
INTRODUCTION

 In recent years, ZnO specific electronic and optical prop-
erties have received increasingly attention. The wide band gap
and large exciton binding energy make it a promotive candidate
for blue and ultraviolet light-emitting diodes1-4. Until now, ZnO
has been widely utilized in solar cells5, gas sensors6, liquid
crystal display monitors7 and transparent high power electronic
devices2,4, etc. As we all know, regardless of ZnO applied in
gas-sensing systems or fabrication of transparent thin-film
transistors, the surface plays an indispensable role in under-
standing the mechanisms of surface chemical reaction and for
the fabrication of high quality hetero- and homoepitaxial film
with long-term stability8. As a result, the understanding of the
physics and chemistry of ZnO surfaces is a topic of pronounced
general interest and of course, also a necessary prerequisite
for many technical applications9.

Presently, its surface have been extensively used as active
catalysts and catalyst supports and intensively studied both
experimentally and theoretically3,10-23. Furthermore, it has
received some attention in surface science24-28 for its role in
the low-temperature synthesis of methanol8. In addition, its
surface adsorption also have increasingly received interest in
adsorption properties1,29,30. Experimentally, Diebold et al.8

investigated the morphologies of all relevant low-index ZnO
surfaces. The experiment indicated the Zn-terminated, c-
oriented surfaces are characterized by a high roughness and
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(100) orientation might be a good choice for growing ZnO
films of superior quality because of the low surface energy.
Nevertheless, it doesn't point detailed electronic structures of
ZnO surfaces. Theoretically, semi-empirical and accurate
density functional methods have been applied to study struc-
tures and electronic properties of atom or molecule absorbed
surfaces of ZnO. Zhi et al.1 adopted first-principles calcula-
tions to study various surface structures in the absorption of
Ag and Au atoms on wurtzite ZnO (001) surface. As a gas
sensor device, its gas sensitivity has been detected. Spencer
et al.29 reviewed ZnO (10-10) and (2-1-10) surfaces' structure,
properties and adsorption of N2O. So far, (001) and (100)
surfaces have become the subject of intensive works1,8,29 in past
due to the reason that they have special better properties, which
is thus investigated in this work.

Up to date, although many studies have investigated the
physical and chemical properties of ZnO surfaces9, there is no
detailed and systemic investigation on the structural para-
meters and associated electronic properties of ZnO surfaces.
In this paper, we employed first-principles calculations to
investigate the electronic structures on four low-index ZnO
surfaces, that is, (001), (100), (101) and (110), respectively.
In the initial step, we focused on the atomic and the electronic
structures of ZnO surfaces to investigate the properties and
for preparing high-performance of ZnO semiconductor
materials. Besides, the work may give valuable messages for
the study on structural and electronic properties of ZnO.



EXPERIMENTAL

It is well known that the most stable bulk ZnO belongs to
the wurtzite structure (Fig. 1)30. It has hexagonal symmetry
C4

6V - P63 /mnm with lattice parameters a = b = 3.25 Å, c =
5.21 Å, u = 0.345 Å3. ZnO is a triangular cone, edge length is
shorter than bottom side and the bond length between central
atom and top atom is slightly larger than central atom to the
other three atoms on the taper surface. ZnO crystallizes in the
wurtzite structure with each O2– ion surrounded by a tetrahedron
of four Zn2+ ions and vice versa. The structure lacks inversion
symmetry and cutting the crystal perpendicular to the c-axis
results in two structurally different surfaces8.

Fig. 1. ZnO wurtzite crystal structure; (a) side view (b) top view

In this study, calculation of the total energy was carried
out using the Vienna Ab initio simulation package (VASP) code,
within the framework of DFT31. The ultrasoft pseudo-potential
was used for the electron-ion interactions and the Perdew-
Burke-Ernzerhof formed of generalized gradient approxi-
mation (GGA)32 was employed to describe the exchange-
correlation function. Generalized gradient approximation is
chosen rather than the the local density approximation since
previous calculations have shown that this function is generally
better at predicting the lattice parameters of ZnO33. A cut-off
energy of 450 eV was adopted to ensure energy convergence
within 1-2 meV/atom34. The task of geometry optimization is
to improve the structural geometry to obtain more stable crystal
structure through an iterative process. This process can
minimize the total energy of the structure by adjusting atomic
coordinates and cell parameters to make the following calcu-
lation more accurate. In all our calculations, no atoms are held
fixed and all atoms are allowed to relax freely. The surface
calculations were performed using a slab model with periodic
boundary conditions12. Slabs with increasing number of
surface layers were cleaved from the bulk ZnO wurtzite
structure, corresponding to (001), (100), (101) and (110)
surfaces. As for the surface models, a vacuum region of 10 Å
is embedded along the surface normal to avoid unwanted
interaction between the slab and its period images. The estab-
lished (001), (100), (101) and (110) surface models are
schematically shown in Fig. 2. In order to make sure that the
surface supercell parameters were calculated accurately, we
performed a full geometry optimization of the four ZnO
surfaces and then calculated the four electronic structures,
respectively.

 
(a) (001) surface (b) (100) surface 

(c) (101) surface (d) (110) surface 
 

Fig. 2. Schematic models of the low-index unrelaxed surfaces of wurtzite
ZnO: (a) (001); (b) (100); (c) (101) and (d) (110). Arrows and the
corresponding values show bond lengths between oxygen atoms
and Zinc atoms in different directions. Red and gray spheres show
O and Zn ions, respectively

RESULTS AND DISCUSSION

Relaxed slab Models

Surface energies: The investigation was started from the
surface structure by using the optimized lattice parameters, as
(100) surface for example, yielding a = 3.206 Å, c = 5.205 Å,
in general agreement with theoretical data, of a = 3.268 Å, c =
5.233 Å, respectively29. They are also consistent with previous
experimental studies35.

The surface energy Esur is calculated as follows36:
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where, Eslab and Ebulk are the total energies of the surface slab
and the bulk unit cell, respectively. Here we neglect finite
temperature contributions to the surface free energy37. Eslab and
Ebulk are the number of formula units contained in the slab and
the bulk supercell, respectively. A is the area of the surface
cell.

The calculated surface energies are shown in Table-1. One
can easily find that, in order of increasing energy, the surfaces
form the sequence (110) < (100) < (101) < (001). That is to
say (110) is the most stable and (001) is the least stable of the
four surfaces. The prediction that (110) is the most stable
surface generally agrees with earlier experimental and theo-
retical indications. However, Diebold et al.8 points that ZnO
(100) surface shows high stability, small roughness and well-
defined terrace structure allowing itself for the growth of high-
quality films. So it believes that (100) surface is better than
the other surfaces it observed, including (110) surface, where
the different view exists. But considering other studies, there
is no obvious disagreement, as energies of the two surfaces
are very close with previous reports38,39. It's worth mentioning
here that the absolute values of the surface energies derived
from DFT calculations depend on the approximations that
are used40. In other words, different function, such as B3LYP
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functional, local density approximation or generalized gradient
approximation, employed in the various calculations is likely
to obtain different results. But only results founded by using
the same approximations should be compared.

TABLE-1 
CALCULATED SURFACE ENERGIES  

OF THE FOUR ZnO SURFACES 

ZnO surfaces Esur (J/m
2) 

(001) 3.22 
(100) 
(101) 
(110) 

2.54 
2.62 
2.24 

 
Bond length: The optimized geometry of the minimum

energy structures for the four ZnO surfaces are shown in Fig. 3,
with the calculated bond length after relaxation, also including
the changing values. A positive value indicates expansion,
while a negative value indicates contraction. Because the dimmer
bond length is strongly dependent on the choice of the exchange-
correlation potential, the calculated values may be slightly
different from previous works.

 
(a) (001) surface (b) (100) surface 

(c) (101) surface 

 

(d) (110) surface 

Fig. 3. Relaxed ionic positions at the (a) (001), (b) (100), (c) (101) and (d)
(110) surface, respectively. Arrows and values (Å) represent bond
lengths after relaxation and the changing magnitudes are marked
(in parentheses)

We can easily draw the following conclusions by
combining Figs. 2 and 3: (a) The bond lengths of the four
surfaces vary without rigorous regularity after optimization
and each variation is unequal to the others; (b) For the first
three surfaces, some bond lengths increase whereas others
decrease, however, the bond lengths of the fourth surface only
increase without reducing; (c) The bond lengths of outermost
atoms are inclined to be diminished, which agrees well with
previous studies; (d) The bond lengths for (110) surface have
the minimum variation compared with relative violent changes
on other three surfaces.

Generally speaking, the change of (001) (Fig. 2a) is rather
balanced, but the increment is much greater than the reduction.
The change for (100) surface resemble quite closely those on
(001) and a larger obvious increment value ups to 0.509Å. As
to (101) surface, the most striking feature is the largest changed
value reaching 0.832 Å. The bond lengths on (110) surface all
increase in a small scope, which is different from the other
three surfaces. It is coincided with the preceding calculation
result that the energy of (110) surface is the lowest one, illus-
trating the (110) surface is comparatively steady.

Band structure and density of states: To further inves-
tigate the electronic properties of the four surfaces, we present
band structure in Fig. 4, with the Fermi energy being 0 eV on
the energy axis. And the total density of states and partial
density of states of the system are shown in Fig. 5.

(a) (001) surface (b) (100) surface 

(c) (101) surface (d) (110) surface 

Fig. 4. Band structures of the four ZnO surfaces: (a) (001), (b) (100), (c)
(101) and (d) (110) surface, respectively

Generally speaking, from Fig. 4, the calculated band gaps
are 0.49, 0.74, 0.322 and 0.814 ev, corresponding to (001),
(100), (101) and (110) surface, respectively, which is lower
than the experimental values. This is regarded as a general
problem of the DFT calculation2,4. For the clean ZnO (001)
surface, Zhi et al.1 obtain the surface band gap value of 0.343
eV, which is smaller than 0.49 eV. However, the DFT calculations
are still able to predict the trend of band gap41. Among the
four band gaps, we can easily know the biggest one is (110)
and the smallest one is (001).

It can be seen from Fig. 5a that the valence band (VB)
between -0.01 and -9.2 eV is mainly from the Zn 3d and O 2p
orbitals with a small portion from Zn 4s and Zn 4p, while the
major contributions to the lower valence band between -20.6
and -15.6 eV is originated mainly from O 2s orbital. We can
also find that there is hybridization between Zn 3d and O 2p
orbital in the valence band. The conduction band (CB) between
0.48 and 5.88 eV are mainly contributed by O 2p orbital, mixed
with some Zn 4s and Zn 4p states. Though the composition of
valence band and conduction band of the other three surfaces,
from Fig. 5(b-d), are very similar to what we have mentioned
for (001) surface, bands regions and positions are different.
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For (100) surface, the lowest band of valence band is from
-19.45 to -15.54 eV and the top of valence band is from -7.72
to -0.11 eV. The band gap is from -0.11 to 0.63 eV and the
conduction band is from 0.63 to 7.25 eV. Similarly, the regions
of the lowest and highest valence band, band gap and conduc-
tion band for (101) surface are (-21.32 eV,-15.97 eV) and
(-9.91 eV,-0.022 eV), (-0.022 eV, 0.3 eV) and (0.3 eV, 5.48
eV), respectively. Then the values for (110) surface are (-19.04
eV,-15.69 eV), (-7.23 eV,-0.004 eV), (-0.004 eV, 0.81 eV) and
(0.81 eV, 5.87 eV), respectively.

The analysis of the atomic orbital contribution for the
valence band maximum (VBM) of all the four surfaces show
that the valence band maximum is mainly occupied by the Zn
3d and O 2p orbital. But the positions of the peak for Zn 3d
and O 2p states are slightly different from Fig. 5.
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Fig. 5. Density of states and partial density of states of ZnO surfaces: (a)

(001), (b) (100), (c) (101) and (d) (110) surface, respectively

Charge density: To further investigate the electronic
properties of ZnO surfaces, we present the charge density in
Fig. 6. From Fig. 6a, we find that charge density around Zn
atoms are nearly the same as O atoms. But as for (100) surface
(Fig. 6b), charge density around Zn atoms are stronger than O
atoms. To (110) surface (Fig. 6d), this phenomenon becomes
more obvious. Interestingly, charge density of (101) surface
(Fig. 6c) is very weak. So it is the least charge density among
the four surfaces. It is worth noting that the band gap of (101)
surface is also the smallest one. Thus we predict that band gap
may have some thing to do with charge transfer.

(a) (001) surface

(b) (100) surface

(c) (101) surface
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(d) (110) surface
Fig. 6. Electron density maps of top and side view of ZnO (a) (001) surface,

(b) (100) surface, (c) (101) surface and (d) (110) surface, respectively

Conclusion

We have performed a first-principles study of the four
low-index ZnO surfaces. The structural and electronic and
energy band properties have been investigated. The conclusion
can be summarized as follows: (1) We first optimize the four
low-index ZnO surfaces. At the same time, we obtain optimized
structural parameters, surface energies, bond lengths and atoms
displacements after relaxation; (2) The results of the calculated
atoms relaxations generally agree with the theoretical and
experimental studies. (110) has the lowest surface energy and
the smallest relaxations. These findings indicate that (110) is
the most stable surface among the four investigated surfaces;
(3) The calculation of band gaps and density of states point
that the valence bands of the four surfaces mainly consist of
Zn 3d and O 2p orbitals and the conduction bands are mainly
composed by O 2p state. What the differences are regions and
positions of these orbitals and the contribution of other states;
(4) From the calculation of charge density, present study shows
that the charge density of (001) and (100) surface is more
than the other two surfaces. The lowest charge density of (101)
surface may affect the width of band gap.
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