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Abstract: First principle calculations of nanolayered ZnO polymorphs (Wurzite—, Zinc
blende—, Rocksalt—structures) in the scheme of density functional theory were performed
with the help of full potential linear augmented plane wave (FP-LAPW) method. The
exchange - correlation potential is described by generalized gradient approximation as
proposed by Perdew—Burke-Ernzrhof (GGA-PBE) and modified Becke—Johnson (mBJ)
approximation. The electronic behavior and the optical properties of the structures are
investigated and compared to experimental data, where available. The electronic structure
of w—ZnO and z—ZnO revealed a 3.01 eV and 2.59 eV direct energy gap in (I'—I)
direction by applying mBJ potential. In contrast to w—and z—ZnQO the electronic structure
of r—ZnO shows an indirect 2.81 eV energy gap in (I'—L) direction. Reflectivity,
transmittance and refractive index spectra for three nano layered of ZnO phases in Uv —
visible region have been calculated. The electron effective mass values at the bottom of
conduction band were evaluated for the three geometries.

Key words: ZnO polymorphs, DFT, band structure, effective mass, optical
properties.

1. INTRODUCTION

ZnO has caught considerable interest in the past 20 years due to its technological
importance in various fields, especially as transparent conducting oxide (TCO)
[1]. In the recent years, ZnO based materials including p—-type semiconductors,
magnetic semiconductors, quantum wells, heterostructures, and nanostructures
were widely studied [2].

Experimentally ZnO occurs in three structures: Wurtzite (B4), Zinc blende (B3)
and Rocksalt (B1) [3]. ZnO with the structures of the Zinc blende (Z—ZnO) and
Rocksalt (R-ZnQ) are the two metastable phases that have been well studied. The
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B4 phase transits to the B1 phase at ~10GPa [4]. Bulk ZnO is known to crystallize
only in the hexagonal Wurtzite (W-2ZnO) structure under normal conditions.

Experimental work involving ZnO has progressed tremendously over the years;
however reporting of theoretical work related to the compilation of ZnO
polymorphs is scarce. Nevertheless, theoretical calculations of the pertinent
electronic and optical properties are very rare. Nearly all theoretical works have
been concentrated on the pressure—induced effects on phase transitions [5-7].
Using CASTEP package, X. Si et al. investigated the band structure, density of
states (DOS) and optical properties of Mg doped and Mg-Al co—doped W-ZnO
by adopting the first—principles calculation of plane wave ultra—soft pseudo—
potential technology based on the density functional theory (DFT) [8]. A.A.
Peyghan and M. Noei have studied the alkali and alkaline earth metal doped ZnO
nanotubes using unrestricted B3LYP functional with LANL2DZ basis sets [9].
Berrezoug et al. used generalized gradient approximation and effective Engel—
Vosko (GGA-EV) to calculate the structural, electronic, and optical properties of
W- and Z-ZnO phases and compared the results with those obtained by GGA-
PBE [10]. However, the results particularly on the bandgap value were far from
the experimental values. J. Wrobel and J. Piechota calculated the electronic
properties of ZnO polymorphs within the LDA+U approximation [3]. By varying
the Coulomb interaction U-parameter in VASP package, they managed to get
Ey=2.82 eV, 2.20 eV, and 2.94 eV for W—, Z—, and R—ZnO, respectively. These
results are better than that reported by Berrezoug et al. though still are very
different from the experimental values. Using the Vienna ab initio simulation
package (VASP) based on DFT, Kuang et al. studied the pressure induced effects
on solid-solid phase transition, electronic band structures and elasticity of zinc
oxide polymorphs [5]. They employed the so—called PBEsol [11] functional as a
revised GGA-PBE. They observed that the fundamental gap increased with
increasing pressure. They achieved better agreement between the evaluated and
experimental values than the calculated bandgaps through other methods. The
effective masses of the structures at meaningful pressures were also estimated.

Most of the previous studies present underestimated/overestimated bandgap

values besides giving contradictory nature of bandgap nature as well. The LDA
as well as GGA approaches to DFT often fail to describe systems with localized
(strongly correlated) d and f electrons. In order to obtain a correct bandgap, many
theoretical studies have been done recently. Altogether, the DFT+Ud shows a low
improvement of the band gap and only applied to the d orbital of transition metals
with the necessity to know the adjustable Hubbard parameter [12]. Recently, the
modified version of semi—local Becke—Johnson (mBJ) [13] exchange—correlation
potential that proposed by Tran and Blaha [14], can achieve a relevant correction
with a low cost of calculations.

On the other hand, a comprehensive first principles DFT-FLAPW study for
different phases of nanolayered ZnO is rarely found in the literature. Moreover,
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mostly work is at the level of standard LDA/GGA, which is known for their
underestimation of bandgap results. Therefore, it is very important to perform
study to insight view regarding optoelectronic properties particularly optical
properties. In this study, we use GGA-PBE and GGA-mBJ in order to study the
structural, electronic, and optical properties of nanolayered ZnO polymorphs.
Moreover, for the sake of completeness, the effective masses will be calculated.

2. THEORETICAL MODEL AND COMPUTATIONAL METHOD

Computational methods presented in this study are based on DFT first—principle
approach implemented within the Wien2k software package [15]. The
calculations of electronic and optical properties were adopted for GGA-PBE and
GGA-mBJ functional. Experimentally obtained crystal data for lattice parameters
was used as a starting point to simulate the structure of ZnO. The radius of
muffin—tin (RMT) sphere values for Zn and O atoms were taken to be 1.01 and
0.86 A, respectively. The plane wave cut off parameters were RMT * K= 8.0
(Ryd)"2. In this study, we consider a 2 x 2 x 2 supercell of a W—, Z—, and R-ZnO,
which contains 32 atoms (16 Zn atoms and 16 O atoms). In calculations, the
Brillouin zone integrations were performed using 14x14x14 K-points mesh
sampling for Z—and R—ZnO and 13x13x9 for hexagonal polymorphs. The chosen
plane wave cutoff and the number of K—points allowed a convergence of the total
energy to within 10~ Ryd/unit cell.

A ZnO (001) slab surface model is constructed using the supercell approach and
periodic boundary conditions. In order to use the plane-wave basis set which is
periodic in nature, the corresponding slab is repeated in the third direction with
the slabs separated by 2 thick enough vacuum regions (10 A upper and bottom of
the slab). The thickness of a slab is usually expressed in terms of a number of
atomic layers, where a layer is defined as a (001) plane that contains Zn and O
atoms. The five outermost atomic layers of atoms are allowed to relax during the
geometry optimizations, and the remaining atomic layers are kept fixed at the
bulk geometry in order to hold the characteristics of a realistic surface.

3. RESULTS AND DISCUSSION

3.1 Structural Properties

To explore the structural properties of ZnO, the three geometrical structures
namely Wurtzite, Zinc blende and Rocksalt with space groups P63mc, F43m

and Fm3m in the Hermann—Mauguin notation, respectively were simulated
(Figure 1). The location of Zn/O atoms related to the mentioned structures is as
follows; (1/3 2/3 0)/(1/3 2/3 0.382), (0 0 0)/(1/4 1/4 1/4), (0 0 0)/(1/2 1/2 1/2).
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Fig. 1. Stick—and—ball representation of nanolayered ZnO crystal structures (2x2x2 supercells).
Blue and red spheres denote Zn and O atoms, respectively.

To calculate the lattice parameters of ZnO in all three geometries,
corresponding simulated unit cells were optimized. By calculating the total
energy of optimized primitive unit cell at different volumes over a range of +10%
around equilibrium volume and fitting the data then with Murnaghan equation of
state [16], obtained values of the equilibrium lattice parameters together with
experimentally reported data and other theoretical results have been shown in
Table 1.

TABLE 1. Lattice parameters of ZnO polymorphs along with bulk modulus B and its derivatives B'.

Structure  Method Lattice parameters (A) B B'
a b C (GPa)
PBE ( Present study)  3.250 3.250 5.204 150.3 | 4.4
LDA (Wien2k) [5] 3.196 3.196 5.167
Wurtzite  PBE (Wien2K) [5] 3.289 3.289 5.308
PBE96 (VASP) [6] 3.302 3.302 5.275
Experiment [17,18] 3.258, 3.258,3.249 5.220,5.206
3.249
PBE ( Present study)  4.627 4.627 4.627 161.7 | 3.95
LDA (Wien2k) [5] 4.501 4.501 4.501
Zinc PBE (Wien2k) [5] 4.626 4.626 4.626
blende  PBE96 (VASP) [6] 4.634 4.634 4.634
Experiment [2] 4.470 4.470 4.470
PBE ( Present study)  4.275 4.275 4.275 205 | 4.68
LDA (Wien2Kk) [5] 4.223 4.223 4.223
Rocksalt  PBE (Wien2k) [5] 4.339 4.339 4.339
PBE96 (VASP) [6] 4.340 4.340 4.340
Experiment [19] 4.271 4.271 4.271

Total energy versus volume data for the Wurtzite structure of ZnO is shown in
Fig.2. Meanwhile, the calculated bulk moduli (B) and the corresponding
derivation (B') are given in Table 1.

Apparently, the lattice parameters are consistent with the listed theoretical
calculations suggesting the credibility of our calculations.
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Fig.2. Total energy as function of primitive unit cell volume for ZnO in the phases of Wurtzite.

3.2 Electronic properties

To explore the electronic properties of ZnO, the electronic band structure that is
pivotal in determining the electronic features, has been determined for three
structural geometries. As it comes from the literature, the study of band structure
of zinc oxide by theoretical approaches is still not up to the expectations. Within
standard DFT, both LDA and GGA usually strongly underestimate the bandgap
and overestimate the occupied cationic d bands. Owing to very simple form, they
are not enough flexible to reproduce both the exchange—correlation energy and
its derivative.

To realize more realistic electronic band structures, and to overcome the well
known deficiency of DFT regarding energy gap underestimation with common
XC functional, mBJ potential was employed in addition to PBE. The calculated
band structures along the high symmetry directions in the Brillouin zone (BZ) of
the zinc oxides are displayed in Figure 3.

The bandgap values computed according to GGA-PBE and GGA-mBJ are listed
in Table 2, along with experimental values and other theoretical calculations.
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Fig.3. nanolayered ZnO band structures along the high—symmetry points in Brillouin zone.

The electronic structure of W—ZnO revealed direct energy gap nature since the
valence band maximum (VBM) and conduction band minimum (CBM) are
located at same I'—point in the Brillouin zone. The corresponding energy gap
calculated with PBE was of magnitude 0.98 eV which is believed to be
underestimated due to the tendency of common GGA in over binding the
electrons. The energy gap value has been improved to 3.01 eV by applying mBJ
potential. The obtained band gap energy using mBJ fuctional seems more reliable
and comparable with the experimental value 3.28 [20].
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TABLE 2. Results of bandgap for ZnO polymorphs of Wurtzite, Zinc blende and Rocksalt. The
results are compared with available experimental data and other first principle calculations.

Polymorph Method Eq (eV)
GGA-PBE (Present study) 0.98
GGA-mBJ (Present study) 3.01
PAW-HSEO6 [5] 2.19

W-ZnO (I'-T) GGA-EV[22] 1.702
LAPW:- all electron GW[23] 244
PAW-PW91 [24] 0.73
Experiment [20] 3.28
GGA-PBE (Present study) 0.58
GGA-mBJ (Present study) 2.59
PAW-HSEO6 [5] 2.22

Z-Zn0O (I'—-1) GGA-EV[22] 1.474
PAW-PW91 [24] 0.64
LDA [25] 0.71
Experiment [21] 3.27
GGA-PBE (Present study) 0.99
GGA-mBJ (Present study) 2.81

R-ZnO (I'—L) PAW-HSEO6 [5] 2.93 (9 Gpa)
GGA-EV[22] 1.683 (0 Gpa)
PAW-PW91 [24] 1.97
Experiment [26] 2.45+0.15 (0 Gpa)

The electronic structure of zinc blende depicted in Fig.2 exhibited the VBM
and CBM at I'-point in Brillouin zone, reflecting the direct energy gap in zinc
blende geometry similar to wurtzite geometry. The computed energy gaps were
of magnitude 0.58 eV and 2.59 eV with GGA-PBE and mBJ potential,
respectively. The corresponding experimental value is 3.27 eV [21]. Comparing
to other results in Table 2, mBJ result shows much better agreement with the
experimental value. The difference of bandgap between W- and Z-ZnO is
affected by the difference of the second neighbors [5]. Compared with the
experimental data [20,21] of fundamental gap for B4 and B3 structures, our
bandgaps are closer to the experiments but still underestimate by 8% and 20%,
respectively. One main source of error can be linked to the fact that the Zn 3d
level is too shallow. As it comes from the results, one can clearly see that the
GGA-mBJ scheme is better than other theoretical calculations that some of them
were given in Table 2.

In contrast to w— and z—ZnO the electronic structure of r—ZnO shows indirect
energy gap. The VBM and CBM are positioned at L and I'—points respectively.
The calculated indirect bandgap with GGA-PBE and mBJ was 0.99 eV and 2.81
eV, respectively. The mBJ calculated value is larger than the experimental value
of 2.45 eV [26]. This overestimation might come from too much of exact
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exchange in GGA-mBJ. Another aspect of the evaluated band-structures is the
existing degeneracy of almost all cases. For instance, the heavy-hole state in the
wurtzite phase is doubly degenerated. In the layered ZnO, the heavy-hole state
splits into two different bands at the I' point, one is located at the top of the I'
point and the other shifts towards the low-energy level. For B4 phase there are
two Zn and O atoms in the unit cell, thus its phonon dispersion consists of 12
branches whose group-theoretical analysis at the Brillouin-zone center (i.e. T’
point) yields a decomposition into 2Az+2B1g+2E24+2E 14, Where Eog and Eiy are
double degenerate modes.

One crucial factor in the expressions for electrical and optical properties of
materials is the effective mass of charge carriers.

The effective mass of electron (m: ) was calculated by fitting the conduction

bands minima to the parabola according to the expression E =#A°k*/mm,

where me stands for rest mass of electron. The expression for m* in isotropic
- - _ dE -

solids can be written as %n _%zk " Then, the effective mass can be

calculated as m” = h%ZE/ak , . The evaluated effective masses were listed in

Table 3 in comparison with the other theoretical and experimental reported
values. As it comes from the results, a quite good consistency exists between the
calculated values here and the reported data of the other researchers.

TABLE 3. Calculated effective mass components for the Wurzite (B4), Zincblende (B3), and
Rocksalt (B1) structures compared with theoretical results.

Structure Reference m: (F)
Present study (GGA-PBE) 0.311
Present study (GGA-mBJ) 0.561
[5] 0.517(0 Gpa)

W-ZnO [27] 0.32
[28] 0.30
Experiment[29] 0.3
Present study (GGA-PBE) 0.209
Present study (GGA-mBJ) 0.502

Z-ZnO [5] 0.242(0 Gpa)
[30] 0.23 (0 Gpa)
Present study (GGA-PBE) 0.308

R-ZnO Present study (GGA-mBJ) 0.473
[5] 0.255 (0 Gpa)
[30] 0.22 (0 Gpa)

For a detailed overview of the electronic structure of W—, Z—and R—ZnO, the total
DOS were determined with GGA-PBE and mBJ (Figure 4). The schematic
representation of the total DOS calculated using GGA-mBJ shows that the VB
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for ZnO is mostly dominated by Zn—d and O-p states. 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 " point in the BZ, which causes coulomb repulsion and
pushes the VB in the vicinity of Fermi level. Meanwhile, the calculated DOS
diagrams suggest that the lower part of the valence band is dominated by the O—
2s orbital and the upper part by the O—2p orbital. For zinc blende ZnO, it has been
proved that the p—d repulsion is the source of the anomalous valence band
structure [31].
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Fig. 4. Total density of states for w—, z— and r—ZnO phases according to GGA-PBE and GGA-
mBJ exchange correlation potentials.
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3.3 Optical Properties

In order to describe the optical properties of the materials, it is necessary to
calculate the dielectric function g(m)=¢l(w)+ie2(®), which is mainly contributed
from the electronic structures. The €1 and €2 are the real and imaginary parts of
dielectric function, respectively. The dielectric function describes the optical
transitions that occur either among inter bands or intra bands. A schematic
overview of the dispersive part €1(®) and the absorptive part €2(®) for the three
ZnO phases calculated using GGA-PBE and GGA-mBJ are shown in Figure 5.
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Fig.5. The real part €1 and imaginary part €2 of the dielectric function of nanolayered ZnO
polymorphs.
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The first structure in the imaginary part of dielectric function appears in energy
range 2-6 eV that corresponds to the optical transition between the VBM and
CBM. Direct optical transition of electrons between Zn—4s and O-2p occurs in
this energy range. The threshold energies for the first structure are comparatively
higher with mBJ potential than GGA-PBE, because of the wider energy gap
calculated with mBJ. This trend is observed for all the structures in the dielectric
function and the other investigated optical constants. The second major structure
in imaginary part was located within the energy range of 6-9 eV. Combined with
DOS in Fig.3, this peak can be linked to the electronic transition which took place
between O-2p and Zn-3d states.

Figure 6 shows the absorption coefficient (o) of ZnO in three geometries.
From the figure we can see that the major peak in the GGA-PBE absorption
spectrum for Wurtzite structure is at 10.86 eV. However, in mBJ spectra it occurs
at higher energy of and 11.45 eV. For Zinc blende/Rocksalt phase, these peaks
are in 10.17/7.85 and 12.05/9.92 eV respectively. The optical absorption mainly
originates from interband electron excitation between the valence and the
conduction bands. All of the absorption peaks can be corresponded to the peaks
of &2 spectra for GGA-PBE and mBJ in Wurtzite, Zinc blende and Rocksalt
phases deduced from the same electron transition. For instance, the first
absorption peak corresponding to the first peak of €2 spectra, deduced from the
direct electron transitions from the O—2p states in valence band to the Zn-4s states
in conduction band.

g e

a(10%m)
g

Energy (eV)
Fig.6. The calculated absorption coefficient for nanolayered ZnO structures of wurtzite, zinc

blende and rocksalt.
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Furthermore, from the absorption edge of absorption coefficient a qualitative
perception of optical bandgap can be attained. From the extrapolating the edge of
spectra for each sample and intercept with the horizontal axes (4v) the
approximate value of bandgap can be evaluated. As it is seen visually, the trend
of the graphs is completely consistent with the bandgap variation of studied
samples.

Figure 7. depicts the reflectivity and transmittance spectra (R&T) in Uv-vis
region that revealed lower reflectivity from ZnO when exposed to light photons.
The light transmittance was deduced as follows [8]
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Fig.7. The calculated reflectivity and transmittance (R&T) for nanolayered ZnO structures of
Waurtzite, Zinc blende and Rocksalt in Uv-vis region.

We calculated the light transmittance with the thickness (d) of 200 nm. As it
comes from the figure, mBJ results show higher/lower transmittance/reflectance
than that of PBE. The average transmittance values are around 80% and 90% for
PBE and mBJ, respectively. These results indicate that, with a certain thickness
of the material, quite lower reflectivity along with very high transparency is
attainable in visible light region (400-800 nm) and infrared region (800—
1200nm). This property makes ZnO as one the best candidates for photovoltaic
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applications. The results are consistent well with the experimental reports [20,
32].

For accurate modeling and designing of optical materials for devices,
knowledge of the dispersion of the refractive indices of the medium is necessary.

The calculated refractive index for ZnO polymorphs in Uv—vis region is shown
in Fig. 8. From PBE/mBJ calculations, the average refractive index of different
structures lies between 2.05/1.55 and 2.22/1.67. For W-ZnO, these results
coincide well with the reported experimental values [32,33]. However,
experimental reports on the refractive index of Z— and R—ZnO are very rare.
Nevertheless, the evaluated values for refraction in this study is very close to the
results obtained by GGA, LDA ad LDA+U for W— and Z-ZnO [34]. The
extinction coefficient refers to the inelastic scattering of the electromagnetic
waves in the semiconductor such as the Compton effect, photoelectric effect, pair
production effect and so on [33]. Totally, the refractive index and the extinction
coefficient of the films have an inverse relation with the transmittance spectrum.
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Fig.8. Refractive indices and extinction coefficient of nanolayered ZnO structures versus
wavelength in Uv-vis region of spectrum calculated by PBE and mBJ exchange correlation
potentials.
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4. CONCLUSION

To survey the strengths and weaknesses of the popular PBE and mBJ exchange-
correlation potentials, they were applied to study the electronic and optical
properties of ZnO polymorphs in the 2x2x2 supercell model. The obtained lattice
parameters at the level of GGA-PBE approach was found to be in good
agreement with either previously reported theoretical or experimental work. It
was found that the mBJ approximation gives more reliable bandgap values in
comparison with PBE. Also, an obvious improvement was observed compared to
the previous reports. The electron effective mass values at the bottom of
conduction band were evaluated for the three studied geometries. In optical study,
it was clearly observed that the spectra obtained by both approximations almost
a similar trend; however, in the case of the optical constants, GGA-PBE approach
seemed to give more reliable outputs than GGA-mBJ approach. As a conclusion,
the DFT computational results for Wurtzite, Zinc blende and Rocksalt ZnO
structures are very sensitive to the choice of the functional. Hence, an appropriate
choice of XC functional in DFT calculations is very critical to obtain reliable
results consistent with the experimental measurements.
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