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The electronic effects of H atoms at interstitial sites in ZnO have been investigated by high resolution

electron energy loss spectroscopy (HREELS). A reversible doping is achieved by exposing single

crystalline ð000�1Þ-oriented ZnO substrates to atomic hydrogen. At low temperatures, interstitial H atoms

form shallow donor states. At sufficiently high temperatures, the electrons are excited into the conduction

band. We use EELS to demonstrate the presence of plasmons resulting from this finite density of charge

carriers in the conduction band. Above temperatures of 100 K, a strong, plasmon-induced broadening of

the quasielastic peak in the HREELS data is observed. The analysis of the temperature dependence yields

a donor level ionization energy of 25� 5 meV.
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Zinc oxide exhibits a number of extraordinary properties
and is one of the most technologically important metal
oxides. As a wide band gap semiconductor exhibiting the
largest charge-carrier mobility among oxides, it is used in
conventional and novel electronic devices, as well as for
the construction of UV laser diodes [1]. Undoped ZnO
exhibits n-conduction properties, a fact that—despite nu-
merous experimental and theoretical studies [2–6]—is still
not thoroughly understood. It has long been known that the
incorporation of H atoms in the bulk increases the electri-
cal conductivity of ZnO. In fact, ZnO can be used as a
detector for hydrogen atoms [7–10]. From the temperature
dependence of the electrical conductivity, it is thought that
the incorporation of H atoms at interstitial sites gives rise to
shallow donor states with an ionization energy of 51 meV
[11]. This value, however, is not consistent with donor
activation energies of 35� 5 meV as obtained from elec-
tron paramagnetic resonance (EPR) spectroscopy [4]. It
has been proposed that the electrical conductivity experi-
ments are affected by other bulk defects such as oxygen
vacancies, which can also interact with H atoms and may
have different effects.

The n-doping properties of H in ZnO have been corro-
borated by recent theoretical work [2], where it was pro-
posed that interstitial H atoms always act as donors in ZnO.
A reliable value for the ionization (or exciton binding)
energy, however, could not be obtained from these
calculations.

To enhance understanding of the electronic structure
changes induced by H atom interstitials in ZnO, it would
be highly desirable to reversibly load and deplete a perfect
ZnO single crystal with H interstitials and to directly study
the related changes in electronic structure, particularly the
presence of electrons in the conduction band (CB). To this
end, we have carried out a systematic investigation of ZnO

single crystals exposed to hydrogen atoms by high resolu-
tion electron energy loss spectroscopy (HREELS). We
observe electronic excitations in the meV regime and
assign them to plasmon losses resulting from the occupa-
tion of CB states.
The experiments were carried out in an UHV apparatus

with a base pressure better than 5� 10�11 mbar, equipped
with an HREEL spectrometer [12], LEED optics, and a
mass spectrometer [13,14]. The O-terminated ZnOð000�1Þ
surface (O-ZnO) was prepared using sputtering and an-
nealing cycles as described previously [15,16]. The LEED
pattern recorded for the clean O-ZnO surface exhibited
(1� 3) superstructure spots, as reported previously [17].
This clean, reconstructed (1� 3) O-ZnO surface is very
reactive towards H2O adsorption and quickly converts into
a very stable, structurally well-defined, OH-terminated
surface exhibiting a (1� 1) LEED pattern termed HO-
ZnO [15–17]. Exposure to atomic hydrogen was performed
by dissociatingH2 on a hot tungsten filament situated in the
line of sight from the substrate. H2O was dosed on the ZnO
surface by backfilling the UHV vessel with water vapor. In
the following, exposures will be given in units of langmuirs
(L), with 1 L ¼ 1:33� 10�6 mbar s. The width of the
quasielastic signal in the EELS data �app showed a small

day-to-day variation. For the analysis of the data, the most
recent value of �app was used.

The EELS data for the clean (1� 3) O-ZnO surface
shown in Fig. 1, curve A, are dominated by intense
Fuchs-Kliewer phonon losses (fundamental and multiples)
located at 68, 135, 203, and 269 meV [18–20]. For the HO-
ZnO substrate, a new loss arising from the OH stretching
vibration of the surface hydroxyl species is seen at
449 meV (3621 cm�1), shown in Fig. 1, curve B, a fre-
quency which is close to the value of 3670 cm�1 reported
for OH species on the mixed-terminated ZnOð10�10Þ sur-

PRL 101, 236401 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

5 DECEMBER 2008

0031-9007=08=101(23)=236401(4) 236401-1 � 2008 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.101.236401



