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Structural and electronic properties of the zinc oxide and the carbon were investigated using first-principle approaches. This
work aims to follow the relative stability between wurtzite and graphitic structures of ZnO at a thickness of four layers. Our
results prove that the graphitic structure becomes more stable. To validate our study in the passage between mono and
multilayer in graphitic ZnO, we have conducting a parallel study on graphene and graphite. The ZnO structures are found to
be semiconductor with a direct band gap. The energy band gap increase from wurtzite to graphitic structure by increasing

the number of layers.
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1. Introduction

The potential of nanoscale has always provoked
scientific discussions, and recent attempts to develop
generally accepted design, growth and characterization
procedures for this scale are underway. Dimensionality is
one of the most fundamental material parameters, which
not only defines the atomic structure of the material, but
also determines its properties to a significant degree. The
same compound can exhibit different properties in
different dimensions [1]. A novel class of low-dimensional
systems distinguishes the development of nanoscale
sciences. One-dimension (1D) and two-dimension (2D)
like nanowires, nanosheets, nanofilms and nanotubes have
been one of the interesting subjects due to their remarkable
properties and potential applications in a wide range of
fields [2, 3]. Two-dimensional materials have attracted
tremendous attention due to their unique nature that not
only enriches the world of low-dimensional physics; but
also provides a unique platform for transformative
technical innovations [4, 5, 6]. The discovery of a whole
family of 2D materials and their novel properties
represents a fundamental and applied challenge Graphene
has a prestigious position as future material for
nanoelectronics and mechanics. Materials like hexagonal-
boron nitride (h-BN) [7] and transition-metal
dichalcogenides (MoSy,) [8] are also of great interest in the
world of 2D materials. More recently, based on first-
principles calculations, it was predicted that Si and Ge [9],
even binary compounds of Group IV elements and I11-V
compounds [10] can form 2D stable monolayer
honeycomb structures. Inspired by the extraordinary
properties of graphene, researchers are exploring materials
that have graphene-like structure. Graphene-like wurtzite

structure is adopted by binary 11-VI and I11-V compounds.
Metal oxides are considered as favorite candidates for
transparent conducting oxides (TCO). Zinc oxide (ZnO)
have been widely studied thanks to its unique properties
[11, 12, 13] ZnO which is an n-type semiconductor
belongs to the family of transparent conductive oxides and
has exceptional properties. In fact, it is characterized by a
direct wide band gap (~ 3.37 eV) [14] at room temperature
and a large exciton binding energy (~ 60 meV), which is
the strongest value among all semiconductor compounds
(GaN~25 meV, ZnS~20meV) [15], so it is a promising
candidate material for optoelectronic and photovoltaic
applications. It is non-toxic and abundant on the earth.
ZnO is also considered as one of the rare multifunctional
materials; its properties make it largely produced and used
in a field of applications such as piezoelectric transducers,
gas sensors, photocatalysis, light-emitting diodes (LEDs),
laser diodes, the transparent electrodes (solar cells), as
well as in the medical domain (blocking of UV
dermatological creams), varistors, etc. [16-21]. ZnO exists
in many crystallographic forms; wurtzite (P63mc space
group), zincblende (F-43m) and rocksalt (Fm-3m). At
ambient conditions, the wurtzite structure is the most
stable. However, many studies proved that, at the
nanoscale, this structure can be transformed into a new
structure called graphite (only for few layers) [22].
Recently, it was found from Density Functional Theory
(DFT) calculations that for ultra-thin films of ZnO, the
graphite-like structure was energetically more favorable as
compared to the wurtzite structure [23]. The graphitic ZnO
(9-Zn0) is similar to the carbon graphite; Zn atoms and O
atoms are located in the same plane. It is a honeycomb
structure with space group P63/mmc (n° 194). The
stability of this phase transformation from the wurtzite
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lattice to a/the graphite-like structure is only limited to a
thickness of few Zn-O layers and was subsequently
verified by experiments [24]. A similar phase transition
was also observed in the ZnO nanowire when it was
subjected to uniaxial tensile loading [25]. The graphitic
ZnO thin films are structurally similar to the multilayer of
graphite and are expected to have interesting mechanical
and electronic properties for potential nanoscale
applications. It was studied by several authors. In fact,
many theoretical works have proved the existence of
graphite structure [26]. For example, Freeman et al. [22]
and Zhang et al. [27, 28] have demonstrated that the
wurtzite structure can be transformed into the graphite
structure, but only for a few layers, defining a critical
thickness, Moreover, Wu et al. [29] confirmed the
previous result and found that the transition to be graphite
structure only occurs below 3 layers. Until now, few
experimental results have been reported in literature. In
2007, Tusche et al. [24] reported the graphite structure of
ZnO found that the stability of this structure is limited to a
thicknesses of a few atomic layers (the number is to be 3
or 4 layers).

In this work, to get a better understanding of the new
structure of graphitic ZnO at the nanoscale, we have
investigated their structural and electronic properties using
ab initio calculations based on density functional theory.
We discuss the relative stability between graphitic and
wurtzite phases of ZnO at a thickness of four layers. We
also study the effect of the wurtzite-graphite structure
change on the electronic properties. To interpret our
results, we have presented the properties of graphene and
graphite as reference materials in the field of mono- and
multilayer.

2. Computational methods

First-principles  calculations of structural and
electronic properties of zinc oxide have been performed in
the framework of the Density Functional Theory [30],
using pseudopotentials and a plane wave basis set as
implemented in the Abinit code [31]. For the plane wave
basis set, the energy cutoff is set to be 50 Hartree.
Troullier-Martins  pseudopotentials [32] have been
generated by means of the Fritz-Haber-Institute package
[33], for the reference 3d'%s? and 2s?2p* atomic
configurations of zinc and oxygen, respectively. The
suitable atomic configuration of carbon in graphite and
graphene is 2s2p2We select the local density
approximation (LDA) and the generalized gradient
approximation (GGA) as the exchange and correlation
potential for our work. The parameterization in LDA is
that of Perdew and Wang [34], which is based on the
quantum Monte Carlo calculations of Ceperley and Alder
[35]. In search of a better approximation to describe the
exchange-correlation density functional, we also use the
Perdew-Burke-Ernzerhof (PBE) version of the generalized
gradient approximation [36]. The k-point samplings with
8x8x8 for bulk and 8x8x1 for monolayer structures have
been used after convergence test in the Brillouin zone

using the Monkhorst-Pack scheme [37]. We adopted a
supercell technique for modeling the mono- and multilayer
structures. To avoid the interactions of adjacent slabs, the
vacuum space of 15 A is used included along the Z
direction. All the geometric structures in this article are
plotted using XCrySDen software [38].

3. Results and discussion

3.1. Structural properties

3.1.1. Multilayer structure

Zinc oxide is an II-VI compound semiconductor,

where most of the compounds of this family crystallize in
the wurtzite structure.

a)

Fig. 1. Schematic representations of the crystal
structures of ZnO (a) wurtzite, (b) graphitic ZnO and
(c) graphite (color online)

Wourtzite structure has a hexagonal unit cell with two
lattice parameters (a, c) and belongs to the space group
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P6smc (No. 186). Under ambient conditions, ZnO
crystallizes in the wurtzite structure. This structure is
characterized by two interconnected sublattices of Zn?*
and O% in such a way that Zn ion is surrounded by a
tetrahedral of O ions, and vice-versa (Fig. 1 (a)). Under
high pressure, the wurtzite phase transforms into a cubic
rocksalt or zincblende. These phase transitions were
studied both theoretically and experimentally [39].

The first step of this study will be the analysis of the
structural properties; the equilibrium lattice parameters are
calculated within the method seen previously using the
habitual minimization procedure [40]. The total energy
was calculated for different values of the lattice constant,
and the ground state corresponds to the lowest value of the
total energy. A fit of the resulting energy versus volume
curve with the Murnaghan equation [41], shown in Fig. 2,
gives the values of the equilibrium lattice parameters for

the different polymorphs of ZnO. We show in Fig. 2 that
the wurtzite phase is lower in energy than the others
phases which proves the more stability of the wurtzite
structure. Our calculated lattice parameters were recorded
and compared with values obtained from other simulations
and experiments as summarized in Table 1. Our
calculations are based on the local density approximation
(LDA) and generalized gradient approximation (GGA-
PBE). It was observed that the deviation of the lattice
parameters is less than 1% of the experimental values,
which may be due to the approximation method used
during optimization. LDA calculations show the well-
known over-binding effect value with a lattice parameter
underestimated as compared to the experimental results,
and GGA-PBE calculations are overestimated. Our results
are in a good agreement with the published experimental
and theoretical data.

Table 1. The optimized lattice parameters of ZnO in different structures and graphite

Structure Present work Exp. Other
calculations
LDA | GGA

ZnO a| 321 | 332 3.24 [42] 3.192 [43]
(Wurtzite) 3.209 [44]
c| 522 | 529 5.20 [42] 5.190 [43]

5.128 [44]

ZnO a| 453 | 4.66 4.46 [45] 4,505 [44]

(Zincblende)

Zno al| 424 | 436 4.28 [42] 4.224 [44]
(Rocksalt) 4.339 [46]
ZnO a| 323 | 331 3.44 [47] 3.161 [44]
(graphitic) 3.397 [48]
c| 587 | 693 - 5.294 [44]

5.132 [48]

Graphite a| 243 2.48 2.45 [49] 2.458 [50]
2.597 [51]

c| 620 | 7.09 6.69 [49] 6.674 [50]

7.080 [51]

We considered 3D bulk ZnO, which is in wurtzite,
zincblende and rocksalt. However, it was found from
Density Functional Theory calculations that for ultra-thin
films of ZnO, the graphite-like structure (g-ZnO) was
energetically more favorable as compared to the wurtzite
structure [23]. The g-ZnO structure consists of ABAB...
stacking sequence belong the [0001] direction and Zn
atoms and O atoms are located in the same plane (Fig. 1
(b)). This structure belongs to the space group P6s/mmc
(No. 194). Atoms in wurtzite and zincblende structures are
four fold coordinated through tetrahedrally directed sp®

orbitals, whereas the atoms in the g-ZnO crystal are three
fold coordinated through sp? orbitals. Among the goals of
this work is to study and compare the stability of the g-
ZnO and the other 3D structures (wurtzite, zincblende,
rocksalt). To accomplish this goal, we always use energy
versus volume. Fig. 2 shows the total energy as a function
of volume for ZnO in the 3D bulk structures. These curves
clearly show that for all compounds, the wurtzite form is
slightly lower in energy. g-ZnO is higher in energy,
confirming that this form is less stable. It is worth noticing
that results from both LDA and GGA are the same.
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Fig. 2. Variations of the ZnO total energy as a function of the volume, for 4 phases, Wurtzite, Zincblende, Rocksalt
and Graphite within LDA and GGA approximations (color online)

The structural parameters for the different phases of
ZnO are determined. The results and comparison to
experiment and other theoretical works are summarized in
Table 1. Our results are in good agreement with others
studies [42- 48]. To understand the properties of g-ZnO we
studied the graphite. Graphite is the most stable form of
carbon under standard conditions. The carbon atoms are
arranged in a honeycomb structure. The coordinates of the
atoms on the same plane are (0, 0, 0) and (1/3, 2/3, 0). The
atomic planes are spaced by distance ¢ (Fig. 1 (c)).
Graphite belongs to the space group P6s/mmc. By
adopting the same work strategy that is based on the
variation of energy according to the lattice parameter, we
calculated the equilibrium lattice parameters of graphite.
Table 1 summarized the equilibrium lattice parameters of

a)

graphite with other parameters available in the literature.
These results are in a good agreement with experimental
data and other first-principles calculations [49-51]. To
reveal the dimensionality effects, our study includes also
3D bulk ZnO (wurtzite, zincblende, rocksalt, graphite) and
a new structure that appears for some atomic layers of
thickness. It was observed that 3D bulk ZnO transforms to
2D stable honeycomb structures [25]. The stability of this
phase transformation from 3D ZnO lattice to 2D ZnO film
is only limited to a thickness of several ZnO layers and
was subsequently verified by experiment [24]. The
standard procedure for calculating total energy is the slab
supercell technique. In this work, we modeled a slab of
ZnO in the honeycomb structure with a supercell
employing 4 layers (Fig. 3).

b)

Fig. 3. Supercells representing the (a) four layers of graphitic ZnO and (b) four layers of wurtzite ZnO (color online)

In this study, we considered two configurations
following the crystalline structure. The first structure is
wurtzite (Fig. 3 (a)) where alternating zinc and oxygen
layers occur. The second is a graphite structure (Fig. 3 (b))

where the zinc and oxygen atoms are on the same plane.
The vacuum region of the 3c-parameter (~15A) ensures
the decoupling of repeated slabs. Exploiting the curves of
energy as a function of volume for these two structures,
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we can observe clearly from Fig. 4 that the graphite
structure is energetically lower than the wurtzite structure.
So, it appears that the graphite structure is the most stable
structure. This result is confirmed by many previous
results [22, 24, 29]. Our calculations are verified by the
LDA and GGA approximations. The lattice parameters a
and ¢ were optimized by calculating the total energy as a

function of volume and fitting the curves with the
Murnaghan equation of state. In this case, the lattice
constant a (i.e. the interatomic distance) is reduced by ~
3% and the interlayers distance c is increased by ~ 20%.
Our results are in good agreement with the values
available in literature.
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Fig. 4. Total energy as a function of the volume for 4-layers ZnO; wurzite and graphite with the LDA and GGA approximations
(color online)

3.1.2. Monolayer structure

A good understanding of the novel properties of two-
dimensional ~ semiconductors  requires a  good
understanding of the structural properties. In this study,
we focused on the monolayer structural properties of
graphene and ZnO monolayer. Monolayer structure
consists of atoms arranged with a two-dimensional
honeycomb crystal structure as shown in Fig. 5 (a). The
honeycomb structure consists of the hexagonal Bravais
lattice, with a basis of two atoms, at each lattice point we
associate the primitive lattice vectors of the hexagonal

\Em;y and @ = —\Em;y
(Fig. 5 (a)). The lattice constant is the distance between
carbon atoms in the graphene and between oxygen and
zinc in the zinc oxide monolayer. Fig. 5 (b, ¢) shows a
structure of graphene and ZnO monolayer. The variation
of energy according to the lattice parameters allows us to

calculate the equilibrium lattice parameters of graphene
and ZnO monolayer.

Bravais lattice, a; =

Table 2. The optimized lattice parameters of ZnO monolayer
and graphene

Structure a(A) References
Zn0O 3.228 LDA | Present work
monolayer 3313 | GGA
3.290 [52] Other calculations
3.232 [53]
3.303 [24] Experiment
Graphene 2.433 LDA | Present work
2.457 GGA
2.461 [54] Other calculations
2.445 [55]
2.454 [56] Experiment

The calculations based on DFT-LDA approximation
usually exhibit under estimation values as compared to
experimental data, while the calculations based on DFT-
GGA approximation overestimates it. Ours results and
other theoretical and experimental results are listed in
Table 2 [24, 52-56].
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b)

Fig. 5. Atomic structure of (a) Schematic representation of a ZnO layer, a; and a;are the basis vectors
of the hexagonal Bravais lattice, (b) graphene and (c) ZnO monolayer (color online)

3.2. Electronic properties
3.2.1. Multilayer structure

In this part, we are interested in the electronic
properties of ZnO in wurtzite, g-ZnO structure and g-ZnO
four layers slab, and we perform an analysis of the
electronic band structure of these crystalline phases. The
energy band structures of ZnO in its different phases have
been calculated and plotted along the high symmetry
directions in the Brillouin zone K-I'-M-K, as shown in Fig.

10

6 (a), (b) and (c). The Fermi level (Eg) is fixed at 0 eV. For
all these structures, the valence band maximum is found to
be 0 eV at I' point. The band structure has been evaluated
using the local density approximation (LDA). The wurtzite
ZnO (Fig. 6(a)) shows a direct band gap of 0.763 eV
which is in excellent agreement with other theoretical
values (0.77 eV [57] and 0.81 eV [58]). It is smaller than
that of the experimental result; Eq= 3.37 eV [14]. Thisis a
confirmation that the theoretical band gaps are
underestimated within LDA in comparison with the
experimental values.
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Fig. 6. Band structures of ZnO along the principle high symmetry directions in the first Brillouin zone for (a) wurtzite,
(b) g-ZnO bulk and (c) g-ZnO four layers (color online)
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We also analyse the band gap structure of the g-ZnO
bulk structure and the g-zZnO four layers slab. These two
structures, presented in Fig. 6 (b) and (c), have also a
direct band gap. Until now, no experimental results have
been reported about the electronic properties of the g-ZnO
structure. Consequently, most works of literature reported
are theoretical researches. We have obtained E; =
0.717eV for g-ZnO structure. This result is in good
agreement with the results of Su et al. (E; = 0.838 eV
under the hydrostatic pressure) [59] and Kang et al. (Eq =
0.967 eV) [47]. Our calculation of the band gap of the
ZnO four layer slab is Eq = 1.76 eV. Our results are in
good agreement with these previous calculations. The g-
ZnO four layers slab has an energy band gap larger than
the wurtzite and g-ZnO bulk structure. About the band
structure, it is well known that the local density
approximation (LDA) underestimates the energy gap.
Therefore, to correct this energy and to have an
approximately exact value of Eg many groups used the
GGA+U, the HSEO06 or the PBEO. Based on these
approximations, the energy band gap of ZnO has been

(a) (b)

predicted to be 3.89 — 5.30 eV by Zheng et al. [60] and
3.82 eV by Wang Q. B.et al. [48]. This difference between
different values can be explained by the instability of the
graphite phase, which may be regarded as a hypothetical
phase until now. In Fig. 7, we illustrate the calculated
density of states (DOS) for the three different forms of
ZnO (wurtzite, g-ZnO and g-ZnO four layers). For these
structures, our results show that the valence band (VB)
state are composed mainly of O-2s, O-2p and Zn-2s states
while the conduction band (CB) is dominated by/ comes
mainly from the Zn-4s states [61, 62].

The DOS values of ZnO wurtzite and g-ZnO are
similar. But, the four layers of g-ZnO showed a more
intense peak in the DOS at the Fermi level. This property
is a sign of instability, according to Hume-Rothery [63].
The increase in the number of layers increases the quantity
of energy level, which raises the density of states (DOS).
Therefore, the consequence is that the valence band energy
becomes higher than the Fermi level. Consequently, the
gap energy decreases with the increase in the number of
layers (Fig. 6).

(c)
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Fig. 7. Density of states (DOS) of ZnO in the three forms, (a) wurtzite, (b) g-ZnO bulk and (c) g-ZnO four layers (color online)

3.2.2. Monolayer structure

The electronic properties of the ZnO monolayer allow
us to draw several conclusions about the nature of this
form of zinc oxide. To calculate the band structure of the
ZnO monolayer, we have chosen the direction of high
symmetry in the first Brillouin zone K-I'-M-K. Fig. 8-b
illustrates the structure of monolayer zinc oxide with LDA
approximation. This figure shows that the ZnO monolayer
is a direct gap semiconductor at the point T'. The energy
values of the gap for the ZnO monolayer are 1.66 eV for
LDA approximation and 1.69 eV for GGA approximation
obtained by the pseudopotential approach (PP). This value
is predicted to be 1.762 eV by Tu [64], 1.68 eV by
Topsakal [57], 1.84 eV by Wang Y. et al. [65] and 1.67 eV
[42, 52, 53, 66]. To better understand the electronic
properties of monolayer structures, we calculate the band
structure of graphene. Our calculation was carried out
along the K-I'-M-K path of high symmetry directions in

the first Brillouin zone. Fig. 8 (a) shows the electronic
bands structure of graphene within LDA approximation.
This figure does not show a band gap between the valence
band and the conduction band. The two bands are
connected at Fermi level is equal to 0 eV. This calculation
clearly shows that graphene has a semi-metallic behavior
(semiconductor with a zero band gap). This result is
consistent with other theoretical and experimental studies
[55, 67]. From bulk to monolayer structures, the band
structures undergo changes that can change the character
and the use of this material. The controllability of the band
gap may also be used to optimize the materials used. With
decreasing thickness, band structures of graphite pass from
semiconductor to semi-metal (zero gaps). ZnO bulk and
monolayer keep a direct gap but the value of the band-gap
decrease. This specificity of the ZnO monolayer to have a
band-gap different from zero can make this material more
important than the graphene where its zero band-gap limits
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its use in several fields where one seeks band-gap energy
non-zero.

Energy (eV)
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=

Fig. 8. Band structures of (a) graphene and
(b) ZnO monolayer (color online)

4. Conclusion

In summary, the first-principle calculations are
performed to investigate the structural and electronic
properties of zinc oxide (monolayer, wurtzite and graphitic
structures) and carbon (graphene and graphite structures).
To discover the novel structure graphitic ZnO structure
and its special and unique properties, we have studied the

relative stability between graphitic and wurtzite phases of
ZnO at a thickness of 4 four layers. Unlike to the bulk, the
graphite phase becomes more stable than the wurtzite
structure of thin layers. This result is in excellent
agreement with experimental data and other first-
principles calculations. Similar to the previous theoretical
reports, our results of electronic structure calculation show
that the graphitic structure has a direct optical band gap of
1.76 eV. This result makes it a promising phase for
technological nanoscale electronic and optoelectronic
applications. We have also presented the properties of
graphene and graphite as reference materials in the field of
mono- and multilayer.
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