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Adsorption of atomic hydrogen on ZnO(1010): STM study
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The adsorption of atomic hydrogen on a single crystal ZnO(10
10) surface has been studied by
scanning tunneling microscopy (STM) under ultrahigh vacuum conditions at room temperature
and at elevated temperatures. High resolution STM images indicate that a well-ordered (1  1) H
adlayer is formed on the ZnO(1010) surface. The STM data strongly indicate that the hydrogen
15 adsorbs on top of the oxygen atoms forming hydroxyl species. Scanning tunneling spectroscopy
(STS) studies reveal a H atom induced metallization at room temperature. In contrast to the clean
surface for the hydrogen-covered surface distinct defects structures consisting of missing O and
Zn atoms could be identiﬁed.
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Introduction

The adsorption of hydrogen on ZnO surfaces is of great
interest as it is one of the key steps in many ZnO-based
catalytic processes, such as methanol synthesis1 and hydrogenation of oleﬁns and ethylene. In the past a number of
experimental2–11 and theoretical8,12–16 studies have focused on
this system. The presence of hydrogen on ZnO surface has a
pronounced inﬂuence on its electrical properties17,18 and, in
particular, enhances its conductivity.4
Despite severe experimental problems arising from the poor
conductivity of undoped ZnO and from the diﬃculties in
preparing a well-deﬁned surface several STM measurements
have been reported for ZnO surfaces,19–22 and high-resolution
data could be obtained. Also for the mixed-terminated
ZnO(1010) atomically resolved STM-microgrpahs have been
presented by Diebold et al.22 In the present work, we have
studied the adsorption of atomic hydrogen on ZnO(10
10)
using STM (scanning tunneling microscopy) and STS (scanning tunneling spectroscopy) in ultra high vacuum (UHV).
The aim of our work is to investigate how the hydrogen atoms
are arranged on the surface and, by comparing experimental
and theoretical studies, how their chemisorption can aﬀect the
electronic properties of the ZnO(1010) surface. To our knowledge, hydrogen atom adlayers on this ZnO face have not been
investigated by STM before.
A second goal of this work was to identify defect structures
on this mixed-terminated surface, which is the thermodynamically most stable face of ZnO; TEM and SEM investigations of ZnO powders reveal that about 80% of the surface of
the powder particles which are used in catalysis correspond to
the mixed terminated surface. Since in two recent works1,23 it
has been demonstrated that defects are the most active sites on
ZnO surfaces it is of interest to identify such defects.
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2 Experimental
The measurements were carried out using two diﬀerent experimental set-ups. One ultrahigh vacuum system is equipped with
a variable temperature scanning tunneling microscope (STM)
enabling in situ studies of growth and adsorption processes for
sample temperatures up to 1000 K. The base pressure amounts
to 6  109 Pa. The system is additionally equipped with an
ion gun for Ar1 bombardment, a LEED optics and quadrupole mass spectrometer (QMA). The second system is a twochamber SEM/STM system (JEOL, JSPM-4500S). The base
pressure in the preparation chamber is 2.0  108 Pa. The
preparation chamber is equipped with a LEED optics, two ion
guns for Ar1 bombardment and a mass spectrometer. A
separate analysis chamber contains an X-ray photoemission
spectrometer (XPS) with Mg and Al anodes, a scanning
electron microscope (SEM) and a variable temperature
STM. The base pressure in the analysis chamber is 5.0 
108 Pa.
ZnO(10
10) (MaTeck) substrates were obtained in cut/polished form and cleaned in an ultrasonic bath before they
where loaded into the UHV chamber. The single crystal
ZnO(10
10) sample with dimensions of 7  5  2 mm was
prepared by cycles of Ar1 sputtering (B0.9 keV, 18 min, 0.7
mA) and annealing at 900 K. The exposures of clean
ZnO(10
10) to atomic hydrogen was carried out by operating
a hot tungsten ﬁlament (B2000 1C) in line of sight of the
crystal surface (distance B100 mm) while at the same time the
chamber was backﬁlled with hydrogen to a pressure in the
range of 1.0  106–2.0  105 Pa to prepare a saturated
monolayer of hydrogen.8 After exposure to atomic hydrogen
in the second UHV system the sample was transferred under
UHV conditions to the analysis chamber. Before imaging the
sample substrate was heated to diﬀerent temperatures as
indicated in the text.
STM images were recorded in a constant-current topographic mode at room temperatures or at elevated temperatures. All voltages given in the text refer to the voltage applied
to the sample. Electrochemically etched tungsten tips were
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