA-PBE and GGA-EV exchange correlation potentials.

Total density of states (DOS) results calculated for WZ and ZB of ZnO phases with GGA-PBE and GGA-EV are
shown in Fig.3. Since the total and partial DOS profiles are similar for GGA-PBE and GGA- EV. The schematic
representation of the total and partial DOS calculated using GGA-EV shows that the VB for ZnO is mostly dominated
by Zn-d and O-p states. For the WZ phase the bands ranging from —6.6 to -4 eV are due to the Zn-3d states, whereas
the O-2p states lie in the range from —5.941 to OeV. For the ZB phase, Zn-d and O-p states appear in the energy range
from —5.96 to0eV, with maximum intensity at —5.55 and —1.49 eV, respectively. The two phases exhibit similar
crystal symmetry and hybridization of states, with Zn atoms tetrahedral coordinated to O atoms. Both structural
systems have strong hybridization of Zn-d and O-p states at the I" point in the BZ, which causes coulomb repulsion
and pushes the VB in the vicinity of Fermi level, and thus results in band gap narrowing [29].

3.3. Optical properties

Dielectric function

Among the most important parameter in an optical study, we can notice the dielectric function of the system. It is a
complex quantity given as an addition of the real part €, (») and the imaginary part €, (o) given by the following
equation [30]: & (w) = & (®) + ig; (W). & (») is directly related to the electronic band structure [45] and can be derived
from the momentum matrix elements between the occupied and unoccupied electronic states, while €; (o) can be
obtained from ¢, () using the Kramer—Kronig transformation [31]. A schematic over view of the dispersive part
€1 (0) and the absorptive part &, (o) for the tow ZnO phases calculated using GGA-PBE and GGA-EV are shown in
Fig. 4. A shift in the absorption edge for &, (m) towards higher energy is evident for GGA-EV compared to GGA-PBE.
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Fig. 3.Total and partial density of states for WZ, ZB of ZnO phases according to GGA-PBE and GGA-EV exchange correlation potentials.
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Fig. 4.Dielectric function for WZ and ZB of ZnO phases according to GGA-PBE, GGA-EV exchange correlation potentials. The black and red
lines represent the imaginary and real parts of the dielectric function.

This is in agreement with the electric transition theory of the dielectric response, according to which the low energy
edge of & (o) is related to the selection rules for electron transition in an optical one-photon process.
The starting point for the optical absorption edge should be at least greater than the energy gap of the electronic



1522 H.I Berrezoug et al. / Energy Procedia 74 (2015) 1517 — 1524

structure [32] for photo electron- induced transition between occupied and unoccupied states. Since the dielectric
function results obtained with GGA-PBE and GGA-EV are qualitatively similar. For the WZ phase, &, (®) exhibits
three major peaks at 2.82, 7.06 and 10.65 eV (Fig. 4.black lines). These peaks were at 1.52, 6.47 and 10.02 eV
GGA-PBE pseudo-potential calculations. The first and third peaks originate from direct optical transition of
electrons between Zn-4s and O-2p and between O-2s and Zn-3d states, respectively. The second peak may be due to
electron transition between O-2p and Zn-3d states.Peaks for the ZB phase can mainly be attributed to electron
transition between O-2p and Zn-3d states. The Fig. 4 withe red lines represents the real part of the dielectric function
€ (0), which has three major peaks for the WZ phase atl.71, 6.47 and 9.93 eV. However, these peaks are at 0.93,
5.75 and 9.28 eV according to GGA-PBE. Moreover, the three peaks are more intense for GGA-EV than GGA-PBE
results.There is a steep decrease in g () intensity after the third peak and the parameter reaches zero at 13.84 and
12.54 eV for GGA-EV and GGA-PBE, respectively. After reaching a minimum value at 15.01 and 14.30 eV for
GGA-EV and GGA-PBE, respectively, the intensity of &; (w) again starts to increase with energy. Furthermore, the
peaks for g; (o) correspond to troughs for &, ().
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Fig. 5.Absorption coefficient for WZ and ZB phases according to GGA-PBE, GAA-EV exchange correlation potentials.
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Fig. 6.Refraction index for WZ and ZB phases according to GGA-PBE, GAA-EV exchange correlation potentials.
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Fig. 7.Reflectivity for WZ and ZB phases according to GGA-PBE, GAA-EV exchange correlation potentials.

Other optical parameters such as absorption coefficient a (o), refractive index n (o) and reflectivity R (w) [43]. For
optical devices, the absorption coefficient o () is important. We first discuss o and then discuss the other constants.
From Fig.5. we can see the absorption coefficient of ZnO the major peak in the GGA-EV absorption spectrum for
WZ is at 14.38 eV. However, in the GGA-PBE spectra it occurs at lower energy of and 14.12 eV. For ZB this peaks
are in 15.40, 14.69 eV respectively. The optical absorption mainly originates from inter band electron excitation
between the valence and the conduction bands. All of the absorption peaks can be corresponded to the peaks of
& () spectra for GGA-EV and GGA-PBE in WZ and ZB phases deduced from the same electron transition. E.g.
the first absorption peak corresponding to the first peak of &, (®) spectra, deduced from the direct electron
transitions from the O-2p states in valence band to the Zn-4s states in conduction band. The other optical constants
are also important in designing optical devices. For example, the refraction n (®) and reflectivity R (@) shows in
Fig.6. and Fig.7. respectively. When the energy is equal to zero, in WZ the refractive index ny is 1.93 and 2.20 eV,
and the reflectivity Rg is 0.10 and 0.14 eV for GGA-EV, and GGA-PBE, respectively. In ZB are ny (1.91, 2.19¢V),
Ry (0.098, 0.13eV), respectively. The peaks of n (o) and R () can be observed in the curves, which are
corresponding to the ones in €, (), respectively.

4. Conclusion

We studied the electronic and optical properties of WZ and ZB ZnO phases using GGA-PBE and GGA-EV for
optical properties. The GGA-EV scheme yielded a wider VB and a narrower d band compared to the GGA-PBE
results. The greater separation between O-p and Zn-d bands according to GGA-EV reduces the p-d repulsion and
thus results in a wider band gap than GGA-PBE and is more consistent with experimental measurements. Optical
properties calculated using GGA-EV was also in good agreement with experimental data and the results were better
than for GGA-PBE. Our GGA-EV results for electronic properties are better in comparison to GGA-PBE;
improvements in the XC functional are required for reliable results in DFT-based approaches for excited-state
properties. Although GGA-EV results for optical properties are better in comparison to GGA-PBE.
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