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First-principles of wurtzite ZnO (0001) and (0001) surface structures*
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Abstract: The surface structures of wurtzite ZnO (0001) and (0001) surfaces are investigated by using a first-principles
calculation of plane wave ultra-soft pseudo-potential technology based on density functional theory (DFT). The cal-
culated results reveal that the surface energy of ZnO—Zn is bigger than that of ZnO-O, and the ZnO—Zn surface is
more unstable and active. These two surfaces are apt to relax inward, but the contractions of the ZnO—-Zn surface are
smaller than the ZnO-O surface. Due to the dispersed Zn4s states and the states of stronger hybridization between the
Zn and O atoms, the ZnO-Zn surface shows n-type conduction, while the O2p dangling-bond bands in the upper part
of the valence cause the ZnO-O surface to have p-type conduction. The above results are broadly consistent with the

experimental results.
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1. Introduction

The study of solid surfaces is an indispensable subdisci-
pline of materials research since a solid sample is always in
contact with other media via its surface!'. A microscopic de-
termination of semiconductor surface structure is crucial in
understanding its material properties and can provide impor-
tant guidance to modulate material properties during crystal
growth. ZnO is one of the wide-bandgap semiconductors, and
has attracted much attention due to its great usage in a variety of
sensor and optoelectronic applications and the fairly low cost
for high-quality bulk materiall?). c-axis ZnO has two distinct
polar surfaces: Zn-polar (0001) and O-polar (0001) surfaces.
During crystal growth, the difference in polarity between these
two faces affects the growth mode, impurity incorporation, and
dislocation formation[*]. Recently, many experimental and the-
oretical investigations on c-axis polar ZnO surfaces have been
reported: low-energy electron diffraction measurements have
revealed that both Zn-polar (0001) and O-polar (0001) sur-
faces exhibit (1 x 1) patterns!* 5], suggesting that these polar
surfaces are bulk terminated; Dulub e a1 proposed from a
scanning tunneling microscopy (STM) study combined with
ab initio calculations that the formation of pits and islands
was essential to stabilize the Zn-polar (0001) surface; angle-
resolved photoelectron spectroscopy (ARPES)!! and electron-
counting rule (ECR) study!®! have elucidated the stabilization
mechanism of the c-axis ZnO polar surfaces. As far as we
know, the existence of the (1 x 1) terminated Zn-polar (0001)
and O-polar (0001) surface has been probed, but very few sys-
tematical studies on how the electronic structures of the po-
lar surfaces are affected by surface termination have been re-
ported. In this paper, we will investigate the electronic proper-
ties of wurtzite ZnO (0001) and (0001) surfaces by means of a
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first-principles calculation.

2. Theoretical approaches

The present calculations are based on density-functional
theory (DFT) within the generalized gradient approximation
(GGA)P! which is parametrized by Perdew, Burke, and Ernz-
erhof (PBE)!% using the plan-wave pseudo-potential method.
The wave functions are expanded in a plane-wave basis with
a cutoff energy of 400 eV. We first optimize the bulk wurtzite
ZnO structure, yielding the following lattice parameters: a =
3.2844 A, ¢ = 5.2901 A. These lattice parameters are in very
good agreement with the experiment results!'!], & = 3.2496 A
and ¢ =5.2042 A.

For the surface calculations, our supercells contain six
(0001) bilayers in which the lower four bilayers are fixed as the
bulk configuration while the upper two bilayers and adatoms
(or adlayers) are allowed to relax. Figure 1 shows the schematic
structures of c¢-axis ZnO polar surfaces, where each anion is
surrounded by four cations at the corners of a tetrahedron,
and vice versa. The tetrahedral coordination is typically of
sp> covalent bonding, but these materials have a substantial
ionic characteristic. To prevent unphysical charge transfer be-
tween the top and bottom slab surfaces, pseudohydrogens with
fractional charges are used. A 3 x 3 x 1 Monkhorst—Pack
mesh!!2! is used for the Brillouin zone integration. The struc-
tural optimization is terminated when the magnitude of the
Hellmann—Feynman force on each ion is less than 0.03 eV/ A.
We perform calculations with vacuum thicknesses of 12.5 A
and 13.8 A. The two sets of calculations yield almost identi-
cal results. Therefore we present the results in the case of the
vacuum thickness of 12.5 A.
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Fig. 1. Three-dimensional views of the upper part of (a) the perfect
(0001) surface, and (b) the (0001) surface. The black and the gray are
O and Zn atoms, respectively. Four pseudohydrogen atoms (shown as
white balls) are found at the bottom of the cell.

Table 1. Surface energies of 8-slab and 12-slab ZnO (0001) and (0001)
surfaces.

Surface slab Surface energy (eV/m?)

ZnO:Zn-polar (0001)  ZnO:O-polar (0001)
2.2838 2.2738
12 1.9365 1.8981

3. Results and discussion

3.1. Surface energy

For the perfect surface and a 1 x 1 unit cell, the surface
energy which corresponds to the energy variation due to the
creation of a surface is given by the relation as follows!!3~151:

Egap(n, 1) — Epux(n, 0)

Esurf(nal) = At
sla

(D

Here, Eq(n,1) and Eyyk(n, 0) are the total energies of the
unit cell for an n-layer slab (a cell with a vacuum thickness of
/) and the corresponding bulk (a cell without vacuum), respec-
tively. Agpp is the total area of the surface considered. For ma-
terial slab models, the smaller the surface energy is, the more
stable the surface is. The reason for this is that the surface with
a higher surface energy promotes adhesion and spreading of a
celll'6:17] Our calculated surface energies are shown in Table
1; the surface energies of the 8-layer and 12-layer slab models
reflect that the relative error is very small. By comparison, we
found that the surface energy of the Zn-polar (0001) surface
is bigger than that of the O-polar (0001) surface, which shows
that the ZnO—Zn surface is more active than the ZnO-O sur-
face. This is in good agreement with the experimental report
that triangular shaped pits and islands which are active regions
for adsorption are formed on the ZnO—Zn surface, while the
ZnO-0 one is characterized by smooth terraces with a consid-

erably lower step densityl® 18],

Table 2. Relaxation of the distance between the uppermost four layers.

Interlayer ZnO-Zn surface ZnO-0 surface
relaxation GGA LDA GGA LDA
Ri2 (A) —-0.109 0.002 -0.301  —-0.393
R>3 (A) 0.136 0.154 0.112 0.031
R34 (A) —0.041 —0.087 —0.083  —0.101

3.2. Surface geometric relaxation

In order to remove the surface atomic force added on
ZnO—Zn and ZnO-O surfaces, we keep the positions of other
inner atoms unchanged and optimize the atomic structures of
the two surfaces. Before we proceed to present the proper-
ties of ZnO surface structures, we first compare the results
of our calculations within the GGA as parametrized by PBE
and the local density approximation (LDA) as parametrized
by Perdew-Zunger!'®l. DFT within the local density approx-
imation (LDA)[2%-211 is the standard approach for calculating
the electronic and structural properties that are the focus of the
present investigation at present. In general, for calculations of
lattice constant in semiconductors within the DFT approach,
using the LDA seems to be well justified??. LDA is a class of
approximations to the exchange-correlation (XC) energy func-
tional in DFT that depend solely upon the value of the elec-
tronic density at each point in space. To verify the reliability
of the data, we calculate the same surface structure with these
two different methods via the GGA and the LDA, respectively.

The calculated results for two surfaces are listed in Table
2. The relaxed results of the distance between the uppermost
four layers (R12, R23, R34) are given by way of the difference
from the unrelaxed ideal interlayer distance. The distances be-
tween the first double layer and outer four layers are calculated
to be —0.189 A and —0.272 A for the ZnO-O surface, in good
agreement with the experimental results of —0.2 Al23] and -0.3
A[24], meanwhile, the contraction of the outer four layers of
the ZnO—Zn surface is much smaller with a value of —0.013 A,
which is close to the experimental result!25].

We can see that both polar surfaces tend to relax inward, but
the contraction of the ZnO—Zn surface is much smaller than that
of the ZnO—-O surface. Because surface relaxation is mainly af-
fected by Coulomb force and hybrid quantum effect, four lig-
ands of the surface Zn atoms (or O atoms) turn into three lig-
ands, and each surface atom has a dangling bond, which will
lead to the recombination of atomic orbitals of the surface. Due
to the different electronegativities of the surface atoms, surface
dangling bonds are prone to electronic transferring, resulting in
the enhancement of cation—anion Coulomb force and surface
contraction.

3.3. Electronic structures

The electronic structures of the ZnO—Zn and ZnO-O sur-
faces are affected by surface termination. These polar sur-
faces have the same bulk structure, but they have different
atomic compositions and different surface morphologies. Sur-
face states are electronic states of the surfaces of materials.
They are formed due to the sharp transition from solid material
that ends with a surface and are found only at the atom layers
closest to the surface. The termination of a material with a sur-
face leads to a change of the electronic band structure from the
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Fig. 2. Band structures of six (1 x 1) wurtzite bilayers of (a) a pristine ZnO {0001} film, (b) a ZnO—Zn surface with the opposite O surface layer
passivated with pseudohydrogens, and (c) a ZnO-O surface with the opposite Zn surface layer passivated with pseudohydrogens. O surface
states in (b) and Zn surface states in (c) were moved away from Ef by the passivation. The surface states in (b) and (c) remain the same as the
ones in the clean ZnO surface case when the opposite surface is pseudohydrogen passivated.

bulk material to the vacuum. In the weakened potential at the
surface, new electronic states can be formed, which are surface
states. In this article, the nature of surface states has been in-
vestigated by comparing the surface band structures with and
without pseudohydrogen saturation. When one of the two po-
lar surfaces of ZnO films is passivated with pseudohydrogens,
the corresponding surface band structure can be obtained, then
comparing it with the ones of which neither of the surfaces are
passivated we can distinguish between Zn and O surface states
and get the nature of surface states of the other surface without
passivation.

To study the surface states of the polar surface films, we
have passivated only one surface at a time, that is, either the
ZnO—Zn surface or ZnO-O surface is passivated, to compare
with ZnO films, of which neither O nor Zn terminated surfaces
are passivated. For instance, in Fig. 2(b), only the O surface
is passivated with pseudohydrogens to study Zn surface states
at Er. The polar surface study is based on the fact that even
when only one surface is passivated with pseudohydrogens, the
band structure (except surface states) is similar to the bulk band
structure, which suggests that the extra electric field due to the
dipole structure was significantly reduced. As can be seen in
Figs. 2(a) and 2(b), we find that the unoccupied ZnO—Zn sur-
face states at Er remain exactly the same when the ZnO-O sur-
face states are moved away from Ey due to the passivation. The
same explanation can be applied to the ZnO-O surface when
only the ZnO—Zn surface is passivated, as in Fig. 2(c). Thus, we
can make sure of the positions of the ZnO—Zn and ZnO-O sur-
face states and then study them. Here, the ZnO—Zn and ZnO-O
surface states are situated at the bottom of the conduction band
and the top of the valence band, respectively. Compared to the
band structure of clean ZnO films as shown in Fig. 2(a), on the
one hand the band structure of the ZnO-Zn surface declines a
lot as a whole relative to the Fermi level and the ZnO—Zn sur-
face states become steeper, while on the other hand the band
structure of the ZnO—O surface rises a little as a whole relative
to Fermi level and the ZnO—O surface states become flatter, but
the valence bands dramatically change. At the same time, the
small occupation near I" should be noticed.

In order to evaluate the effect that the structure termination
has on the electronic structure, the band structures are calcu-

lated and compared in Fig. 3. For the ZnO—Zn surface, a nar-
row surface band gap about 0.22 eV exists above the top of the
valence band. In addition, the Fermi level enters into the con-
duction band deeply, and partial surface states appear below the
Fermi level. Therefore, the ZnO—Zn surface is of n-type con-
duction characteristic. Completely different from the ZnO—Zn
surface, the ZnO-O surface has a surface band gap about 1.04
eV, and the Fermi level shifts into the valence band, which pre-
dicts that the ZnO—O surface has p-type conduction behavior.
The calculated results are in good agreement with the theory
and the experiment!26-27],

The ambient environment of surface atoms commonly af-
fects the local atomic states of two or three outer bilayers in
the slab model. In general, surface states exist near Ef due
to their nonbonding characteristic/?®- 2 and the charge distri-
bution near the surface is distorted due to the broken transla-
tional symmetry and the vacuum. Now, Figures 2 and 4 clearly
demonstrate that the ZnO—Zn and ZnO-O surface states in-
deed appear near the band gap with a relatively large density
of states. The farther it goes into the inside, the less influence
the electronic states of atoms will get from the surface environ-
ment, and the weaker the peak associated with the surface states
will be. Thus, the orbital characteristics of the surface states can
be differentiated by the partial local density of states%]. Fig-
ure 4 shows the partial densities of the ZnO—Zn and ZnO-O
surfaces, which were calculated to illustrate the contributions
of different atoms to the surface states. According to the partial
densities of states as shown in Fig. 4(a), the ZnO—Zn surface
states are mainly derived from the Zn4s states of the first dou-
ble layer due to the strong hybridization between the Zn and
O atoms, and the O2p states also make a contribution. How-
ever, such O2p states are mainly from the first double layer, and
those from other double layers inside make almost no contribu-
tion. Ranging from -2 to 0 eV, the surface states are filled with
Zn4s and O2p states. Because of the ZnO—Zn surface char-
acteristics, the Fermi level enters the conduction band, which
is accompanied by the formation of surface states. Above the
Fermi level, although the distribution of the Zn and O atoms is
almost indistinguishable from 0.5 to 1.2 eV, the surface states
have a peak in the vicinity of 1.86 eV, which can help us dis-
tinguish the Zn4s and O2p states.
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Fig. 3. Energy band structures of (2 x 2) ZnO—Zn (a) and ZnO-O (b) surfaces. The Fermi level is situated at 0 eV and is indicated by the arrow.
The top of the valence band and the bottom of the conduction band of both polar surfaces are marked by dash dotted lines and denoted as Evyg

and Ecs, respectively.
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Fig. 4. Partial densities of states of Zn and O atoms of the first double layer (DL) and the fourth double layer are plotted for ZnO—Zn (a) and
ZnO-0 (b) surfaces. The Fermi level is situated at 0 eV and is denoted by an arrow.

Regarding the ZnO—O surface states shown in Fig. 4(b),
due to the strong hybridization between Zn and O atoms, the
Zn3d and O2p states derived from the first double layer show a
peak at —0.2 eV while the Zn3d and O2p states from the fourth
layer show a peak at —1.23 eV. The surface states above the
Fermi level are mainly derived from the Zn and O atoms in
the first double layer. Nevertheless, the surface states above
the Fermi level are discrete because the surface band gap in-
terrupts the continuity. The ZnO-O surface states are formed
in the valence band where the Fermi level shifts down a little
from the top of the valence band. That is to say, the ZnO—O sur-
face shows p-type conductivity. By comparing the densities of
states of the ZnO—-Zn and ZnO-O surface, we find that n-type
conductivity of the ZnO—Zn surface and p-type conductivity of

the ZnO-O surface are attributable to the Zn and O dangling-
bond bands in the lower part of the conduction band and the
upper part of the valence band®!-32] which cause the surface
states to distribute in the conduction band and the valence band,
respectively.

4. Conclusions

We have performed density functional theory calculations
to determine the structure properties of wurtzite ZnO (0001)
and (0001) surfaces. We consider the surface energies of these
two distinct polar surfaces and find that the surface energy of
Zn-polar (0001) is bigger than that of O-polar (0001). That is to
say, the ZnO—Zn surface is more unstable and active than the
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ZnO-0 surface. The geometric relaxation calculations show
that both the distinct polar surfaces are apt to relax inward, but
the contractions of the ZnO—Zn surface are much smaller than
those of the ZnO-O surface.

We have investigated the nature of surface states by com-
paring the surface band structures with and without pseudohy-
drogen saturation, finding that the ZnO—Zn and ZnO-O surface
states are situated at the bottom of the conduction band and
the top of the valence band respectively, and the band struc-
tures of the two polar surfaces with H saturation change greatly
compared to the one without H saturation. Partial densities of
states of Zn and O atoms in different double layers tell us that
the surface states are mainly attributed to the first double layer
atoms. For the (0001) surface, we find that the Fermi level en-
ters the conduction band deeply, which cause the n-type con-
duction of the ZnO—Zn surface as a result of the dispersed Zn4s
states and the states of stronger hybridization between the Zn
and O atoms. For the ZnO-O surface, the O2p dangling-bond
bands lie in the upper part of the valence and the Fermi level
shifts down a little into the valence band, which shows that the
ZnO-0 surface tends to the p-type conduction characteristic.
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