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Stability of the polar surfaces of ZnO: A reinvestigation using He-atom scattering
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A reinvestigation of the O-terminated, polar surface of zinc oxide, O{BAQY), using scattering of thermal
energy He atoms reveals the presence @fl’&3) reconstruction for the clean surface. This finding is at
variance with the results of previous works, where the same surface was found to be unreconstructed. Results
for the hydrogen saturated(Hx1) O-ZnQ(0001) surface, which has also been investigated, suggest that the
presence of H atoms has a strong impact on the structure of the O-terminated ZnO surfaces.
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Metal oxides represent a special case of ionic crystalsfortunately, because of the low reflectivity of ZnO surfaces in
where electrostatic interactions can cause surface instabilthe infrared, IR investigations of species adsorbed on these
ties. When the projection of the electric dipole moment ofsurfaces have so far not been reported. In addition, the ap-
the (bulk) unit cell on the surface normal has a nonvanishingplication of the other standard tool for surface vibrational
component, the corresponding surface can be shown to spectroscopy, electron energy-loss spectroscopy, is hampered
unstable. For most metal oxides this predictiqiiaskers by the dominance of the Fuchs-Kliewer modes on this
rule) is fulfilled, but in case of ZnO previous research hassubstraté; which has made observations of adsorbate in-
failed to clearly identify such instabilities for the two polar duced features on this surface very difficult. As a result, the
surfaces, Zn@001) and Zn@000J). Instead, a general formation of H adlayers on ZnO single-crystal surfaces has
agreement has emerged in that the polar ZnO surfaces exemained largely unexplored.
hibit a (1X1) unreconstructed top layer. The reason for this Here we present results obtained using probe particles
apparent violation of Taskers rule has not been fully underwith a unique sensitivity towards hydrogen atoms adsorbed
stood, but already in very early work it had been propbsedon a surface, namely, thermal energy He atoms. Scattering of
that the polar surfaces may be stabilized by a charge transféte atoms has in the past already contributed significantly to
from the O-terminated side to the Zn-terminated side. In rethe structural analysis of hydrogen overlayers on metal
cent theoretical studies employing density-functional methsurfaces?** and also for the two cases discussed above,
ods results were obtained, which support this hypotﬁe"sis_ hydrogen overlayers on Si and diamond surfaces, the appli-
The experimental evidence for the apparent stability of thecation of the technique has been very succedstiine po-
polar ZnO surfaces comes from diffraction techniques usingential of He-atom scattering for the investigation of hydro-
either low-energy electron diffractiofLEED),°>~" or, re- gen adlayers on metal oxide surfaces could be demonstrated
cently, x-ray photons at grazing inciden@gazing incidence recently for the case of the Zn-terminated polar ZnO
x-ray diffraction, GXRD.* Both types of probe particles surface!* There it could be demonstrated that exposure to
used in these previous studies, electrons and x-ray photongjolecular and atomic hydrogen leads to the formation of a
suffer from a rather low cross section for hydrogen atomsvell-defined(1x1) overlayer that could easily be removed
present on a surface. Because of the large stability of OHpy heating the substraté. More importantly, it was found
species, however, the question about the presence of hydrthat under certain conditions the sticking coefficient for hy-
gen atoms on metal oxide surfaces is pertinent. H atomgrogen molecules can become rather large and exceed 1
adsorbed on metal oxide surface are not only important foix 10”3, which is an unexpectedly large value.
chemical properties but may also severely affect the struc- The measurements have been carried out using an ultra-
tural properties. For many other materials it has been obhigh vacuum(UHV) molecular beam system that has been
served that adsorption of H atoms can lift reconstructionslescribed in detail elsewhet®.Several additional experi-
present for the clean, hydrogen-free surfaces. The mostents were carried out using a standard x-ray photelectron
prominent case is thélll)-oriented surface of Si, where spectroscopyXPS) apparatus equipped with several stan-
both reconstructions of the clean surface, (@& 1) and the dard surface science techniqu@scluding LEED and ion
(7x7) are lifted upon exposure to hydrog@for the(111)- scattering spectroscopywhich has been described in previ-
oriented surface of diamond a similar scenario is Seén-  ous papers? The O-terminated ZnO substrates were first ori-
fortunately, because of the low cross section of electrons anented to within 0.2° and subsequently polished mechanically.
x-ray photons for protons the detection of adsorbed H atoméfter installation in the UHV chamber the samples were first
with standard surface science diffraction techniques, e.ggleaned by cycles of Ar sputtering(800 V, ~1 uA, 4—12 h,
LEED or XRD, is rather difficult and, as a result, the ques-Ts=650 K) and annealing800 K). After about 20 prepara-
tion about the presence of hydrogen atoms on metal oxidgon cycles the XP-spectra revealed contamination levels of
surfaces is rarely addressed. Previous studies using infraréelss then 0.05 ML for carbon containing species and the
(IR) spectroscopysee, e.g., Ref. J0have unambiguously O-ZnO surfaces exhibited a LEED pattern comparable to
demonstrated that exposure of ZnO powders to hydrogethose published before’ The He-atom diffraction patterns
leads to the formation of both, Zn-H and O-H species. Un+ecorded directly after the final heating procedure revealed a
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FIG. 2. O 1s XPS of the cleaiix3) (dashed lingand hydrogen
AK (A™) saturated1Xx1) (solid line) surface, respectively, of O-Zn@Take-
off angle of the photoelectrons equals 20Fhe two spectra were

FIG. 1. Main panel: He-atom angular distributions recorded for"ormalized to yield the same peak heights.
the clean and the H-saturated O-ZnO surfaces at a surface tempe
ture of 200 K E;=30.1 meV). The arrows indicate the additional
diffraction peaks related to th@ xX3) structure. Insets: LEED pat-
tern corresponding to the He-atom scans.

r(‘i‘L‘><1) unreconstructed surface. All these additional peaks
(marked by a vertical arroiwreveal the presence of(ax3)
reconstruction. The findings from the He-atom diffraction are
corroborated by the LEED results shown as an inset in the
lower part of Fig. 1. Also in this case we&kx3) spots are
(1x3) pattern(see below. The general quality of the He visible. These extra spots are detectable, however, only in a
atom diffraction pattern, however, was found to be ratherrather narrow electron energy regime around 95 eV. More
poor. This apparent discrepancy results from the fact that Hanportantly, the extra spots could only be observed in LEED
atoms are significantly more sensitive to surface defects anaffter using the extensive oxygen treatment described above.
imperfections than electrons. In order to obtain high-qualityFor crystals with poor quality né1x3) spots could be ob-
He-atom diffraction patterns the preparation procedures haserved in the LEED patterns, even though the corresponding
to be optimised. Judging from the intensity of the speculaHe-atom diffraction scans clearly show€ldx 3) superlattice
diffraction peak and the overall quality of the diffraction pat- peaks similar to those shown in Fig. 1, lower part.
tern the best results were obtained by applying a rather ex- As a reference, we also provide He-atom diffraction data
tensive preparation procedure involving annealing in oxygembserved after saturating the surface with either atomic or
(1% 10 ® mbar, Ts~850 K, 5-10 minn and a final flash in  molecular hydrogen. The corresponding results are shown in
UHV (Ts=830-850 K, 1-2 min. In earlier work it had the upper part of Fig. 1. The results clearly reveal the pres-
been reported that the annealing in oxygen is crucial in reence of a(1x1) surface, thus indicating the formation of a
ducing the number of oxygen vacancies at the surfice. (1x1) H-atom overlayer, similar to the case of the Zn-
Typically, two sputtering cycles with subsequent annealingerminated polar surface of Znt3 Note, that the LEED pat-
were followed by one cycle with annealing in oxygen. Note,tern recorded for the H-saturated surface is very similar to
however, that for the clean, hydrogen-free O-ZnO surface théhat recorded for the clean surfa@ee inset in upper part of
He-atom diffraction pattern always showed1ax3) pattern  Fig. 1), with the exception of the weaklX3) extra spots
(also before the @treatmenkt visible for electron energies of 95 eV. When using other elec-
Due to the mechanical stress generated by these extensitren energies the LEED patterns for the cléaix3) and the
preparation procedures~50 cleaning cyclesthe rather (1Xx1) surface were virtually identical.
brittle crystals had to be replaced after about 3 months of In order to independently verify the presence of OH
measuring time. In the course of the present study a totajroups at the surface we have carried out experiments using
of three different substrates have been used, two of them-ray photoelectron spectroscopy using Kla radiation
were studied with He-atom scattering. The exposure td1486.6 eV. For the clean surface the results shown in Fig. 2
atomic hydrogen was carried out by placing a hot tungstemeveal the presence of a well-defined ® lihe at 530.7 eV.
filament at a distance of approx 5 cm from the specimerExposing the surface to H atonisr moleculeg leads to the
after backfilling the UHV chamber with Hat a pressure of formation of a pronounced shoulder at higher binding ener-
1x10 8 mbar. gies, indicating the presence of OH groups at the surface. At
In the lower panel of Fig. 1 we show a He-atom angularthe same time the @ 1) diffraction pattern is observed in
distribution recorded for the O-terminated ZnO surface alongHe-atom scatteringsee above
the [001] azimuth. The He-atom diffraction scan clearly = The adsorption of hydrogen on the surface was found to
shows peaks at positions different from those expected for be reversible, heating the substrate to temperatures above
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soF ~ T T T ] of 200 K, LEED and He-atom scattering clearly reveal the
- X ] presence of @1x3) reconstruction of the clean surfatsee
g 70F 1 Fig. 1).
< 60: ] Altogether, these results are the first unambiguous evi-
%“ - ; dence that the clean O-terminated ZnO-surface shows a re-
g sof ] construction as required by Taskers rule for a polar surface.
é sk ] The fact that this reconstruction has not been observed in
g : . earlier work is believed to result from two reasong)
s 30T ] whereas in He-atom scattering the difference in the diffrac-
i w0k J tion patterns between the cle@hx3) and the H1Xx1) sur-
E : 1 face is very pronouncetsee Fig. 1 the extra spots in the
2 10r ] LEED pattern revealing the presence of ttie<3) recon-

ok ] struction are rather weak and can be seen only in a rather
L narrow energy rangé€2-98 eV. In addition, we were only
200 300 400 500 600 700 able to observe the LEEM@1x3) spots for high-quality
temperature (K) surfaces after many preparation cycle®) The polar
0O-ZnO(000)) surface exhibits an unexpectedly large reactiv-
jty towards molecular hydrogen and water. We observed that
ithout special precautions a sample in UHV with a back-
ground pressure of %10 °mbar (where a significant
amount of H and H0 is always present in the residual gas
600 K leads to desorption of the hydrogen and the reappeacan adsorb an amount of H atoms sufficient to remove the
ance of the diffraction peaks of th@x3) reconstructed, (1x3) reconstruction of the clean surface within 30 min.
clean surface. H desorption could be studied in a semiquarNote, that unexpectedly large values of the sticking coeffi-
titative fashion by monitoring the He reflectivity of the sur- cient for molecular hydrogen have recently also been re-
face as a function of surface temperature, a typical result iported for the Zn-terminated polar ZnO-surfdée.
shown in Fig. 3. In contrast to the Zn-ZnO surf&benly one We thus conclude that the O-terminated ZnO surface—in
distinct structure could be observed which is assigned to Hontrast to recently published experimental and theoretical
desorption from OH species formed by adsorption of hydrowork by Wanderet al*—does exhibit a(1x3) reconstruc-
gen on the O-ZnO surface. Assuming a preexponential factaion. We speculate that th@x1) surface reported in previ-
that is typical for a recombinativesecond ordgrdesorption ous work_actually does not correspond to the clean
of hydrogen[ (107! cn?/(mol s), see e.g., Ref. 17and a  0-ZnO0001) surface but to the corresponding hydrogen-
desorption temperature of 547 (§ee arrow in Fig. Bwe  saturated surface. The microscopic nature of (the3) re-
yield an activation energy for Hdesorption of 141 kJ/mol. construction has not yet been unraveled, high-quality XPS
This value is almost exactly the same as that reported for thdata recorded at grazing take-off angles seems to point to-
activation energy for desorption of H atoms from OH groupswards the presence of an ordered array of O-atom
on the Zn-ZnO surfac¥ After heating to 700 K and then vacancies® as observed recently for th@120) surface of
quickly (within 20 min) cooling back to surface temperatures Al ,05.1°

FIG. 3. Specular He-atom intensity as a function of surface tem
perature after saturating the surface with atomic hydrogen at 200
The heating rate amounted to 1 K/s.
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