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A B S T R A C T

The electronic structure of ultrathin ZnO (0001̄) films grown on Au (111) was investigated by scanning tunneling
microscopy (STM), low-energy electron diffraction (LEED), and X-ray and ultraviolet photoemission spectro-
scopy (XPS and UPS). Our results show evidence of O-terminated films and formation of bulk-like ZnO (2× 2)
surface reconstruction for films with> 4 monolayers. The measurements indicate that the metal substrate plays
a decisive role in the electronic structure of films since p-type doping is obtained as observed from the valence
band energy shifts. Moreover, finite-size effects appear to significantly modify the Zn and O core-level energy
positions. These electronic effects may account for the role of ZnO catalytic performance in ZnO/metal systems,
as well as for their nanostructure optoelectronic properties.

1. Introduction

Zinc oxide crystallizes into the wurtzite structure, characterized by
alternate Zn and O atomic planes, arranged in double layers separated
along the c axis by a single ZneO bond. The cleavage perpendicular to
the c axis results in two polar surfaces: Zn-terminated ZnO (0001) and
O-terminated ZnO (0001̄) [1–3]. To achieve charge neutralization, the
ZnO polar surfaces undergo various crystallographic and electronic
changes depending on the surface termination [2]. In general, the
surface displays a charge rearrangement in order to quench the mac-
roscopic electrostatic dipole moment through the removal of surface
atoms and/or adsorption of positively (or negatively) charged ad-spe-
cies [1]. These mechanisms of charge compensation are fundamental to
define ZnO applications since sensor performance and catalytic beha-
vior depend on electron transfer to the surface and ultimately to ad-
sorbed ad-species. Several recent experimental and theoretical in-
vestigations have revealed that polarity compensation differs on each
surface termination, as well as in the oxygen and hydrogen ambience
[3–9]. The mechanism to achieve charge neutrality in UHV-sputter-
cleaned Zn-terminated ZnO (0001) consists of either the rearrangement
of the topmost layer with removal of 1/4 Zn ad-atoms and formation of
a triangular morphology or, in a smaller extend, on the adsorption of

residual He or OHe overlayers [4, 5, 10, 11]. On the other hand,
charge compensation on O-terminated ZnO (0001̄) is characterized by
its strong interaction with either water or hydrogen molecules which
results on the formation of OH- surface groups, or at excellent UHV
conditions, on the formation of atomic flat honeycomb ZneO super-
structures [2, 12].

The mechanisms observed on single crystal surfaces are expected to
differ significantly when compared to thin ZnO films deposited on
metal substrates [13]. To date, well-ordered ultrathin ZnO (0001) films
have been grown on a number of well-defined metal supports (i.e., Ag
(111), Au (111), Pd (111), Pt (111), and Cu (111)) [14–21]. These
studies show that in films with fewer than four monolayers, the struc-
ture is depolarized by tetragonal distortion of the wurtzite structure
where coplanar zinc- and oxygen-containing layers form in a graphite-
like structure. This graphite-like structure is thermodynamically the
most stable phase in a range of hydrogen and oxygen chemical poten-
tials before it converts to the bulk-type wurtzite structure at larger film
thickness (above ∼4− 5 monolayers). Interestingly, these metal-sup-
ported ultrathin ZnO (0001) films have been proposed in several studies
as model systems to understand the chemistry of ZnO bulk counterparts
because they can be readily investigated down to the atomic scale using
conventional surface science tools. We note, however, that these films,
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as widely reported in the references above, exhibit distinct properties
compared to their bulk counterparts. The difference lies in the com-
petition related to the bonding preferences of Zn and O and in the
electrostatic energy. Several reports in the literature on ultrathin ZnO
films have shown that submonolayer films may exhibit a large super-
structure (i.e., (4× 4) and (6× 6)) that depends on ambient conditions
[19, 20]. These transformations are also related to the role of the un-
derneath support since a larger affinity for oxygen and the varying size
of the coincidence structures are decisive for the formation of various
structures and ultimately responsible for the catalytic performance of
ZnO/metal systems [20–22].

In a previous work, our group has reported on the preparation of
ZnO films on Au (111), which is particularly convenient since it can be
annealed at a sufficiently high temperature to reach thermodynamic
equilibrium structures [16]. In our film preparation, ZnO grows on the
(0001) direction between 1 and 30 ML in thickness, thick enough to
develop the band gap of bulk ZnO. For the issue of polarity compen-
sation at the ZnO/Au interface for films with more than four mono-
layers, electron transfer between the oxide and the metal underneath
generates an interface dipole that aligns opposite to the structural ZnO
dipole and stabilizes the wurtzite structure [23]. This leads to charge
preferentially flowing from the oxide into the gold, which results in
positively charged Zn2+ ions at the interface, while O2− ions are lo-
cated at the oxide-vacuum interface [24]. Indirect evidence of these O-
terminated films has been discussed based on our previous STM studies
[16].

In the present study, we further investigate the formation of O-
terminated ZnO films on Au (111) by X-ray and ultraviolet photo-
emission spectroscopy (XPS and UPS), low-energy electron diffraction
(LEED), and scanning tunneling microcopy (STM). The results offer
additional evidence for this surface termination as well as for the for-
mation of bulk-like (2× 2) reconstruction for >4 monolayers pre-
viously not observed for thin ZnO films. Our findings are discussed in
terms of the underlying mechanism for the thin film bulk-like surface
reconstruction in stabilizing the polarity and the consequence for the
electronic structure.

2. Experimental details

The experiments were carried out in an ultra-high vacuum (UHV)
multi-chamber facility at the PGM beam line at the Brazilian
Synchrotron Light Laboratory (LNLS). The UHV system is equipped
with standard thin film preparation facilities and STM, XPS/UPS, and
LEED. The base pressure was maintained at ∼5×10−10 mbar and at
less than 5× 10−9 mbar during sample transfers. XPS/UPS spectra

were measured at 300 K using a SPECS PHOIBOS 150 electron analyzer
using either a monochromatic Al–Kα or a microwave plasma-based
He–I light source. Photoemission spectra were recorded at either 15,
20°or 90° (normal emission) takeoff angle, as indicated in the figures.
The binding energy was calibrated with respect to the Au 4f7/2 peak set
at 84.0 eV for ZnO films grown on Au (111) and to the Zn 3p3/2 peak set
at 88.5 eV for ZnO (0001) single crystals. The pass energy used for XPS
survey and high-resolution spectra were 40 eV and 15 eV, respectively,
and for the UPS was 5 eV. Reference spectra of clean ZnO (0001) single
crystals (Mateck GmbH) were obtained by HCl 0.1M chemical etching
followed by cycles of Ar+ sputtering (500 eV) and UHV annealing up to
700 K. ZnO films were prepared as described in detail in ref. [17] by the
reactive evaporation of ZnO powder at 5×10−5 mbar of O2 onto clean
Au (111) single crystal with deposition rate of 0.1 nm/min determined
using a quartz-micro balance. Further annealing at 800 K in
5×10−6mbar O2 atmosphere was performed to ensure full oxidation
of the films, promoting film crystallization. The STM images were ob-
tained in an interconnected UHV chamber equipped with a STM/AFM
Aarhus-150 operated at room-temperature in the constant current mode
using a chemically etched tungsten-tip.

3. Results

Fig. 1a shows an STM image of the Au (111) surface prepared by
reactive deposition of ZnO at 300 K in 5× 10−5 mbar of O2 followed by
annealing up to 800 K in 5×10−6 mbar of O2. The post-annealing step
promotes film crystallization which, depending on the annealing tem-
perature and duration, leads to partial film dewetting, resulting in ex-
posed Au herringbone clean patches. In Fig. 1a, note the formation of
steps and several relatively irregular islands with heights indicated by
the dashed black line profile depicted in Fig. 1b. The measured step
height (∼0.25 nm) is assigned to monoatomic steps on ZnO (0001).
This value compares well with the single step height of the ZnO (0001)
single crystal surface (∼0.26 nm) and resembles the surface X-ray dif-
fraction results found for the ZnO deposited on Ag (111) [14]. These
findings concur with our previous work, in which ZnO films thicker
than 4 ML grown on Au (111) display a step height of about ∼0.26 nm
[16]. Although the height measured by STM actually represents an
apparent height at a particular bias voltage, we have not found sig-
nificant changes as function of the applied bias. Importantly, the
driving force related to the changes in the height of ZnO monolayers is
connected to the polarity compensation mechanism, whereas the op-
positely charged Zn2+ and O2– alternating planes of the wurtzite
structure tend to reduce their separation to minimize the associated
electric dipole moment. For this reason, the constant step height

Fig. 1. Large-scale STM image of a thin ZnO
film grown on Au (111) substrate at 300 K,
revealing several terraces and steps (Tunneling
conditions: sample bias Vs= 2.3 V and current
It= 1.0 nA). (b) STM profile from the in-
dicated dashed black line in (a). In the profile,
the arrow indicates the STM apparent step
heights. (c) Proposed ZnO layer stacking based
on the features of the images.
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measured in our films possibly indicates that ZnO layers have been fully
converted to the wurtzite structure irrespective of film thickness, and
serves to assert that the film thickness is large than 4 ML. The exact film
thickness is difficult to certify since the dewetting promoted by the
annealing step results on a film thickness that is a fraction of the de-
posited film (∼12 ML). Therefore, a tentative sketch model for the
grown layers is proposed in Fig. 1c.

Additional information on the film structure comes from the high-
resolution STM image shown in Fig. 2. The image reveals that the film is
composed of several small flat patches delimited by ill-defined step
edges. The hexagonal structure of the oxide surface (∼0.65 nm peri-
odicity) is readily observed in the measurements. The white hexagonal
lines in Fig. 2 show that the ZnO patches are aligned along the same
directions. The corresponding LEED shown in the inset displays a
(1× 1) hexagonal pattern with registry distance compatible with a ZnO
(0001) (1×1) surface and additional spots related to a (2×2) su-
perstructure. This superstructure can be directly assigned to the hex-
agonal periodicity observed on the STM images, corresponding to twice
the length of the ZnO (0001) surface unit cell. In several investigations
on ZnO film growth on metals, LEED patterns have displayed long-
range superstructures compatible with a Moiré pattern caused by the
mismatch between the ZnO (0001) lattice and the metal support [16,
18, 19, 20, 22]. In the present case, neither the long-range modulation
due to the Moiré structure nor the Au (111) registry is observed in the
LEED pattern. These observations support the notion that film thickness
is large than four monolayers, in accordance with the sketch model
proposed in Fig. 1c.

We have also investigated the electronic structure of ZnO film with
XPS and UPS. Fig. 3a shows the corresponding XPS spectra for the ZnO
film and, as a reference, a ZnO (0001) single crystal. The major core-
level peaks for Zn, O, and Au substrates are indicated in Fig. 3a. The
binding energy values found for Zn 2p3/2 and O 1s are 1021.5 and
530.6 eV for the ZnO film, in comparison to 1022.3 and 531.0 eV for the
ZnO single crystal, respectively. Additional analysis of the peak in-
tensities is useful to determine the O/Zn atomic ratio in the film as
compared to the ZnO single crystal surface. The ZnO (0001) single

crystal has an O/Zn ratio close to the stoichiometric value of ∼1 in
contrast to the ∼1.6 found for ZnO films. This ratio suggests that the
(2×2) surface structure is likely to be related to an O-rich phase or
that the ill-defined patch edges are saturated with oxygen. Fig. 3b and c
show the XPS spectra at 20° and 90° takeoff angle of the O 1s and Zn 2p
peaks for the ZnO film. In several studies, the presence of a substantial
amount of OH groups on the ZnO surface has shown that residual hy-
drogen cannot be neglected even under excellent UHV conditions [25,
26]. In our study, however, we did not find evidence of OH groups by
angle-resolved XPS measurements of the main O 1s emission peak since
the typical OH component peaking at ∼ 532 eV has not been observed
[3]. Instead, only a single component related to oxygen bounded to Zn
is seen in Fig. 3b.

More information on the electronic structure of the (2× 2) phase is
obtained by UPS. Fig. 4 shows the UPS spectra for the pristine ZnO film
followed by UHV annealing at 850 K and 900 K compared with spectra
of the clean Au (111) support and a ZnO (0001) single crystal surface.
The spectra of the Au (111) support and ZnO single crystal surface serve
to indicate their respective fingerprints. This way, we also compare
normal emission with 15° takeoff angle in Fig. 4a and b, respectively, to
identify the ZnO film Zn 3d and O 2p energy level positions with respect
to the bulk ZnO. Fig. 4a shows Zn 3d and O 2p peaks located at 10.8 and
4.5 eV, respectively, for the ZnO (0001) single crystal surface. These
values compare well with the binding energy observed in previous re-
ports for either the Zn-terminated ZnO (0001) or O-terminated
ZnO (0001̄) single crystals surfaces [3, 27]. The figure also shows the
UPS spectra for the Au (111) support, characterized by the Au d-band
structure and its surface state (SS) at ∼0.5 eV. The comparison with the
film spectra allows labeling the three peaks related to Zn 3d (p1) and O
2p (p2 and p3) for the ZnO film. Although the overall spectral features
are strongly overlapped by the Au d-band structure, UHV annealing
promotes film dewetting, as one compares peak p1 before and after
annealing, thus highlighting the ZnO film contribution to the spectra.
The persistence of the gold surface state (SS) contribution indicates that
open patches may be present after the final annealing step. In Fig. 4b,
the spectra taken at 15° takeoff angle are convenient to identify spectral
features related to O 2p (indicated by p2 and p3 labels). Herein, we take
advantage of the fact that the ZnO valence band features are not ex-
pected to disperse strongly under measurement conditions and that the
Au 3d structure is clearly suppressed from 4.5 to 2 eV. Thus, after UHV
annealing, we firstly note that the labeled p2 contribution decreases as
the film is detached from the surface and, secondly, that the labeled p3
contribution persists. These features are hardly observable in Fig. 4a,
except from the small shoulder indicated by p3. Therefore, the valence
band of ZnO film is assigned to Zn 3d (p1), O 2p–Zn 4sp hybridized band
(p2), and O 2p (p3) at 10.1, 4.4, and 3.4 eV, respectively.

4. Discussion

In our previous investigation into ZnO films grown on Au (111), we
proposed that the stacking sequence on electronegative gold start with
Zn atoms at the oxide-metal interface, leading to an O-terminated film
where 1/2 ML H+ ion adsorbates are involved in electric dipole mo-
ment cancellation [16]. In the present study, the emergence of a (2× 2)
superstructure and the valence band emission features support the
notion of an O-terminated film and indicate that the dipole compen-
sation for the >4 ML films can also be similar to that found for
ZnO (0001̄) single crystal surface. For O-terminated ZnO single crystals,
Lauritsen et al. have reported that the surface may be converted to a flat
(2×2) honeycomb or (5× 5) structures depending on the hydrogen/
oxygen chemical potentials [12, 28]. The authors have proposed that
the most stable hydrogen-free structure is a stoichiometric (2×2)
surface, consistent with the XPS spectra of our single component O 1s.
Moreover, our STM images display periodicities compatible with
(2×2) honeycomb structures, with an average corrugation of
∼0.25 nm between the protrusions and troughs, which compares quite

Fig. 2. STM image of an ultrathin ZnO film on Au (111) substrate at 300 K
(Tunneling conditions: sample bias Vs= 2.0 V and current It= 1.2 nA). Inset:
the corresponding LEED pattern with the primary beam energy indicated. The
dashed lines indicate the ZnO film (1× 1) main diffraction spots and a (2× 2)
surface reconstruction.
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well to a previous observation on a similar (5× 5) honeycomb struc-
ture [12, 28].

The O termination has important consequences for the electronic
structure of the film. The further analysis of the valence band region
reveals band shifting upward with respect to the Fermi level. One can
clearly recognize the Zn 3d shift toward lower binding energies of about
0.7–0.8 eV considering the bulk 3d energy level position. Apparently,
the intrinsic dipole of the ZnO film leads to a potential difference across
the film. This means that even for the (2× 2) surface structure either a
charge transfer occurs from the ZnO film to the Au support, decreasing
the apparent overall binding energy, or even, alternatively, the film
with (2×2) surface structure exhibits a smaller band gap compared to
the bulk ZnO. The overall behavior of the valence band can be under-
stood as an interplay between surface charge and image charge effects.
The electric dipole developed as the ZnO film grows is screened by the
metal substrate. We argue that an image charge of opposite sign forms
in the gold substrate, which results in the creation of an interface di-
pole. The interface dipole between the gold substrate and the ZnO film
shifts the bands up with respect to the Fermi level. Therefore, on one

hand, the O-terminated surface may achieve charge neutralization re-
constructing itself. On the other hand, electrons may be transferred
from the Zn-terminated side to the gold substrate, as with the me-
chanism observed for hydrogen adsorbed on thicker ZnO films [16]. As
a result, a sort of p-type doping is obtained, as the top of the film's
valence band shifts toward the metal substrate's Fermi level, which
contrasts with commercial bulk ZnO single crystal surfaces that gen-
erally display n-type characteristics [2]. This shift towards the Fermi
level further supports our interpretation of a hydrogen-free O-termi-
nated surface since the Zn-terminated surface would result in down-
ward band bending and the hydrogen-decorated surface would exhibit
no shift because of electrical dipole quenching. These findings are
consistent with those of Bieniek et al. for the DFT calculations of ul-
trathin ZnO films, where O-terminated ZnO multilayers emerge as the
dominant surface termination once ZnO films reach a thickness larger
than four layers in several noble metal substrates [22].

Additional consequences for the electronic structure of thin ZnO
film appear due to its limited thickness. When analyzing the energy
level positions in Fig. 3a, we note a contraction of the core-level energy

Fig. 3. (a) XPS spectra of ultrathin ZnO film on Au (111) substrate (blue curve) and of a ZnO (0001) single crystal surface at 300 K. (b) O 1s and (c) Zn 2p core-level
spectra of ultrathin ZnO film measured at the takeoff angles indicated. The spectra are offset and the overall intensity adjusted for clarity.

Fig. 4. (a) UPS spectra at normal emission (90°) and (b) at
15° takeoff angle of pristine ZnO film, after UHV annealing
at 850 K and UHV annealing at 900 K, as indicated. Two
reference spectra are indicated in the figure
ZnO (0001) single crystal surface and a clean Au (111)
substrate. The spectra were acquired at the takeoff angles
indicated, are offset and the overall intensity adjusted for
clarity.
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distance (Δ) comparing the Zn 2p and O 1s for the ZnO film (Δfilm) with
the ZnO bulk single crystal (Δbulk). The difference between the film and
bulk (Δfilm−€Δbulk ) is given by ∼0.3–0.4 eV, as indicated in Fig. 3a.
Although it is relatively difficult to unequivocally assure the energy
level positions in the valence band region due to Au d-band over-
lapping, similar energy level contraction appears also when we com-
pare the relative energy difference of the Zn 3d and O 2p bands of the
film to the bulk single crystal. The energy level contraction and binding
energy shift reflect the resultant changes to either the initial or final-
state configurations of the photoemission processes possibly associated
with the charge transfer or lattice parameter changes in the ZnO film
[29–31]. To address these issues, we point out the confinement effect
on ZnO nanostructures recently reported by Sponza et al. [13]. In their
work, the authors used DFT calculations to investigate changes in the
energy level positions related to electrostatic forces in several ZnO
polymorphs. The low dimensionality of the ZnO films imposes varia-
tions in the energy level position related to the Madelung potential
across the finite oxide structure. Importantly, the authors reported that
in ZnO films with few monolayers, the Madelung potential is reduced
and, therefore, the effective energy levels of oxygen and zinc are closer
to each other than in the bulk, resulting in bonds that are likely to be
more covalent [13].

5. Conclusions

We investigated the electronic structure of O-terminated ZnO
(0001̄) films with >4 monolayers on Au (111) using XPS and UPS. We
observed notable changes in the electronic properties of the thin film
compared to its bulk counterpart. These changes are apparently related
to two major effects: charge transfer from the substrate, related to the
Fermi level of the substrate, and possible reduction of the Madelung
potential, due to finite-size effects. Firstly, our results show that the
polar surface is O-terminated and displays a (2× 2) reconstruction si-
milar to that found for O-terminated ZnO (0001̄) single crystals. It is
intriguing, however, that charge transfer occurs from the surface to the
substrate even after surface reconstruction, whereas a sort of p-type
doping is obtained. Secondly, although widely discussed for several
oxide surfaces, core-level shifts and energy level contraction are gen-
erally underreported for ultrathin ZnO films. Nevertheless, our results
indicate that new electronic properties may be induced on ZnO films
grown on metal substrates which may serve as a pathway to effective p-
type doping for optoelectronic devices. For this reason, further angle-
resolved photoemission spectroscopy (ARPES) experiments, as well as,
transport measurements are mandatory to further elucidate the me-
chanism related to the doping characteristics on ZnO/metal systems.
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