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Stabilization of Polar ZnO Surfaces: Validating Microscopic Models by Using CO
as a Probe Molecule
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The determination of the structure of inhomogeneous metal-oxide surfaces represents a formidable
task. With the present study, we demonstrate that using the binding energy of a probe molecule, CO, is a
reliable tool to validate structural models for such complex surfaces. Combining several types of first-
principles calculations with advanced molecular beam methods, we are able to provide conclusive
evidence that the polar O-terminated surface of ZnO is either reconstructed or hydrogen covered. This
finding has important consequences for the ongoing discussion regarding the stabilization mechanism
of the electrostatically unstable (‘‘Tasker type 3’’) polar ZnO surfaces.
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O-ZnO surfaces of a crystal may lead to a stabilization.
A charge compensation of the polar surfaces by a redis-

spectroscopic methods [10], yield results integrated over
the whole surface area, thus superimposing data for
Currently, there is a renewed interest in metal oxides
including their surfaces, stemming in part from their
relevance in various technological processes such as het-
erogeneous catalysis on an industrial scale. For ZnO, in
particular, an additional stimulus comes from the more
fundamental challenge to understand the stability of its
two polar surfaces on a solid theoretical basis [1]. Briefly,
polar surfaces of ionic crystals are electrostatically un-
stable and can exist only if the electric field generated by
the nonzero projection of the dipole moment of the sur-
face unit cell on the surface normal is compensated by an
additional mechanism [2–4]. In the case of ZnO, the Zn-
terminated (0001) surface (denoted here ‘‘Zn-ZnO’’) has
to become less positively charged and the O-terminated
�000�11� face (‘‘O-ZnO’’) less negative by roughly a factor
of 1=4 [5]. For various polar surfaces, several different
stabilization mechanisms have been observed [6], includ-
ing massive reconstructions [e.g., in NiO(111) and
Cr2O3�0001�], loss of surface ions [e.g., in Cr2O3�0001�
and Fe2O3�0001�], or the adsorption of charged species
[e.g., in NiO(111)].

For the polar ZnO surfaces, however, several surface
diffraction studies have failed to observe the presence of
reconstructions. There is some evidence that the Zn-ZnO
surface exhibits a high degree of disorder, since a random
removal of 1=4 of the surface atoms was necessary to
improve fits of gracing incidence x-ray diffraction
(GIXD) data [7]. For the O-ZnO surface, however, no
evidence for substantial amounts of surface vacancies was
found in GIXD [1,7] and low energy alkali ion scattering
[8]. In order to explain this apparent absence of the most
common stabilization mechanisms for the case of the
polar ZnO surfaces, it was proposed very early [5] that
a transfer of electrons between the Zn-ZnO and the
0031-9007=03=90(10)=106102(4)$20.00 
tribution of the electrons leads to partially filled surface
bands, a situation usually assumed for polar semiconduc-
tor surfaces [4]. Although recent density functional
(DFT) calculations appear to support this mechanism
for ZnO [1], for no other polar metal-oxide surface has
such a charge transfer been seen before. Thus, various
microscopic models are still being discussed very con-
troversially (see Ref. [9] for details).

These controversies also manifest themselves in the
lack of understanding molecule-surface interactions
even for simple probe molecules, e.g., carbon monoxide.
Surprisingly, in early photoemission experiments [10]
and recent molecular beam studies [11], it was found
that the binding energy of CO on various neutral and
polar ZnO surfaces is essentially the same, although
slightly different values for the binding energies were
reported (50 kJ=mol vs 30 kJ=mol). These findings are
completely inconsistent with the results of ab initio stud-
ies [12,13] and also with the chemical intuition that the
O-ZnO surface should not give rise to appreciable chem-
isorption of CO, in contrast to the Zn-ZnO surface, where
a modest chemisorption is expected.

A novel and crucial aspect was recently discovered in
He-atom scattering (HAS) experiments [14]. It was ob-
served that O-ZnO surfaces with a �1� 1� HAS diffrac-
tion pattern are always hydrogen covered [15], whereas
after a careful removal of the hydrogen a �1� 3� struc-
ture is found. This is a very puzzling result, since
in basically all previous work the existence of a
clean, unreconstructed �1� 1� O-ZnO surface has been
assumed.

Resolving the current debate regarding the micro-
scopic structure of polar ZnO surfaces is severely ham-
pered by the fact that most experimental techniques, e.g.,
2003 The American Physical Society 106102-1
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FIG. 1. Normalized He reflectivity vs surface temperature
curves for CO adsorbed on clean �1 � 1� Zn-ZnO (filled
circles), H-saturated �1 � 1� O-ZnO (open triangles), and re-
constructed �1� 3� O-ZnO (open squares) surfaces. The ar-
rows indicate the maxima of the first derivatives.

TABLE I. CO binding energies (kJ=mol) on different polar
faces of ZnO. ‘‘rep’’ indicates a pure repulsive interaction
between CO and the corresponding surface. The experimental
binding energy has been assumed to be equal to the activation
energy for desorption.

Zn4O4 Zn4O4 Zn4O4 Zn13O13 Periodic
Expt. HF MC-CEPA DFT HF DFT

Zn-ZnO
�1 � 1� 26.9 20.3 31.4 51.7 18.4a 36.2
H-sat rep rep rep rep

O-ZnO
�1 � 3� 17.0 13.7b

�1 � 1� 1.0 2.4 rep 3.5 <2:0
H-sat 19.2 10.2c 12.0 14.0 18.6a 18.8

aEmbedded cluster.
bDefect model for the �1 � 3� superstructure.
cAt the HF level, the approach of CO in the ‘‘O-down’’
configuration is more favorable than in the ‘‘C-down’’ one;
the binding energy for ‘‘C-down’’ is only 5:8 kJ=mol.
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defective and perfect areas. To overcome this difficulty,
we propose a new joint experimental/theoretical approach
to validate the different microscopic models for the
polar ZnO surfaces by using CO as a probe molecule.
Experimentally, we determine the binding energies of CO
by using a sophisticated molecular beam technique sen-
sitive to the perfectly ordered parts of the surface alone.
These results are then compared with calculations of the
binding energies for different surface models. To exclude
any bias, the full spectrum of available state-of-the-art
first-principles methods was used in a synergistic manner.
Highly accurate wave function based quantum-chemical
calculations were employed within finite and embedded
cluster setups, whereas DFT was used for infinitely ex-
tended periodic slab calculations after having been vali-
dated based on cluster benchmarks.

Experiments were carried out using a high-resolution
(both angle and energy) molecular beam apparatus [16].
The apparatus is equipped with the facilities for LEED,
x-ray photoelectron spectroscopy (XPS), and thermal
desorption spectroscopy (TDS). All surfaces were thor-
oughly characterized using XPS, LEED, and HAS.
Atomic hydrogen was adsorbed by operating a hot tung-
sten filament in line of sight at a distance of 10 cm from
the surface [17] in a 10�6 mbar ambient of dihydrogen.
LEED was found to be largely insensitive to the presence
of H atoms on the surface [17]. For He atoms, in contrast,
the cross section of adsorbed H atoms is fairly large
(10 �A2 [18]), so HAS was used to monitor H-atom ad-
sorption and to structurally characterize the H-atom
adlayers. CO adsorption was carried out either by back-
filling the UHV chamber or by using a molecular beam
where 3% of CO were seeded in He.

For the comparison with the theoretical results (see
below), the experimental binding energies of CO on the
flat, structurally well defined perfect parts of the differ-
ent ZnO surfaces are required. With conventional TDS,
however, desorption can be determined only in an inte-
grated fashion, i.e., the signal from disordered parts
(defects, steps, O vacancies, etc.) cannot be distinguished
from that related to the perfect parts. Since from the very
low intensity of the He-atom specular peak we can
deduce that only about 0.1% of the ZnO surfaces consists
of flat terraces with diameters exceeding 50 Å, a straight-
forward application of TDS for these structurally rather
inhomogeneous metal-oxide surfaces is not possible.

To overcome this serious limitation of conventional
TDS, we have used a molecular beam method where
the binding of CO on the flat terraces can be determined
separately. To this end, the He reflectivity of the surface is
detected as a function of surface temperature [19].
Desorption of CO from the flat terraces strongly increases
the He-atom reflectivity. Disordered or defective surface
regions have very small He reflectivities and, hence, their
contribution can be neglected. Typical results for the He
reflectivity vs surface temperature curves are shown in
106102-2
Fig. 1 for three different surfaces, clean �1 � 1� Zn-ZnO,
H-saturated �1� 1� O-ZnO, and reconstructed �1� 3�
O-ZnO, saturated with CO. In all three cases CO desorp-
tion causes a pronounced increase in reflectivity. A quan-
titative analysis of the maxima of the first derivative
(arrows in Fig. 1), which roughly correspond to the max-
ima in conventional TDS [19], yields CO-binding ener-
gies which are listed in Table I. For the H-saturated
�1� 1� Zn-ZnO surface [17] no adsorption of CO could
be detected even at surface temperatures as low as 50 K,
yielding an upper limit of the CO-binding energy of
around 10 kJ=mol.

In the theoretical part of the study, extensive ab initio
calculations of the CO-binding energies were performed
106102-2
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based on four different models for the clean and
H-covered polar surfaces (see Fig. 2 for an overview).
The first series of calculations was based on a free Zn4O4

cluster in a wurtzite-type structure [13]. This cluster was
then enlarged to Zn13O13 and also embedded in a large
array of point charges [20]. The Madelung field was
constructed in such a way that fractional charges were
added close to the surfaces—but not in the vicinity of the
adsorption site —in order to compensate the large dipole
moment of the isolated cluster (see Ref. [20] for details).
Next, H atoms were added to the cluster surfaces in order
to simulate the H-covered polar surfaces. Finally, for both
the clean and the H-saturated Zn-ZnO and O-ZnO sur-
faces, periodic band structure calculations for a full CO
monolayer coverage were performed using infinitely
extended slabs with a thickness of eight Zn-O double
layers [9].

The ab initio (embedded) cluster calculations were
performed at Hartree-Fock (HF) and post Hartree-Fock
levels [multiconfiguration coupled electrons approxima-
tion (MC-CEPA) [21]] with large extended basis sets of at
least ‘‘TZ2P quality’’, i.e., triple zeta with two sets of
polarization functions. All binding energies were coun-
terpoise corrected [22] for the basis set superposition
error (BSSE), which is mandatory for weakly bound
systems. Selected cluster benchmarks, but, in particular,
the large-scale periodic calculations with all atomic po-
sitions fully relaxed, were done with the semilocal
Perdew-Burke-Ernzerhof (PBE) density functional [23].
Norm-conserving pseudopotentials were employed to-
gether with a mixed-basis set consisting of plane waves
and localized, nonoverlapping orbitals for the O-2p and
the Zn-3d electrons [9,24].

The results of the calculations are compared to experi-
ment in Table I. Some caution should be taken when
applying DFT to weakly bound systems. However, evi-
denced in Table I, the DFT calculations reproduce quite
(a) (b)H

Zn

H

O

FIG. 2 (color online). Structures of the H-terminated
(a) isolated Zn4O4 and (b) embedded Zn13O13 clusters using
large spheres to represent the Zn, O, and H atoms as indicated
and small spheres for the point charges. Note that the corre-
sponding clean surfaces are obtained by removing the H atoms,
that the isolated Zn13O13 cluster is obtained by omitting the
point charges, and that the periodic slab corresponds to (b)
after replacing the point charges by atoms (see text for further
details).
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well the quantum-chemical data for the benchmark clus-
ters, including electron correlation effects. In addition,
they capture very nicely the trends in the CO-binding
energies for the different cluster terminations. In particu-
lar, for the Zn-ZnO surface all calculations reproduce the
experimental observation of a modest chemisorption of
CO to the clean surface and a purely repulsive interaction
if the surface is H saturated.

The most important result reported in Table I is the fact
that for the hypothetical clean �1 � 1� O-ZnO surface all
theoretical models yield a binding energy for CO below
4 kJ=mol. This is significantly smaller than the experi-
mental results reported in the literature [10,11] and also
smaller than the new experimental value reported here for
the hydrogen-free �1� 3� O-ZnO surface. These results
make the existence of an unreconstructed O-ZnO surface
terminated by naked O atoms extremely unlikely. On the
other hand, for the O-ZnO surface with an �1� 1� hydro-
gen overlayer, both the DFT slab calculations as well as
the calculations for clusters with OH groups yield binding
energies of 10–20 kJ=mol. Such values are in very rea-
sonable agreement with the experimental results reported
here for the H-covered �1 � 1� O-ZnO surface, i.e.,
19:2 kJ=mol. Moreover, our calculations indicate that
the unreconstructed O-ZnO surface can energetically
dissociate molecular hydrogen, lowering the energy by
about 70 kJ=mol per H atom.

Finally, we consider a defect model which resembles
the �1� 3� reconstructed O-ZnO surface observed re-
cently [14]. In this model, the Zn13O13 cluster was em-
bedded in such a way that in the point charge field oxygen
vacancies are mimicked by additional positive charges in
the vicinity of the cluster itself. As in experiment, the
CO-binding energy decreases relative to the unrecon-
structed but H-covered surface; see Table I. Note that
the resulting binding energy is not very sensitive to the
details in the positions and values of the additional
charges, as long as charge neutrality and the compensa-
tion of the total dipole moment are preserved.

At first sight, the fact that the CO-binding energies for
the H-saturated O-ZnO surfaces are significantly larger
than for a hypothetical clean �1� 1� O-ZnO surface is
surprising. In order to unravel the microscopic origin
for this unexpected difference and to understand why
CO is bound to the clean Zn-ZnO surface but not to the
O-ZnO surface, we have carried out a detailed quantum-
chemical bonding analysis. To this purpose, we have
applied the ‘‘constrained space orbital variation’’ analysis
[25] to the adsorption of CO at the Zn4O4 clusters with
and without hydrogen added to the cluster [see Fig. 2(a)].
The results of this analysis, performed at the HF level
with inclusion of the BSSE correction, are collected in
Table II.

One first realizes that there is a nearly complete can-
cellation between exchange (Pauli) repulsion and electro-
static attraction if CO approaches the Zn atom of the
106102-3



TABLE II. Chemical bonding analysis of the interaction be-
tween CO and the Zn4O4 cluster (kJ=mol). �Eelst is the electro-
static interaction energy, �EXR the exchange repulsion, and
�Erel the relaxation energy of the Zn4O4 cluster and the CO
molecule, respectively. The four contributions add up to a value
very close to �EHF, the full HF interaction energy between
Zn4O4 and CO. A fixed distance of 2.38 Å between the adsorp-
tion site of the cluster (O, Zn, or H atoms) and the C atom of
CO was used.

Zn4O4 cluster Clean H covered
Zn-site O-site Zn-H O-H

�Eelst �72:1 �35:3 �2:7 �14:0
�EXR �77:0 �152:4 �24:7 �19:4

�Erel�Zn4O4� �5:0 �13:8 �2:4 �1:1
�Erel�CO� �18:3 �7:5 �1:9 �7:7

�EHF �19:9 �95:5 �17:9 �3:4
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clean Zn4O4 cluster. Therefore, the bonding in this con-
figuration is mainly caused by the electronic relaxation of
CO (polarization of CO by the charge of the Zn ion and
charge transfer from CO to the cluster). The approach of
CO towards the O atoms, however, is repulsive because
the exchange repulsion between the spatially much more
extended O2� ion and CO is much larger than all attrac-
tive contributions to the total interaction energy. A weak
van der Waals attraction also does exist in this configura-
tion, but it occurs at larger distances and has a binding
energy of > 5 kJ=mol [13]. If the O atom gets hydroxy-
lated by adding hydrogen, the exchange repulsion is
greatly reduced since the electronic density of the OH�

group is mainly concentrated at the O atom. Now �EXR is
again largely compensated by the electrostatic attraction
since the partially positively charged H atom can pene-
trate into the lone pair at the C atom of the CO molecule,
and the bonding is mainly due to the electronic relaxation
of CO itself.

In summary, our study demonstrates that by combining
advanced molecular beam techniques and accurate first-
principles calculations the adsorption of small molecules
such as CO can actually be used as a probe to distinguish
different microscopic models for even structurally rather
inhomogeneous and complex metal-oxide surfaces. In our
calculations we find significant differences between vari-
ous models proposed for the two polar ZnO surfaces, and
the origin of the different molecule-surface interactions is
consistently explained in terms of a quantum-mechanical
bonding analysis. In particular, our calculations predict
unambiguously a pronounced difference between CO ad-
sorption on the two clean, unreconstructed polar ZnO
surfaces, namely, a modest chemisorption on the Zn-ZnO
surface, but only a very weak physisorption on a (hypo-
thetical) unreconstructed �1� 1� O-ZnO surface. On the
other hand, we find a significant adsorption energy for CO
on the hydrogen-saturated O-ZnO surface. In comparison
106102-4
with the experimental findings, this clearly shows that the
O-ZnO surface is either H covered or reconstructed.
Altogether, our results seriously question the existence
of a clean, unreconstructed �1� 1� O-ZnO surface.
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