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Valence-band structures of the polar ZnO surfaces, i.e., ZnO(0001)-Zn and ZnO(0001)-0, have been inves-
tigated by angle-resolved photoelectron spectroscopy utilizing synchrotron radiation. On the (1X1)
O-terminated surface, surface-localized states forming dispersing bands with a (1 X 1) periodicity are identified
at the upper portion of the valence-band region. The energetic position of these states and the fact that their
photoemission intensities are sensitive to gas adsorption suggest that there is a contribution from the O 2p
dangling-bond orbital of the surface O atoms. Comparing the valence-band structure of the (0001)-O surface
with that of the (0001)-Zn surface, a deviation of the electronic structure in the near surface region from that
in the bulk is found to be larger on (0001)-Zn than on (0001)-O. The role of the step structures, which exist on
both polar surfaces but with much higher density on the (0001)-Zn surface, in the modification of the electronic

structure is discussed.
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I. INTRODUCTION

Understanding the stabilization mechanism of polar ZnO
surfaces has long been one of the challenging problems in
surface science. Low-energy electron diffraction (LEED)
measurements have revealed that both Zn-terminated (0001)

surface (ZnO-Zn) and O-terminated (0001) surface (ZnO-O)
exhibit (1 X 1) patterns,'=> suggesting that these polar sur-
faces are bulk terminated. Photoelectron diffraction study,4
ion scattering spectroscopy (ISS) study,’ and surface x-ray
diffraction (XRD) study®’ have all suggested the (1X1)
bulk-terminated structures of the polar ZnO surfaces. The
bulk-terminated polar surfaces are, in principle, unstable be-
cause of nonvanishing dipole moment perpendicular to the
surface.®? Therefore, there should exist some stabilization
mechanisms to maintain the long-range (1 X 1) structures of
the polar ZnO surfaces.

Scanning tunneling microscopy (STM) studies for the
(1X1) ZnO-Zn surface®!%!! have revealed that triangular-
shaped pits and islands are formed on the (1X 1) terraces,
and as a result the ZnO-Zn surface becomes highly stepped.
Dulub et al.'® proposed from the STM study combined with
ab initio calculations that formation of the pits and islands is
essential to stabilize the ZnO-Zn surface, since the step edges
of these microstructures are O terminated so that the concen-
tration of the surface Zn atoms is decreased to balance the
surface charge density.

The ZnO-O surface, on the other hand, must be stabilized
by a different mechanism from that on the ZnO-Zn surface
because surface morphology of ZnO-O is characterized by
smooth terraces with a considerably low step density.” Ab
initio slab calculations carried out so far have predicted a
strong contraction of the outermost O-Zn double-layer spac-
ing by roughly 40%-50% of the bulk value on the
O-terminated surface.”*!? The contraction of the double-
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layer spacing has also been deduced experimentally by sev-
eral groups using the XRD technique.®’ Thus, surface relax-
ation may play some role to stabilize the ZnO-O surface.
Contrary to the results of XRD, Overbury et al.® concluded
from the ISS measurements that the double-layer spacing is
nearly identical to the bulk value. Meyer and Marx® sug-
gested that the absence of the double-layer contraction may
be due to hydrogen adsorbing on the ZnO-O surface. A pos-
sible role of H adsorption on the ZnO-O surface has recently
been proposed by Kunat et al.'3 They have concluded on the
basis of their He-atom scattering experiments that the com-
monly obtained (1 X 1) ZnO-O surfaces are actually covered
with a saturation amount of H atoms and that the H-free
clean surface should undergo a (1X3) reconstruction.'
However, Lindsay et al.’ indicated that an almost H-free
(1X 1) surface can be obtained by conventionally employed
cleaning procedure of sputtering-annealing cycles. There-
fore, the stabilization mechanism of the (1 X 1) ZnO-O sur-
face including the role of H remains an open question.

In order to elucidate the stabilization mechanism of the
Zn0-0O surface experimentally, it is necessary to determine
the electronic band structures of the ZnO-O surface and to
clarify whether the (1 X 1) structure results from H adsorp-
tion or not. Another important point to be clarified is how the
electronic structures of the ZnO-O and ZnO-Zn surfaces are
affected by surface termination; these polar surfaces have
different atomic composition and different surface morphol-
ogy with the same bulk structure. Thus far, only limited in-
formation is available on the electronic structure of the polar
ZnO surfaces. Gopel et al.'* first conducted angle-resolved
photoelectron spectroscopy (ARPES) measurements to char-
acterize the electronic structures of the polar ZnO surfaces.
They found emission from the O 2p dangling-bond state at
the upper part of the valence-band region on the ZnO-O sur-
face, whereas emission from the Zn 45-O 2p back bond state
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forms a peak at the middle of the valence band on ZnO-Zn.
More recently, Girard et al.'> performed detailed ARPES
measurements and determined the two-dimensional band
structure of the ZnO-Zn surface. The surface-localized bands
with a (1 X 1) dispersion are identified at 4-5 and 7-8 eV
below the Fermi level, and the authors have attributed
these surface-localized states to the O 2p-Zn4p/3d and
O 2p-Zn 4s backbond states, respectively.'’

Details of the valence-band structure of the ZnO-O
surface, especially the band structure of the
O 2p-dangling-bond state, have not been clarified so far. In
the present study, therefore, we have carried out ARPES
measurements to determine the electronic structure of the
(1X 1) ZnO-O surface. It is found that H,O as a residual gas
in the ultrahigh vacuum (UHV) chamber can adsorb on the
Zn0O-0 surface at room temperature. This implies that the
(1X1) ZnO-O surface obtained in the present study should
not be saturated with H. We have identified several surface-
localized states at the upper portion of the valence-band re-
gion. These states form bands with a substantial dispersion
along the high-symmetry axes of the surface Brillouin zone
(SBZ) with a (1X 1) periodicity. We have also carried out
ARPES measurements of the ZnO-Zn surface and compared
the band structure to that of ZnO-O in order to elucidate the
effect of the surface termination on the electronic structure.
The dispersion relation of the bulk bands is found to depend
on morphology of these two surfaces. Cu deposition experi-
ment clearly indicates that the electronic structure in the
near-surface region of the ZnO-Zn surface is significantly
modified in comparison to that of the ZnO-O surface.

II. EXPERIMENT

The ARPES measurements were made at liner undulator
beamline (BL-1) of a compact electron-storage ring (HiSOR)
at Hiroshima University.'® A Scienta SES200 electron-energy
analyzer was used to obtain the photoemission spectra. The
angular resolution of the photoelectrons was set to 0.4° and
total-energy resolution was estimated to be 37 meV at the
photon energy (hv) of 50 eV. The base pressure of the UHV
chamber was lower than 2X 1078 Pa.

A both-side polished ZnO crystal with the (0001) orienta-
tion (10X 10X 0.5 mm?) was purchased from Goodwill Co.
The crystal was divided into three pieces and two pieces
were used for the measurements: one for the Zn-terminated
surface and the other for the O-terminated surface. The re-
maining piece was used to distinguish the surface termina-
tion by examining the etching behavior of both sides of the
crystal plate in 1 M HCl solution for 5 min; the O-terminated
surface is etched more easily than the Zn-terminated
surface.!” The ZnO samples were fixed on Mo sample hold-
ers and mounted on a multiaxis goniometer (i-Gonio LT,
R-Dec Co.),'"® which enabled us to precisely change polar,
azimuth, and tilt angles of the sample. The ZnO-O and
7ZnO-Zn surfaces were cleaned by cycles of Ar* sputtering
(2 kV,~1 uA) and annealing at 1050-1100 K in UHV.
The clean surfaces of ZnO-O and ZnO-Zn thus prepared
showed sharp (1 X 1) LEED patterns.

The Cu deposition experiment was carried out at BL 1C
of the Photon Factory, High Energy Accelerator Research
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___FIG. 1. (Color online) (a) EDCs of the ZnO-O surface along the
I'M and I'KM axes. The incident photon energy was 50 eV. (b) The
intensity plot of the second derivatives of the measured EDCs.
Bright and dark regions correspond to the high and low spectral
weight regions, respectively. Dotted lines indicate the edges of the
PBB, which is obtained from the empirical TB calculations (Ref.
19). Dashed line shows the upper edges of the PBB given by the
DFT calculations (Ref. 20).

Organization. The UHV chamber was equipped with a hemi-
spherical electron energy analyzer (VSW HA45) with a
microchannel-plate electron multiplier for the ARPES mea-
surements. The angular resolution was *1° and the energy
resolution was 130 meV at hv=50 eV. The base pressure of
the system was ~2 X 10~® Pa. Cu was vapor deposited onto
the surfaces at room temperature from the evaporation source
(Omicron EFM3). Cu was evaporated from a high-purity Cu
rod (99.995%) by electron bombardment. The Cu coverage
was estimated from the intensity of the Zn 3p core-level
peak, which we assume decays exponentially as a function of
the average thickness of the Cu overlayer. One monolayer
(ML) corresponds to the coverage where the Cu overlayer
with the average thickness of 0.256 nm is formed.

All ARPES spectra presented in this paper were acquired
at room temperature. The electron binding energy is refer-
enced to the Fermi level, which was determined from the
Fermi cutoff in the spectra of Mo sample holders.

III. RESULTS AND DISCUSSION
A. Surface electronic structure of ZnO-O

Figure 1(a) shows energy distribution curves (EDCs) of
the O-terminated surface along the high-symmetry axes of
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the SBZ (I'KM and I'M). The valence spectra of ZnO are
roughly divided into two parts: one in the binding-energy
region between 3 and 9 eV is composed of emission from the
O 2p-Zn 4sp hybridized states and the other with a sharp
peak at 10.7 eV corresponds to the Zn 3d band. The
O 2p-Zn 4sp states form several bands with dispersing fea-
tures. To visualize the dispersion relation between the bind-
ing energy of the O 2p-Zn 4sp states and the surface parallel
component of the wave-number vector k, a grayscale band
map is constructed by plotting spectral weights of the second
derivatives of the measured EDCs [Fig. 1(b)]. The
O 2p-Zn 4sp bands are seen as bright regions. Three bands
are observed at 4-5 eV with a strong emission intensity: one

at around the center of the SBZ (I') and the other two at
around the zone boundaries (K and M). Two branches with a
weaker intensity are seen at ~6 eV in the vicinities of K and

M. Also observed is a band with a clear dispersion at
~8 eV.

Dotted lines in Fig. 1(b) indicate the edges of the pro-
jected bulk-band (PBB) region, which were obtained by em-
pirical tight-binding (TB) calculations by Ivanov and
Pollmann.' A dashed line is the upper edge of the PBB
region given by density-functional theory (DFT) calculations
by Kresse et al.?’ The energetic positions of these theoretical

lines are adjusted so that the valence-band maximum at T
coincides with the leading edge of the measured normal-
emission spectra (3.2 eV). It is clear that the upper-edge
structure of the PBB depends strongly on the calculation
methods; although the dispersion behavior of the upper edge
is similar in both results, the dispersional band width given
by the TB calculations appears to be larger than that given by
the DFT calculations. If we compare the experimental bands
to the result by the TB calculations, the O 2p-Zn 4sp band at
4-5 eV along the I'KM axis exists within the band gap above
the upper edge. On the other hand, all valence bands lay
below the upper edge of the PBB by the DFT calculations.
Therefore, it cannot be determined whether the band exists
within the band gap by simply comparing the experimental
result to the theoretical band structures. As we will show
below, however, no state exists in the band gap above the
upper edge of the PBB. The shallowest-lying bands at
~4 eV are still observed even after the ZnO-O surface is
covered with foreign molecules that quench emission from
the surface-localized states.

On the ideally terminated ZnO-O surface, the O 2p
dangling-bond states should exist since the surface is termi-
nated by the coordinatively unsaturated O atoms. These
dangling-bond states are sensitive to adsorption of foreign
species on the surface. Thus, in order to identify the expected
surface-localized states on the (1X1) ZnO-O surface, we
have measured the ARPES spectra of the clean and contami-
nated surfaces and compared the EDCs. In Figs. 2(a) and
2(b), we show the ARPES spectra of the ZnO-O surface
measured within 3 h after the sample cleaning, namely, the
clean surface, and those measured more than 12 h later to
allow residual gasses in the chamber to be adsorbed on the
surface, namely, the contaminated surface. The EDCs of the
clean and contaminated surfaces are normalized to the inten-
sity at the binding energies between 13 and 14 eV. Suppres-
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FIG. 2. (Color online) EDCs of the clean and contaminated
Zn0-0 surfaces (hv=50 eV) along (a) KM and (b) 'M. The de-
tection angles 6, are measured from the surface-normal direction.
The EDSs of the contaminated surface are shifted by 0.15 eV to-
ward the lower-binding-energy side to compensate adsorption-
induced downward band bending. (c) An example of the difference
spectra between the EDCs of the contaminated surface and those of
the clean surface (0;=10.1° on the I'M axis). Arrows indicate the
surface-localized adsorption-sensitive peaks. Dip structures, pointed
by triangle marks, correspond to the emissions from the molecular
orbitals of adsorbed species. (d) Normal-emission spectra of the
clean ZnO-O and ZnO-Zn surfaces (hv=50 eV). The ZnO-Zn
spectrum is shifted by 0.3 eV toward the lower-binding-energy side
to compensate the difference in band bending on both surfaces.
Horizontal bars in Figs. 2(c) and 2(d) indicate the positions where
the emission peaks from the molecular orbitals of H,O (15, and
3a;) and OH (17 and 30) are observed in the photoemission spec-
tra reported in Refs. 23 and 24.

sion of the emission intensity is observed in the energy re-
gion between 4 and 6 eV, while the intensity in the deeper
region (68 eV) is not much affected for most of the EDCs.
In order to resolve the surface-localized states, we took dif-
ferences between the EDCs of the clean surface and those of
the contaminated surface. An example of the difference
EDCs is shown in Fig. 2(c). Peak structures, indicated by
arrows, are associated with the adsorption-sensitive and thus
surface-localized states. These states form dispersing bands
along the 'KM and I'M axes as depicted by bright bands in
Fig. 3, which shows intensity plots of the difference EDCs.
The surface-localized states form several dispersing bands
between 4 and 5 eV; one is observed at around the center of

the SBZ with an binding-energy minimum at I" and the other
two bands have binding-energy maxima at the zone bound-

aries (K and M). A flat band is also seen at ~6 eV at around
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FIG. 3. (Color online) (a) The intensity plot of the difference
spectra between the spectra of the clean surface and those of the
contaminated surface shown in Fig. 2. Bright areas correspond to
the surface-localized bands. Lines indicated by open symbols are
the theoretically derived surface-localized O 2p dangling-bond
bands by the empirical TB study (Ref. 19) and by the DFT study
(Ref. 20). The bands localized at the second and third O-Zn double
layers, given by the DFT calculations, are also shown by solid lines.

K. Overall dispersive features of the surface-localized states
are consistent with the (1 X 1) periodicity.

Before moving on to the discussion of the origin of the
surface-localized bands, we should characterize the atomic
composition of the (1X 1) ZnO-O surface prepared in the
present study. Kunat et al.'> proposed that the (1 X 1) sur-
faces commonly reported in the literatures should be satu-
rated with H atoms and that the clean surface has a (1 X3)
structure. On the other hand, Lindsay et al.? indicated that
the H-free (1X 1) surface can be realized. In the present
study, the (1 X 1) ZnO-O surface is found to allow foreign
molecules to be adsorbed at room temperature. A slight en-
hancement of the emission intensity is seen at ~7 and 9 eV
in some of the EDCs of the contaminated surface [Figs. 2(a)
and 2(b)], and such enhancements are depicted as dip struc-
tures in the difference spectrum [Fig. 2(c)]. Similar
adsorption-induced structures are also observed when H,O
adsorbs on the ZnO surfaces,?’"?? and they have been associ-
ated with the molecular orbitals of adsorbed H,O (1b; and
3a,) (Ref. 23) and/or OH (17 and 30).2* Thus, adsorbed
species are most probably H,O, which is one of molecules
with the highest sticking probability among the residual gas-
ses in the UHV chamber. If the (1 X 1) ZnO-O surface is
saturated with H, H,O cannot be adsorbed on such a surface
in an UHV condition at room temperature because of a very
low sticking probability.?> Therefore, it is reasonable to con-
sider that, though a small amount of H may exist on the
surface, the (1X 1) ZnO-O surface prepared in the present
study is a H-free surface.

In order further to support our conclusion that the ZnO-O
surface is not saturated with H, we compared the spectrum of
the clean ZnO-O surface to that of the clean ZnO-Zn surface,
on which the amount of adsorbed OH as a contaminant is
considered to be small.>!" Figure 2(d) shows the normal-
emission spectra of the ZnO-O and ZnO-Zn surfaces. Both
spectra are normalized to the intensity at 13—14 eV. The
ZnO-Zn spectrum is shifted by 0.3 eV toward the lower-
binding-energy side to compensate the difference in band
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binding on both surfaces. It is apparent that the emission
intensities of the ZnO-O spectrum at ~6 and 9 eV, where the
OH 17 and 30 peaks are expected,”* are neither enhanced
nor suppressed in comparison to the ZnO-Zn spectrum. Al-
though such a comparison is not decisive, we speculate that
the clean ZnO-O surface obtained by our preparation proce-
dure should not be covered with a saturation amount of H.
The ARPES measurements reveal that the surface-
localized bands exist in the upper part of the ZnO valence-
band region on the H-free ZnO-O surface. Theoretical stud-
ies have also yielded the O 2p dangling-bond bands in the
upper portion of the valence-band region on the H-free (1
X 1) ZnO-O surface.”!21%20 Thus, the experimentally iden-
tified surface-localized bands can be associated with the
O 2p dangling-bond bands. In Fig. 3, we compare the experi-
mental band structure to theoretically derived surface-
localized O 2p dangling-bond bands (lines indicated by open
symbols) given by the empirical TB (Ref. 19) and DFT (Ref.
20) studies. Also shown by solid lines are the DFT bands,
which are localized at the second and third O-Zn double
layers.2? The energetic positions of the theoretical bands are
adjusted so that the valence-band maximum of the PBB co-
incides with 3.2 eV. The O 2p-dangling-bond bands by both
theoretical studies qualitatively reproduce the experimental

bands in that the bands have a binding-energy minimum at I’
and disperse toward the higher binding energies to reach the
binding-energy maxima at K and M. If the bands by the TB
calculations are shifted upwards by ~1 eV, they overlap
satisfactorily with the experimental bands at 4-5 eV at

around the zone boundaries (K and M). On the other hand,
because of the small dispersion width of the DFT bands
shown by the open diamonds, the agreement between the
theory and the experiment is rather poor even if the bands are
vertically shifted. It is noted that the bands drawn by the
solid lines seem to explain the experimental bands at around

the zone boundaries (especially at around the K point) with-
out energy adjustment. However, these bands are localized
between the third layer and the sixth layer (counted from the
surface).?’ Since the experimentally derived bands should be
strongly localized at the outermost surface layers, we con-
sider that such an agreement should be coincidental. Obvi-
ously, further theoretical studies are needed to comprehen-
sively describe the surface electronic structure of the H-free
(1X1) O-terminated surface.

Regarding the stabilization mechanism of the H-free
ZnO-O surface, all theoretical studies by the DFT slab cal-
culations have predicted that the ZnO-O surface is stabilized
by reducing surface negative charge and by forming a par-
tially filled O 2p dangling-bond bands.”'>?° However, no
band crossing the Fermi level is observed in the present
study and this is in good agreement with an earlier experi-
mental study.?® This indicates that the H-free (1 X 1) ZnO-O
surface is stabilized not by a simple charge balance. We as-
sume that the band structure of the O 2p dangling-bond
states identified in the present study is helpful for theoretical
efforts to understand the stabilization mechanism.

B. Effect of surface polarity on the electronic structure

In Sec. III A, we have presented the valence-band struc-
ture of the (1X 1) ZnO-O surface. Although a contribution
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FIG. 4. (Color online) (a) The intensity plot of the second de-
rivatives of the ARPES spectra of the ZnO-Zn surface. Dotted and
dashed lines are the same as shown in Fig. 1(a). The valence-band
maximum at T is determined to be 3.5 eV so that the binding energy
of the upper edges of the PBB is adjusted to 3.5 eV. (b) Comparison
of the band structures of ZnO-O and ZnO-Zn. Only the branches
with a strong intensity are plotted. The bands of the ZnO-Zn surface
are offset by 0.3 eV. Triangle marks indicate the position of the
binding-energy minima of the bands.

from the surface-localized bands is identified in the upper
portion of the valence-band region, the observed bands are
mostly attributed to the bulk bands projected onto the 'KM
and I'M axes since the emission intensity from the surface-
localized bands is much weaker than the bulk-band emission
(Fig. 2).

Figure 4(a) shows the intensity plot of the second deriva-
tives of the ARPES spectra of the ZnO-Zn surface. The mea-
surement condition was the same as the ZnO-O surface. Al-
though the valence-band structure of ZnO-Zn obtained in the
present study is more complex than that reported earlier by
Girard et al.,'3 the overall features in both studies are similar
to each other. Surface-localized states have also been identi-
fied on ZnO-Zn and assigned to the Zn-O backbond states in
the earlier studies.'*'> However, a contribution of these
states to the observed photoemission intensity is expected to
be small especially at the upper portion of the valence-band
region.'* Thus, as in the case of the ZnO-O surface, the
ZnO-Zn bands shown in Fig. 4(a) are mostly composed of
emission from the bulk bands.

The valence-band structure of the ZnO-Zn surface is, at
first glance, similar to that of the ZnO-O surface [Fig. 1(b)].
This is reasonable because the measured bands of both sur-
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faces have a large bulk contribution. In Fig. 4(b), we com-
pare the band structures of both polar surfaces. The bands of
the ZnO-Zn surface are shifted by 0.3 eV toward the lower-
binding-energy side to compensate the difference in band
bending of both surfaces. There are two notable differences
in the band structure: (i) the bands at the top of the valence-
band region (4-4.5 eV) have a different dispersion width
along KM and MT; (ii) the bottom bands at ~8 eV show
different dispersion structure; namely, the binding-energy
minima of the bands, indicated by triangle marks, appear at
different k; positions. Considering that the observed bands
are bulk derived, such a surface dependence seems peculiar.

We consider that the surface dependence of the bulk
bands should be a consequence of different morphologies of
the polar ZnO surfaces. The STM studies have revealed that
the ZnO-Zn surface is characterized by a number of step
structures with a double-layer step height (0.26 nm).>!%!! On
the other hand, the ZnO-O surface has wide and smooth
terraces with a low step density.> At these step edges, a di-
pole moment with a surface-parallel component should be
induced. An electrostatic field induced by the step-induced
dipole must be canceled out when the whole surface area is
considered. Thus, the electronic structure deep inside the
bulk is insensitive to the difference of surface morphology.
However, a significant influence from the step structure is
expected for the electronic structure in the near-surface re-
gion. In the present ARPES study, the detected photoelec-
trons come from the several atomic layers in the surface
region, since the inelastic mean-free path of the photoelec-
trons with the kinetic energy of 38-44 eV, which corre-
sponds to the valence-band region, is 0.3-0.37 nm.? It is,
therefore, plausible that we observe the electronic structure
which is under a strong influence of the surface condition
and that the different bulk-band structures of two polar ZnO
surfaces originate from the different step densities on these
surfaces.

In order to confirm the above-mentioned hypothesis, we
have investigated the electronic structures of the Cu-covered
polar ZnO surfaces and compared them to those of the clean
surfaces. It is found that deposition of Cu induces emission
from the Cu 3d states between 2 and 6 eV. Thus, the band at
the bottom of the valence region (~8 eV) can be followed
without the interference of Cu 3d emission. The upper panel
of Fig. 5(a) shows the deepest-lying band of the clean
ZnO-Zn surface. Triangle marks with error bars indicate the
positions of binding-energy maxima and minima of the band.
When the ZnO-Zn surface is covered with Cu (the coverage
is ~5 ML), the maxima and minima of the band shift to
larger k; [the lower panel of Fig. 5(a)]. For example, the
binding-energy minima at 8.4 nm™' on 'K and 7.2 nm™' on
I’'M are shifted, respectively, to 9.4 and 8.3 nm™' upon Cu
adsorption. On the other hand, Cu adsorption hardly affects
the positions of a maximum and minima of the bands on the
Zn0O-O surface [Fig. 5(b)]. The positions of the binding-
energy minima on I'K are 9.6 and 9.7 nm™! on the clean and
3.5-ML Cu-covered surfaces, respectively. Interestingly,
these values are almost the same as the corresponding
binding-energy minimum of the band on the Cu/ZnO-Zn sur-
face (9.4 nm™'). From these observations, we assume that
the bands on the Cu/ZnO-Zn surface and on the clean and
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FIG. 5. (Color online) (a) The intensity plot of the second de-
rivatives of the ARPES spectra from the clean (upper) and the Cu-
covered (lower) ZnO-Zn surfaces. The states at the bottom of the
valence-band region are shown as bright bands. Open circles indi-
cate the peak positions in the second derivatives. Triangle marks
with error bars indicate the positions of the binding-energy maxima
and minima of the dispersing bands. Vertical dot-dash lines are
placed to clarify the Cu-induced change in the binding-energy mini-
mum positions. (b) The same as Fig. 5(a) but the results for the
Zn0-0 systems.

Cu-covered ZnO-O surfaces should have a more bulklike
character than the band on the clean ZnO-Zn surface.

The STM studies have revealed that the deposited Cu at-
oms on the polar ZnO surfaces form clusters and a majority
of these clusters occupy the sites on the terraces on both
Zn0O-Zn and ZnO-O surfaces at the initial stages of adsorp-
tion (below 1 ML).?2° However, Cu clusters at high Cu
coverages are found to be large enough to cover the step
edges.” In the present study, we have examined the polar
ZnO surfaces covered with ~5-ML Cu, with which ~60%
of the substrate surfaces are covered. Thus, it is safe to con-
clude that the step edges on the polar surfaces, though not all
of them, are affected by Cu. The Cu atoms at the step sites
must be polarized so as to cancel the step-induced dipole
moment. Thus, the electrostatic field induced by the step di-
poles should be reduced or completely quenched on the Cu-
covered surfaces. Considering that the step density is higher
on the ZnO-Zn surface than the ZnO-O surface, the effect of
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Cu adsorption is expected to be larger on the former surface
than the latter. This is what we actually observe in the Cu-
adsorption experiment; the ZnO valence band in the near-
surface region on the ZnO-Zn surface is modified by Cu
adsorption, whereas that on the ZnO-O surface is not. There-
fore, we conclude that the electronic structures within the
several atomic layers from the polar ZnO surfaces depend on
the surface termination which is directly related to surface
morphology.

IV. SUMMARY

In the present ARPES study, we have examined the elec-

tronic structure of the (1X1) ZnO(0001)-O surface. The
surface-localized states are identified at the upper part of the
valence-band region and are assigned to the O 2p dangling-
bond states. The two-dimensional structure of these states
has also been examined and it is found that the states form
bands with a (1 X 1) periodicity. No state is observed within
the band-gap region of ZnO.

The difference in the electronic structures of the ZnO-O
and ZnO-Zn surfaces is also examined and discussed. It is
clarified that the dispersion structure of the bulk bands de-
pends on the surface termination. Cu adsorption induces the
structural change of the bands only on the ZnO-Zn surface,
but not on the ZnO-O surface. This finding suggests that the
electronic structure in the near-surface region of the ZnO-Zn
surface is significantly influenced by surface morphology.
Since the density of the step structure is higher on the
ZnO-Zn surface than on the ZnO-O surface, the step-induced
dipole moment significantly modifies the electronic structure
of the ZnO-Zn surface, whereas such an effect is small on the
Zn0-0 surface.
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