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First-Principles Study of the Surface of Wurtzite ZnO and
ZnS - Implications for Nanostructure Formation
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The microscopic properties of several ZnO and ZnS surfaces of low Miller index are investigated
through rst-principles calculation of the surface energy, crystal structure and electronic structure.
Generally, the non-polar surfaces such as (1010) and (1120) are found to be more stable than the
polar (0001)-Zn surface. The (1120) surface is found to be the most stable for both ZnO and ZnS
semiconductors and the (1010) surface is found to have a slightly larger surface energy. These
are consistent with the abundant observations of ZnO nanostructures having (1120) and (1010)
surfaces. The near-surface structures and electronic structures are discussed.
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the density functional calculation and reported features
such as large relaxations (up to 48 percent of the bulk
ion spacing), metallic surface states and strong localized
p-orbital states [16]. Confusion about the surface geometries of the (1010) surface and (1120) surface existed
before clari cation by Dulub et al. [17,18].
Through scanning tunneling microscopy (STM) and
other experimental methods, Dulub et al. examined four
main surfaces of ZnO [17]. Dulub et al. [19] performed
a rst-principles calculation, which indicated that triangular reconstruction on the ZnO (0001)-Zn surface can
stabilize the surface. Recently, Ostendorf et al., through
highest-resolution dynamic scanning force microscopy,
showed that the ZnO (0001) surface can be stabilized
by parallel faceting and triangular reconstruction [20].
In this work, we investigated the surface energy, microscopic structure and electronic structure for the several
selected surfaces of wurtzite ZnO and ZnS through rstprinciples electronic structure calculations. Based on the
calculational results, we discuss the stability of ZnO surface in the nanostructure. The (1120) and (1010) surfaces of the ZnO nanostructure are found to have low
surface energy.

I. INTRODUCTION

ZnO has been extensively investigated due to its application in diverse elds, such as optoelectronic devices,
due to its wide band gap and large exciton binding energy. Various nanostructures of ZnO have been fabricated ([1{6] and much more exist). Early, the surface
energy was suggested to be closely related to those nanostructures [7, 8]. An interesting aspect is that although
many di erent nanostructures of wurtzite ZnO have been
fabricated, only a few ZnO surfaces dominantly appear
in those nanostructures. These are the (1010) and (1120)
surfaces and their family surfaces.
Several rst-principles studies have been reported
about ZnO surfaces [9{12,14{16]. Estimates of the surface energies are required to understanding the nanostructure formation. Wander et al. estimated the surface energies of the (0001), (1120) and (1010) surfaces
to be 2.0, 2.05 and 1.16 J/m as [9{11]. Duke et al.
theoretically acquired the low-energy-electron-di raction
pattern for the ZnO (1010) surface [12]. Ja e et al. studied the geometrical relaxation of the ZnO (1010) surface by using the Hartree Fock total energy calculation
and found large tilted displacements of the surface ZnO dimer [14]. Schroer et al. calculated the relaxations
of the ZnO (1010) surface and found inward displacements of both zinc and oxygen ions, but found Zn-O relative displacement smaller than the experimental value
acquired by low-energy electron di raction [15]. Carlsson studied the structural and electronic relaxations of
the (0001)-Zn and (0001)-O surfaces of ZnO based on
2

E-mail: sunghona@pusan.ac.kr; cpark@pusan.ac.kr;
Fax: +82-51-515-2390

II. CALCULATION AND DISCUSSION
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We use the VASP (Vienna ab-initio simulation package), adopting the LDA+U (local density approximation
plus on-site Coulomb parameter) and the PAW (projector augmented wave) schemes [21]. The energy cut-o is
taken as 400 eV for ZnO calculations and as 280 eV for
ZnS calculations. For description of the semicore state of
Zn-3d orbital, we use the LDA+U method with U = 9 eV,
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Fig. 1. Surface energies of the (1010) and (1120) surfaces of ZnO and ZnS calculated for slabs of di erent thicknesses. ZnO
generally has a larger surface energy than ZnS. Unlikely cleaving energies are plotted together. For ZnS, the (1120) surface has
the smaller surface energy.

by which the semicore level is in agreement with the experimental data from photoemission measurements [22].
We use the GGA (Generalized Gradient Approximation)
method suggested by Perdew et al. [23]. The k-points
are chosen by using the Monkhorst-Pack method [24] and
typical values of k-point mesh are (4, 4, 1), where 1 corresponds to the elongated direction of the supercell. It
is found that for ZnO, the wurtzite structure is more
stable than the zincblende structure by 0.019 eV per ZnO pair, while for ZnS, the zincblende structure is more
stable than the wurtzite structure by 0.050 eV per Zn-S
pair. The calculated lattice constant and bulk modulus
of ZnO are 3.26 A and 148.6 GPa, which are in good
agreement with the experimental data: 3.2498 A and
142.6 GPa [25]. For the simulation of the surface, the
periodically repeating slab geometry is employed. Each
slab is separated by the vacuum.
1. Surface Energy

Surface energy can be simply stated as the energy associated with the formation of a surface. Surface cleaving
energy is the work needed to cleave a bulk material into
two parts having clean surfaces and it is evaluated as the
energy di erence between the bulk state and the cleaved
state of two parts. When the two cleaved surfaces are
equivalent to each other, the surface energy can be dened as one half of the surface cleaving energy:
E (surface energy)
1
=  E (surface cleaving energy):
(1)
2
There can exist more than one surface structure for cleaving of the same orientation. For the [1120] direction, only
one type of surface structure is available. Although two
s

s,c

Table 1. Calculated surface energy [unit: J/m2 ]. z.b.=
zinc blende. The values in the parentheses are from Wander
et al. [9{11]. For the (0001)-Zn surface, half of the surface
cleaving energy is listed as approximate value. The number
with  is an extrapolated value.
ZnO
1.12 (1.16)
1.06 (2.05)
2.25 (2.0)
1.12

(1010)
(1120)
(0001)-Zn
z.b. (110)

ZnS
0.51
0.32
1.6
0.47

distinct cleaving structures are available for the [1010] direction, the two cleaved surfaces have equivalent structure. Therefore, the surface energy of both the (1010)
and (1120) surfaces can be determined as one half of
the surface cleaving energy. On the other hand, it has
been troublesome to evaluate the (0001) surface energy
because it is a polar surface.
For the simulation of each surface, we use a slab composed of multiple of unit cells and empty space. The two
boundaries of the slab facing empty space are the target
surfaces. The surface energy, E , is estimated by using
1
E =  (E
E
);
(2)
2
where E
is the total energy of the slab and E
is the total energy of bulk ZnO composed of the same
number of atoms. Throughout all the calculations in
this study, vacant regions compose one half of each slab.
At rst, we test the convergency of the surface energy
calculation for varying slab thickness. In Figure 1(a) and
(b), the calculated surface energy of the (1010) surfaces
of ZnO and ZnS, both having wurtzite structure, are
plotted as functions of the number of ion layers composing each slab. The calculated values converge for slabs of
s

s

total

total

bulk

bulk
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Fig. 2. Side views before and after relaxation of the
(1010)surfaces of ZnO and ZnS. From the left are the ZnO
surface, unrelaxed bulk state and ZnS surface. The upper
boundaries of ZnO and ZnS face free spaces and the lower
boundaries of ZnO and ZnS extend to the bulk state. All
ions are deliberately drawn smaller. Two cleaving planes are
marked for (i) normal cleaving and (ii) unlikely cleaving.

6 or more ion layers. In the Figure 1(c), the calculated
energies of the (1120) surfaces of ZnO and ZnS are compared together. The surface energies of the (1010) and
the (1120) surfaces are determined as 1.12 J/m and 1.06
J/m for ZnO and 0.51 J/m and 0.32 J/m for ZnS. The
surface energy of the (0001)-Zn surface is approximately
2.2 J/m for ZnO. The surface energy of the (110) surface of zincblende ZnS is determined as 0.47 J/m and
the corresponding value for ZnO is 1.12 J/m .
For the calculation of the (0001)-Zn surface of ZnO, we
x the positions of the ions in the two middle layers of the
slab while the other ions are left free to relax. Without
using this partial xing, unrealistically too much relaxations occur along the c-axis with charge transfer between the two bounding surfaces. The surface cleaving
energies are calculated as 4.054, 4.299 and 4.406 J/m
for 4, 6 and 8 layer slabs respectively. By tting the
data to a relation E = E + exp({ N) , the value of
ZnO (0001) surface cleaving energy is estimated to be
4.49 J/m , which is comparable to the value 4.0 J/m
calculated by Wander et al. [11]. The surface energy of
the ZnO (0001)-Zn surface is believed to be close to half
the value of (0001) surface cleaving energy because the
geometrical relaxation of both boundaries are found to
be similar to each other.
The surface energy of the polar (0001) surface of ZnO
is found to be much larger than those of the (1010) and
(1120) surfaces. This is consistent with the fact that the
two surfaces, (1010) and (1120) and their equivalent surfaces dominantly exist in the nanostructures of ZnO. The
surface energies of ZnS are comparatively smaller than
those of ZnO, which is more ionic. The ZnS bulk state
ion distances are about 19 percent larger than those of
ZnO. The di erence in ion-ion distances mostly accounts
2
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Fig. 3. Side views before and after relaxation of the
(1120)surfaces of ZnO and ZnS. From the left are the ZnO
surface, unrelaxed bulk state and ZnS surface. The upper
boundaries of ZnO and ZnS face free spaces and the lower
boundaries of ZnO and ZnS extend to the bulk state. All
ions are deliberately drawn smaller.

for the lower bulk energy as well as the lower surface energy of ZnS. The di erence in the bonding nature - ZnO
is more ionic - is believed to result in the rest of the energy di erence. The ratio between the surface energies
of the ZnO (1010) and (1120) surfaces is 1.12 : 1.06. On
the contrary, the ratio between surface energies of the
ZnS (1010) and (1120) surfaces is 0.50 : 0.32. There is
signi cant reduction in the ZnS (1120) surface energy; in
fact, the ZnS (1120) surface has smaller surface energy
and larger relaxation than any other surface. Although
zincblende ZnS has a little bit smaller bulk state energy (99.61 percent) than wurtzite ZnS, the di erence is
minute (0.39 percent). The surface energy of zincblende
ZnS (110) surface, which is regarded as the most stable
surface of zincblende ZnS, is found as 0.47 J/m , while
the wurtzite ZnS (1120) surface has the least amount
of surface energy, 0.32 J/m . The ZnS (1120) surface
would be the dominant surface if wurtzite ZnS nanostructure were grown, particularly when the structure is
planar and thin. Two facts about ZnS, (1) the zincblende
structure has lower bulk energy than the wurtzite structure and (2) the wurtzite surface has less surface energy
than the zincblende surface, may destructively a ect ZnS
nanostructure growth.
2

2

2. Lattice Relaxation

In Figure 2, side views of the crystal structures at the
(1010) surfaces of ZnO and ZnS are shown. On the surface, the outmost zinc ions undergo signi cant inward
relaxations. The outmost zinc ion's displacement on the
(1010) surfaces of ZnO and ZnS are about 11.9 and 14.6
percent of each lattice parameter. The oxygen and sulfur
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Fig. 4. Density of states near the Fermi level. From top to bottom are the density of states of the bulk, (1010) surface and
(1120) surface of both wurtzite ZnO and ZnS.

ions undergo slightly inward and outward displacements,
respectively. The atomic relaxations of surface ions are
larger in ZnS than in ZnO.
In Figure 3, the side views of the crystal structure at
the (1120) surfaces of ZnO and ZnS are shown. Again,
the outmost zinc ions undergo large structural relaxations and their atomic displacements are about 10.1 and
14.6 percent of each lattice parameter for ZnO and ZnS,
while the anions show smaller relaxations. The outmost
sulfur ions of the ZnS surface show outward displacement
by 4.5 percent of the lattice parameter, which is larger
than the oxygen relaxation. The bonding character is
believed to be related with the relaxation patterns; i.e.,
more covalent bonding of ZnS results in larger relaxation
at the surface. Not only is the relaxation in ZnS (1120)
surface large, but also it is in an oblique direction, as can
be seen in Figure 3. The geometrically oblique relaxation
is evidently caused by the crystal structure and is partly
caused by the bonding nature. The angle between the
two surfaces (1010) and (1120), of the bulk state is 30
degrees. The geometrical relaxation of the outmost zinc
ion of the (1010) surface is almost perpendicular to the
surface, while that of the (1120) surface is oblique with
about 30 degrees (28.13 degrees) from the surface normal. Small relaxations of anions exist in the same or
opposite direction of the zinc ion relaxation at the surfaces of ZnO and ZnS. The bonds to be broken at the
surfaces di er in orientation and they make angles with
the surface normal by 19.47 and 35.26 degrees each for

the (1010) and (1120) surface planes before relaxation.

3. Electronic Structure

The density of electronic states near the Fermi energy
levels for the bulk, (1010) surface, and (1120) surface of
ZnO and ZnS are shown in the Figure 4. While the densities of states over the whole energy range of the two
surfaces for both compounds are close to those of the
corresponding bulk states. Near the Fermi energy level,
the densities of states of the four surfaces signi cantly
deviate from that of the bulk-state anions. Right below
the valence band maximum can be seen an abrupt increase in the density of states of the anions - oxygen and
sulfur. There are also slight changes in the density of
states in the energy range between 4 and 6 eV above the
valence band maximum for all the surfaces.
A bird's eye view of the surface charge densities of the
two surfaces, (1010) and (1120), of ZnO are drawn in
the Figure 5. We compare the electron density around
each ions near surfaces with those at bulk state. Overall surface ion charge relaxations is quite small, except
for the outmost ions. The largest charge relaxations are
associated with the surface zinc ions of ZnO and they
are {0.071 e at the (1010) surface and {0.082 e at the
(1120) surface, indicating that the ionicity decreases at
the surface. As the depth increases, the amount of ionic
charge relaxation rapidly diminishes with small amounts
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Table 2. The valence charge change of the ions near the (1010) and (1120) surfaces [unit: +e] relative to the corresponding
values of the bulk state ions

(1010)

(1120)

1st layer
2nd layer
3rd layer
4th layer
5th layer
1st layer
2nd layer
3rd layer
4th layer
5th layer

ZnO
O1(+0.004) Zn1({0.071)
O2({0.007) Zn2({0.053)
O3(+0.007) Zn3({0.007)
O4({0.002) Zn4({0.007)
O5(+0.002) Zn5({0.003)
O1(+0.019) Zn1({0.082)
O2({0.003) Zn2({0.018)
O3({0.007) Zn3(+0.007)
O4({0.001) Zn4(+0.000)
O5(+0.001) Zn5(+0.000)

ZnS
S1(+0.023) Zn1({0.017)
S2(+0.006) Zn2(+0.013)
S3(+0.005) Zn3({0.002)
S4(+0.000) Zn4(+0.003)
S5(+0.001) Zn5({0.002)
S1(+0.024) Zn1({0.017)
S2(+0.003) Zn2(+0.008)
S3(+0.006) Zn3(+0.001)
S4({0.001) Zn4(+0.001)
S5(+0.001) Zn5({0.002)

contribute to the stability of the (1120) surface. On the
other hand, the ZnO (1010) surface has been regarded
as the most common surface of wutzite ZnO. In order to
understand this, more investigation may be necessary,
including the surface chemistry such as hydrogen contamination or others. We note that the density of atoms
on the more stable (1120) surface is higher compared to
the (1010) surface, because Zn-O ion pairs are completely
aligned to compose straight lines on the (1010) surface,
while the pairs compose zigzag lines on the (1120) surface. However this density contrast is not severe (1 :
1.155). The sum of the charges of two outmost layers
is slightly negative at both surfaces and the amounts of
negative charges are {0.127 e and {0.084 e at the (1010)
and (1120) surfaces respectively, as from the table. These
may lead to the stabilization of the (1010) surface when
hydrogen exists, which is beyond the scope of this work.
III. CONCLUSIONS

Fig. 5. Electron density of the (1010) and (1120) surfaces
of ZnO. Vertical scales, as well as horizontal dimensions, are
the same for the two surfaces: area = 1.0 nm  1.0 nm.

of disordered uctuations, which indicates that the surface state is con ned up to three layers.
In this study, the surface energy of the (1120) surface is
shown to be smaller than that of the (1010) surface. The
explanation for this di erence may be found in the ionic
bonding between Zn and O as follows: First, the ionic
charges for the two surfaces are di erent. Compared to
the (1010) surface, the electron density at oxygen/zinc
ions are smaller/larger at the (1120) surface, as shown
by Table 2. It indicates that the Zn and O atoms become
less ionized at the more stable (1120) surface. The electron transfer to the low-energy state of O-2p orbitals can

The formation energies of the (1010), (1120) and
(0001) surface of ZnO and ZnS, both having wurtzite
structure, are estimated by using rst-principles calculations. In addition, the formation energies of the (110)
surface of zincblende structure for both ZnO and ZnS
are estimated. We conclude that the abundance of the
non-polar (1120) and (1010) surface of wurtzite ZnO and
ZnS in the nanostructures is due to their small surface
energies.
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