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Influence of Defects on the Schottky Barrier Height at

BaTiO3/RuO; Interfaces

Katharina N. S. Schuldt, Hui Ding, Jean-Christophe Jaud, Jurij Koruza,

and Andreas Klein*

The Schottky barrier formation between polycrystalline acceptor-doped BaTiO;
and high work function RuO, is studied using photoelectron spectroscopy.
Schottky barrier heights for electrons of ~1.4 eV are determined, independent of
doping level and oxygen vacancy concentration of the substrates. The insensi-
tivity of the barrier height is related to the high permittivity of BaTiO;, which
results in space-charge regions (SCRs) being considerably wider than the inelastic
mean free path of the photoelectrons. SCRs at any kind of interface should,
therefore, be more important for the electronic and ionic conductivities in BaTiO3
than in materials with lower permittivity. A Ba-rich phase at the surface of
reduced acceptor-doped BaTiO; is also identified, which is explained by the
formation of Ti vacancies in the 2D electron gas region at the surface.

1. Introduction

The progress toward smaller, lighter, and ubiquitous electronic
devices reveals new requirements for electronic compounds. In
the case of multilayer ceramic capacitors (MLCCs), the downscal-
ing of the capacitor’s dielectric thickness with constant dielectric
field leads to an increasing field stress.!"! Resistance degradation,
which is a characteristic feature and major restriction of,

K. N. S. Schuldt, H. Ding, Prof. A. Klein
Department of Materials and Earth Sciences
Electronic Structure of Materials

Technical University of Darmstadt
Otto-Berndt-Str. 3, 64287 Darmstadt, Germany
E-mail: aklein@esm.tu-darmstadt.de

J.-C. Jaud

Department of Materials and Earth Sciences
Structure Research

Technical University of Darmstadt
Alarich-Weiss-Str. 2, 64287 Darmstadt, Germany

Dr. J. Koruza

Department of Materials and Earth Sciences
Nonmetallic Inorganic Materials

Technical University of Darmstadt
Alarich-Weiss-Str. 2, 64287 Darmstadt, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssa.202100143.

© 2021 The Authors. physica status solidi (a) applications and materials
science published by Wiley-VCH GmbH. This is an open access article
under the terms of the Creative Commons Attribution-NonCommercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

DOI: 10.1002/pssa.202100143

Phys. Status Solidi A 2021, 218, 2100143 2100143 (1 of 9)

nowadays, BaTiOs-based ceramic capaci-
tors and which can be traced back to the
field-driven migration of oxygen vacancies,
is, therefore, intensively studied.!*™®!

The overall content of oxygen vacancies
in the dielectric, which determines the
overall conductivity and degradation behav-
ior, will change if oxygen is exchanged at
the electrode interfaces.*! It has been
reported that, at high temperature and elec-
tric fields, O, bubbles are forming under Pt
anodes during degradation.” On the other
hand, it has been shown that oxygen
exchange is affected by ionic space-charge
regions (SCRs),”'® which develop in the
presence of electrostatic potential differen-
ces if ionic defects are mobile.'"! Understanding the formation
of SCRs in oxide dielectrics is, therefore, of particular
importance.

An ideal test case for the formation of SCRs is Schottky bar-
riers, where the Fermi level at the surface/interface can be
changed by deposition of materials with different work func-
tions. If this deposition is performed at room temperature, where
ionic defects in BaTiO; are immobile,[121% this will leave the
Fermi level in the bulk unchanged. On the other hand, the
Fermi level in the bulk can be changed by pretreatment of
the substrate in different atmospheres.

A substantial variation of barrier formation and evolution of
space-charge potential on the bulk defect concentration have
been identified for SrTiOs;, ZnO, Cu,O, and other materi-
als."*'® The reason for the observed dependence on defect con-
centration is closely related to the strategy for the manipulation of
energy band alignment and barrier heights in semiconductor
junctions, where high doping concentrations are used to shrink
the width of SCRs to enable carrier tunneling.!*® The observation
of defect-related barrier modification by photoelectron spectros-
copy (PES) is possible, as the inelastic mean free path of the pho-
toelectrons in typical experiments is in the range of 13 nm,*”!
which is comparable to the tunneling distance of electrons. If
the SCR is of comparable extension, the binding energies mea-
sured by PES do no longer reflect the Fermi-level position
directly at the interface."**"! For extreme defect concentrations,
the width of SCRs can become less than 1 nm. In this case, PES
binding energies might reveal a Fermi energy close to that in
bulk of the material.*? In this respect, PES might also be used
to reveal the energy levels of defects in the bandgap. If the Fermi
level will cross the defect’s energy level in a space region, the
charge density will change (increase) abruptly and form a very
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narrow SCR toward the interface. For high defect concentrations,
PES will eventually probe the Fermi-level position at which the
crossing with defect level occurs. Such effects have been reported
for ZnO,"*'®! where oxygen vacancies form deep electron traps
and can modify barrier heights.”>** Changes of the charge state
of defects in SCRs of BaTiO; are particularly expected for transi-
tion metal dopants, which exhibit multiple valences.'>%"]

In this study, the influence of defects on the Schottky barrier
heights at BaTiO3;/RuO, interfaces is reported. The influence of
defects will be addressed by two different approaches: 1) inten-
tional acceptor doping and 2) control of the oxygen vacancy con-
centration. Therefore, intentionally undoped, 0.1 and 0.5 wt%
Mn-doped BaTiO; ceramics have been synthesized, and the
interface formation with RuO, electrodes has been studied using
PES. The oxygen vacancy concentration and the Mn oxidation
state are additionally modified by pre-treatments in oxidizing
and reducing atmospheres. Despite the large variation of defect
concentrations, no influence of doping and sample pretreatment
on the Schottky barrier height is identified. This is related to the
high permittivity of BaTiO;, which results in wide SCRs even for
defect concentrations of 1%. This is confirmed by numerical sol-
utions of the Poisson equation. The effect of the width of the
SCRs on the oxygen exchange kinetics at electrode interfaces
and for oxygen diffusion in polycrystalline BaTiO; will be
discussed.

2. Sample Preparation and Properties

Intentionally undoped BaTiO; and BaTiO; doped with up to
0.6 wt% Mn have been fabricated to study the influence of
doping and annealing atmosphere on the contact formation to
RuO, electrodes. The produced samples have the nominal
composition of

BaTil,anxO3,5 (1)

with 0 < x < 0.026 and § depending on the oxygen partial pres-
sure during annealing.

The BaTiO; ceramics were synthesized via a conventional
solid-sate-reaction method. The starting materials were BaCO;
(99.9% purity), TiO, (99.6% purity), and MnCO; (99.985%
purity) purchased from Thermo Fisher Scientific. The powders
were batched stoichiometrically and ball-milled in ethanol for
12 h. After drying, the powders were calcined in a first step at
1100°C for 5h in air. Then, the powders were remilled, dried,
and sieved, followed by a second calcination in air for 5h at
1100 °C. X-ray diffraction (XRD) measurements confirmed the
main pervoskite phase (see Figure S4, Supporting
Information). The powders were again sieved, remilled, and
dried. The pellets of 0.3 g with 10 mm in diameter were cold-
pressed with an isostatic pressure of 350 MPa for 1.5min
(Weber 100 E, Weber, Remshalden, Germany). The pellets were
sintered for 6 h at 1350 °C in air. The samples were about 1.1-
1.3 mm after sintering and were then ground and polished. The
thickness of the measured samples using PES varies from 0.4 to
1.2mm. The relative densities were measured using the
Archimedes method and were found to be 94.5-99% of the the-
oretical density (see Figure S1, Supporting Information).
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The Curie point was determined from temperature-dependent
permittivity curves, measured using an LCR meter with a heating
rate of 2 Kmin " for untreated samples (Hewlett Packard 4284A
Precision LCR meter, Hewlett Packard Enterprise, USA). For
reduced samples, the Curie point was determined from the hys-
teresis appearing in temperature-dependent conductivity meas-
urements as descried in the Supporting Information
(see Figure S3, Supporting Information).

For interface studies, the sample surfaces were ground and
polished using 1pm diamond paste finish and lubricant.
Samples were then equilibrated at 900 °C for at least 12h in
air with quenching back to RT to ensure the same oxygen vacancy
concentration. Reduced samples were additionally annealed at
1100 °C for at least 12 h in 5%H,/Ar and quenched to room tem-
perature (RT). The reduced BaTiO; samples show a blackish
appearance with a conductivity of 107! to 1072Scm™*
Oxidized and equilibrated samples are insulating with a conduc-
tivity lower than 107" S cm ™.

The XRD patterns (see Figure S4, Supporting Information)
reveal a pure tetragonal crystal structure for intentionally
undoped and 0.05 wt% Mn-doped BaTiO;. Additional reflections
of a hexagonal phase appear in the patterns of 0.1 and 0.5 wt%
Mn-doped BaTiO;. Whereas the peak intensities of the hexagonal
phase are weak for 0.1 wt%, they are clearly discernable for the
0.5wt% Mn-doped BaTiOs;. The coexistence of tetragonal and
hexagonal phases for Mn-doping concentrations higher than
0.5% for samples fired in air concurs with literature
reports.?# The appearance of the hexagonal phase has been
related to the oxygen vacancy concentration as well as to the
amount of Mn3*.1®) An appearance of a small hexagonal phase
fraction in the XRD pattern of 0.1 wt% Mn-doped BaTiO; could
indicate a slightly higher Mn3] /Mn%" ratio than for the samples
reported in the literature.

Temperature-dependent permittivity measurements displayed
in Figure 1 indicate that the Curie point T¢ of the untreated
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Figure 1. Real part of the permittivity as a function of temperature for a
frequency of 1000 Hz for an untreated undoped BaTiO3 ceramic sample.
The room temperature permittivity is marked. The inlet shows the deter-
mined Curie point for a frequency of 1000 Hz determined from the per-
mittivity measurements of untreated samples and from electrical
measurements for reduced samples. All samples were measured with
Pt electrodes.
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samples is only slightly decreasing with increasing Mn-doping
concentration for the untreated samples, whereas a strong
decrease is observed for the reduced samples. The minor influ-
ence of the Mn doping on the Curie point of samples sintered in
air is consistent with previous reports and suggests that Mn is
present in the Mn*" and in the Mn3* oxidation states.**—"
The strong decrease in T for the reduced undoped BaTiO; could
be attributed to a high charge carrier concentration.*? The Mn-
doped samples show an even stronger decrease in the Curie point
after reduction, suggesting Mn being mainly in the Mn?* oxidation
state accompanied by a high oxygen vacancy and electron concen-
trations.”>*%*31 High electrical conductivities of 107! to
1072 S cm™" and a blackish appearance support the assumed high
charge carrier concentrations of the reduced samples.

3. Surface Properties of Reduced BaTiO;

This section presents the surface properties of the reduced sam-
ples. At the temperatures of 1100 °C used for reduction, cations
are mobile and can result in the formation of secondary surface
phases, 1333 which could affect barrier formation.

X-ray photoelectron spectra reported in this work were
recorded using monochromatic Al Ka radiation with a Physical
Electronics PHI 5700 spectrometer (Physical Electronics,
Chanhassen, MA). Binding energies were calibrated by setting
the binding energy of the Fermi edge of a freshly cleaned Ag
sample to 0eV.

Normalized and background subtracted Ba 3ds,, O 1s, Ti 2p,
and Ba 44 spectra of reduced 0.5 wt% Mn-doped BaTiO; samples
before and after the removal of the surface layer by grinding are
shown in Figure 2. Both Ba peaks exhibit two components indi-
cated by darker (Ba I) and lighter filling (Ba II). This double peak
structure of the Ba emissions is well known for BaTiO; and is
commonly assigned to a bulk (Ba I) and a surface emission
(Ba I1).°*¥ The intensities of the Ba II components of the
ground samples correspond well with those observed for
single-crystal BaTiO3. The O 1s emission of the ground sample
exhibits an asymmetry toward higher binding energies, which is
also observed for clean BaTiOs single crystals.*! According to
the literature, the O I component is assigned to bulk oxygen,
whereas the origin of the asymmetry (O II) is unclear. Here, a
possible origin for the latter could be adsorbed oxygen.

The spectra recorded before and after grinding of the surface
layer are noticeably different. The high binding energy compo-
nents of both Ba emissions are significantly higher before the
removal of the surface layer. The O 1s emission of the non-
ground sample is also substantially more broadened toward
higher binding energies, indicated by the third component O
II1. Moreover, the Ba/Ti ratio, obtained from integrated intensi-
ties of the Ba 3ds/, and Ti 2p core levels and spectrometer sen-
sitivity factors,[* differs by almost a factor of 2 and indicates a
substantial enrichment of Ba after reduction. Moreover, scan-
ning electron microscopy images reveal small particles at the sur-
face of the reduced samples (see Figure S5, Supporting
Information). The particles are estimated to cover less than
10% of total surface area, which is not enough to explain the
increased intensity of the Ba IT components and of the high bind-
ing energy shoulder of the O 1s emission. We, therefore, assume
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Figure 2. Normalized X-ray photoelectron core-level spectra of a reduced
0.5wt% Mn-doped BaTiO; sample before (black) and after (blue) the
removal of the surface layer by grinding. Background subtraction and nor-
malization were performed for better comparison. Curve fitting was con-
ducted for Ba and O emissions using Gaufl-Lorentz functions. The
derived Ba/Ti ratio calculated with the Ba 3d emission is shown for both
samples on the right.

that the Ba-rich surface phase is homogeneously covering the
reduced surface. This is consistent with the higher intensity
of the Ba I component of the Ba 3ds,, peak as compared with
that of the Ba4ds, peak, which is related to the higher surface
sensitivity of the former. Based on the intensity ratios of the Ba II
relative to the Ba I components, the thickness of the Ba-rich
surface phase is estimated to be 1-2nm.

The chemical nature of the surface phase remains
unclear. Potential phases, which might occur, are BaO,
BaCOs, Ba(OH),, BaTi,0,, or Ruddlesden—Popper phases with
incorporated additional BaO layers. The latter has been observed
for BaTiO; thin films.*” In contrast, the solubility of BaO in
BaTiO; for bulk samples sintered in air has been reported to
be below 0.1%.1*! Samples with higher BaO excess exhibit sec-
ondary Ba,TiO, phases. A higher solubility for the highly reduc-
ing anneal used in this work cannot be excluded, however. The
formation of Ba(OH), and BaCOs is also not likely, as hydroxides
are usually not stable at higher temperatures, and the carbon con-
tamination is too low to explain the intensities of the additional
Ba and O components of the annealed samples. Also, the binding
energy of the carbon peak of ~ 285eV does not match with a
BaCO; phase.*! While the binding energies of the additional
Ba and O components would correspond to the formation of
BaO at the surface, the formation of a BaO phase of acceptor-
doped material under reducing conditions is unusual, as cation
vacancy formation is generally favoured under oxidizing
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conditions and for donor-doped material.*’*! Such a behavior

is also documented for SrTiO;1%3**°2 and Na, /2Bi1/;TiO3-
BaTi0;.5’

A possible origin of the formation of the Ba-rich surface phase
may be related to the formation of a surface SCR. Oxygen vacan-
cies will have lower formation enthalpies at the surface than in
the bulk (see the preivous study”®*). The higher concentration of
oxygen vacancies at the surface leads to a positive surface charge
and, consequently, to a downward band bending toward the sur-
face. As the Fermi energy in the bulk of the sample is already
close to the conduction band, the surface will become highly
degenerate. This is consistent with the very high Fermi energies
observed by PES and the formation of Ti3* species at the reduced
surfaces. The latter is evident from the small peak at low binding
energies in the Ti 2p spectra in Figure 2. The formation of a
degenerate surface is, furthermore, consistent with the observa-
tions of 2D electron gases at SrTiO; and also at BaTiO; surfa-
ces,?>>% which have been assigned to surface oxygen vacancies.

The high Fermi energy at the surface will lower the formation
enthalpy of cation vacancies. In agreement between density func-
tional theory calculations®”*® and defect chemical measure-
ments of donor-doped samples,*’" BaTiO; will form B-site
(Ti) vacancies rather than A-site (Ba) vacancies. The formation
of Ti vacancies will proceed by segregation of Ti to the surface,
where it forms TiO, particles and leaves behind a Ba-rich surface
phase. Such a scenario is consistent with all our experimental
observations and with the formation of Ti-rich precipitates in
donor-doped BaTiO;.”® The resulting surface chemical and elec-
tronic structures are shown in Figure 3.

However, a final statement on the composition of the small
particles reported in the scanning electron microscopy images
of the reduced sample is not possible without further measure-
ments. Here, cross-sectional high-resolution transmission elec-
tron microscopy (HRTEM) could be a powerful technique to
elucidate the chemical and structural nature of the precipitates.

Barich

/ Tif =2nm

A‘

1
1
1
: x bulk
: BaTiO;
1
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Ecg|1 Ef Evs
< ¢ v >y

Figure 3. Energy band diagram (left) and schematic composition of
BaTiO; reduced by annealing at 1100 °C in Ar/H, (right). Surface oxygen
vacancies generate a positively charge surface. As the Fermi energy is
already close to the conduction band in the bulk after reduction, a 2D elec-
tron gas forms at the surface, which results in the formation of Ti vacan-
cies. The Ti atoms diffuse to the surface, form TiO, precipitates, and leave
behind a Ba-rich surface phase.
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4. Interface Analysis

4.1. Experimental Procedure

The deposition of the electrode material and the PES analysis
were performed in the DArmstadt Integrated SYstem for
MATerials research (DAISY-MAT),!'”) which combines a multi-
technique surface analysis system with several deposition cham-
bers using an ultrahigh vacuum sample transfer. Before electrode
deposition, reduced samples were cleaned by heating in one of
the deposition chambers of the DAISY-MAT system. Cleaning,
that is the removal of carbon species from the surface, is more
efficient in the presence of oxygen when CO, can form.”
However, the addition of oxygen would reoxidize the surface
region of the reduced samples. Therefore, reduced samples were
heated for at least 1h at 500 °C in vacuum (10~ ® mbar). In con-
trast, equilibrated samples were cleaned for at least 1h at 400°C
in 5 x 10> mbar oxygen. Samples labeled as oxidized were addi-
tionally exposed to an oxygen plasma for 15 min at 200 °C using a
Genll plasma source (Tectra, Frankfurt, Germany) operating in
the atom mode at a pressure of 2.0 x 10~* mbar.

In a typical interface experiment, the bare sample surface is
measured in a first step. In the present case, PES measurements
of the bare surfaces without sample charging are only possible
for the reduced samples. The RuO, films were deposited by
direct current (DC) magnetron sputtering at room temperature
with an applied DC-power density of 0.5 W cm ™2, a gas pressure
of 1 x 10~ mbar, an Ar/O, mixture with 7.5%0,, and a target to
a sample distance of 9.4 cm. Thin RuO, films were deposited
until barrier formation is completed. PES measurements were
carried out after each deposition step. Charging of the insulating
BaTiO; samples can be avoided by electrically contacting the
sample via the conducting RuO, films.

4.2. Interface Formation

The upper panel of Figure 4 shows the survey spectra of a
reduced, nominally undoped BaTiO3 ceramic before and after
deposition of 5 nm RuO,. The survey spectra of the bare surface
reveal the typical Ba, Ti, and O emission lines. Small Si, Ca, and
C contaminations are detected on the surface of some samples.
Deposition of 5 nm RuO, results in an attenuated signal of the
substrate emissions (Ba and Ti) and the growth of the Ru lines.

The core-level emissions of Ba 3ds,, O 1s, Ti 2p, Ru 3d, Ba 4d,
and the valence bands of the bare BaTiO; surface and during
stepwise deposition of RuO, are shown in the lower panel of
Figure 4 from bottom to top. Curve fitting was conducted for
all BaTiO; emissions of the bare surface. The Ba 3ds;, and Ba
4d core-level spectra are composed of two components, as
described in Section 3. The Ti 2p spectrum shows a symmetric
line shape with a shoulder at lower binding energies, which is
attributed to Ti**. The small intensity in the Ru 3d spectral
region at 285eV for the bare BaTiO; surface originates from
some remaining C impurities, which have not been completely
removed by the cleaning procedure.

With increasing RuO, thickness, the intensity of the Ba and Ti
core levels gradually decreases, whereas the intensity of the Ru
emission increases. The Ti 2p emission is partially superimposed
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Figure 4. X-ray photoelectron survey spectra (upper panel) and core-level/valence band emissions (lower panel) of a reduced undoped BaTiO3 ceramic
recorded with monochromatic Al Ka radiation. The RuO, electrode thickness is indicated in nanometers. Curve fitting was conducted for all BaTiO3;
emissions using Gauf-Lorentz functions. An example for the core level to VBM distance is given between the Ba 4d peak and the VBM. The binding
energy shift before and after contact formation is indicated by the two lines in the Ti 2p spectra.

with the growing Ru 3p emission. Nevertheless, the Ti 2p bind-
ing energy can still be determined, as the main Ti 2p; ;, emission
remains well separated. As BaTiO; and RuO, both contain oxy-
gen, the O emission is not attenuated with increasing RuO,
thickness. RuO, deposition leads to a shift of the Ba and Ti emis-
sions toward lower binding energies, as indicated by the solid
and dashed lines in the Ti 2p spectrum.

After RuO, deposition, the valence bands of both materials are
superimposed, making Er — Eypy inaccessible. The core level to
valence band distance is a material constant, which can be used
to obtain the Fermi level during the interface experiment by sub-
tracting the specific distance from the corresponding core-level
binding energies.®") An example of a core level to valence band
maximum (VBM) distance determination for the Ba4d emission

(EVB Ega4d _ E};BM)

Botd = is given in Figure 4.

4.3. The Barrier Heights

The Fermi energy during the contact formation was derived by
subtracting the following core level to VBM distances:

Eyl, =776.38eV, EYj =455.96eV, and E°, =85.95eV.

These values correspond to the average distance calculated for
all measured bare surfaces of the reduced BaTiO; samples.
The values for Ba 3d and Ba 4d emissions were obtained using
the bulk Ba I components of the 3ds/, and 4ds;, emissions,
whereas the binding energy of the Ti 2p,;, was used for the
Ti 2p emission. The derived distances are in good agreement
with the values of previous studies of BaTiOs single crystals.[***?]

Phys. Status Solidi A 2021, 218, 2100143 2100143 (5 of 9)

The barrier formation by RuO, deposition has been studied
for undoped, 0.1 and 0.5 wt% Mn-doped BaTiOj; ceramics in dif-
ferent oxidation states. The Fermi-level positions at the interfaces
are derived from the three cation core-level binding energies and
are displayed in Figure 4 as a function of RuO, thickness. Fermi-
level positions for the bare surfaces (0 nm) are only obtained for
the reduced (non-charging) samples. The value of Ex — Eyp =
3.2£0.05eV is close or even inside the conduction band.
These high Fermi-level positions also agree with the high
conductivity of the reduced samples (conductivities of 0.01 to
0.1Scm™! correspond to electron concentrations of 107 —
108 cm~3 for an electron mobility of 0.5cm? Vs™1).

The Fermi-level positions obtained after deposition of 3.5 nm
RuO, are identical to those obtained for a total RuO, thickness of
5 nm. This indicates that the barrier is already fully developed at a
RuO, thickness of 3.5 nm, which agrees with previous studies of
the contact formation between dielectric oxides and RuO,. The
latter indicate that the contact formation is completed at a RuO,
thickness of 12 nm.['840-62]

The reduced samples exhibit smaller binding energy shifts for
the Ba core levels as compared with shifts of the Ti core levels.
The effect is less pronounced but still evident for the sample
without the surface layer. This results in an apparent dependence
of the Fermi-level position on the core level used for its deriva-
tion. An interfacial reaction as origin of the different binding
energy shifts is excluded, as the equilibrated and oxidized sam-
ples show identical Fermi-level position for all three core levels.
Different binding energy shifts of core levels may also occur
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when the SCR related to the Schottky barrier formation is very
narrow. The core levels with the lowest kinetic energy (highest
binding energy) of the photoelectrons should then exhibit the
largest shift. In this case, it is expected that the binding energy
shifts are largest for Ba 3d and smallest for Ba 4d, being clearly in
contrast with the results shown in Figure 5.

It has recently been demonstrated that the Zn 2p core level and
Zn LMM Auger emission also exhibit different binding energy
shifts during contact formation with RuO,."® In this case, the
different shifts can be clearly assigned to a change in the screen-
ing of the photoelectron core hole during evolution of the barrier.
The origin of this effect could not be finally resolved, but it has
been suggested that it is related to the high electric field, which is
induced by the large band bending due to the high work function
of RuO, (see the following discussion). This situation is very sim-
ilar in the present case, where the Fermi energy at the interface
differs by more than 1.2 eV from that in the bulk of the reduced
samples (see Section 5). In contrast, the bulk Fermi energy of the
equilibrated and oxidized samples should be comparable or even
lower than that at the RuO, interface. No high electric fields
should, therefore, be present at these interfaces. Therefore,
the different (comparable) Fermi energies derived from the dif-
ferent core levels, which are observed at the RuO, interfaces of
reduced (equilibrated and oxidized) BaTiO;, are, therefore, con-
sistent with the presence (absence) of a high electric field in the
SCR as proposed for the ZnO/RuO, interface.”® A change of
core hole screening during interface formation is also indicated
by the change of the Ba 3d and 44 line shapes in the course of
RuO, deposition. In particular, the intensity ratio and energy sep-
aration of the Ba I and Ba II composition are changing during

Oxidation State Core-Level

€ Red ¢ vBM

© Red.+ground X Ba3d-776.38 eV

¢ Eaq () Ba4d-85.95eV
Ox. & Ti2p-455.96 eV

Er-Eygy ineV

BTO:Mn
0.1 wt.%

BTO:Mn
0.5 wt.%

undoped
BTO

L | 1 1 1 1 1 | | |
0 35 5 0 35 5 0 35 5

Thickness of RuO, in nm

Figure 5. Evolution of VBM binding energy Ex — Eygy With increasing
RuO; thickness for undoped, 0.1 and 0.5 wt% Mn-doped BaTiOs ceramics
in an oxidized (orange), equilibrated (red), and reduced state (black). The
interface of a reduced 0.5 wt% Mn-doped sample after the removal of the
surface layer is also included (blue). Dashed lines connect values derived
from the Ba 3d and 4d emissions and solid lines to those from Ti 2p
emissions.
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interface formation. Such effects have also been observed at
other BaTiO; and (Ba,Sr)TiO; interfaces.[®>~%

The Fermi energies derived from the Ti 2p core levels are iden-
tical within the experimental uncertainty of +0.05eV for the
equilibrated, the oxidized, and the reduced sample after the
removal of the surface layer. The value of Ep — Eyg =
1.7 £ 0.05eV is also independent of the Mn dopant concentra-
tion. Only the reduced samples exhibit a clearly higher Fermi-
level position in contact with RuO,. The latter is attributed to
the Ba-rich surface phase.

The Fermi-level position at the BaTiO3/RuO, interface corre-
sponds a Schottky barrier height for the electrons of
@y, = 3.1-1.7 = 1.4eV, where 3.1 €V is taken for the bandgap
of BaTi0;.**! Such high Schottky barriers are reasonable, consid-
ering the effective work function of RuO, of 5.6 eV (see discus-
sion in the previous study®”). The barrier heights are
comparable to that obtained at BaTiO3/NiO interfaces,**! which
has been the highest reported barrier height for BaTiO;. Slightly
lower barrier heights of 1.85 eV have been reported for SrTiOs/
RuO, interfaces." In the case of ZnO, Schottky barrier heights
at RuO, contacts are also among the highest reported for this
material.['®!

The independence of barrier height on doping concentration
and oxidation state of the sample is surprising. For such high
defect concentrations, one has to expect the formation of rather
narrow SCRs, which should result in an effective modification of
the barrier height.**'”! This observation is addressed in the fol-
lowing section.

5. Simulation of the SCR

To calculate the space-charge potential ¢ for the given interface
between BaTiO; and RuO,, the Poisson equation needs to be
solved

¢ p(x)

A 2
02 eg @)

Here, € is the material’s permittivity, g, is the vacuum
permittivity, and ¢ is the charge density, which includes all
electronic and ionic charges.

The defect chemistry of acceptor-doped BaTiOj; is excessively
described in the literature,['*2347751575868701 The relevant
defect reactions for Mn-doped BaTiOj; are the oxygen exchange
reaction, the electron-hole pair reaction, and the acceptor
ionization reactions

0OF = Vg +2¢ + %Oz(g) 3)
nil=e +h 4)
Mn'p; = Mn, + € ©)
Mn'r; = Mn'p; + € (6)

According to defect calculations of BaTiOs,?”*® only doubly
charged oxygen vacancies are considered. The corresponding
charge density for Mn-doped BaTiOs is given by
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p=p—n+2Nys — 2Ny, v — Ny (7)

The concentrations of holes h, electrons e, doubly charged
oxygen vacancies Vg, and singly and doubly charged Mn dopants
Mn';/Mn"r; depend on the Fermi level and were calculated
according to Equation (S1)—(S5), Supporting Information.

The entire procedure has been implemented in MATLAB and
has been solved using the boundary value problem solver of the
fifth-order method (bvpSc).”" For the model, all ionic defects are
assumed to be immobile, which is reasonable, as RuO, has been
deposited at room temperature. The boundary conditions are set
as follows: flat band potential in the bulk (¢ (x = c0) = 0) and
the experimental determined value for the Schottky barrier
height for electrons @y ,, as interface potential (¢(x = 0) = Pyg ).

The simulations shown in Figure 6 have been conducted for a
0.5 wt% Mn-doped sample, corresponding to an acceptor concen-
tration of Ny, = 3.30 x 102 cm™3. Three different values
of oxygen vacancy concentration have been applied. To

1@ H(b) {(c)
4N ] ]
1 O Ecs [1 §
R —
> 3.2 T 1
o ] Er H 23 Vo [T
£ i { Mn .
> 2 o H
E') g ] i
a') T 1 (e - — — = = - -
& 17 i 3+/a+ N
1] { Mn ]
] 1
_I T T T T I T T I_I T 1 T I T T T I T I_I T T T I T T T I T 1
0 250 0 40 80 0 40 80
(d)
] — £=1900 g
—— =500 g
% 1 — e=10 €
o 2
Im
O
W

0 100 200 300
distance from interface in nm

Figure 6. Simulated energy band diagrams BaTiO; doped with 3.3 x
10°cm=3 Mn. The concentrations of oxygen vacancies are
a) 3.31 x 102%cm3, b) 1.8 x 10%cm~3, and ¢) 1.0 x 10%cm~3, respec-
tively. Other parameters for the simulation are given in the text. The energy
is referenced to the VBM positions in the bulk. d) The variation of the
conduction band energy E¢g for the conditions given in (a) but for different
relative permittivities € is shown. Simulated core-level spectra are shown in
the insert of (d). Here, the dashed gray spectrum corresponds to a
Gaussian peak with a full width at half maximum of 1 eV for a flat potential
with Ecg = 1.4 eV. The black, blue, and red spectra correspond to the spec-
tra induced by the potential profiles shown in (d) for an inelastic mean free
path of the photoelectrons of 2 nm. The two dashed vertical lines in the
insert correspond to the position of the Fermi energy at the interface and
to that of the Mn2*/3+ charge transition level assumed in the simulations.

Phys. Status Solidi A 2021, 218, 2100143 2100143 (7 of 9)

physica
status
solidi
[+))

Www.pss-a.com

simulate reducing conditions, an oxygen vacancy concentration
of 3.31 x 102 cm™3 has been assumed in Figure 5a, which
should result in an electron electron concentration of
n ~ 10'® cm~3. For the simulations shown in Figure 5b,c, oxygen
vacancy concentrations of 1.8 and 1.0 x 102 cm™ have been
used. The three different concentrations result in bulk Fermi
energies close to the conduction band (Figure 5a) and close
to the Mn>*/3* transition (Figure 5b) and close to the
Mn3+/#+ transition (Figure 5c), respectively.

In the case of the reduced sample, the overall band bending
toward the RuO, electrode exceeds 1.1 eV. Due to the strong band
bending, which is a result of the high Schottky barrier, the
Mn?*+/3+ charge transition level is crossing the Fermi energy in
the SCR. This is noticeable by a change of curvature of the energy
bands, which is induced by the strong increase in the effective
charge density from 10'® to 3.31 x 102°%cm™3. Nevertheless, the
steeper part of the potential profile still extends over ~ 10nm,
which is better visible from the black curve in Figure 5d. As this
is considerably larger than the inelastic mean free path of the pho-
toelectrons of ~ 2nm, the binding energy of the core levels still
represents mostly the potential close to the interface.

To quantify the influence of the change of the Mn oxidation
state on the binding energy of the core-level emissions, simula-
tions of spectra profiles have been carried out, assuming a
Gaussian peak with a full width at half maximum of 1eV and
an inelastic mean free path of the photoelectrons of 2nm.
More details about the nature of such calculations and their appli-
cation can be found in the previous studies.'*2* The result of
the simulations is shown in the insert of Figure 5d. The solid
black line, which corresponds to the spectrum calculated to
the potential profile indicated by the black line in Figure 5d,
is barely shifted from the spectrum obtained for an infinite width
of the SCR (dashed curve), whose peak position is indicated in
the insert of Figure 5d by ¢p. Three simulations have been car-
ried out using the same defect concentrations and energy levels
but different relative dielectric permittivities of € = 1900, 500,
and 10. The corresponding potential profiles and calculated
photoelectron spectra are shown by the black, blue, and red
curves in Figure 5d, respectively. The value of 1900 corresponds
to the value measured at room temperature. As expected from
the Poisson equation, the width of the SCR narrows considerably
upon reduction of permittivity. Reducing e from 1900 to 500 does
not lead to a pronounced peak shift. However, the maximum of
the peak is shifted by almost 0.4 eV for the lowest permittivity of
€ = 10 and becomes close to the position expected for a Fermi
energy pinned at the Mn2t/3t transition. The simulations
indicate that the missing dependence of Schottky barrier height
at the BaTiO3;/RuO, interface on doping is related to the high
permittivity of the sample. Due to its lower relative
permittivity, BaSnO; might be an interesting host material to
study the experimental accessibility of defect energy levels
using PES."%

Accordingly, the introduction of defects in low and high per-
mittivity materials does not have the same influence on the SCR
width, which is much larger for high permittivity materials. On
the one hand, this will have consequences for the oxygen surface
kinetics, where surface SCRs can reduce oxygen incorporation.!'%
On the other hand, the width of the SCRs will impact the electrical
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properties of grain boundaries. Grain boundaries in (acceptor-
doped) BaTiO; are expected to have a positive grain boundary core
charge with an oxygen vacancy depleted SCR.***273 Thus, the
oxygen diffusion is suppressed in the SCR compared with the
bulk, whereas electronic conduction could be enhanced.
Consequently, the impact of grain boundaries on the oxygen dif-
fusion/electronic properties will be more pronounced for high
permittivity materials than for low permittivity materials.

6. Conclusion

Intentionally undoped and Mn-doped BaTiO; ceramic samples
have been synthesized by the solid-state processing method.
XRD analysis, density determination via the Archimedes
method, and temperature-dependent permittivity measurements
confirmed the high quality of the samples.

Interface experiments to RuO, electrodes have been
conducted for undoped, 0.1 and 0.5wt% Mn-doped samples
in oxidized, equilibrated, and reduced states. A barium-rich sur-
face was observed after reduction, which could be removed by
grinding and polishing. All samples without Ba-rich surface
phase exhibit the same Fermi level of Ep — Eypy = 1.7€V at
the interface with RuO,, independent of the Mn content and oxy-
gen vacancy concentration. The Fermi level corrresponds to a
Schottky barrier height for electrons of ®z = 1.4eV, which
are comparable to the highest measured barrier height for
BaTiO;.*

The simulation of the contact formation between Mn-doped
BaTiO; and RuO, confirmed a pronounced influence of permit-
tivity on the width of the SCR. Even for the highest studied defect
concentrations, the width of SCRs remains larger than the inelas-
tic mean free path of the photoelectrons. This proves that the
measured binding energies correspond to the Fermi level right
at the interface and explains why no pinning of the Fermi energy
at the defect energy level of Mn could be observed with the cur-
rent setting. The experimental assessment of defect energy
levels, which is, in principle, possible by PES, would require
either substantially higher doping levels, materials with lower
permittivity, or higher photon energies. The latter will result
in higher inelastic mean free paths of the photoelectrons.

The results indicate that the influence of defects on the SCRs
will strongly depend on the permittivity of the material. An
impact of oxygen surface exchange on ionic and electronic con-
duction in polycrystalline high permittivity dielectrics has to be
expected. Both effects should contribute to the resistance
degradation of these materials.
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