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1 Introduction
Crystalline ZnO is a semiconductor with wide GAP 

and has an excellent piezoelectric property. These features 
suggest a great application for ZnO as transistors, gas sensors 
and optoelectronic devices, among others. Different ZnO 
nanostructures studied by theoretical and experimental 
techniques. Therefore, ZnO nanostructures have attracted 
great interest of researchers and engineers because of their 
excellent physical properties with enormous potential in 
technology. For example, nanowires 1-9 were synthesized 
in laboratories for optoelectronic sensors and Zhou et al., 
observed by density functional theory, that ZnO nanowires 
act as excellent chemical sensors 7,8,10-12. In special, theoretical 
studies 13-15 showed that thin films of ZnO combined with 
carbon nanotubes have interesting physical properties, such as 
weightlessness, elasticity and piezoelectricity. These properties 
suggest great applications in aerospace design and sensor 
development for detecting fractures or/and defects in the 
structure. However, few theoretical studies have been made 
so far in order to analyze two-dimensional structures of 
ZnO. For instance, Tu, Hu 13 observed interesting physical 
properties of the two-dimensional structure of ZnO and 
their results were compared to the carbon nanostructure. 
However, the analysis proposed by him is limited by only 
one graphene layer.

In this paper a theoretical study was performed to 
investigate the effect of the graphene layers number 
on ZnO graphene-like structure and the results were 
compared to the wurtzite structure values. Therefore, three 
different systems composed by two-dimensional ZnO 
were used to get the graphene-like structures, and they 
were studied by density functional theory and periodic 
boundary conditions. The results showed that ZnO thin 
films have a flat honeycomb structure similar to graphene, 
which the value of Zn-O bond length in ZnO graphene 
form is greater than that in wurtzite form and Zn-O bond 

length decreased with the increase in the layer number. 
Furthermore, the n-type behavior of ZnO graphene-like 
depends on the number of graphene layers.

2 Computational procedure
Density functional theory (DFT) was made using the 

projector augmented-wave function data set proposed by 
Kresse 16 and the generalized gradient approximation (GGA) 
by Perdew et al., 17. Abinit software 18 was used to perform 
the DFT calculation with periodic boundary conditions. 
The convergence of the wave functions was obtained after 
the error in the energy reaches 10-6Hartree. The energy cut‑off 
for the plane wave basis was set to 24 Hartrees and the plane 
wave density grid to 60 Hartrees. The Monkhorst‑Pack 
method19 shifted at the Γ point was used to perform the 
K-point distribution in the first Brillouin zone and grid 
meshes of 6x6x5 and 8x8x1 were used for wurtzite and 
graphene-like structures. The zinc-oxygen charge transfer 
values were based on the Hirshfeld method 20.

Broyden-Fletcher-Goldfarb-Shanno minimization 21 
was used to optimize the atomic coordinates and the unit 
cells of wurtzite and graphene-like structures. All atoms 
were allowed to relax until the forces were smaller than 
5x10-4Hartree/Bohr for wurtzite and for graphene-like 
structures. Various modifications were made in the wurtzite 
cell in order to construct a ZnO two-dimensional structure: 
The wurtzite unitary cell was replicated along the three 
directions. The highest and lowest atoms were removed 
from the replicated cell. Next, the unitary cell parameters 
were adjusted and the atomic coordinates were optimized 
in order to obtain the two-dimensional most stable structure 
of the graphene-like. A vacuum distance of least 10 Å was 
performed to avoid interactions between adjacent images. 
Fig. 1 shows the geometries of wurtzite (a) and graphene‑like 
structures (b, c and d) after optimization.
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3 Results and discussion
The most stable ZnO bulk structure is the wurtzite lattice 

[11, 14, 23, 25]. According to Karzel et al., 22 the crystal 
lattice parameters of wurtzite (a, b, c) are a = b = 3.25 Å 
and c = 5.204 Å whereas the internal parameter u (u = c/a) 
corresponds to 1.602. Table 1 presents some wurtzite lattice 
parameters theoretically (in this work and in others papers 14,23-25 
and experimentally determined 22. In this work, the crystal 
lattice parameters for wurtzite are a = 3.197Å, c = 5.179 Å and 
u = 1.62, which are in good agreement with the experimental 
data proposed by Karzel et al., 22 with errors less than 2%. 
Table 1 also shows the crystal lattice parameters of ZnO 
graphene-like structures after optimization and theoretical 
and experimental results found in literature. The parameter 
a was 3.286 Å for the monolayer graphene-like structure, 
which is higher than that of wurtzite one.

Fig.  1 shows the structures of wurtzite (Fig.A) and 
graphene like ZnO of one layer (Fig.B), two layers (Fig. C) 
and three layers (Fig.D). These structures were obtained after 

optimization of the initial cell. Figures 1B, C and D show 
that the optimized structures are flat and they are similar 
to the graphene shape. According to Claeyssens et al., 26, 
ZnO thin films containing less than 18 layers have not the 
structure of wurtzite, but all layers have structures similar to 
the graphene. However, Tu 27 estimated that for a unitary cell 
made by three layers of ZnO graphene-like, the interaction 
between these layers should be sufficient to deform the 
structure, there by forming the structure of wurtzite.

Tab. 1 shows the average of the Zn-O bond length of 
wurtzite and Zn-O graphene-like structures (dZn-O) obtained 
in this work and in literature. Karzel et al., 22 obtained the 
Zn-O bond length of 1.99 Å for wurtzite, while theoretical 
works 24 found 2.001 and 2.007 Å. However, the values 
determined by Chai  et  al., 23 and Pandey  et  al., 24 using 
isolated clusters are ranged from 1.817 to 1.930 Å, which 
are shorter than wurtzite ones. Furthermore, Tu, Hu 13 found 
1.852 Å for monolayer structure of ZnO using DFT method 
while Topsakal et al., 25 found 1.895 Å. In this work, the 
Zn-O bond length was 1.897 Å for monolayer graphene-like 

Figure 1: Replicated wurtzite structure along the xyz directions (a) and two-dimensional ZnO graphene-like structures (b, c and d). 
The geometries were obtained after optimization.
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structure and the values found for two and three-layers were 
larger than 2 Å. Therefore, the Zn-O bond length depends 
on the number of graphene layers in the graphene-like 
structure, due to the increasing of the binding energy between 
neighboring atoms.

Tab. 2 shows the Zn-O bond length (dbl) between neighboring 
atoms of the same graphene layer in a ZnO graphene-like 
structure. The values for the Zn-O bond length in the mono, 
double and three-layer graphene-like structures are 1.897, 
1903 and 1.903 Å, respectively, which are smaller than that 
one found for the wurtzite structure (1.954 Å). These results 
are in agreement with those reported by Tu (1.852 Å) 14,27. 
Tab. 2 also shows the interlayer distance between adjacent 
layers (dal), which was determined by the average distance 
between zinc and oxygen on different layers (at this point 
it is important to note that zinc and oxygen, which are 
on different layers are in the same point in the xy plane). 
The interlayer distance between adjacent layers for double 
and three layers were 2.458Å and 2.502 Å, respectively. 
Tab. 2 also shows the Zn-O bond length parallel to c-axis 
(dw

al) and the average of three others Zn-O bond lengths (dw
bl) 

in the wurtzite structure. The values for dw
bl and dw

al were 
1.954 and 1.949Å, respectively. In both cases, double and 
three-layer structures, dal were larger than the Zn-O bond 
length in the wurtzite structure. Thus, the graphene‑like 
structures reveal that the distance between zinc and oxygen 
on the same layer is smaller than the ones founded on the 
different layers.

The interlayer distance between adjacent layers (dal) of 
the double layer grafene-like structure agrees with values 

determined by Topsakal (2.314 Å) using x-ray diffraction 
analysis. However, Lebegue et al., 29 found the value of 3.33 Å 
in a multilayer graphene with ABAB stacking sequence, 
giving the interlayer distance of ZnO graphene-like structures 
a smaller value compared to carbon graphene. Therefore, 
a smaller dal permits that ZnO graphene-like structures get 
a smaller vacuum distance compared to carbon graphene.

Figs. 2-4 show the band structures calculated for the 
three structures of ZnO graphene-like after optimization. 
The red dashed line is the Fermi level found for wurtzite, 
where the GAP is 0.79 eV, whereas the experimental value is 
3.4 eV 28. This underestimation is due to some approximations 
of the electronic correlation effects at sub-level d, which is 
caused by the GGA functional. Despite that, it is possible 
to see an evident decrease of the GAP with the number of 
graphene layers. By the way, ZnO graphene-like showed 
larger GAPs than wurtzite. According to the GAP values, all 
structures of ZnO graphene-like are semiconductors with a 
direct GAP at the Γ point. The monolayer structure showed 
a GAP of 1.61 eV which is in a good agreement with the 
results found by Tu 27 without GW correction (1.762 eV). 
The GAP for the double layer and three-layer structures was 
1.34 eV and 1.22 eV, respectively. Fig. 5 shows the GAP 
related to the number of graphene layers. It is possible to 
see that the number of graphene layers tends to decrease 
the value of the GAP.

Figs. 2 to 4 also show the density of states (DOS) for ZnO 
graphene-like on different graphene-like layers. The DOS 
values of ZnO graphene-like has only one graphene-like 
layer suddenly decay near the Fermi level when it is 

Table 1: Crystal lattice parameters and structure found in this work and theoretical and experimental values for wurtzite and graphene‑like 
structures in literature.

Reference Structure dZn-O(Å) a (Å) c (Å) c/a
This work Monolayer 1.897 3.286 ∞ ∞

Two-layer 2.088 3.295 ∞ ∞
Three-layer 2.017 3.295 ∞ ∞

Wurtzite 1.949 3.197 5.179 1.620
Literature Isolated cluster† 1.930 ∞ ∞ -

Isolated cluster‡ 1.885 ∞ ∞ -
Isolated cluster‡ 1.817 ∞ ∞ -
graphene-like♯ 1.895 3.283 ∞ ∞
graphene-likeᴣ 1.852 3.199 ∞ ∞

wurtzite♯ 2.001-2.007 3.280 5.300 1.616

wurtzite♭ 1.990 3.250 5.204 1.602
† DFT by Pandey et al [24]; ‡ DFT by Chai et al [23]; ♯ DFT by Topsakal et al [25]; ᴣ DFT by Tu et al [13]; ♭ Experimental results proposed by Karzel et al [22]

Table 2: Binding energy (EB), net charge transfer (ΔQ), average energy and their contributions at each sub-level (Es,p,d). The Zn-O bond 
lengths dbl and dal. The unities are eV, elementary charge unity and angstrom.

Structure Layer dbl dal ΔQ EB

Zn O

Es Ep Ed Ep

Graphene-like
1 1.897 ∞ 0.400 -8.06 -11.02 -6.91 -8.01 -5.60
2 1.903 2.458 0.376 -8.20 -8.27 -5.72 -6.44 -4.34
3 1.903 2.502 0.371 -8.23 -7.46 -5.46 -6.05 -3.99

Wurtzite ∞
dw

bl dw
al

0.323 -8.53 -1.99 -0.64 -0.74 0.70
1.954 1.949
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compared to the wurtzite one. Moreover, the double and 
three graphene-like layers showed a more intense peak in the 
DOS (at -2.5 eV) which is associated with a large quantity 
of degenerated states. A meaningful increase in the band 
levels and the density of states under the valence band can 
be noted in Figures 2-4 for structures using double and three 
graphene-like layers. Furthermore, the energies of the band 
levels under the HOMO state also increase compared to 

the Fermi level found for wurtzite. Consequently, a shift of 
the Fermi level of the graphene-like structures towards the 
conduction band of the wurtzite can be observed. Thus, the 
graphene-like structure becomes an n-type semiconductor 
for a larger number of graphene-like layers. A suddenly 
decay in the DOS, going from the highest occupied level 
(HOMO) returning to the lowest occupied level (LUMO) 
was observed. Thus, the monolayer graphene-like presents 

Figure 2: Band structure and DOS of ZnO in the monolayer graphene-like structure. The red dashed line is the Fermi level found for wurtzite.

Figure 3: Band structure and DOS of ZnO in the doublelayer graphene-like structure. The red dashed line is the Fermi level found for 
wurtzite.
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a well-defined region of band GAP, but the wurtzite does 
not, where a slightly soft decay is observed at sub-levels 
of the zinc in the conduction band near the LUMO state. 
Therefore, the wurtzite shows a lower value for the GAP 
compared to ZnO graphene-like structure.

The increase in the number of graphene-like 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 
of the monolayer case. Consequently, the GAP decreases 
with the increase in the number of the graphene-like layers. 
The  Fermi level found for the monolayer graphene-like 
structure is 3.13 eV while for wurtzite is 3.9 eV. However, 
the Fermi level increases for a large number of Zn-O 

Figure 4: Band structure and DOS of ZnO in the three-layer graphene-like structure. The red dashed line is the Fermi level found for wurtzite.

Figure 5: PDOS of the zinc within the structure of graphene-like forms (top-half) and wurtzite (lower-half). The black, red and green 
lines represent the sublevels. The DOS of graphene-like structures is shown below on the right.



Fernandes et al.502 Materials Research

graphene-like layers (-3.11 eV for monolayer, 1.54 ev for 
double layer and -1.12 eV for three-layer cases). Therefore, 
the ZnO graphene-like becomes an n-type semiconductor 
when N >>1 (N represents the number of graphene layers). 
This behavior agrees with the electrical conductivity analysis 
of ZnO thin films proposed by Caglar et al 12.

The partial density of states (PDOS) of the sub-levels s, 
p and dare presented for zinc and oxygen in Figs. 5 and 6, 
respectively. PDOS was calculated for the three different 
structures of the ZnO graphene-like (top-half of the frames 
a, b and c in Figs. 5 and 6) and the results were compared to 
wurtzite (lower-half of the frames a, b and c in Figs. 5 and 6). 
In the valence band, the comparison between the PDOS 
of the zinc and oxygen indicates that DOS of the ZnO 
graphene-like is mainly filled by the sub-level p of the oxygen. 
Moreover, both structures (graphene-like and wurtzite) have 
the sub-level p predominantly filled with the energy states 
of oxygen. However, zinc is filled with sub-levels s, p and 
d. The region near the highest occupied state (HOMO) is 
predominantly filled with the sub-levels p and d of zinc and 
oxygen in wurtzite, while ZnO graphene-like structure is 
almost homogeneous among these three sub-levels.

The average energy of the sub-levels s, p and d was 
determined by Eq. 1,

( )

( )

F

F

E

l

l E

l

d
E

d

εη ε ε

η ε ε

−∞

−∞

=
∫

∫

, 	 (1)

where ηl represents the partial density of states of sub‑level l 
(l = s, p, d) under the Fermi level. The values for the 
average energy of each level are also showed in Tab.  2. 
These energies are important because they describe the 

contribution of these levels to electronic process (more 
negative means more active to electronic process), such as 
hybridization and electronic transport 30. In the wurtzite and 
graphene-like structures, the El value found for the oxygen 
is 0.7 eV, therefore it does not contribute actively in the 
hybridization instead of the sub-level s of the zinc which is 
the most active one (-11.02 eV). The value of the average 
energy of the sub-levels s, p and d gradually increases as the 
number of graphene-likelayers increases. Therefore, due to 
the bidimensional confinement of electrons, the sub-levels 
of atoms that compose the graphene-like layers tend to 
be most active to electronic process when the number of 
graphene-like layers decreases.

The stability of the Zn-O bond energy was analyzed 
by the binding energy in the wurtzite and graphene-like 
structures according to the following formula:

( )1
B ZnO Zn OE E n E E−= − + ,	 (2)

where n is the number of bonds between zinc and oxygen 
atoms. EZn,O represents the total energy of zinc and oxygen 
atoms and EZnO is the energy of ZnO composed by 2n atoms. 
The binding energy of wurtzite was -8.53 eV, which is in 
a good agreement with the results proposed by Tu et al., 
13 (-8.95 eV). Fig.  7 also shows the binding energy as a 
function of the number of graphene layers. However, the 
Zn-O binding energy for monolayer graphene-like (8.06 eV) 
is higher than wurtzite, revealing that Zn-O bond of the 
graphene-like structure is less stable. Furthermore, Tab. 2 
shows that the binding energy tends to decrease as the 
number of graphene layer increases, where for the double 
layer EB is -8.2 eV while the three-layer case is 8.23 eV.

Tab.  2 also shows the absolute value average of the 
net charge of zinc and oxygen atoms (ΔQ). The net charge 

Figure 6: PDOS of the oxygen within the structure of graphene-like forms (top-half) and wurtzite (lower-half). The black, red and green 
lines represent the sublevels. The DOS of graphene-like structures is shown below on the right.
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per atom in the graphene-like structure (mono, double and 
three‑layer)is higher than in wurtzite (0.323e). The monolayer 
structure showed a net charge (ΔQ) of 0.4e, this value is the 
highest one among the three graphene-like structures (0.376e 
for double layer and 0.371e for three-layer). Due to Coulomb 
law, it is expected a more intense electrostatic energy for 
larger values of ΔQ, as a result, the atomic interaction also 
increases. However, due to the charge transfer between 
atoms of different layers, ΔQ gradually decreases when the 
number of graphene layers increases.

4 Conclusion
The structural and electronic properties of the ZnO 

graphene-like were obtained and compared with wurtzite 
using the plane wave expansion and DFT theory. The number 
of graphene-like layers in the graphene-like structure 
substantially affects the electronic and structure properties 
of ZnO. The Zn-O bond length between zinc and oxygen 
is lower than the ones found in the wurtzite. The GAP of 

the ZnO graphene-like structure tends to decrease with the 
number of graphene-like layers, which are larger than those 
of wurtzite. The analysis of the partial density of states 
showed that the monolayer graphene-like structure has a 
great contribution of the p and d sub-levels of zinc near the 
HOMO state, therefore this contribution tends to decrease 
with the increase in the number of graphene-like layers. 
The average of the sub-levels s, p and d of zinc and oxygen 
tends to increase for a lower number of graphene-like layers. 
Therefore, the donor-like behavior depends on the number 
of graphene-like layers, where the ZnO graphene‑like 
becomes an n-type semiconductor. Furthermore, the net 
charge transfers between zinc and oxygen in graphene-like 
structures are higher than wurtzite, where the net charge 
gradually decreases with the number of graphene-like layers.
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