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The calculation of the accurate surface energies for (0001) surfaces of wurtzite ZnO is difficult because it is impossible to

decouple the two inequivalent (0001)-Zn and (0001)-O surfaces. By using a heterojunction model we have transformed the

uncertainty of the surface energies into that of interface energies which is much smaller than the former and hence estimated the

surface energies to a high degree of accuracy. It is found that oxygen terminated (0001)-O face of wurtzite phase and (111)-O

of zinc blende phase are more stable than their Zn-terminated counterparts within the major temperature and oxygen partial

pressure range accessible to experiment. The instability of Zn-terminated polar surfaces explains the experimentally observed

high activity of these surfaces. The effects of native surface vacancies on the surface energies have also been discussed. These

results shed insights on the modification of surface stability and activity of ZnO nanoparticles.

1 Introduction

As a material with a wide range of applications in opto-

electronic and electronic devices, catalysis, and gas sensing,

zinc oxide (ZnO) has seen extensive research interests re-

cently. Under ambient conditions, macroscopically ZnO is in

its hexagonal wurtzite (WZ) phase, and its cubic zinc blende

(ZB) phase is metastable, although the atomic structures of

these two phases differ only at the third atomic neighbor. At

nanoscale where many applications of ZnO occur, its perfor-

mance and properties depends on its surfaces owing to the

high surface to volume ratio. For WZ ZnO, mainly four

low-index surfaces are of interest: the nonpolar (1010) and

(1120), and the polar zinc-terminated (0001)-Zn and oxygen-

terminated (0001)-O.

Compared with the nonpolar surfaces, the polar surfaces

are more intriguing from both scientific and technological

points of view. Scientifically, the stabilization mechanism

of such unstable polar surfaces has attracted extensive atten-

tion.1–4 Technologically, the polar ZnO surfaces have been re-

ported to be the active ones for gas molecule adsorptions and

surface reactions.5 For the polar surfaces, the Zn-terminated

ones are found to be more active than the O-terminated ones.

For example, the growth of hexagonal rods in plasma depo-

sition is found to be along the [0001] direction of Zn po-

larity, with pyramidal islands nucleating and growing on the

polar (0001) faces,6 and in the growth of nanocantilever ar-
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rays the (0001) face is found chemically more active than the

(0001) face.7 Such higher activity is also found in the four

Zn-terminated surfaces of the octahedral ZB core of tetrapod

ZnO nanoparticles.8,9 On the theoretical side, a phase-field

simulation of ZnO film growth suggested easier nucleation on

Zn-terminated surfaces.10

A reasonable hypothesis for explaining the higher activity

of Zn-terminated surfaces is that the Zn-terminated surfaces

have higher surface energies than their O-terminated counter-

parts do. Experimental confirmation of this hypothesis is dif-

ficult as the measured surface energies are average values for

all exposed surfaces.11

Fig. 1 A (0001) ZnO slab. If the top (0001)-Zn layer is removed,

the top (0001)-O layer has three dangling bonds for each surface

atom and hence is inequivalent to the bottom (0001)-O layer, of

which each O atom has one dangling bond. Red: O, blue: Zn.

Here we support the above hypothesis about the polar sur-
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face activity by estimating the surface energies of (0001)-Zn

and (0001)-O faces based on the wedge and heterojunction

methods. Our results show that, in oxygen-rich atmosphere

which corresponds to most experiment conditions, (0001)-Zn

has higher surface energy and is more active than (0001)-O.

Fig. 2 The prisms used for calculating energies of polar surfaces of

ZB ZnO. (a) A supercell structure showing the prism and the

vacuum. The prism is periodic along b direction and separated from

its images along a and c directions. (b) For (111)-O which uses

(100)-Zn as input; (c) For (100)-Zn which uses nonpolar (110) as

input. The dashed line indicates some atoms are cut off to change

prism size. Zn: blue, O: red.

2 Methods

Our method is slightly different from the wedge and hetero-

junction approaches where the surface atoms were passivated

Table 1 Calculated and experimental lattice parameters for WZ

ZnO.

Source a (Å) c (Å) c/a u

This work 3.2862 5.3005 1.6130 0.3793

Expt. (Ref. [ 13]) 3.2496 5.2042 1.6018 0.3819

Expt. (Ref. [ 14]) 3.2501 5.2071 1.6021 0.3817

by pseudohydrogen atoms and the atoms in the system were

allowed to relax. Instead we use unpassivated surfaces, with

dipole correction applied and all the atoms fixed at their ideal

bulk position. The energy thus obtained is the truncated sur-

face energy, and the relaxed surface energies are later ob-

tained by considering the relaxation contribution of the corre-

sponding surface using the standard slab geometry, with the

other surface fixed. The total energy calculations are per-

formed using the VASP code12 with the projector-augmented-

wave pseudopotential as supplied in VASP, the GGA-PBE

exchange-correlation functional, and a plane wave basis with

an energy cutoff of 500 eV. A Monkhorst-Pack k-point sam-

pling mesh of 6× 6× 4 was used for the hexagonal unit cell,

and the number of k-point was reduced for larger cells. In the

directions which involves vacuum only one k-point was used.

As shown in Table 1, the bulk structure parameters optimized

under these settings are in good agreement with their experi-

mental values.
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Fig. 3 Truncated surface energies of (111) face versus the size of

prisms used.

The truncated surface energy of (111)-O face can be cal-

culated using the triangle prism of ZnO shown in Fig. 2(a),

which contains a (001)-Zn face and two equivalent {111}-O

faces, and that of (111)-Zn can be obtained by swapping Zn

and O atoms. The prism is periodic along the intersection of

the faces (i.e., along AB) and separated from its periodic im-

ages in other directions by vacuum of more than 10 Å. When
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one layer of ZnO is removed, as indicated by the dashed line,

the energy difference between the old and new prisms can be

expressed as15

∆E = ∆ nZnµZn +∆nOµO +∆s(111)γ
0
(111)

+ ∆s(100)γ
0
(100) (1)

where n and µ are the number of atoms in the prisms and

their chemical potential, respectively, and ∆s and γ0 are the

change in surface area and the truncated surface energy, re-

spectively. In the case shown in Fig. 2(a), ∆nZn=∆nO=−9

(note atom D is the periodic image of atom C), and ∆s(111)
and ∆s(001) equal the rectangles ABCD and abcd, respectively.

The energy γ0
(111)

can be calculated from Eq. (1) once γ0
(100) is

obtained similarly using the configuration in Fig. 2(b), where

face (110) is nonpolar and its truncated surface energy is cal-

culated using the standard slab approach. Note that in Fig.

2(b) ∆nZn and ∆nO are not equal and thus the calculated γ0
(100)

and hence γ0
(111)

explicitly depends on µO. The chemical po-

tentials µZn and µO in ZnO can vary in a range constrained by

the facts that Zn and O are in equilibrium with bulk ZnO and

that bulk ZnO is stable against decomposition into bulk Zn and

oxygen gas. Explicitly, one has µZn + µO = EZnO, ∆HZnO ≤
∆µO = µO−0.5EO2

≤ 0 and ∆HZnO ≤∆µZn = µZn−Ebulk
Zn ≤ 0,

where E is the calculated total energy at 0 K, and the forma-

tion enthalphy ∆HZnO =EZnO−0.5EO2
−Ebulk

Zn is calculated to

be −2.89 eV, compared with previously calculated value16 of

−2.84 eV and experimental value17 −3.50 eV. The oxygen in

ZnO is assumed to be in equilibrium with the ambient atmo-

sphere, and hence µO = 0.5µO2
is a function of temperature

and pressure.

3 Results and discussion

We calculated γ0 of (111) face with respect to prism size N,

defined by the number of ZnO in the base (100) face in Fig.

2(a), ranging from 9 to 12, and the values are plotted in Fig.

3 for the oxygen rich limit, or µO=−4.93 eV, half the DFT

energy of an O2 molecule. As can be seen, the truncated sur-

face energy has been converged within 0.1 J/m2. For N=12,

we obtained γ0 of 1.44 and 2.53 J/m2 for (111)-O and (111)-

Zn, respectively, of which the sum is close to 4.05 J/m2, the

truncated cleavage energy of the two coupled surfaces based

on a slab geometry of 12 Zn-O double layers. The values at

N=12 are used for the following calculations of (0001) surface

energies.

With γ0 of (111) faces known, γ0 of (0001) faces can be

estimated using the interface models shown in Fig. 4(a). The

ZB/ZB model is just a ZB slab as the reference, and in the

WZ/ZB heterojunction the WZ phase is stretched along the

Fig. 4 (a) Interface models used for (0001) surface energy

calculation. The lattice of WZ phase was stretched to that of ZB

phase along the interface plane. (b) The vacuum-free WZ/ZB

interface model for estimating the interface energy range. The two

interfaces are inequivalent: the (0001)/(111) interface is staggered

and the (111)/(0001) interface is eclipsed. Zn: blue, O: red.

interface plane to the size of ZB. The energy difference be-

tween the two models, for the case in Fig. 4(a), can then be

written as18

∆E = S (γ0
(0001)

− γ0
(111)

)+ p(eWZ − eZB)

+ pEs +SEi (2)

where S is the interface area, p is the number of ZnO unit in

the top half of the slab, e is energy per ZnO unit in unstrained

bulk WZ or ZB phase, Es is the strain energy per ZnO unit

resulted from the stretch of bulk WZ corresponding to the top

half of the slab, and Ei is the formation energy of the interface,

which is between (0001)-Zn and (111)-O for the case in Fig.

4(a). The values for eWZ − eZB and Es are found from bulk

phase calculations to be −0.012 eV/ZnO and 0.40 meV/ZnO,
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respectively. If Ei could be calculated independently, then the

energy of surface (0001)-O could be calculated unambigu-

ously. Obviously, one can not use the WZ/ZB slab in Fig.

4(a) to calculate the interface energy because the surface en-

ergy is unknown. If one builds a vacuum-free heterojunction

model, as shown in Fig. 4(b), then the two interfaces included

in this model are not identical. At one interface the ethane-

like O3Zn-OZn3 conformation is staggered and at the other it

is eclipsed (see Fig. 4(b)). Since these two interfaces are cou-

pled in a way similar to the case of (0001) polar surfaces, their

energies can not be unambiguously defined.

Nevertheless, we can use the vacuum-free heterojunction

model to estimate the range of Ei. By substracting the corre-

sponding WZ and ZB bulk energies from that of the vacuum-

free heterojunction we calculated the energy sum of the two

coupled interfaces to be 12.6 mJ/m2, which defines the up-

per limit of the energy for each interface. The lower limit of

the interface energy is zero. With these numbers as input, the

resulting γ0 ranges for (0001)-Zn and (0001)-O surfaces, at O-

rich limit, are calculated to be 2.49±0.0063 and 1.35±0.0063

J/m2, respectively, summing to 3.84 J/m2, as opposed to the

3.80 J/m2, the truncated cleavage energy of (0001)-coupled

faces based on a slab geometry of 14 Zn-O double layers.

The above method of estimating the uncertainty of (0001)

surface energies, in principle, can be applied to any other po-

lar surfaces as long as one can establish proper interface mod-

els. Because at the interfaces the dangling bonds are some-

what passivated, the energy cost for creating a vacuum-free

heterojunction is usually smaller than that for two coupled po-

lar surfaces. In other words, the uncertainty of interface en-

ergies would in general be smaller than that of surface ener-

gies, which means we can get an improved estimate of surface

energies. The extent of improvement, of course, depends on

the extent of local structure distortion at the interface. In the

case studied here, the local structure at the WZ/ZB interfaces

is very close to the bulk structure and so a quite small uncer-

tainty is obtained.

Once γ0 is known, relaxed surface energy γ can be calcu-

lated using a slab geometry by only allowing the atoms on the

side of interest to relax, with the other side fixed. The slab and

the vacuum layer should be thick to assure energy convergence

and negligible interaction between the two sides. We have ap-

plied this method on nonpolar slabs and the results are consis-

tent with those for fully relaxed slabs. Using a slab of 14 dou-

ble layers with 3 of them fixed on one side, we obtained the re-

laxation energy, equivalent to γ−γ0, of (0001)-Zn and (0001)-

O surfaces to be −0.10 and −0.39 J/m2, respectively, in good

agreement with the total relaxation energy −0.49 J/m2 of the

whole slab with only a middle Zn-O layer fixed. The ranges of

γ and γ0, at the oxygen rich limit, were summarized in Table

Table 2 Truncated (γ0) and relaxed (γ) surface energies for (111)

faces of ZB-ZnO and (0001) faces of WZ-ZnO at oxygen rich limit.

The relaxed surface energies of Zn- and O-terminated faces are

calculated using a slab geometry with one side fixed. Data from Ref.

[ 19] correspond to ∆µZn ≈−3.0 eV, which is interpreted as oxygen

rich condition. The experiment value is an average of the existing

surfaces.

Face γ0 (J/m2) γ (J/m2)

(111)-Zn 2.53 2.46

(111)-O 1.44 1.02

(111)-coupled 4.05 3.55

(0001)-Zn 2.49±0.0063 2.39±0.0063

(0001)-O 1.35±0.0063 0.96±0.0063

(0001)-coupled 3.80 3.31

(0001)-coupled (Ref. [ 20]) ∼3.81 ∼3.4

(0001)-Zn (Ref. [ 19]) ∼3.8

(0001)-O (Ref. [ 19]) ∼1.1

Experiment (Ref. [ 11,21]) 2.55±0.23

2, along with other reported theoretical values. A direct com-

parison between the results here and the experimental surface

energy data is difficult as the latter are scarce and, more im-

portantly, not for a particular surface but averaged for all ex-

posed ones.11 Nevertheless, the energies for (0001)-coupled

surfaces reported here agree reasonably well with previous re-

ported values.20 We noted that the energies for (0001)-Zn and

(0001)-O from Ref. [ 19] are higher than the values reported

here because in Ref. [ 19] a slab with both surfaces terminated

by the same species was used and hence, as mentioned above,

the surface energies are for a mixture of two inequivalent sur-

faces. On average such mixed surface structures have more

surface dangling bonds than those of (0001)-Zn and (0001)-O

surfaces and hence have higher energies.

To illustrate the influence of temperature and oxygen pres-

sure, we have plotted in Fig. 5 the polar surface energies as

a function of oxygen chemical potential µO. Several features

are worthy of notice. (i) The surface energies of (0001) and

those of (111) are almost identical, with difference smaller

than 0.1 J/m2. This is not surprising since in both ZB and

WZ phases the atoms have similar local structures and only

differ at the third atomic neighbor. (ii) For both (111) and

(0001) surfaces, the O-terminated surfaces decreases their en-

ergies by ∼0.4 to 0.5 J/m2 through surface relaxation, while

the Zn-terminated surface energies decrease only by ∼0.1

J/m2. This probably results from the fact that the relaxation

of the surface Zn-O double-layer at the O-terminated surface

is much more substantial than at the Zn-terminated one, a phe-

nomenon previously reported.1,20 (iii) The surface energies

changes linearly with oxygen chemical potential. At high µO,

which corresponds to low temperature and high oxygen partial
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Fig. 5 Truncated (γ0) and relaxed (γ) surface energies of (111) and

(0001) faces as a function of oxygen chemical potential µO. For

(0001) faces, the surface energies are uncertain within a very small

range represented by two parallel dashed or solid lines. ∆µO=0

corresponds to oxygen rich limit. The pressure of O2 corresponding

to ∆µO is shown for temperature at 300 K and 800 K, respectively.

pressure, Zn-terminated surfaces have higher energies than O-

terminated ones, and as µO shifts towards its lower limit the

Zn-terminated surfaces become more stable. The atmosphere

for ZnO growth is usually somewhat oxygen rich as oxygen

is a necessary component, and hence within the experimen-

tal window of temperature and pressure the Zn-terminated

surfaces are usually less stable and more active than the O-

terminated ones, as found in a series of experiments.6–9

The above results for defect-free surfaces serve as a base

for studying the more complicated surfaces with defects or

molecule adsorption, which, depending on the environmental

conditions, can stabilize the polar surfaces. For example, for

(0001)-O surface honeycomb-like22 structures, surface recon-

struction and hydrogen adsorption23 have been reported, and

for (0001)-Zn surfaces islands and triangular pits2 have been
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Fig. 6 The change of surface energy for (0001)-O surface (top) and

(0001)-Zn surface (bottom) with respect to vacancy concentration

and ∆µO. Each circle denotes a surface configuration considered,

and those with lowest energies are interlinked with solid lines.

reported. Here, instead of exhaustively examing all the possi-

ble defective surface structures, we illustrate the influence of

surface vacancies on the surface energies. The change of sur-

face energy for a ZnO surface with a θ coverage of vacancies

VX (X being Zn or O) can be defined as

∆γ(θ ,VX) =
E(θ ,VX)−E0 +nXµX

A
(3)

where E(θ ,VX) and E0 are the energy of slab with and without

vacancies, respectively, nX is the number of vacancies, and A

is the surface area (of one side of the slab). A rectangular

(0001) slab of surface area ∼10×11 Å2, with 12 Zn atoms

on one side and 12 O atoms on the other, was used as the

reference structure.

The change of surface energy with respect to surface va-

cancy concentration and ∆µO is shown in Fig. 6. Each circle

represents the energy of a surface structure and the lowest en-

ergy values are interlinked by the solid lines. As can be seen,

the decrease of µO favors the formation of oxygen vacancies

but hinders zinc vacancy formation. At a certain µO there is
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a certain favorable defect concentration, corresponding to the

lowest surface energy. A particular concentration is θ=0.25,

which, according to the electron-counting rule3, makes the de-

fective surface charge neutral and hence relatively favorable

over a wide range of µO. This is consistent with the pro-

nounced curvature of the solid lines at θ=0.25. It’s interest-

ing to note that the lowest energy values for oxygen vacan-

cies agree closely with available reported data,4 such as those

for concentration θ=0.25 and 0.5 monolayer, although an or-

thorhombic supercell with 12 surface atoms was used here and

a hexagonal supercell with 16 surface atoms was used in the

previous work.

4 Summary

In summary we have for the first time calculated the sur-

face energies of the polar surfaces for both wurtzite and zinc

blende ZnO. By using a wurtzite/zinc-blend heterojunction

model we can estimate the surface energies of (0001)-Zn and

(0001)-O within a high degree of accuracy. It is found that

the oxygen-terminated polar surfaces are more stable than

the zinc-terminated ones within the oxygen-rich conditions,

which is consistent with the experimentally observed high ac-

tivity of zinc-terminated surfaces. The effects of oxygen and

zinc vacancies on the surface energies are found to be strongly

dependent on oxygen chemical potential µO. High µO favors

zinc-deficient stoichiometry on (0001)-Zn surface and low µO

favors oxygen-deficient stoichiometry on (0001)-O surface.

These results shed insights on the modification of ZnO sur-

face properties and would be useful for designing highly ac-

tive ZnO nanoparticles for catalytic applications.
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