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Polarization dependence of ZnO Schottky barriers revealed by photoelectron spectroscopy
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In order to answer the question of whether Schottky barriers on polar ZnO surfaces are different at Zn- and
O-terminated surfaces, the interface formation of n-type ZnO and different high work function metals and metal
oxides (Pt, PtOx , and RuO2) with Schottky barrier heights of up to 1.5 eV has been studied using photoelectron
spectroscopy with in situ sample preparation. The experiments are designed to exclude the effects of substrate
reduction and consequent Fermi level pinning by high concentrations of oxygen vacancies. Moreover, by
including the Zn LMM Auger emission in the analysis, it is demonstrated that an accurate extraction of barrier
heights needs to take into account that the screening of the photoelectron core hole can change in the course
of contact formation. The polarization dependence of Schottky barriers, which is important for piezotronic
applications, is in most cases dominated by the influence of defects. Reducing the influence of defects, up to
∼240 meV higher Schottky barriers are revealed on oxygen-terminated surfaces. This is opposite to what has
been reported in the literature but agrees with the dependence of barrier heights expected for an incomplete
screening of the polarization of ZnO by the electrode as for ferroelectric materials.

DOI: 10.1103/PhysRevMaterials.4.084604

I. INTRODUCTION

ZnO is intensively studied due to its diverse properties
finding application as transparent conductive electrodes in
thin film solar cells [1], in the field of piezotronics [2–4], as
solar-blind UV photodetectors [5], and as varistor material [6].
In all of these applications it is crucial to control the properties
of electrical contacts.

The understanding of contact formation has improved sig-
nificantly since the first systematic investigation by Mead on
vacuum-cleaved single crystals [7]. Starting with the descrip-
tion of the importance of an excess monolayer of oxygen for
the potential barrier height at ZnO varistor grain boundaries
by Stucki and Greuter [8], many studies have shown the im-
portance of oxygen and oxygen vacancies (VO) for electrical
contacts to ZnO. Using a remote oxygen plasma treatment
prior to contact deposition, widely used Au contacts can be
converted from ohmic to rectifying with barrier heights up to
0.5 eV [9]. Mosbacker et al. explained this with the plasma-
induced reduction of adsorbates and reduction of the concen-
tration of deep defects. With the addition of oxygen to the
process gas during deposition of noble metal contacts, Allen
et al. could improve the quality of ZnO Schottky contacts
reaching barrier heights of up to 1.2 eV and ideality factors
near 1 [10–12]. Oxidized noble metal contacts were also in
the focus of more recent research, in which an improvement
of barrier heights of Pt and Pd was reached by processing with
oxygen [13,14].

One of the driving forces of recent research on ZnO has
been the emerging field of piezotronics [2–4]. For such ap-
plications it is essential that Schottky barrier heights (SBHs)
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at metal contacts depend on polarization, which would be
manifested by different SBHs on the oxygen- and zinc-
terminated surfaces of c-axis oriented ZnO and in a depen-
dence of barrier height on strain. Studies of the polarization
dependence of ZnO Schottky barrier heights have revealed
either no significant difference or indicated higher barriers on
zinc- as compared to oxygen-terminated surfaces [10,15–18].
However, the observed dependence of SBH on ZnO surface
termination has not been related to the polarity of the surface,
but to the different concentration of deep defects, usually
oxygen vacancies (VO), which are supposed to induce Fermi
level pinning [9,16,19]. Therefore, in order to investigate the
influence of polarization on SBH, one has to guarantee that
no pinning of the Fermi level occurs. Such a pinning might
also be introduced during metal electrode deposition itself.
As an example, the SBHs of as-deposited Cu, Ag, and Pt on
Pb(Zr, Ti)O3 are almost identical despite strongly different
metal work functions [20]. As this comes along with the
observation of the formation of metallic Pb during deposition,
it is reasonable to assign the pinning to the reduction of the
substrate by metal deposition, which has also been discussed
for other interfaces in the literature [21–27].

In this work we have investigated the chemical and elec-
tronic properties of ZnO/metal interfaces. Various ZnO sub-
strates with different defect concentrations have been used.
Furthermore, the influence of oxygen on interface properties
has been assessed. High Schottky barriers of up to 1.5 eV are
obtained by suppressing the chemical reduction of ZnO during
metal deposition by processing with oxygen. A variation of
the core hole screening during evolution of the barrier height
is identified from a comparison of the binding energy shifts
of the ZnO core levels and the Zn LMM Auger emission.
Consequently, the barrier heights cannot be directly extracted
from the core level binding energies but a correction for the
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FIG. 1. XP spectra recorded during deposition of PtOx onto ZnO. The spectra at the bottom show the bare substrate, the following ones
after deposition of 1, 2, 4, and 8 nm of PtOx . Binding energy shifts of the Zn 2p3/2 core level and of the Zn LMM Auger line are indicated.

change of screening has to be applied. The corrected Schottky
barrier heights at interfaces with metallic RuO2 exhibit a
substantial dependence on ZnO preparation, which is assigned
to a different magnitude of Fermi level pinning by oxygen
vacancies. In the absence of pinning, the SBHs of RuO2 on
c-axis oriented ZnO are ∼240 meV higher on the oxygen-
terminated surface as compared to the zinc-terminated sur-
face.

II. EXPERIMENTAL

The interface formation has been studied using the DArm-
stadt Integrated System for MATerials research (DAISY-MAT
[28]), which combines a multitechnique surface analysis sys-
tem (Physical Electronics PHI 5700) and several thin film de-
position chambers connected via an ultrahigh-vacuum (UHV)
sample transfer. Interface formation is studied using step-
wise deposition of a contact material onto freshly prepared
or cleaned substrates and x-ray photoelectron spectroscopy
(XPS) analysis after each preparation step [28]. Substrate
preparation, contact layer deposition, and XPS analysis are all
performed without breaking vacuum. The barrier heights are
extracted from such measurements using core level binding
energies and the energy difference between the core levels
and the valence band maximum as proposed by Kraut and
coworkers [29,30].

Thin films were deposited using magnetron sputtering at
a chamber pressure of 0.5 Pa. For Pt and PtOx a metallic
Pt target of 2 inch diameter, DC plasma excitation with a
power of 5 W, a gas flux of 6.6 sccm, and a target-to-substrate
distance of 7.5 cm were used. The process gas was pure Ar
and a 1 : 1 Ar : O2 mixture for Pt and PtOx, respectively.
RuO2 films were deposited from a metallic Ru target with a
RF plasma excitation at 13.56 MHz and a power of 25 W.
A gas flux of 10 sccm with 7.5% O2 in Ar and a target-to-
substrate distance of 10 cm have been used. All electrodes
were deposited without intentional heating. ZnO thin films
were deposited from ceramic ZnO targets using 25 W RF

excitation, a 10 cm target-to-substrate distance, and a total gas
flux of 10 sccm with a gas composition of 3% O2 and 97% Ar.

The (0001)-oriented ZnO single crystals were purchased
from MaTecK (Jülich, Germany). After introducing the crys-
tals into the UHV system they were cleaned by heating in 1 Pa
O2 atmosphere at 400 ◦C for two hours.

XP spectra were recorded using monochromatic Al Kα

radiation with an energy resolution of around 0.4 eV. If not
stated differently, the angle between the surface normal and
the x-ray source and the detector were both 45◦. Binding
energies are measured with respect to the Fermi energy, which
has been calibrated with a sputter-cleaned Ag foil.

III. RESULTS AND DISCUSSION

A. Interface reactivity

To evaluate the differences between metallic and oxidized
Schottky contacts, interface experiments with Pt and PtOx on
polycrystalline ZnO films were performed. The XP spectra
recorded in the course of PtOx deposition are shown in
Fig. 1. Those recorded in the course of stepwise deposition of
metallic Pt are shown in Fig. S1 in the Supplemental Material
[31]. The valence band maximum (VBM) of ZnO before PtOx

deposition is determined as 2.88 eV below the Fermi energy.
With increasing PtOx thickness, the recorded Zn 2p3/2, Zn 3d,
and Zn LMM emission lines are attenuated, the Pt 4f emission
increases, and a Fermi edge emerges. The spectra confirm the
growth of PtOx and its metallic character [32]. Formation of a
Schottky barrier is evident from the shift of the emissions to
lower binding energy in the course of metal deposition.

Metallic Zn and ZnO can hardly be discriminated from the
Zn 2p emission [33] but the Auger emission is more sensitive
to changes in the oxidation state of Zn atoms [34]. This is
due to competing effects of initial and final state contributions
to core level binding energies [35,36]. Figure 2 shows the
Zn LMM emission lines and difference spectra of ZnO thin
films before and after deposition of 1 nm Pt (a) and of
1 nm PtOx (b). The shapes of the Auger emission lines of the
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FIG. 2. Zn LMM Auger emission lines of the bare substrates
(dashed lines) and after deposition of 1 nm of Pt (a) or of 1 nm
PtOx (b) (solid lines). The spectra have been normalized and shifted
for better comparison and to calculate the difference (dots). The
emissions at 495 eV and 492 eV in (a) indicate the formation of
metallic Zn.

uncovered surfaces are the same, showing two main features
at ∼498 eV and ∼495 eV. While there is no apparent change
of the shape of the emission after deposition of PtOx, two
new features appear at 495 eV and 492 eV after deposition
of metallic Pt. These new emissions are a signature of the
formation of metallic Zn [34].

The evident reduction of ZnO by deposition of Pt is in line
with a corresponding reduction of other oxides observed in the
course of Pt deposition [26,27,37], which has been explained
by the release of the heat of condensation of the deposited
particles as originally suggested by Spicer and coworkers
[23]. In agreement with previous reports [26,27,37], the re-
duction of ZnO pins the Fermi level, which is evident from
the smaller binding energy shifts in the course of Pt deposition
as compared to the deposition of PtOx. This observation
also agrees with a recent study of Schottky barrier formation
of Pt on In2O3 [38], in which deposition of Pt results in
very small barrier heights, regardless of substrate preparation.
Postdeposition oxidation of the contact, which is also leading
to the formation of PtOx, results in a substantial increase of
the SBH.

B. Determination of barrier heights

In order to determine the barrier height it is necessary to
know the Fermi level position in the semiconductor’s band gap
before metal deposition and its change, �EF, during contact
formation. However, binding energy shifts in XPS are not only
caused by chemical and surface potential changes. Hollinger
summarized the factors by the following equation [39]:

�EB(PE) = �ε + �EF − �R, (1)

where EB(PE) is the experimentally determined binding en-
ergy of the photoelectron, ε is the initial state energy describ-
ing the chemical state, and R is the final state energy describ-
ing intra- and extra-atomic relaxation effects. In the absence
of charging effects and changes in chemical environment, the
initial state energy remains constant (�ε = 0).

Relaxation affects the screening of the photoinduced core
hole, which particularly alters the energy of Auger electrons,
as their emission results in the presence of a doubly charged

FIG. 3. Development of binding energies of the Zn 2p3/2 and the
Zn LMM emissions during deposition of Pt (a) and PtOx (b). The
evolution of the Fermi energy at the interface as calculated using
Eq. (3), which takes final state effects into account, is also shown.

final state. Therefore, �R can be extracted from the change of
the Auger parameter, α′, which is defined as the sum of the
photoelectron binding energy and the kinetic energy of the
Auger electron:

α′ = EB(PE) + Ekin(AE) = EB(PE) + hν − EB(AE). (2)

Using the Auger parameter, the change in relaxation is given
by �R = �α′

2 . Equation (1) can then be rewritten as

�EF = �EB(PE) + �EB(AE)

2
. (3)

Auger emissions are rarely recorded in interface exper-
iments as they often have low intensities. This is not an
issue as long as the assumption �EB(AE) ≈ �EB(PE) is
valid. However, this is definitely not the case for the studied
interfaces, which is evident from the significantly smaller
binding energy shifts of the Zn 2p3/2 core level compared to
the Zn LMM Auger line (see Fig. 1 and Fig. 3). It can be
excluded that the different shifts are related to the different
escape depths of the Zn 2p and Zn LMM electrons, which
might occur if the extension of the space charge region is only
a few nanometers [40,41], In this case, the Zn LMM emission
should shift less than the Zn 2p. It is therefore concluded that
�R substantially deviates from zero in the course of PtOx

deposition. In particular a reduction of the screening of the
Zn 2p core hole occurs when the energy bands are bending
upward at the surface during interface formation.

The origin of the reduction of the core hole screening is
not clear. We have analyzed an extended set of XP spectra
of ZnO films with different Fermi level positions. Except
for degenerately Al-doped films with Fermi energies above
the conduction band minimum, no significant changes of the
Auger parameter could be identified. The deviation for de-
generately doped films can be explained by the high electron
concentration in the conduction band, which contributes an
additional screening of the core hole [42]. A contribution
of the high electron concentration in the deposited metal to
screening of the Zn 2p core hole, equivalent to an image
charge effect, is not likely. This is expected to improve screen-
ing, opposite to what is observed here. A potential origin
of the reduced screening might be the electric field in the
surface region, which is introduced by the barrier formation
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due to the high work functions of the deposited oxides. The
electric field will remove secondary electrons and electron-
hole pairs from the surface space charge region. These carriers
are generated during the photoemission process in inelastic
scattering events and can result in substantial photovoltage
shifts of the photoelectron spectra [27,43]. Systematic studies
may confirm such a contribution.

The binding energies of the Zn 2p3/2 and the Zn LMM
emissions during interface formation with Pt and PtOx are
depicted in Fig. 3 together with the calculated evolution of the
Fermi energy at the interface using Eq. (3). The evaluation of
the binding energies as a function of film thickness is limited
by the Zn LMM Auger line intensity and possible up to ∼4 nm
for deposition of PtOx and up to ∼2 nm for deposition of Pt.
The different attenuation of the Zn LMM intensity by PtOx

and Pt is assigned to the higher photoelectron inelastic mean
free path in PtOx due to its lower density [44].

According to Fig. 3, the distance between the Fermi level
and the valence band maximum at the interfaces with Pt and
PtOx is determined as 2.28 eV and 1.81 eV above the valence
band maximum, respectively. Taking the energy gap of ZnO
at room temperature as 3.3 eV [1] one can calculate Schottky
barrier heights of 1.52 eV for PtOx and of 1.02 eV for Pt.
The barrier heights are comparable with those obtained using
electrical measurements, which revealed SBHs in the range
of 1 to 1.3 eV for PtOx and up to 0.9 eV for Pt contacts
[12,13,16]. As electrical measurements are more sensitive to
barrier inhomogeneities than XPS measurements [45], higher
effective Schottky barrier heights obtained using photoelec-
tron spectroscopy are to be expected.

C. Influence of polarization on barrier heights

The influence of polarization on SBH is studied for
ZnO/RuO2 interfaces, for which a more extensive data set is
available. RuO2 is also a high work function oxide and can
exhibit comparable barrier heights to PtOx.

A first study of the interface formation between RuO2 and
Zn- and O-terminated ZnO surfaces has been reported previ-
ously [17]. In this study, the cleaned single-crystal surfaces
showed a substantially different Fermi level position with
3.15 eV and 2.85 eV for Zn and O termination, respectively.
The difference has been assigned to the polarity of the ZnO
surfaces being partially compensated by free electrons. In the
course of RuO2 deposition, the Fermi energy decreased to
2.5 eV for both surfaces, suggesting no influence of polar-
ization on the Schottky barrier height. However, deposition of
RuO2 onto a ZnO thin film reported in the same publication
revealed a significantly lower Fermi energy of 2.17 eV. This
suggests that the SBHs of those single crystals are modified
by Fermi level pinning. Indeed, the observed Fermi energies at
the single-crystal interfaces of 2.5 eV above VBM correspond
well with the charge transition level of the oxygen vacancy,
which has been reported to be 0.7 to 0.8 eV below the
conduction band minimum [11,46]. Such a pinning will be
observed in XPS measurements, as the width of the space
charge region becomes comparable to the inelastic mean path
of the photoelectrons for high defect concentrations [41].

A series of experiments has been performed in this work
to examine the influence of oxygen vacancies and of the

FIG. 4. XP valence band spectra of (i) c-axis oriented single
crystal surfaces without high-temperature treatment after cleaning
by heating at 400 ◦C, (ii) after high-temperature treatment without
cleaning, (iii) after high-temperature treatment and subsequent depo-
sition of a ZnO buffer layer at 400 ◦C, and (iv) after high-temperature
treatment and subsequent deposition of a ZnO buffer layer at room
temperature. The spectra were recorded with 10◦ take-off angle. The
different shapes and intensities of the valence bands are characteristic
for polar Zn- and O-terminated ZnO surfaces [48,49]. The difference
vanishes for room temperature deposition of the buffer layer, indicat-
ing that no single polarity of the surface remains.

polarity of ZnO on the Schottky barrier height. ZnO single
crystals with c-axis orientation with and without buffer layers
have been used. Prior to buffer layer deposition, the crystals
were annealed for one hour at 1150 ◦C in air according to
the procedure suggested by Neumann for homoepitaxial ZnO
growth [47]. Oxygen was added to the process gas during
buffer layer deposition in order to reduce the oxygen vacancy
concentration. In contrast to the earlier study, the Zn LMM
Auger line was recorded during interface formation in order
to reveal accurate shifts of the Fermi energy.

1. Surface termination

To verify the polarization of the surface, x-ray valence
band spectra have been recorded with a take-off angle of 10◦
to confirm the termination of the wurtzite-type ZnO single
crystals and of the ZnO thin film buffer layers following a
procedure outlined in the literature [48,49]. The spectra are
shown in Fig. 4. It is found that the polar termination is
observed for the single crystals and conserved after buffer
layer deposition at 400 ◦C. In contrast, no termination can
be identified for buffer layer deposition at room temperature,
despite the fact that magnetron-sputtered ZnO films typically
grow with a strongly preferred c-axis orientation [1]. The ab-
sence of surface polarity at the room temperature buffer layer
surfaces may hence be related to the formation of inversion
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domain boundaries, which can reverse polarity and lead to
mixed surface terminations of c-axis oriented films [50].

The XP valence band spectra recorded with a 45◦ take-
off angle from the different Zn- and O-terminated surfaces
are included in Figs. S2–S4 in the Supplemental Material
[31]. The valence band spectra of the single-crystal surfaces
without a buffer layer revealed Fermi levels of 3.00 eV and
3.14 eV above the valence band maximum for the Zn- and
O-terminated surfaces, respectively. This difference is smaller
than that observed in the previous experiment (see above and
Ref. [17]).

Deposition of the 25 nm thick buffer layers lowers the
Fermi energy to 2.86 eV and 2.84 eV for the deposition at
400 ◦C and to 2.46 eV and 2.43 eV for room temperature
deposition, respectively. The lower Fermi energy after buffer
layer deposition indicates an oxidation of the ZnO substrate,
which should be accompanied by a reduction of oxygen
vacancy concentration. A reduced influence of Fermi level
pinning on the Schottky barrier height is therefore expected.
The lowering of the Fermi energy is less pronounced if the
buffer layer is deposited at 400 ◦C, which can be explained
by the higher diffusivity of oxygen and zinc [51,52], resulting
in a partial equilibration of the defect concentrations between
the buffer layer and the single-crystal substrate.

There is no significant difference in Fermi energy between
the Zn- and the O-terminated surfaces after buffer layer de-
position. Different binding energies would be expected if the
polarity of the surface were partially compensated by free
electrons or holes. However, as long as details of the surface
reconstructions, which can be quite complex for ZnO [53,54],
are not known, it is not possible to assess a possible electronic
compensation of the polarization at ZnO surfaces. Moreover,
no studies resolving the atomic structure of O-terminated ZnO
surfaces are available. In addition, adatoms can also strongly
modify the surface termination and completely compensate
polarization [55]. Due to the hydrophilicity of ZnO and its
strong tendency to form hydroxides [56–58], the presence
of adsorbates is very likely, even in an ultrahigh-vacuum
environment. That different adsorbates are involved is evident
from the O 1s spectra of the clean surfaces, which are shown
in the Supplemental Material [31] (Fig. S5).

The surface reconstruction and adsorbate coverage are
likely modified in the course of metal deposition. Moreover,
the particular compensation of polarity at the surface is no
longer required at the interface to the metal, at which the
polarization can be compensated by interface charges in the
metal. Therefore, it is believed that the uncertainty regarding
the potential contribution of free surface charges to the com-
pensation of surface polarity does not affect our conclusion
regarding the influence of polarization on the Schottky barrier
heights.

2. Interface characterization

The XP spectra recorded in the course of RuO2 deposition
onto the Zn- and O-terminated surfaces of ZnO single crystals
without a buffer layer, with a room temperature ZnO buffer
layer and with a ZnO buffer layer deposited at 400 ◦C, are
shown in the Supplemental Material [31] in Figs. S2–S4. The
evolution of the Fermi energy for the different interfaces,

FIG. 5. Evolution of the Fermi energy in the ZnO band gap for
RuO2 deposition onto (a) ZnO single crystals, (b) ZnO single crystals
with room temperature ZnO buffer layers, (c) ZnO single crystals
with ZnO buffer layers deposited at 400 ◦C. The Fermi level shifts
are calculated according to Eq. (3). The Zn LMM Auger emissions
in (a) were only recorded up to 3 nm.

which is extracted from the binding energies of the Zn 2p
core level and the Zn LMM Auger emission using Eq. (3),
is shown in Fig. 5. In all cases, deposition of RuO2 results in
a downward shift of the Fermi energy by ∼1 eV. The Fermi
energies reached are much lower than those observed in our
earlier study [17] and also significantly lower than the energy
of the oxygen vacancy. This confirms that pinning by oxygen
vacancies is not limiting the Fermi energy shifts in the present
experiments.

For the bare single crystals and the high-temperature buffer
layer samples, the Fermi energy reaches values that are
∼240 meV higher at the Zn-terminated surfaces as compared
to those at the O-terminated surfaces. For the room temper-
ature buffer layer, which does not exhibit a unique surface
polarity, the difference in Fermi energy is only 50 meV.
Higher Fermi energies correspond to lower Schottky barrier
heights for electrons. Consequently, we find higher SBH on
O-terminated surfaces. All values, including calculated barrier
heights and additional samples, are summarized in Table S1 in
the Supplemental Material [31].

A clear difference in barrier height is observed for surfaces
where the polarity is demonstrated by the XP valence spectra,
whereas no difference is observed in the absence of a unique
surface polarization. Therefore, we assign the different SBHs
on the Zn- and the O-terminated surfaces to the polarization
of ZnO. The absence of different barrier heights on Zn- and
O-terminated surfaces in the earlier measurements [17] is
likely caused by a high oxygen vacancy concentration induced
Fermi level pinning.

The dependence of barrier height on polarization can be
explained by an imperfect screening of the bound polarization
charge of ZnO by the charge carriers in RuO2 [59–61]. Such
an imperfect screening is responsible for the so-called dead
layers, which reduce the capacitance of thin dielectric films
[62]. The difference between perfect and imperfect screening
is schematically illustrated in Fig. 6.

An imperfect screening of the bound charges can be under-
stood as a spatial separation between the bound surface charge
of the polar material and the screening charge in the metal.
This results in a potential drop across the dead layer, which
cannot be detected by XPS as the effective screening length
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FIG. 6. Representation of changes in the electrostatic potential
of a polar oxide with imperfect screening (top) and perfect screening
(bottom) of the polarization charge as proposed by Stengel et al. [61].
An imperfect screening is equivalent to a spatial separation of the
bound surface charge of the polar material and the screening charge
in the metal. Imperfect screening results in a potential drop across
the dead layer. XPS will probe the potential below the dead layer, as
this extends only about an atomic bond length, which is much thinner
than the information depth of XPS.

λeff is typically shorter than 1 Å [61], much thinner than the
information depth of XPS. The presence of such layers and its
influence on the effective Schottky barrier heights have been
observed previously by XPS using ferroelectric materials with
electrically switchable polarization [63–66].

The screening of the polarization charge depends on the
atomic configuration at the interface and may therefore vary
from interface to interface [60]. There are even situations
where an enhancement of polarization may occur, correspond-
ing to a negative effective screening length [60]. For other
ZnO/metal interfaces, the dependence of barrier height on
polarization will therefore likely be different from what is
observed here. The polarization dependence itself is also in-
fluenced by the quality of the interface, which will be affected
by the details of interface preparation [66].

Consequently, the polarization dependence of ZnO Schot-
tky barrier heights cannot be predicted quantitatively. It de-
pends on the choice of contact material and on interface prepa-
ration. However, it is evident that it is essential to exclude
effects of Fermi level pinning to reveal the dependence of
barrier height on polarization. The influence of defects may
even lead to a dependence that is opposite to what is observed
in this study (compare Fig. 5) [10,11,16,67]. If pinning effects

can be excluded, the dependence of SBH on polarization
should follow the behavior known for ferroelectric materials,
where imperfect screening is required for an influence of
polarization on SBH.

IV. SUMMARY AND CONCLUSIONS

The formation of Schottky barriers of high work func-
tion metals on ZnO has been studied. Using photoelectron
spectroscopy it could be demonstrated that the low electron
Schottky barrier heights on ZnO observed with high work
function metals are caused by the chemical reduction of
the substrate. The reduction is induced by the condensation
energy of the metal atoms and can be overcome by processing
with oxygen.

By analysis of the Zn LMM Auger emissions, it has been
further demonstrated that the screening of the photoelectron
core holes is reduced in the course of barrier formation. This
affects the conventional extraction of Fermi level positions
during interface experiments using core level binding energies
in photoelectron spectroscopy and results in corrections of
derived Schottky barriers by up to 215 meV in our experi-
ments. The correction requires simultaneous recording of a
core level and a related Auger emission. The origin of the
reduced screening remains unclear. It might be related to the
electric field, which is generated near the ZnO surface due to
the formation of a high Schottky barrier.

Fermi level pinning at ZnO Schottky barriers by oxygen
vacancies can be avoided by suitable preparation conditions
of the substrates and by deposition of metallic oxide contact
materials using reactive magnetron sputtering. Avoiding such
a pinning, a dependence of Schottky barrier height on the
polarity of the c-axis oriented ZnO surfaces could be revealed.
For RuO2 contacts on polar surfaces, the Schottky barriers
on the oxygen-terminated surfaces are ∼240 meV higher
than on the zinc-terminated surfaces. This indicates that the
Schottky barriers can depend on surface termination, if the
ZnO surface polarity is incompletely screened by the metal
electrode. The dependence of barrier height on polarization
is expected to be different for different contact materials and
interface preparation.
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