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The formation of an interface between Bi, 03, Fe,O3, BiFeO;, BiysNaysTiOs, and the high work function
metallic RuO; is studied using photoelectron spectroscopy with in situ RuO, deposition. Schottky barrier heights
are derived and the valence band maximum energies of the studied materials are aligned with respect to each
other as well as to other functional oxides like SrTiO3 and PbTiO3. The energy band alignment follows systematic
trends compared to a large number of oxides, and can be understood in terms of the contribution of Fe 3d and
Bi 65/6p (lone pair) orbitals to electronic states near the valence band maximum. The results indicate that the
valence band maxima are largely determined by the local environment of the cations, which allows to estimate
valence band maximum energies of oxides with multiple cations from those of their parent binary compounds.
The high valence band maximum of BiFeOs; is consistent with reported p-type conduction of acceptor doped

material, while the high conduction band minimum makes n-type conduction unlikely.
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I. INTRODUCTION

For materials with an energy band gap that separates
occupied and unoccupied states, the energies of the valence
band maximum (Evg) and conduction band minimum (Ecg)
determine whether a material can be electrically conducting or
not.'=3 Although the electrical conductivity can often be varied
by doping, there are certain doping limits in materials, which is
particularly intriguing for those that have energy gaps around
3 eV. This is a typical energy gap of many technologically
important oxides. These oxides can be made either n-type by
donor doping, such as ZnO, In, 03, SnO,, TiO,, SrTiOs, and
BaTiOs, or p-type by acceptor doping, such as Cu, O, CuAlO,,
and NiO.* Ambipolar dopability, which means that a material
can be made both n or p type by corresponding doping, as for
instance it is possible with GaN, remains rare for oxides. There
are also a few materials with energy gaps around 3 eV that
remain insulating regardless of doping type. Among them are
the Pb- and Bi-based ferroelectric compounds like Pb(Zr,Ti)O3
(PZT) and Bi sNag s TiO3-BaTiO3; (BNT-BT).>¢

When the Fermi level, which determines the electronic car-
rier concentrations in the valence band (i.e., hole concentration
p) and in the conduction band (i.e., electron concentration n),
is located well above the Evyg or below Ecg, the material is an
insulator. The variation of the Fermi level position by doping
is limited by the formation of intrinsic defects.””-" Lowering
the Fermi energy by acceptor doping generally reduces the
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formation enthalpy of intrinsic donor defects like oxygen
vacancies or metal interstitials.! The doping limit, i.e., the
lowest possible Fermi energy is reached when the formation
enthalpy of the donors becomes zero. Raising the Fermi
energy by donor doping is correspondingly limited by intrinsic
acceptor formation. Hence the different electrical properties of
oxides are related to the energies of the valence and conduction
band on an absolute energy scale. A material having low
valence band energy cannot become a p-type conductor, while
a material having high conduction band energy cannot be
an n-type conductor. The best insulators, SiO, and Al,Os3,
have large energy gaps (>8 eV) and both low valence band
maximum and high conduction band minimum energies.

There are different possibilities to arrange the valence band
and the conduction band on an absolute energy scale. Taking
the vacuum energy as a reference is often the first choice. With
respect to the vacuum energy, the valence band maximum
and conduction band minimum are given by the ionization
potential (Ip = Evac — Evp) and the electron affinity (x =
Evac — Ecg), respectively. However, due to surface dipole
contributions, these quantities depend significantly on the
surface orientation and the surface termination.'® For the
n-type transparent conducting oxides ZnO, In,03, and SnO,
the variation can be up to 1 eV.!""2

Valence and conduction band energies can also be
derived from electrochemical studies using solid/electrolyte
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interfaces.'> Eyg and Ecg are determined with respect to
the potential of a normal hydrogen electrode (NHE), whose
potential corresponds to an energy approximately 4.5 eV below
the vacuum level.'*

A third possibility of aligning the energy bands of materials
on an absolute energy scale is by measuring the energy
band alignment directly at the intimate contacts between
materials.”> Such measurements can be performed, e.g.,
using photoelectron spectroscopy and stepwise deposition
of a contact material onto a substrate.'® Using such studies
it has been shown that the valence band offsets AEvyg,
i.e., the discontinuity in the valence band maximum energy
at the interface, are small for interfaces between oxides where
the valence bands are formed almost exclusively from O 2p
states (e.g., ZnO, In,O3, Sn0,, Al,03, SrTi03).*!7 Such an
alignment is often termed common anion rule alignment. Small
valence band offsets between materials with common anions
are also observed between Zn and Cd chalcogenides.'®!”
The oxides and the chalcogenides have a considerable ionic
bonding character in common. The more covalently bonded
elemental and III-V semiconductors do not show a common
anion band alignment (see, e.g., Ref. 18), which is related to
interface dipoles due to a high density of induced interface
states.?022

Photoemission studies have further revealed that oxides
with cation orbitals contributing to the valence band formation
show considerably higher Eyg.>!'"?* For oxides containing
Cu, which has a 3d'° configuration, this can be understood
by the hybridization of 3d states with O 2p states. The
resulting upward shift of the valence band maximum is also
known for Cu chalcopyrites as p-d repulsion.’* In contrast,
the origin of the ~1 eV higher valence band maximum of
PbTiO; (PTO) compared to SrTiO; (STO) is less evident. In
PTO, Pb is present as Pb**, i.e., in a 652 configuration. The
occupied 6s orbitals contribute to the valence band density of
states. However, due to the relativistic stabilization of the 6s
electrons,” the Pb 65 states appear predominantly as a separate
energy band below the O 2 p-dominated valence bands.?®

BiFeO; (BFO) is a wide-gap oxide semiconductor with an
energy band gap around 2.8 eV?%" and has recently attracted
considerable attention due to its multiferroic properties, which
means a simultaneous appearance of ferroelectricity and
antiferromagnetism.>' % This enables a variety of potential
applications in the field of data storage, spintronics, and sensor
technologies. BFO is a prototype multiferroic compound with
the transition from the ferroelectric state to the paraelectric
state at Tc = 830°C, and from antiferromagnetic state to
the paramagnetic state at Ty = 370°C.3* The photoelectric
effect observed in BFO is also of great research interest
due to the potential applications in photovoltaic or photo-
catalytic devices.* " The binary oxides Bi,O; and Fe,0s3
have also been studied for environmental protection and
energy conversion with solar energy utilization. Both of
them show promising photocatalytic properties, which are
attractive for applications such as organic degradation®**! and
hydrogen generation by photocatalytic water splitting.*>* For
the latter application, the absolute energies of the valence and
conduction band are also of particular relevance as they should
embrace the redox potentials for the hydrogen and oxygen
evolution reactions.**
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BipsNagsTiOs (BNT), discovered in the 1960’s by
Smolensky, is a promising lead-free ceramic material
to replace Pb(Zr,Ti)Os; in ferroelectric applications like
actuators.>®*® BNT can be described as a complex perovskite
with mixed A-site occupation (Bi**, Na* in twelvefold
coordination) and a single cation (Ti** in sixfold coordination)
on the B site. It crystallizes with thombohedral symmetry*’
and is highly modifiable by doping or the formation of
solid solutions with other perovskites like BaTiO3; (BT)*
or BiysKosTiO; (BKT).* The mixture with tetragonal per-
ovskites such as the mentioned BT and BKT leads to the
formation of a morphotropic phase boundary, at which most
relevant parameters show maximized values.

In this contribution we study the valence band maximum
energies of BiFeOs, its parent oxides Bi;O3; and Fe,03, and
the lead-free ferroelectric BipsNagsTiO3 in order to identify
the contribution of occupied 6s orbitals to the upward shift
of valence band maximum energy. The Eyp are determined
by measuring their Schottky barrier heights with metallic
RuO, using photoelectron spectroscopy. The Schottky barrier
heights will be compared to those determined recently for
(Ba,Sr)TiO, (BST) and Pb(Zr,Ti)03.°>>! The Fermi level in
RuO; can therefore be used as a reference to compare the
absolute energies of Eyg and Ecp for different oxides by
applying transitivity. The transitivity of energy band alignment
of oxides using RuO, as a reference has already been
demonstrated explicitly for SrTiO3 and PbTiO3.> Compared to
elemental metals, the deposition of RuO, does not introduce
defects at the oxide surface, which would affect the energy
band alignment.>>->

II. METHODS

Bi,O3 thin films were deposited on commercial
Si(100)/Si0,/TiO,/Pt(111) wafer by RF reactive sputtering
from a 2 inch metallic bismuth target (Alineason Materials
Technology). The deposition was carried out at room tempera-
ture with a RF power of 50 W in an Ar/O, gas mixture, which
contains 10% O,. The deposition time was set to 120 seconds,
corresponding to a film thickness of 30 nm, determined by
profilometer measurements.

The iron oxide films were prepared by magnetron sputtering
in a pure argon atmosphere at a pressure of 0.5 Pa from an
oxidic Fe,03 (hematite) target (K. J. Lesker Co.) with the
dimensions 51-mm diameter and 4-mm thickness on a copper
backing plate. The RF (27.56 MHz) discharge power was 50 W
and the layers were deposited onto glass substrates coated
with fluorine-doped tin oxide (SnO,:F) without intentional
substrate heating. For a sputtering time of 60 min, a film
thickness of about 120 nm was obtained. Besides the strong
diffraction peaks from the thick SnO,:F layer, the XRD pattern
shows three weak peaks, which can be assigned to hematite
(JCPDS 89-0597). Due to the low substrate temperature, the
XRD peaks are weak and broad, indicating a nanocrystalline
structure. Using the Scherrer equation, a grain size of about
20 nm can be calculated from the peak width.

The BiFeOs layer was grown by pulsed laser deposition
(PLD) method on single crystalline SrTiO3; substrate with
(001) orientation. The substrate was previously cleaned in
hydrofluoric acid (HF) buffer solution and then annealed in
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air at 1000°C for 2 hours in order to obtain terraces with
step heights of one unit cell. A StTRuO3 (SRO) epitaxial buffer
layer has been deposited on the SrTiO; substrate, acting as a
bottom electrode and also as an excellent template for the het-
eroepitaxial growth of a high-quality ferroelectric perovskite.
The SRO film was deposited at a substrate temperature of
700°C, in a background atmosphere of 0.133-mbar oxygen,
with a laser fluence 2 J/cm? and a repetition rate of 5 Hz. After
the SRO deposition, the temperature was lowered to 670 °C,
and the BFO layer was deposited in an oxygen atmosphere of
0.026 mbar, with a laser fluence of 1.2 J/ cm? and a repetition
rate of 10 Hz. A postdeposition annealing was performed in
the PLD chamber in full oxygen atmosphere at 390 °C for 1 h.
The epitaxial nature of the SRO and BFO layers was confirmed
by x-ray diffraction analysis. The thickness of the SRO film
was ~15 nm and that of the BFO film ~80 nm as determined
from x-ray reflectometry.

Samples of BigsNagsTiOs with a Ti deficiency of 2%
were prepared via a conventional mixed-oxide method. The
Ti deficiency was chosen to ensure a single phase material,
since evaporation of Bi;O3 and Na,O during sintering and
calcination of stoichiometric BNT leads to nonstoichiometric
compositions with an excess of B-site cations, which results
in the formation of secondary phase inclusions.’® As starting
materials for the synthesis Bi;O3 (99.9% purity, MCP-HEK
GmbH), Na,CO3 (99.99% purity, Merck), and TiO, (99.8%
purity, Tronox) were used. All starting materials were dried at
260 °C for 48 h to avoid weighing errors caused by adsorption
of humidity. After drying, the materials were cooled and stored
in a desiccator over silica gel. The reactants were mixed
in ethanol for 24 h using a horizontal ball mill (Germatec
UR1400FU EH) using YSZ milling balls with 5-mm diameter.
The resulting suspension was dried in a forced fresh air drying
oven (Heraeus LUT 6050) at 120°C. Before calcination,
the precipitate was sieved using a test sieve with a mesh
size of 500 um. The calcination took place in an alumina
crucible at 800°C for 5 h. Subsequently, the material was
again ball-milled using the same milling parameters as in the
first milling step. After another drying step at 120 °C, the fine
powder was sieved to an agglomerate size less than 180 um
and mixed with 5% PEG 20000 (for synthesis, Merck) as
a binding agent. Disc shaped samples with 13-mm diameter
were pressed with 150 MPa for 5 min. The binder was removed
at 350°C in an open crucible to promote the transport of the
binder decomposition products H,O and CO,. The crucibles
containing the de-bindered samples were then covered with a
lid and sintered at 1100 °C for 5 h.

The determination of energy band alignment was realized
by using photoelectron spectroscopy with stepwise deposition
of RuO, onto the different substrate materials.'” Four interface
experiments were performed independently but with identical
deposition conditions for RuO,. DC reactive sputtering from
a 2-inch metallic ruthenium target with a power of 50 W was
carried out at room temperature in an Ar/O, gas mixture
containing 7.5% O,. These deposition conditions lead to
stoichiometric metallic RuO, films, which exhibit a work
function of ~6.1 eV.>" RuO, deposition and interface analysis
were repeatedly performed under ultrahigh vacuum condition
at the DArmstadt Integrated SYstem for MATerials research
(DAISY-MAT).? X-ray photoelectron spectra were recorded
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with monochromatic Al Ko radiation at an emission angle
of 45° and a pass energy of 5.85 eV, which results in a
total energy resolution of <4 eV as determined from the
Gaussian broadening of the Fermi edge of a sputter-cleaned
Ag sample. With this resolution, binding energies of core
levels and valence band maxima can typically be determined
with an accuracy of <50 and <100 meV, respectively. All
binding energies are given with respect to the Fermi level of a
sputter-cleaned Ag sample with an accuracy of ~50 meV.

Except the Bi,O3 film, which is prepared in situ in the
DAISY-MAT system, the other three materials underwent
a moderate thermal treatment in the deposition chamber
at 400°C in pure O, (0.1 Pa) in order to remove surface
adsorbates. XP-spectra were taken both before and after
heating the sample to exclude any chemical change caused by
this thermal treatment and to ensure removal of adventitious
carbon on the surfaces of the air-exposed samples.

On BiFeOs;, Fe,;03, and Bi,Os; thin films no surface
charging was observed during the XPS measurements, because
they all have a relatively low film thickness and are deposited
on conductive substrates. The BigsNagsTiO3 ceramic pellet
showed surface charging, which prevented the measurement
of the valence band. In order to reduce this disturbance to the
Schottky barrier determination, the interface experiment on
BNT was carried out with a structured RuO,/Pt bilayer having
an uncovered circle in the center on the top surface of the
BNT pellet. This procedure has already been applied success-
fully before to determine the barrier height at a PZT/RuO,
interface.’’ The surface charging during XPS measurement
disappeared after the RuO, reached a film thickness of ~1 nm
due to the formation of a conducting layer at the surface.

The partial density of states of BigsNagsTiO; was calcu-
lated using ab initio calculations as implemented in the Vienna
ab initio simulation package (VASP).®-%! Projector aug-
mented plane waves®>%3 were utilized with the LDA exchange
correlation functional,%* a plane-wave energy cutoff of 800 eV
was chosen, and a 16 x 16 x 16 -centered Monkhorst-Pack
k-point® mesh for the primitive cell (one formula unit ABO3)
was used for Brillouin zone integration. The valence electron
configurations of the PAW data sets were Bi 5d'°6s%6p?,
Na 2p%3s!, Ti 352 3p©4s? 3d?, and O 2s%2p*. Calculations
were performed for a rock-salt ordered configuration of Bi
and Na, which lowers the symmetry from R3c to R3 and
results in Wyckoff splitting of the sites occupied by Ti and
O. The pseudocubic 2 x 2 x 2 nonconventional setting was
chosen for calculation. Structural parameters were optimized
until residual forces were less than 1 meV /A.

III. RESULTS

A. Chemical state of the surface

XPS measurements have been carried out before the
deposition of RuO,. The corresponding survey spectra are
given in Fig. 1. Except for the measurement of Big sNag s TiOs3,
which was performed with charge neutralization using an
electron flood gun, no surface charging was observed during
the XPS measurements. The survey spectra show the elements
expected for the different materials. The most prominent
emissions are the Na 1s,Bi4 f,Fe 2p, and O 1s. No adsorbates
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FIG. 1. Survey spectra of Fe,0;, Bi,O;, BiFeO;, and
BipsNagsTiO;. The main core level emissions are indicated. No
carbon signals (~286 eV) are observed.

such as carbon or any other unexpected species are observed.
This indicates surfaces free of contamination and complete
removal of adsorbates by the thermal treatment. This is further
supported by the absence of hydroxide/water emission in
the O ls spectra shown in Fig. 2, which typically occur at
532 eV binding energy.®® The relative atomic concentrations
of individual elements are reflected by the peak intensities.
While Bi,O3 and Fe, O3 show the most intensive Bi and Fe
core level emissions, respectively, the corresponding emissions
from BiFeOs; are lower, due to the lower concentration of
atoms. The intensities of the Bi peaks from BNT are even
lower in comparison with BFO as expected, because the A-site
cation position in BNT is equally shared by Bi and Na.
High-resolution core level spectra of Bi 4f, Fe 2p, and
O s emissions are shown in Fig. 2. The binding energies of
the Bi 4 f and O 1s core levels are determined by extract-
ing the background intensity with the Shirley function and
fitting the resulting curves with Voigt profiles. This background

Bi 4f Fe 2p O s
NI N A (Bi,Na)TiO,
8.5 5
_ 158.60 R 529.35
]
& M BiFeO,
> 708.38
Z 158.38 529.15
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£
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FIG. 2. High-resolution core level spectra of Fe,0;, Bi,0s,

BiFeO;, and BiysNaysTiO3. The spectra of BNT has been recorded
with an electron flood gun to compensate charging effects.
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subtraction does not provide reasonable results for the Fe 2p
emission because of its broad and asymmetric line shape. The
broadening of Fe 2p emission is due to multiplet splitting
caused by unpaired valence electrons, resulting in an exchange
interaction which affects the remaining spin-up and spin-down
core electrons differently.”-%® McIntyre et al. have shown that
the structure of the surrounding environment also influences
the splitting of the Fe 2p peak.®” In principle, curve fitting
with multiple peaks can be applied to the Fe 2p emission
in order to obtain a binding energy. However, curve fitting
does not always lead to reproducible and unambiguous results,
since different combinations of binding energy and intensity
ratios can generate very similar envelopes of the total intensity.
Instead, we evaluate a relative energy position of Fe 2p
emission by extrapolating the emission edge at the low binding
energy side of the Fe 2p3/, peak to the background intensity.
This onset of the Fe 2p3/, emission provides a reproducible
relative value for the binding energy of the Fe 2p peak, as
the line shape does not change in the course of the RuO,
deposition. For the determination of the band alignment, any
reproducible relative binding energy will be adequate.

The Bi 4 f and O 1s spectra from both BiFeO3; and Bi,O3
exhibit a sharp and symmetric line shape, showing that Bi
in both films is in a well-defined chemical environment.
This implies a full oxidation of Bi in Bi, O3 during reactive
sputtering. Comparing the Bi 4 f and O 1s emissions of BFO
and Bi;O3 reveals almost identical shapes and widths. The
binding energy difference between the Bi4 f and the O 1s peak
agrees within 100 meV for the two materials. The asymmetry
of the BNT spectra is caused by an imperfect compensation
of the charging effect by the electron flood gun. Despite the
asymmetry, the peaks are still dominated by emissions having
widths comparable to those of the corresponding emissions in
the other compounds.

The Fe 2p spectra of BiFeO3; and Fe, O3 show very similar
peak characteristics. The binding energy difference between
the Fe 2 p and the O 1s emission is identical for both materials.
The maximum of the Fe 2p;,, emission occurs at a binding
energy ~710 eV, as expected for Fe?t, the nominal oxidation
state Fe in both compounds. The +III oxidation state is further
supported by the characteristic satellite emission at ~8.5 eV
higher binding energy compared to the maximum of the Fe
2p3)> emission.”"”! The width of the Fe 2p;, peak from
both compounds is around 3.3 eV, which is lower than the
values between 3.8-4.5 eV reported for pure Fe,O; in the
literature.®”-’%72 This provides sufficient evidence that the Fe
2 p emission of both compounds relates to a well-defined 4111
oxidation state.

B. Valence band spectra

X-ray excited valence band spectra of Fe,Os;, BiyOs3,
BiFeOs, and BiysNay sTiOs are shown in Fig. 3. The spectra
for Fe,O3;, Bi;O3, and BFO exhibit distinct features as
indicated by vertical lines and valence band maximum energies
(Eg — Eyp) of 1.1-1.4 eV. The latter are determined by the
interception of the linearly extrapolated valence band edge and
the background intensity.

The valence band of Fe, O3 has an energy width of ~8.2 eV
and shows three fine features at the binding energies around
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FIG. 3. Valence band spectra of Fe,0;, BiO;, BiFeO;, and
BigsNay sTiO3. The latter has been recorded with an electron flood
gun to compensate charging effects. The energies of the valence
band maximum are determined by the interception of the linearly
extrapolated valence band edge and the background. The negative
binding energy of the BNT valence band maximum is caused by an
overcompensation of the charging by the flood gun.

2.5[1], 4.9[1I], and 7.2 eV [III], respectively. The relative
distance of these energy positions is in good agreement with
the reported values on powder,* thin film,”! and single crystal
Fe,03 samples.”> The small deviation of absolute energy
positions may be caused by differences in spectral resolution,
sample preparation and, most importantly, different references
for the alignment of the spectra by different authors. For
oxides with valence bands formed primarily by O 2p state,
the spectrum shows typically two features with an energy
separation of ~2 eV with an intensity ratio of 5: 3. The
width of the valence band also extends to only ~6 eV (see,
for example Fig. 5, in Ref. 54). However, the valence band
of Fe,03 in Fig. 3 clearly exhibits three features with a larger
energy separation and a smaller intensity difference. The width
of the valence band is also larger compared to that of most
oxides. This result is well consistent with DFT calculations’
and confirms that the electronic states of Fe 3d and O 2p are
strongly hybridized.

The valence band of Bi,O5 exhibits also a structure with
three features at binding energies of 2.4 [1], 3.5 [II], and 6.2 eV
[III] and a well separated peak at about 11.2 eV [IV]. The peak
at ~11 eV binding energy is related to the band dominated by
Bi 6s states, while the upper valence band features I-III are
mostly O 2p states hybridized with Bi 6s/6p.2%”> The spectra
confirm that the valence band in Bi,Os is different from those
of oxides with valence bands formed predominantly by O 2p
states. In particular, a contribution of Bi states is expected at
the valence band maximum.

The valence bands of BiFeO; are essentially a mixture of
the valence bands of Bi;O3; and Fe,O3. The energy width of
the main valence band emission is slightly smaller than that of
Fe,O; but larger than that of Bi,O3. The features I, II, and III
are broadened due to the mixing while the energy positions
lie approximately in between those of the binary oxides.
Although the spectrum from 10-14 eV were not included in
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the measurement, the valence band of BiFeOs is expected to
show also a separate peak in this energy range, originating
from the Bi 6s states like in Bi,03.7*

The spectrum of the Bij sNag s TiO3 could only be measured
using an electron flood gun to compensate for charging effects.
As it is often the case in such a situation, the spectra are
slightly smeared and no quantitative binding energies can
be extracted. The latter is evident from the negative binding
energy of the valence band maximum, which is caused by an
overcompensation of the charging effects. Nevertheless, the
binding energy difference between the valence band maximum
and the Bi4 f7,, emission, which is required for the quantitative
determination of the Schottky barrier height below, can be
evaluated with almost the same accuracy as for the other
materials. This is inferred from the line shape of the Bi 4 f
emission (see Fig. 2), which is dominated by a symmetric line
shape which is only ~0.1 eV broader than that of Bi;O; and
F6203.

C. Interface formation with RuO,

The investigation of energy band alignment has been
performed in four separate interface experiments with RuO,
as the contact material. During the experiments RuO, was
stepwise deposited onto Bi, O3, Fe,03, BFO, and BNT using
identical deposition conditions and comparable thickness
increments. The experiments were concluded after complete
attenuation of the substrate emissions. The spectra showing the
gradual changes of the core levels during interface formation
are presented in Fig. 4. The most intense core level peaks,
namely Bi 4f, Fe 2p, O 1s, Na ls, Ti 2p, and Ru 3d are
recorded during the experiments. Due to the similarity of Ru
3d spectra®®>!37 only those from the deposition onto BFO are
shown here exemplarily.

Special care was taken during the experiment on BNT
because of the surface charging. In order to reduce the charging
effect, an electron flood gun was used at the beginning of
the measurement before the RuO, deposition. All the peaks
have rather low binding energies (see discussion of valence
bands above) and show a small additional component at
higher binding energies. The peak shapes are attributed to an
inhomogeneous charging and the too low binding energies to a
slight overcompensation of the charging effect. After the first
RuO, deposition, the XPS measurements of the BNT sample
were performed without charge compensation. The charging
causes a 11-12 eV shift of all emissions to higher binding
energy for a RuO; thickness of ~0.4 nm, which is manually
removed in Fig. 4 for clarity. As soon as the film thickness
reaches ~0.9 nm, all the spectra shift back to lower binding
energies and sharp line shapes are observed for all core level
emissions. This is a clear indication that the RuO, has formed
a continuous layer across the surface of sufficient conductivity
to avoid charging.

Except the first two measurements on BNT, the spectra from
all four samples show a very similar behavior. With increasing
RuO, thickness, the intensities of all substrate cation emissions
(i.e., Bi4f, Fe 2p, Na ls, and Ti 2p) exhibit an exponential
decay with relative decay constants corresponding to the
different inelastic mean free paths of the individual emissions.
This indicates an interface formation with a layer-by-layer
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FIG. 4. Core level spectra of (a) Bi,Os, (b) Fe,0;, (c) BFO,
and (d) BNT with stepwise deposition of RuO,. The ascending
film thickness of RuO, is indicated beside the O 1s spectra
correspondingly. The spectra for 0.4 nm RuO, thickness on BNT
are shifted to lower binding energies for clarity.

growth mode, as already observed for RuO, deposition onto
(Ba,Sr)TiO; and Pb(Zr,Ti)03.°%'7 Furthermore, the line
shapes and widths of the cation emissions do not change with
increasing RuQ; thickness, indicating that the oxidation state
does not change. An interface reaction during deposition is
therefore excluded. The change in line shape of the O 1s
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FIG. 5. (Color online) Evolution of the core-level binding-energy
shift with increasing RuO, film thickness. The distances between core
level lines and the valence band maximum energy Evp have been
subtracted. The energy values are given with respect to the Fermi
level.

emission is due to the transition from the oxygen component
of a semiconducting substrate with a symmetric line shape to
the oxygen emission of the metallic RuO, with an asymmetric
Doniach-Sunjic profile.”® The intensity of the Ru peaks,
represented by the Ru 3d emission, rises continuously with
increasing RuO, coverage. The binding energies of the Ru
3ds;, emission is 281.0 = 0.1 eV at the highest film thickness
on all substrates, which concurs with recent measurements and
literature for RuQ,.>0-31:57:66

The core level peaks of the cations from the substrates
are used for the determination of the binding energy shifts,
which reflect directly the evolution of the electrostatic surface
potential during RuO, deposition. For BFO, both Bi 4 f and
Fe 2p emissions are used, while for BNT the Bi 4 f, Na 1s,
and Ti 2p emissions are used in order to see if they exhibit
parallel binding energy shifts. Parallel shifts are required in
order to exclude a chemical origin of the shifts. Shifts of the O
1s spectra are included only for the first few deposition steps,
where the O 1s emission is still clearly associated with the
substrate and not with the RuO, layer.

InFig. 5, the evolution of the binding energy of the substrate
core level lines with increasing thickness of RuO, is shown.
For better comparison, the differences between core level
binding energies and valence band maxima, obtained from
the uncoated substrate surfaces, were subtracted for each
substrate. Therefore the curves in Fig. 5 can be considered
as the evolution of the valence band maximum with respect
to the Fermi level. All the curves exhibit a strong downward
shift at lower RuO, coverage, indicating an upward bending
of the valence bands towards the Fermi level. An upward shift
corresponds well with the large work function of RuO, of
6.1eV.>°

Saturation of the binding energy shifts is observed for all
four materials after the RuO, layer exceeds a thickness of
~2 nm. For BiFeO; and BigpsNaysTiO3 a parallel shift of
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all core level emissions is observed. Eg — Evyg for Bi,O3,
Fe,03;, BFO, and BNT, after saturation of binding energy
shifts amount to 0.95, 0.85, 0.72, and 1.05 eV, respectively.
The uncertainty is about £0.1 eV, being slightly larger for
BNT due to the uncertainty of the valence band maximum
position caused by the charging of the substrate. The values
for Ep — Evyp correspond directly to the Schottky barriers
for holes ®p . By considering the energy gaps of «-Bi,O3
(2.5 eV'"), Fe,05 (2.1 eV’®), BFO (2.8 eV?43%) and BNT
(3.3 eV”) the barrier heights for electrons at the interface with
RuO; are derived as &g, ~ 1.55, 1.25, 2.08, and 2.25 eV,
respectively. For all four materials, the barrier heights for
holes are considerably smaller than those for electrons. A
comparable situation is observed for Pb(Zr,Ti)03,>°! while
the Fermi level is closer to the conduction band at the
(Ba,Sr)TiO3/RuO, interface. Moreover, the Schottky barrier
height for holes deduced for BFO is in good agreement with
barrier heights determined from electrical measurements at
epitaxial StRuO3/BiFeQs/Pt capacitors by Pintilie ef al.%

IV. DISCUSSION

For a discussion of the orbital contributions to the valence
band maxima and their consequences for the energy band
alignment, the crystallographic and electronic structures have
to be considered.

A. Crystal structures

Bi, O3 has several polymorphs, among which the « and
the § phase are thermodynamically the most stable ones.®!
The crystal structure of «-Bi, O3 is monoclinic and belongs to
the space group P2;/c with a fivefold oxygen coordination of
the Bi atoms while §-Bi, O3 crystallizes in a cubic structure
with space group Fm3m and a sixfold oxygen coordination.
Due to the highly distorted structure there are different bond
lengths between Bi and O in «-Bi, 03, ranging from 2.1-3.4 A
(see also Table 1).8%83% §-Bi, 03 possesses a so-called defective
fluorite-type lattice, in which only six out of eight anion sites
are occupied with oxygen. The Bi-O bond length has been
determined using neutron diffraction (ND) as 2.45 A %3

Hematite, i.e., «-Fe, O3, has a corundum crystal structure
with the space group R3c. Iron is sixfold coordinated by
oxygen atoms in a distorted octahedral environment. There
are two different Fe-O bond lengths in the Fe,O; lattice,
i.e., [Fe-Oliong ~ 2.1 A and [Fe-Olgore &~ 1.9 A, as obtained
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from extended x-ray absorption fine structure measurements
(EXAFS).84385

BiFeO; and Bij 5Nag s TiO3 both possess a rhombohedrally
distorted ABOj3-type perovskite structure at room temperature
with the space group R3c. Thus the A-site cations, i.e., 100%
Bi** in BFO and 50% Bi**/50% Na*t in BNT, are 12-fold
coordinated by oxygen anions. The Bi-O bond lengths for
BFO and BNT determined using x-ray diffraction (XRD) and
extended x-ray absorption fine structure (EXAFS) are 2.31
and 2.20 A, respectively (see Table I).8”-* The slightly smaller
Bi-O bond length in BNT compared to BFO is related to the
smaller ionic radius of Ti** compared to that of Fe’* as well
as due to the fact that in BNT half of the A-site positions are
occupied by the smaller Na* ions. The Fe-O bond lengths
in BFO are very close to the Fe-O bond length in Fe,O3 and
therefore indicate a very similar Fe environment between these
materials, which is corroborated by the XPS measurements.

B. Electronic structure

The molecular orbital interactions in Fe, O3 are character-
ized by a large exchange interaction leading to the high-spin
d’ configuration, which is the origin of the small energy
gap of 2.1 eV.”® The crystal field interaction of the Fe 3d
orbitals leads to a subsequent splitting into 7, and e, states.
In the distorted octahedral coordination of the iron atoms
in Fe,03 and BiFeOs the e, states interact with the oxygen
ligands and form bonding and antibonding states as illustrated
in the left graph of Fig. 6. The states at the valence band
maximum, which are fundamental for the absolute value of
Evg, do therefore get strong contributions from Fe 3d and
O 2p orbitals. This is in line with density functional theory
calculations.”* Due to the interaction between the O 2p and
Fe 3d states, one can expect that Evyp is significantly higher
in energy compared to oxides where the valence band is
composed mostly of O 2p states, which is in good agreement
with electrochemical measurements.'? The upward shift of the
valence band maximum in Fe, O3 is similar to the p-d repulsion
between O 2p and Cu 3d states in Cu,0,%° which also exhibits
a higher valence band maximum energy.'”->3

The electronic structure at the valence band maximum of
Bi,0; is governed by the interaction of the O 2p states with
the Bi 6s and 6p states. Cations with an occupied s orbital
in the last valence shell, such as Bi** in Bi,Os, BiFeOs,
and BiysNag sTiO; [a comparable effect occurs for Pb%t in
Pb(Zr, Ti)O3], which possesses an electronic configuration of

TABLE I. Summary of structure parameters of Fe, O3, Bi,O3, BFO, and BNT. The abbreviations ND, XRD, and EXAFS stand for neutron
diffraction, x-ray diffraction and extended x-ray absorption fine structure, respectively.

crystal band gap Bi Bi-O bond length (A) Fe Fe-O bond length (A)
structure (eV) coordination ND XRD EXAFS coordination ND XRD EXAFS

a-Fe,0; corundum 2.178 — — — — 6-0 1.94/2.06%
1.95/2.12%

a-Bi, 05 monoclinic ~ 2.577:86 5-0 2.13-3.40% 2.08-3.25%2 — — — —

8-Biy 05 cubic 3.18 6-0 2.45% — — — —

BiFeO; rhombohedral 2.828-% 12-0 2.31% 6-0 1.95/2.11%8 1.95/2.12%

Biy sNay sTiO; rhombohedral 3.27° 12-0 2.2% — — — —
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FIG. 6. (Color online) Molecular orbital diagram of Fe,O;
(left) and Bi,O; (right). The left graph represents the octahedral
coordination of Fe,0;. Only the bonding e, states are illustrated and
the nonbonding #,, states are omitted. B and AB denote bonding and
antibonding, respectively. The arrows illustrate the spin direction.
Graph reproduced after Walsh,”> Peng,”® and Cox.!

5d'%6s5%6 p°, prefers highly asymmetric coordination environ-
ment. This stereochemical distortion of the crystal structure
corresponds to an asymmetric charge distribution.”>** The
asymmetry is often referred to as “lone-pair’effect. Theo-
retical and experimental studies have demonstrated that the
asymmetry can be attributed to the interaction between cation
s, cation p and anion p orbitals.”>** Walsh and co-workers
have revealed using DFT calculations and photoemission that
in Bi-containing oxides the occupied cation 6s/6p orbital
interact with the O 2p orbitals in a way that a bonding
state at the bottom of the valence band and an antibonding
state at the top of the valence band are formed.”®”>”” The
energetic situation is illustrated in the right graph of Fig. 6.
Due to the distortion of the crystal lattice, the unoccupied
cation 6p orbital hybridizes with the antibonding state which
results from the interaction between the Bi 6s and the O
2p states. This coupling of the Bi 6p states leads to a
stabilization of the occupied antibonding state accompanied
by an asymmetric electron density and thus the formation of
lone-pair orbital.”> Similar effects have also been observed
in other oxides containing As**, Sb3*, and Sn?*, which all
have an (n — 1)d'%ns*np® configuration.”>*¢ Although O 2p
orbitals still provide the dominant contribution to the valence
band states close to the Fermi level, the Bi 6s/6p orbitals
exhibit a non-negligible contribution to these states.”® The
valence band maximum energy may therefore be significantly
modified by this interaction.

The density of states of BipsNag 5TiO3 is shown in Fig. 7.
The calculated band gap amounts to 2.54 eV, in much better
agreement with the experimental value of 3.3 eV’ compared
to a previous calculation.”® A sharp contribution of Bi 6s states
at the top and a broad contribution of Bi 6p states at the
bottom of the upper valence band are evident. A similar sharp
contribution of Bi 6s states to the topmost valence bands is
also found for BiFeO;.”* The Bi 6s peak at the top of the
BNT valence band is associated with a peak in the O1 partial
density of states — the O1 atoms are located in the Bi planes —
indicating Bi 6s,p—O 2p hybridization, i.e., formation of
a stereochemically active lone-pair orbital. The width of
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FIG. 7. (Color online) Density of states of BiysNaj s TiOj;. Partial
densities of states are given per atom, the total density of states per
primitive cell (2 f.u.).

the upper valence band is also in agreement with the XPS
measurements (see Fig. 3).

C. Band alignment

Schottky barrier heights obtained from electrical measure-
ments of STRuO;/BiFeO3/Pt capacitor structures have revealed
a slight dependence of barrier height on interface orientation,
i.e., barrier heights ranging from 0.62eV for (100) oriented
films to 0.92 eV for (111) oriented films.%° These values have
been extracted from much smaller experimental barrier heights
by adding the polarization contribution to the barrier height.”’
This procedure assumes that the screening of the polarization
by the electrode does not depend on interface orientation. This
is not necessarily the case as the screening depends critically
on the interface configuration.’®~'%° Theory has also predicted
a dependence of barrier heights on surface termination,
e.g., SrO versus TiO, surface termination of SrTi05. 101,102
However, photoemission experiments employing in-situ metal
deposition onto contamination-free surfaces reproducibly re-
veal homogeneous barrier heights both for mixed-terminated
and for polycrystalline materials,>>*3719 indicating that no
significant contribution of surface termination or interface
orientation on barrier height.

However, ferroelectric polarization modifies the barrier
height at an electrode interface.”’10%104-106 The Schottky
barrier heights measured for BiFeO; and Bip sNag sTiO; may
be affected by ferroelectric polarization. A dependence of
barrier height on polarization has been recently investigated
quantitatively using XPS with in situ control of ferroelectric
polarization.!*® These experiments indicated that the effect of
polarization is not present right after electrode preparation but
only after poling the sample. This can be explained either by
a polarization which terminates either inside the material as
suggested by Kretschmer and Binder,'"” or by the formation
of closure-domains resulting in polarization parallel to the
electrode interface.!’®!% Considering these observations, it
seems justified to discuss Schottky barriers measured by XPS
with in situ metal deposition onto clean surfaces in terms of

045428-8



INFLUENCE OF ORBITAL CONTRIBUTIONS TO THE . ..

3
2 ;—ECBM
- A
E 208 2.25 22
3 L [ 155 c
1F 1.25 &
>~ F 0.8
8 §EF (RuO,) |
G FE o072 of
T 085 095 105
AR O 12
25 24
3k
BiFeO, Fe,0, Bi,0, (Bi,Na)TiO, PbTiO,  SrTiO,

FIG. 8. (Color online) Energy band alignment of various oxides
with respect to the Fermi level of RuO,. The offsets at the energy
of valence band maximum (Eygym) are determined by aligning the
barrier heights for holes (®pp) and the offsets at the energy of
conduction band minimum (Ecpym) are derived from the energy band
gap correspondingly. The Fermi level of RuO, is set to 0 eV for a
better clarity.

a unique band alignment without taking interface orientation,
surface termination and ferroelectric polarization into account.

The Schottky barrier heights established at the contacts
with RuO, can be used to align the valence band maxima
with respect to each other. This procedure assumes transitivity
of band alignment, i.e., that the alignment of energy bands
between materials are additive. In particular, the valence band
offsets between two oxides is obtained by subtracting their
respective Schottky barrier heights with RuO,, a procedure
which has also been successfully applied with Au as a
reference material.!'” The corresponding Schottky barriers
and derived band alignments for Bi, O3, Fe,O3, BiFeO3, and
BigpsNagsTiO3 are shown in Fig. 8. The energy levels of
PbTiO3 and SrTiO3 from previous studies of interface for-
mation with RuO,? are included in the graph for comparison.
The absence of interface reactions, a prerequisite for a reliable
application of the transitivity rule, has been demonstrated
above. Moreover, the validity of the transitivity rule for
such interfaces has been demonstrated explicitly for STO
and PTO,? providing further confidence that the procedure
is appropriate. The transitivity of barrier heights at STO and
PTO explicitly includes the interfaces with RuO,. It is noted
that the determined energy band alignment (see Fig. 8), and
in particular, the Schottky barrier height at the BFO/RuO,
interface, is quite different from that calculated using the
charge neutrality levels by Robertson and Clark."!!'! This
deviation can be explained by the reduced density of induced
gap states of ionic compounds.’"!!2

With respect to SrTiO3, the valence band maxima of PbTiO;
and all oxides investigated in this contribution are signifi-
cantly higher in energy. The higher valence band maximum
of Fe,03 compared to STO concurs with electrochemical
measurements.'? It is also consistent with the observation that
oxides without considerable cation contribution to the valence
bands have very similar valence band maximum energies.!”
The higher Evp of BiO3;, Fe,O3;, BFO, BNT, and PTO
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compared to STO are a clear manifestation of the cation
contribution to the valence band states, which is negligible
only in STO.?” In Bi,03, BNT, and PTO it can only be the
antibonding cation 6s O 2p interaction stabilized by the cation
6p orbitals (see Sec. IV B), which is responsible for the higher
valence band maximum compared to STO.

The higher valence band maximum of BiFeO; compared
to SrTiO; is reasonable when compared to the electrical
properties of these materials. While n-type conductivity, e.g.,
by Nb doping, can be easily achieved in STO,'!* recent studies
showed that a p-type conductivity can be realized in BFO by
substituting Bi with divalent acceptors such as Ca or Sr.!+!15
In addition, the conductivity of BFO is greatly reduced by
substituting Fe with tetravalent or pentavalent donors such as
Ti and Nb.''6-'!8 The electrical conductivities of BFO and
STO do therefore agree with the requirement of a high Evg
for obtaining p-type conduction and a low Ecpg for n-type
conduction.'-

The higher valence band maximum energy of Fe,O3 com-
pared to that of SrTiO3 and other oxides without significant
cation contribution to the valence bands,'” is evidently related
to the contribution of the Fe 3d states, which are similar in
energy as the O 2p states. The comparable Eyg of Bi,O3 and
Fe,O; suggests that the effect of the lone-pair orbital on the
valence band maximum energy is as pronounced as that of the
contribution of the Fe 3d states. This is somewhat surprising
as, in contrast to the Fe 3d states, the overall contribution of
the cation 6s and 6p states to the density of states in Bi,Os3,
BiFeOj3, and Bij sNag sTiOj3 is rather weak. Nevertheless, the
effect of the lone-pair orbital on the valence band maximum is
quite significant. This is particularly intriguing for BNT, where
only 50% of the A sites are occupied by Bi atoms, leading to a
contribution of Bi orbitals to the topmost states in the valence
bands of less than ~5%, as evidenced by the DFT calculations
(see Fig. 7).

Due to the similarity of Eyg of Bi;O3 and Fe,O; it is
not possible to directly discern from the experiment to which
extent the lone-pair orbital and the Fe 3d states determine the
valence band maximum energy in BiFeOs. The experimental
energy band alignment (see Fig. 8) implies that the lone-pair
and the Fe 3d states does not lead to a significantly different
valence band maximum energy compared to those of the parent
binary oxides. These results indicate that the energies of the
valence band maxima in these compounds can be derived
from the local cation environments. The localized nature of
the electronic states at the valence band maximum of BFO is
consistent with a very small dispersion of the topmost valence
bands.!!! The fact that the valence band maximum energy of
BNT is comparable to those of BFO and Bi,O3 also suggests
that the valence band states are strongly localized. In the
case of extended bandlike states, narrower energy bands and
therefore a lower Eyg are expected for BNT, as an influence
of Na on the valence band maximum energy can safely be
excluded (see Fig. 7 and Ref. 119). The direct correspondence
of the valence band maximum energies with the local cation
bonding environment may enable the estimation of valence
band maximum energies of multinary compounds from their
binary constituents.

Compared to Fe, O3 and Bi,03, the valence band maximum
of BiFeO; is 130 meV and 230 meV higher in energy,

045428-9



SHUNYI LI et al.

respectively. It may hence be assumed that Fe 3d states
are more important for Eyg in BFO than the Bi lone-pair
orbital. According to DFT calculations, Fe 3d and Bi 6s states
contribute approximately to the same extent to the total density
of states of BFO near Evyg.''! The comparison between Fe, 03,
Bi, 03, and Big5Nap5TiO3 shows, however, that this is not
necessarily the most important factor. Additional argumenta-
tion is obtained by considering bond lengths and coordination
numbers of the cations, which affect the crystal field splitting
and therefore the energy separation between bonding and
antibonding states in Fig. 6. While the bond length and
coordination of Fe are very similar in Fe;O3; and BFO (see
Table I), the Bi ions in BFO exhibit shorter bond lengths and
a higher coordination with oxygen than in §-Bi,O3. Assuming
that the local bonding environment determines the valence
band maximum energy, this points towards a decisive influence
of Bi states on the valence band maximum energy of BFO.

V. SUMMARY AND CONCLUSION

The Schottky barrier heights at the interfaces of Bi,Os,
Fe,03, BiFeOs3, and BipsNagsTiO; with the high work
function metallic RuO, have been determined by photoelec-
tron spectroscopy using in-situ stepwise deposition of RuO,.
Interface formation revealed no chemical changes of the
substrate during RuO, deposition and a upward band bending
in all cases. The Schottky barrier heights for holes, i.e., the
difference between the Fermi energy and the valence band
maximum (Er — Evyp) at the interface, are found to be 1.05 +
0.15, 0.95£0.1, 0.85£0.1, and 0.72 £ 0.1eV for BNT,
Bi,03, Fe,03, and BFO, respectively. The larger uncertainty
for BNT is caused by the charging of the bare substrate surface,
which makes the determination of the valence band maximum
energy less accurate. The Schottky barriers are slightly smaller
than that determined at the PbTiO3/RuO, interface®”’ but
1.35-1.7 eV larger than that determined at the SrTiO3/RuO,
interface.’”

The different Schottky barrier heights, which provide a
measure for the valence band maximum energy, have been
discussed in terms of the different contributions to the
electronic states in the valence band. Oxides where the valence
bands are formed mainly by O 2p states, including SrTiOs,
show very similar valence band maximum energies as revealed
by a series of interface experiments.I7 If, in contrast, cation
states contribute significantly to the valence band, an upward
shift of the valence band maximum results. Such contributions
may originate from cation d orbitals as in the case of Fe, 03,
but also from the lone-pair effect formed by the interaction of
cation 6s and 6p orbitals with the O 2p orbitals. The latter
give rise to the higher Eyp of Bi,O3, Big5NagsTiOs, BiFeOs,
and PbTiOs5.
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The highest valence band maximum of the studied materials
has been found for BiFeOs3. As the environment of Fe and
the Fe-O bond length in BFO and Fe,O3 are comparable but
the Bi-O bond length is reduced compared to Bi,Os, it is
suggested that the Bi states are essential for the high valence
band maximum in BFO. This is consistent with density of
states calculations, which show a comparable contribution of
Fe 3d and Bi 6s/6p states to the valence band maximum in
BFO.”*!!! The considerable contribution of Bi 65 /6 p states to
the valence band maximum in BFO may lead to an enhanced
carrier mobility compared to pure Fe, O3, as self-trapping leads
to very low mobility in oxides with strong contribution of d
states to the energy bands.”®

The high valence band maximum of BiFeO; corresponds
well with the observation of hole conduction in acceptor doped
material,''*!'> while the high conduction band minimum
agrees with the lack of n-type conduction in donor doped
BFO.!""118 Ag for the comparison between SrTiOs; and
PbTiO;, this demonstrates once again that the energy band
alignment can be used to rationalize the achievable electrical
conductivity of materials, which indicates the importance
of understanding energy band alignment. The present work
demonstrates that band alignments determined experimentally
using interface experiments with photoemission and in-situ
sample preparation deviate significantly from theoretical pre-
dictions based on charge neutrality level calculations' and from
band alignment determined electrochemically.!® The agree-
ment of Fermi level positions in SrTiO3; and PbTiO; aligned
according to the photoemission measurement’ indicates that
the alignment determined from photoemission experiments,
which is measured at the intimate contact between solids,
corresponds best with electrical properties of materials.

The comparison between BiO3;, Fe,Os, BiFeOs;, and
BipsNagsTiO; suggests that the valence band maximum
energy in oxides is largely determined by the local cation
environment rather than by formation of extended energy
band states. This provides a simple and rational way for
manipulating the valence band maximum energy in oxides
with multiple cations from the knowledge of the corresponding
parent metal oxides.
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