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F Centers versus Dimer Vacancies on ZnQO Surfaces: Characterization

by STM and STS Calculations**

Roman Kovdcik, Bernd Meyer,* and Dominik Marx

Perfectly ordered oxide surfaces are usually quite inert, so
that their chemical reactivity and catalytic properties are
commonly attributed to the presence of surface defects.!"
Oxygen vacancies, also called Fcenters, are traditionally
considered to be both the most abundant and the chemically
most reactive type of atomic surface defect for a large variety
of oxides”? For example, the dissociation of water on
TiO,(110) has been shown to be activated by O vacancies,**
and F centers on metal oxide supports, in particular MgO-
(001), are held responsible for anchoring deposited metal
nanoclusters and for controlling their charge state, thereby
promoting the activation of adsorbed reactant molecules.>*!
However, in a recent combined scanning tunneling micro-
scopy (STM) and electron paramagnetic resonance (EPR)
study of the MgO(001) surface, a significant concentration of
such F centers could be observed only after electron bom-
bardment.”) In electronic-structure calculations studying the
chemical reactivity of F centers (typically carried out at zero
temperature and pressure), the O vacancies are postulated to
exist,®! but detailed investigations as to whether they are
actually the thermodynamically most favorable type of sur-
face defect under the ambient conditions of relevant chemical
processes are lacking.

Experimentally, O vacancies are difficult to observe with
most spectroscopic surface science techniques, since their
concentration is usually low. Thus, STM as a local real-space
probe has become a preferred tool for identifying and
characterizing atomic surface defects. STM has been used
successfully, for example, to image O vacancies on various
metal oxides, such as NiO(001), CeO,(111),”) or MgO-
(001).1% A further advantage of STM is that it can be applied
to as-grown material, to nanoparticles, and also in situ under
realistic conditions where surface chemical processes are
carried out.
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In this Communication, we systematically investigate the
thermodynamics of different atomic defects on the nonpolar
ZnO(1010) surface, and we calculate the associated STM
images and spectra from scanning tunneling spectroscopy
(STS). The advantage of ZnO is that it has been very well
characterized in recent years owing to its importance in
various fields, such as semiconductor device technology and
heterogeneous catalysis.'"""'?! This attention has given rise to
several surprising findings, especially for the nonpolar ZnO-
(1010) surface, such as surface metallization upon hydrogen
adsorption!"® and partial dissociation of water layers on
defect-free surfaces.!"¥ It will be shown that not F centers but
missing ZnO dimers are the most characteristic atomic
defects on the ZnO(1010) surface, not only in typical ultra-
high vacuum (UHYV) experiments but also at catalytic (7,p)
conditions. This result convincingly explains recent experi-
mental findings of the different catalytic activities and
properties between the polar and nonpolar ZnO terminations,
as discussed in the outlook below. The most direct evidence to
support this view should come from STM-based experiments.
To this end, the pertinent defect types are analyzed and found
to yield characteristic differences in their STM images and
STS spectra, which should serve as fingerprints for an
identification of these various defects in future experiments.

ZnO crystallizes in the hexagonal wurtzite structure. Its
nonpolar ZnO(1010) surface is characterized by ZnO surface
dimer rows along the [1210] direction, which are separated by
trenches."™ Its most simple atomic defects are O vacancies
(O-v), Zn vacancies (Zn-v), and the removal of complete
ZnO dimers (ZnO-v). In order to calculate the vacancy
formation energies E, as a function of the redox properties of
a surrounding gas phase,"®! chemical potentials o and uz, are
introduced, which represent the energies of the reservoirs
with which the O and Zn atoms are exchanged when a defect
is created or annihilated.!"”! Assuming that the surface is in
thermodynamic equilibrium with the underlying bulk mate-
rial, the chemical potentials have to fulfill uo + uz, = EZ9,
where EX is the energy of one ZnO bulk unit cell. Upper
limits for ug and u,, are given by the total energies of their
most stable elemental phases, that is, molecular oxygen 3£,
and metallic zinc EZ,. If the chemical potentials were to
exceed these limits, the surface energy could be lowered by
simply precipitating the elemental phases.'” Using both
relations, 4z, can be eliminated, and simultaneously a lower
bound for uq is introduced. Taking the upper bound of ug as a
new zero point of energy by introducing Aug =;407%E2§,l, the
allowed range for Aug is —EZ© < Aup <0, where EZ"0 =
EX 41E9 —EZ is the formation energy of bulk ZnO

form form —
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experimental value of 3.6 eV has been used.'” The vacancy
formation energies E, are then given by Equations (1)

EY = EGy + o~ Eqy = Egy + 5 Enyi—Egiy + Mo

— ESZl:l;v + EZnO lEOz —Eidgal—Aﬂo (1)

bulk — 2 “mol slab
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Ev - Eslab +/’¢Zn_E

slab

ZnO __ ZnO-v _ frideal _ ZnO-v ZnO __ prideal
Ev - Eslab + Ho + HUzn Eslab - Eslab + Ebulk Eslab ’

where Eg, are the total energies of ZnO slabs with and
without defect. All required total energies were calculated by
applying density functional theory using the CPMD pack-
age."”! The gradient-corrected PBE functional has been used
together with Vanderbilt ultrasoft pseudopotentials and plane
waves up to a cut-off energy of 25 Ry; k-point sampling was
restricted to the I point, and the upper half of the periodically
repeated slabs was fully relaxed. Characteristic relaxations of
neighboring atoms next to the defects, which have a
significant influence on the topography of the STM images,
are described below.

The defect formation energies are found to be converged
for a slab thickness of eight atomic layers and a lateral
extension of (4 x 2) surface unit cells, as demonstrated by the
data compiled in Table 1. The converged defect formation

Table 1: Formation energies [in eV] of O, Zn, and ZnO-dimer vacancies
on the nonpolar ZnO(1070) surface.”

Unit cell N, N, EC—Auo EZ"+ Auo EZmo
(3x2) 4 48 2.87 0.62 1.49
6 72 2.90 0.40 1.06

8 96 2.91 0.45 0.97

10 120 2.91 0.41 0.95

(4x2) 6 96 3.05 0.50 1.07
8 128 3.05 0.53 0.97

10 160 3.05 0.47 0.95

(5x3) 8 240 3.17 0.51 1.03

[a] As a function of the surface unit cell size (nxm) and the slab
thickness N, yielding N,, atoms in the supercell calculation.

energies are plotted as function of Ay, in Figure 1a. A phase
diagram of the (7,p) conditions at which each of the three
vacancies is the most stable atomic defect type was obtained
by converting u, into temperature and oxygen partial
pressure following reference [20]. Figure 1b reveals that
under almost all experimentally relevant (7,p) conditions,
ZnO-dimer vacancies have the lowest formation energy and
will therefore be the most abundant type of atomic defect.
Only in a strongly oxidizing environment do isolated Zn
vacancies become lower in energy, and very reducing
conditions are needed for isolated O vacancies to be the
most favorable atomic defects (Figure 1a). The reason for this
strong preference for ZnO-dimer vacancies is that their
formation energy amounts to only 1.0 eV, whereas for the
creation of a separated Zn and O vacancy pair an energy of
3.6 eV is required. Thus, at standard UHV as well as at typical
industrial catalysis conditions as sketched in Figure 1b, it is
found that basically no O vacancies should be present. If
created, they are expected to readily convert into ZnO-dimer
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Figure 1. a) Formation energy of different atomic defects on the ZnO-
(1070) surface as a function of the oxygen chemical potential Aug of a
surrounding gas phase. b) Phase diagram of the most abundant
atomic defects after the chemical potential has been converted into
temperature and pressure conditions using thermochemical data.

vacancies by desorption of Zn atoms or to be removed by
O atoms from the bulk or by traces of oxygen in the gas phase.

Having found that Fcenters are basically absent at
experimentally relevant conditions, we expect the ZnO(1010)
surface to show a vastly different behavior than what is
commonly discussed for metal oxide surfaces. To provide
guidelines which allow an experimental verification that
indeed ZnO-dimer vacancies and not F centers prevail at the
ZnO(1010) surface, STM images and STS spectra for the
different atomic defects have been calculated using our
implementation of the Bardeen tunneling formula®®" into the
CPMD code.! In the Bardeen approach, the local electronic
structure of the surface and of the tip are taken into account
explicitly, which allows systematic studies of the influence of
tip modifications on the STM data (e.g. contrast inversion
caused by adatoms at the tip apex). Large (5 x 3) surface unit
cells and seven different tungsten tips with different shapes
and orientations were used to calculate STM images and STS
spectra.”” The tips were modeled by small pyramids sup-
ported on a W slab with either (100), (110), or (111)
orientation. Furthermore, H and O impurities attached to
or in place of the apex W atom were considered, as depicted in
Figure 2.

Even at first glance, very characteristic differences
between the STM images and STS spectra of the various
defects are evident in Figure 2. The ZnO valence and
conduction bands are mainly formed by O2p and Zn4s

www.angewandte.org

Chemie

48095


http://www.angewandte.org

Communications

4896

The thermodynamically prefer-
red ZnO-dimer vacancy, in contrast,
is always imaged as a pronounced
hole, independent of the applied

tunneling conditions and specific

details of the tip structure. This
appearance is amplified by a strong
outward relaxation of the neighbor-

ing Zn ions. Simultaneously, the

tunneling current in the STS spec-
trum above the defect decreases by
at least a factor of two. The STM
images of the Zn vacancy are domi-

nated by the strong relaxation of the
surface O atom next to the vacancy.
The O atom is pushed out of the
surface by 0.15 A and moves 1.04 A

in the [0001] direction. Thus, a large
gap is opened, which is visible for
both bias polarities (independent of
the tip structure). This gap is

Figure 2. STM images of the ZnO(1070) surface ((5x3) surface unit cells, corresponding to

16x 16 A?) for different bias voltages (in V, given as labels in columns 2-5) and a constant tunneling
current of 10 nA: a) ideal termination; b,c) ZnO-dimer vacancy; d,e) O vacancy; f) Zn vacancy. The
surface-tip distance is color-coded (blue/red—minimum/maximum distance). In (a,b,d,f), a (110)-
oriented pure W tip was used, and column 1 displays top views of the corresponding relaxed surface
structures. In (c) and (e), tip models with an adsorbed H and O atom, respectively, were employed,
shown in column 1 instead of the underlying surface structure: Zn gray, O red, H white, W blue. The
position of line scans (shown in column 6, surface—tip distance and lateral position in A) is marked
by a dashed white line. STS I(V) curves are displayed in the last column (current in nA, voltage in
V). The spectra are taken for a tip-surface distance of 7 A (a,b,d,f) and 5 A (c,e) above the position
of the Zn atom and the O atom of the central ZnO dimer (marked by circles and triangles,
respectively). In the last two columns, the corresponding results for the ideal, defect-free surface

has been added in all panels for reference using black lines.

states, respectively.™™ Thus, on the ideal ZnO(1010) surface,
only the surface O atoms are imaged at negative voltages
(filled-state images), whereas only the Zn atoms are visible at
positive bias (empty-state images). F centers, on the other
hand, appear as pronounced peaks at low negative voltages
because of the occupied localized defect state, which is
accompanied by a strong increase in the tunneling current in
the STS spectrum. This signature is found to be independent
of the composition and structure of the tunneling tip.
Interestingly, such pronounced peaks have been found very
recently in STM experiments to be characteristic for F centers
on MgO(001) surfaces.”'! However, upon increasing the
voltage, an increasing number of electronic states contribute
to the STM image, which starts to obscure the characteristic
features of the defect state. The STM image of the O vacancy
becomes very sensitive to the tip structure, in particular when
positive bias voltages are applied. For the example of a tip
with an O apex impurity (Figure 2¢), even contrast inversion
can occur compared to a clean W tip.

www.angewandte.org

observed together with a pro-
nounced peak from the relaxed
O atom next to the vacancy, which
dominates the images at certain bias
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voltages.

Overall, this analysis clearly
shows that the various defect types
yield characteristic and distinguish-
able STM signatures. These data
change in a well-defined manner
upon altering the tunneling condi-
tions, in particular the applied bias
voltage, and thus allow for an
unambiguous discrimination of the
different defects. In recent experi-
mental STM studies, only very low
concentrations of atomic-sized
defects have been observed on the
Zn0O(1010) surface.**! However,
these defects always appear as featureless holes, whereas no
pronounced peaks have been reported. Though the available
experimental data is rather limited (in particular, there are no
studies on the voltage dependence of the appearance of the
atomic defects), these data, in conjuction with our thermody-
namic calculations, suggest that the holes correspond to ZnO-
dimer vacancies, while F centers should indeed be absent.

In conclusion, missing ZnO dimers, which are paired
combinations of an F center and a Zn vacancy, are predicted
to be the thermodynamically favored defect type on the
nonpolar (1010) surface of ZnO. Calculated STM and STS
data show that they are experimentally distinguishable from
both F centers and Zn vacancies. The finding that F centers
are basically absent has an immediate impact on the under-
standing of ZnO as an industrially important catalyst used for
many hydrogenation and dehydrogenation reactions. The
capability of ZnO to catalyze the hydrogenation of CO to
form methanol™'? has been ascribed to Fcenters as the
active sites.?*?! However, the reaction is found to be
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structure-sensitive,”®! with nonpolar ZnO surfaces such as
(1010) being less active than their polar counterparts. In light
of our findings, the structure sensitivity could be elegantly
explained by the strong suppression of the concentration of
catalytically active Fcenters on the nonpolar ZnO(1010)
surface at the relevant experimental conditions. Thus, when
studying the reactivity of oxide surfaces, the presence of
F centers cannot be taken for granted, as it is often done in
theoretical studies. Instead, for each specific case, their
thermodynamic stability has to be investigated and the
prevailing atomic defects at the temperature and pressure
conditions of the chemical reaction of interest have to be
identified.
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