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rface to atomic hydrogen at room temperature is found
s. The insulator surface is found to become metallic.

ectron energy loss spectroscopy, He-atom scattering,
ab initio electronic structure calculations we demon-
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Exposure of the mixed-terminated ZnO�10�10� su
to lead to drastic changes of the electrical propertie
By employing several experimental techniques (el
and scanning tunneling microscopy) together with
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strate that a low-temperature (1� 1) phase with two H
another (1� 1) phase with only one H atom per uni
surface per unit cell gives rise to partially filled surfa
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ding the interaction of hydrogen with zinc
undamental interest in view of its widespread
geneous catalysis [1] and of promising appli-
miconductor devices [2]. Exposure to hydro-
affects the electrical properties of ZnO and

conductivity. In early molecular beam studies
gle crystals were used as sensor material to
e number of H atoms impinging on the surface
g the electrical resistivity. By heating the ZnO
drogen desorbs and the original (poor) con-
estored. Hydrogen treatment of undoped ZnO
as been shown to lead to well-conducting
electrodes which can be used in solar cells
rmore, H impurities were identified recently
source of the commonly observed residual
ctivity in ZnO [6–8]. This is a rather unusual

ce for most other semiconductor materials H
a passivating species and suppress the prevail-
vity.
o elucidate how the initial adsorption of H
e ZnO surfaces affects the bulk conductivity,
ied out a detailed experimental and theoretical
ying high resolution electron energy loss spec-
EELS), He-atom scattering (HAS), scanning

icroscopy (STM), and density-functional the-
alculations. We have focused on the mixed-
nO�10�10� surface, which is the lowest-energy
ination [9] and exhibits no electrostatic insta-
he two polar surfaces of ZnO [10]. The
urface consists of rows of ZnO dimers sepa-
ches (see Fig. 1). In the bulk, the Zn and O

urfold coordinated. At the surface one of these
hbor bonds is broken. Upon hydrogen adsorp-
uld expect that the two ‘‘dangling bonds’’ are
ding to a surface structure with two H atoms
surface unit cell, one to an O and one to a Zn

following referred to as ZnO�10�10�—2H]. The
sulating surface with a similar band gap as for
rface. Figure 1(a) shows the fully relaxed
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atoms in the unit cell transforms upon heating to
t cell. The odd number of electrons added to the
ce states and thus a metallization of the surface.

PACS numbers: 68.49.�h, 68.37.Ef, 68.43.Bc, 82.65.+r

atomic and the electronic structure for such a configuration
obtained by DFT calculations [11]. A significant band
gap is visible which is slightly larger than for the clean
surface [9].

Exposing the ZnO�10�10� surface to H atoms at low
temperatures (200 K) yields a H-terminated surface which
is fully consistent with this prediction. In Fig. 2(a) we
present HREELS data [12] obtained for a clean (curve A)
and a H-saturated ZnO�10�10� surface at 200 K (curve B).
The exposure to atomic hydrogen was carried out by back-
filling the ultrahigh vacuum (UHV) chamber and by dis-
sociating H2 on a hot tungsten filament in line-of-sight
from the substrate. In order to suppress the multiphonon
losses, the HREELS data were recorded in 10� off-specular
direction with an incidence angle of 55� with respect to the
surface normal and a high primary electron energy of
10 eV [13,14]. In addition to the intense Fuchs-Kliewer
modes, which dominate the spectrum [13], an OH band at
455 meV is observed and a weak loss at 200 meV appears
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FIG. 1 (color online). Atomic and electronic structures of the
ZnO�10�10� surfaces with (a) two and (b) one adsorbed H atom
per unit cell as obtained from DFT calculations. The energy of
the highest occupied level is set to zero.
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