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First-Principles Study of the Surface Energy and the Atom Cohesion of
Wurtzite ZnO and ZnS - Implications for Nanostructure Formation
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The surface energies of eight oblique surfaces of wurtzite ZnO and ZnS, (101̄1), (101̄2), (112̄1),
and (112̄2), are estimated by using first-principles calculations. Calculations for simple cases of
atom addition are performed to understand the fast growth of wurtzite ZnO and ZnS in the [0001]
direction. The slow growth of wurtzite ZnO and ZnS in the [0001̄] direction is ascribed to the
relatively weak cohesion of zinc atoms to the (0001̄)-O or S surface. The average electric fields
inside ZnO and ZnS are estimated.
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tures have been continuously reported [4]. There are
increasing numbers of theoretical and experimental studies of wurtzite ZnS nanostructures [5–9]. Although the
surfaces of ZnO nanorods and other nanostructures are
mainly (112̄0)and (101̄0) surfaces, there have been observations of oblique surfaces in the ZnO nanostructures
[2,10–13].
In this study, the surface energy estimates of four
oblique surfaces of ZnX, (112̄1), (112̄2), (101̄1), and
(101̄2) are reported together, with our former estimates
with corrections. The (101̄1) surface energy is found to
be roughly midway between the (101̄0) and the (0001)
surface energies, while the (112̄1), (112̄2), and (101̄2) surfaces are found to have almost the same surface energy
as the (0001) surface (Table 1).
Two more investigations on wurtzite ZnX have been
carried in this study. One is about the growth speed contrast between the +c-axis and the -c-axis directions, and
the other is the electric field inside. The growth speed of
ZnO nanorod is known to be 3 : 1 in the [0001] direction
versus the [0001̄] direction, i.e. three times faster in the
[0001] direction. The energy reduction associated with
the addition of an atom on the (0001) surface was calculated to understand the contrast in the growth speeds of
ZnX between the [0001] direction and the [0001̄] direction. We found that the adding of zinc atoms on (0001̄)X is associated with much smaller electric energy reduction and is the cause of the growth speed contrast. The
electric field inside the polar crystals has been regarded
as a real property [17]. In this study, the average electric field in ZnX is estimated from the calculated electric
potential of zinc d-electrons in one ZnX slab, which was
designed to infer the (0001̄)-X surface energy.

I. INTRODUCTION
ZnO growth as thin rods was known early before the
scientific investigations of nowadays. We were inspired
by numerous reports of ZnO nanorod growth and suspected that the side surfaces of ZnO nanorods should be
associated with relatively small surface energy.
We formerly reported our first-principles study on the
major surfaces of wurtzite ZnO and ZnS: (112̄0), (101̄0),
and (0001) surfaces [1]. Studies of the general features
of ZnO nanostructures were well summarized in articles [2, 3], and successful growths of ZnO nanostruc-

Table 1. Calculated surface energies[unit:J/m2 ] of wurtzite
ZnO and ZnS. z.b. = zinc blende. Other calculations are in
parentheses.
surface
(112̄0)
(101̄0)
(0001)-Zn
(0001̄)-X
(112̄1)
(112̄2)
(101̄1)
(101̄2)
z.b. (110)

ZnO
1.06(1.16a )
1.12(2.05a )
2.25(2.0a )
2.04
2.22
2.18
1.73
2.07
1.12

ZnS
0.32(0.28b )
0.51
1.50(1.52b )
1.47
0.98
1.1
0.97
1.13
0.47(0.39b )

a. Refs. 14–16, b. Ref. 9.
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II. CALCULATION AND DISCUSSION

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 [18]. The main parameters
used for the calculations in this study are the same as the
ones described formerly. For ZnO, the wurtzite structure
is more stable than the zincblende structure by 0.019 eV
per Zn-O pair, while the zincblende structure is more
stable than the wurtzite structure by 0.050 eV per Zn-S
pair for ZnS. Periodically repeating slab geometries are
employed for the surface energy calculations. Each slab
was separated by a vacuum layer of proper thickness. A
brief explanation of the definitions and the calculation
scheme for the surface energy are given in Ref. 19.
By fitting the surface energy data, which were acquired by partial fixing of atoms, to the relation
E = Es,c+ β exp(- γ N), we formerly estimated the
ZnO (0001) surface cleaving energy as 4.49 J/m2 , which
is comparable to the value of 4.0 J/m2 calculated by
Wander et al. [16]. Wander was the first to calculate the
surface energy of the three main surface of ZnO [14,15],
and our present study is benefitted from their works. It
has been thought that separate determination of the surface energies of the (0001) and the (0001̄) surfaces can
not be done [16]. Here we suggest a method by which it
is possible to discern one from the other by combining
multiple calculations - total energy of slabs with/without
hydrogen passivation. According to the electron counting rule, one hydrogen atom is attached to each one of
two oxygen atoms on the (0001̄)-O surface and similarly
to each of two zinc atoms on the (0001)-Zn surface so
that the correct electronic state of the atoms can be
maintained in spite of the terminated surface and limited length of the slab used in the calculation. In Fig. 1,
the used set of slabs consisting of 5 + 5 Zn-O layers is
described. To infer the surface energy of the (0001)-Zn
surface, one must compare the total energy values of the
slab with and without hydrogens for whole structure and
those of the two each half slab structures all together.
We acquired 2.307, 2.291, 2.247 J/m2 as the (0001)-Zn
surface energy for 3 + 3, 4 + 4, and 5 + 5 layer slabs. Due
to accuracy decrease in the energy calculation for larger
slabs, slabs of sizes beyond 5 + 5 layers are not considered for surface energy estimates and slabs beyond 9 +
9 layers are avoided. Similarly acquired are 1.797, 1.893,
2.042 J/m2 as the (0001̄)-O surface energy. So our estimates are 2.25 and 2.04 J/m2 for the two surface energies
(Fig. 2). For ZnS (0001)-Zn and (0001̄)-S surfaces, we
acquired 1.50 and 1.47 J/m2 after the same procedure,
so the surface energies of the (0001)-Zn and (0001̄)-S surfaces of ZnS are almost equal, while a slight difference
exists between the surface energies of the (0001)-Zn and
(0001̄)-O surfaces of ZnO. By using molecular dynamics,
Zhang et al. [9] acquired the surface energy of ZnS for
the (0001), the (112̄0), and the (110) surfaces as 1.52,

Fig. 1. (Color online) Structures of the slabs used for ZnO
(0001)-Zn and (0001̄)-O surface calculations.

Fig. 2. (Color online) Calculated surface energies for ZnO
(0001)-Zn and (0001̄)-O surfaces.

0.28, and 0.39 J/m2 , which roughly coincide with our
results of 1.50(1.47), 0.32, and 0.47 J/m2 as in Table 1.
The surface energies of the (0001) surface and the four
oblique surfaces of ZnX are found to be much larger than
those of the (112̄0) and the (101̄0) surfaces. This is consistent with the fact that the two surfaces, (112̄0) and
(101̄0), and their equivalent surfaces dominantly exist in
the nanostructures of ZnX. The surface energies of ZnS
are smaller than those of ZnO due to two facts - larger
distance between ions in ZnS and more covalent bonding
character of ZnS. The side views of the four surfaces of
ZnO are described in Fig. 3.
Some discussions about ZnX rod formation based on
the known surface energy values are as follows: First,
consider a prismatic rod consisting of top and side surfaces. Assuming thermal equilibrium on formation, the
minimum surface energy condition for ZnO nanorod can
yield the ratio of the height to the diameter of the rod. It
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Fig. 3. (Color online) Structures of four oblique surfaces of
ZnO with relaxation: (a) (112̄1) surface, (b) (112̄2) surface,
(c) (101̄1) surface, and (d) (101̄2) surface.

√
is readily shown that the ratio would be 3 when there
is no discrepancy between surface energy values of the
top and side surfaces. However, the rod should be more
elongated
with a larger ratio of height versus diameter,
√
3 × (2.25/1.06), in case of a ZnO nanorod sided by the
(112̄0) family surfaces. Prisms with (101̄0) sides can be
assessed similarly. Next, consider a cone sided by (101̄1)
and equivalent surfaces. The surface energy of this cone
with a hexagonal base would be about half (0.56) the
surface energy of a prism with the same volume and the
same base. The ratio for a cone with the (112̄1) surface
would be 0.71. It is possible to imagine a scenario for
the formation of ZnO nanopencil in the works of Wang
et al. or Ryu [10, 11] under a situation of sudden reduction in supply of Zn + O atoms during the growth
of ZnO nanorods. Not only the nanorods but almost all
the ZnO nanostructures, such as nanobelts, nanocombs,
nanopropellers, and nanocages are mainly composed of
either (101̄0) or (112̄0) surfaces. The beginning stage
would determine the shape of the nanostructure, and the
temperature can change the shape of the nanostructure.
There are not as many reports on wurtzite ZnS formation
as ZnO, but so far, ceratin observations of nanowires,
nanotube, and nanobelts have been reported [6–8].
The complete assessment of the whole procedure of
crystal growth by using first-principles calculation is a
formidable task, but we may find a clue by considering
a few simplified situations. In Fig. 4 are illustrated four
simple situations of new atom addition on the two surfaces of ZnO perpendicular to the c-axis. The energies
associated with addition of an atom in each situation are
easily found to be −6.9 and −1.3 eV for zinc atom addition on the (0001)-O and the (0001̄)-O surfaces and −5.3
and −9.3 eV for oxygen atom addition on the (0001)-Zn
and the (0001̄)-Zn surfaces (Table II). The overall energies associated with Zn + O dimer addition along the

Fig. 4. (Color online) Four cases of atom addition: Zn or
O additions on the (0001) and the (0001̄) surfaces.
Table 2. Atom cohesion energies [unit: eV] on the (0001)
and the (0001̄) surfaces of wurtzite ZnO and ZnS. X is either
O or S.
cohesion
Zn to (0001)-X
Zn to (0001̄)-X
X to (0001)-Zn
X to (0001̄)-Zn

ZnO
-6.9
-1.3
-5.3
-9.3

ZnS
-3.8
(nil)
-4.5
-7.1

+c-axis and the −c-axis, in these limited consideration
are −12.2 eV and −10.6 eV respectively, and do not differ
much. Obviously the energy associated with Zn addition
on (0001̄) of −1.3 eV is comparatively much smaller in
magnitude so that the particular process can effectively
be a barrier to fast growth along the −c-axis.
Though not illustrated with any figure here, other situations of adding atoms on the sides of ZnO rod have
also been considered. As a result it was found that addition of oxygen atom to either (0001) or (0001̄) surface
is more favored than addition on the side surface of the
rod. But for the zinc atom the energy associated are
more or less same for (0001̄) surface and side surface of
ZnO rod.
By the same procedure for ZnS, we found −3.8 and
zero (negligible) eV for zinc atom addition on the (0001)S and the (0001̄)-S surfaces, and −4.5 and −7.1 eV for
sulfur atom addition on the (0001)-Zn and the (0001̄)Zn surfaces. Again Zn addition on the (0001̄) surface
is associated with a tiny energy reduction and so would
result in slow growth of wurtzite ZnS along the −c-axis.
Wurtzite ZnO and ZnS have dipole moments inside
the crystal. Accordingly, the electric potential should
increase stepwise along the direction of the dipole moment. The electric field inside polar crystals has been
discussed by Noguera [17] and can be regarded to exist
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is estimated as 0.047 V/A, which is almost twice that of
ZnS, which is estimated as 0.026 V/A.
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Fig. 5. (Color online) Electric potential read from the Znd level in ZnO with (0001) surface and the average electric
field inferred from it.

only at each dipole layer in the polar crystal. From the
calculated electric potential of the Zn-3d orbital, which
is another output attained during the ZnO (0001) surface energy calculation, the average electric field inside
wurtzite ZnO is estimated to be 0.047 V/A (Fig. 5).
Here, the average electric field is considered and is taken
from the data for the Zn-3d level. It is a direct way to
estimate the magnitude of the electric field inside. As in
Fig. 5, the electric field is found to slightly change near
the free surface. The left end of the graph in Fig. 5 corresponds to the zinc atom at the lowest layer in the slab,
and is next to the attached hydrogen atom, so it is most
distant from the free surface. Similarly the average electric field inside wurtzite ZnS is estimated as 0.026 V/A.
Considering the geometry of the wurtzite structure, we
take the electric field along the c-axis in the dipole layer
itself as 4 times the average electric field, i.e. 0.188 and
0.104 V/A for ZnO and ZnS.

III. CONCLUSIONS
The surface formation energies of the (112̄1), (112̄2),
(101̄1), (101̄2), and (0001) surfaces of ZnO and ZnS, both
having wurtzite structure, are estimated by using firstprinciples calculations as a continuation of our former
study. The abundance of non-polar (112̄0) and (101̄0)
surfaces of wurtzite ZnO and ZnS in the nanostructures
is once again justified by their small surface energies.
The formation of ZnO nanopencil or other nanostructures can be explained using the surface energy values.
The slow growth of ZnO along the −c-axis compared
with that along the +c-axis, is related with the small
energy reduction associated the addition of zinc atom on
the (0001̄)-O surface, and the slow growth of wurtzite
ZnS along the −c-axis is expected by the same argument. In addition, the average electric field inside ZnO
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having clean surfaces. The surface energy is the energy
associated the formation of a surface and quite often the
surface energy can be evaluated as one half of the surface
cleaving energy:
1
Es (surface energy) = × Es,c
2
(surface cleaving energy).
(1)
A proper slab composed of multiple unit cells and empty
space is used for each calculation. Each boundary of the
slab facing empty space is the target surface. The surface
energy, Es, is estimated as

Es =

1
× (Etotal − Ebulk ),
2

(2)

where Etotal is the slab’s total energy and Ebulk is
the total energy of bulk ZnO of the same size. The
calculated surface energy values are listed in Table
1. In the surface energy calculation, the surface is
assumed to extend to infinity. Since the lattice parameters of ZnX are about 3.2 A and 3.8 A each,
this assumption is reasonable for any structure of a
few tens of nanometer in length or larger.

