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ABSTRACT

Polarization screening at electrode interfaces has been the subject of controversial studies. The nature and role of the screening

charges, especially when comparing the behavior of ferroelectric and antiferroelectric materials, are still not entirely clear.

In this study, we analyze the polarization screening at electrode interfaces of ferroelectric and antiferroelectric La-doped

PbZr, ;5Sn, Ti, ,5_, 05 by X-ray photoelectron spectroscopy with in situ polarization reversal. A variation of the Schottky barrier

height at a few nanometer thick RuO, and Sn-doped In,O; electrode interfaces, which is caused by an imperfect screening

of the polarization, is only observed for samples exhibiting ferroelectricity but not for samples with antiferroelectric hysteresis

loops. According to the line shape analysis of the photoelectron spectra, the different screening behavior of ferroelectric and

antiferroelectric La-doped PbZr,,sSn Tij,s_.O; can be assigned to differences in charge injection. Antiferroelectric hysteresis

loops are observed if the screening charges are completely injected from the electrode while only partial charge injection is

observed into ferroelectric samples. Charge injection could be fundamental to the reversibility of the field-induced transition

from the non-polar to the polar state of antiferroelectrics.

1 | Introduction

The high recoverable energy density of antiferroelectric capac-
itors, which results from the specific double hysteresis loop
depicted in Figure 1b, is particularly suitable for efficient electric
energy converters in grid systems and electric vehicles [1]. The
characteristic double hysteresis loop of ferroelectrics is ascribed
to a reversible electric field-induced phase transition between a
non-polar and a polar phase of the material having similar energy
[2]. The polar state is stabilized by the electric field, and a removal
of the electric field transfers the material back into the non-polar
state without remanent polarization. The energies of the non-

polar and polar phases and their respective dependencies on the
electric field are (bulk) properties of the materials. By studying
the screening of polarization at interfaces with thin electrodes
by means of X-ray photoelectron spectroscopy (XPS) with in situ
application of electric fields, it will be demonstrated that the
shape of the hysteresis loop of La-doped PbZr,,sSn,Tij,s_,Os,
the prototype (anti)ferroelectric compound [1], is related to an
interfacial property. Measurements of samples with tiny variation
in composition or temperature and with different electrode
materials reveal a different screening behavior of the polarization
at the electrode interface. The screening charges of samples
exhibiting a ferroelectric hysteresis loop remains at least partially
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Polarization, P vs. electric field, E, hysteresis loops of a ferroelectric (a) and an antiferroelectric (b) compound with schematic

orientation of microscopic electric dipole moments (arrows) and domains (squares). The dashed lines represent the initial cycle for unpoled materials.
The recoverable energy density is indicated by the yellow areas. Perfect and imperfect screening of polarization at electrode interfaces are schematically
depicted in (c) and (d). Imperfect screening is described by an effective screening length, A.;r ~ 1 A, which can be taken as an effective separation of the

ferroelectric bound charges (blue) and the screening charges in the electrode (red) [3]. For finite values of A.¢¢, imperfect screening induces a variation

of the electrostatic potential resulting in a variation of the Schottky barrier height with polarization of g, - A®, where g, is the elementary charge.

on the electrode. In contrast, the charges screening the polar-
ization in the high-field ferroelectric state of samples exhibiting
a double hysteresis loop are injected from the electrode into
the substrate.

Screening of polarization charges at interfaces is fundamental
to maintain the remanent polarization of ferroelectric materials
[4-6]. Uncompensated bound charges would generate a depo-
larizing field, which will completely suppress polarization. The
case of perfect screening of polarization at an interface between
a ferroelectric and a conducting electrode can schematically
be described by coinciding positions of the bound polarization
charges and the screening charges as depicted in Figure lc.
However, the screening of polarization is imperfect in most cases.
This results in the variation of the electrostatic potential across
the sample as illustrated in Figure 1d. One consequence of an
imperfect screening is the widely observed reduction of the capac-
itance of ferroelectric thin films with reducing film thickness,
typically denominated as the introduction of a dead layer [7]. As
the effective screening length, A, i.e., the effective separation
between the bound and the screening charges, is typically of the
order of an Angstrom [3, 8] and thereby shorter than the inelastic
mean free path of the photoelectrons in an XPS experiment, the
presence of imperfect screening can be directly observed from

the polarization dependence of the Schottky barrier height at the
ferroelectric/electrode interface, A® [9-11].

The situations for perfect and imperfect screening at electrode
interfaces, illustrated in Figure 1c,d assume that the screening
charges are located on the electrode. The only difference is the
very small spatial separation of the bound and the screening
charges. In other words, the ferroelectric polarization reaches up
to the electrode and then drops abruptly. The situation becomes
different if the screening charges do not remain in the electrode
but are injected into the substrate. In this case, the polarization
will not reach the electrode as outlined by Kretschmer and Binder
[12, 13]. The number of charges required to switch polarization
does not depend on the location of the charges, i.e. if they are
injected into the dielectric or remain on the electrode. Several
observations related to ferroelectric thin films, such as imprint
and fatigue have actually been related to the injection of the
screening charges from the electrodes [14-22]. It is noted that
the injection of charges, which screen the bound polarization
charge is distinguished from the charges contributing to the
leakage current. Screening charges are limited, and they will be
immobilized (trapped) at the plane terminating the polarization.
In contrast, charges contributing to the leakage current are
permanently injected and remain mobile, even if they are trapped
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intermediately in a hopping transport. Leakage currents are not
measurable with the samples studied in this work due to the
high thickness of > 100 um. The situation is different for thin
films, where the total resistance of the material is orders of
magnitude lower and electric fields are typically higher. Due to
the higher fields, injection barriers are also reduced by the image
charge effect, leading to substantial leakage currents of thin films
[23, 24]. Injection into thin films can further be enhanced by
inserting a very thin low permittivity dielectric layer between
the ferroelectric layer and the electrode [25-28]. In any case,
the effects evaluated in this contribution are not affected by
charges injected from the electrode, which contribute to the
leakage current.

This contribution describes experimental observations on fer-
roelectric and antiferroelectric bulk ceramics with RuO, and
Sn-doped In,0; (ITO) electrodes with a few nanometer thickness.
The experimental setting enables to monitor the changes of the
Schottky barrier heights at the electrode interfaces and changes
of the carrier concentration in the ITO electrodes with applied
electric field. Pronounced differences of charge injection behavior
depending on ferroelectric and electrode material are revealed.

2 | Results

Ferroelectric hysteresis loops recorded on the sample stage of
the XPS system with Pt bottom and either RuO, or ITO top
electrodes are displayed in Figure 2a-c. The PLZST samples
studied in this work contain 75% Zr and a varying amount of
Ti and Sn on the B-site of the perovskite lattice. The samples
are doped with 2% La on the A-site. At room temperature,
samples with 11% Ti (denominated as C11) exhibit reversible
ferroelectric hysteresis loops with a saturation polarization of
32 uC/cm? for RuO, and 33.7 uC/cm? for ITO and coercive fields
of 0.8 kV/mm for RuO, and 1.2 kV /mm for ITO, respectively (see
Figure 2b). Samples with 9% Ti (denominated as C09) exhibit
an antiferroelectric double hysteresis loop at room temperature
as depicted in Figure 2c. The saturation polarization at high
electric fields is comparable to the ferroelectric C11 sample. For
reference, a ferroelectric Pb(Zr,Ti)O; sample (PIC 151 from PI
ceramic, Lederhose, Germany) is used throughout this work. It
is noted that significantly higher electric fields are required to
induce the ferroelectric state of the C11 sample in the first cycle.
This behavior is different from that of the ferroelectric reference
sample and indicates an irreversible transition from a non- or
antipolar ground state into a ferroelectric state. In contrast, the
ferroelectric reference sample has a polar ground state from
the beginning.

Pb4f;,, x-ray photoelectron spectra of a PIC 151, and two PLZST
samples containing 11 and 9% Ti with RuO, and ITO top
electrodes are given in dependence on applied electric field in
panels (d-i) in Figure 2. RuO, and ITO differ in work function by
about 1.1 eV [30, 31], resulting in a similar difference of the Fermi
level at the interface [32]. The different Fermi levels are confirmed
by the different binding energies of the Pb4f,,, emission with
RuO, and ITO electrodes (see black lines in panels (d) and
(g) for PIC 151, (g) and (h) for C11, and (f) and (i) for C09 in
Figure 2). It is mentioned that the electronic structures of ITO
and Ru0,, and hence the Schottky barrier heights at the interface

are fully developed at a film thickness of 3 nm [33]. Therefore, the
thickness of the layers does not effect the determination of the
barrier height.

For the ferroelectric PIC 151 reference sample, the Pb 4 f emission
is shifting in dependence on the electric field, indicating an
imperfect screening of polarization. Changes in peak shape,
which are more pronounced in the case of the ITO top electrode,
will be discussed later. For Cl11, the Pb4f peak still shifts with
polarization for the RuO, top electrode. With the ITO top
electrode, the maximum of the Pb4f emission does not change
with polarization, but a pronounced asymmetry develops on
the low binding energy side of the Pb4f emission for positive
polarization (negative polarity at ITO electrode). In contrast,
the antiferroelectric C09 sample exhibits a completely different
behavior. No shifts and no changes of peak shape are observed for
the Pb4f emission of the antiferroelectric C09 sample with both
electrode materials, indicating a different screening behavior.
Ru 3d photoelectron spectra recorded from the three different
samples in dependence on applied electric field are provided
together with the associated Pb4f spectra in the Supporting
Information. No changes in the Ru 3d emissions are observed.
The changes of the In 3d emissions displayed in Figure 2i-1 are
discussed later.

A different screening behavior of the antiferroelectric sample as
compared to the ferroelectric ones is corroborated by measuring a
sample containing 11% Ti at different temperatures. The recorded
hysteresis loops and Pb4f;,, spectra of a sample with a RuO,
top electrode are depicted in Figure 3 for i) initial measurement
at room temperature, ii) subsequent measurement at 100°C,
and iii) measurement performed after subsequent cooling to
room temperature (Ru 3d spectra are provided in the Supporting
Information). The Pb 4 f peaks exhibit clear binding energy shifts
upon polarization reversal in the ferroelectric states at room
temperature before and after measurement at 100°C. In contrast,
no changes in peak shape and binding energy are observed
in the antiferroelectric state at 100°C. A reference experiment
performed with a ferroelectric PIC 151 sample revealed no
difference in screening behavior between room temperature and
100°C. As presented in the Supporting Information, the Pb4f
emission shifts with polarization in both cases. The temperature
dependent behavior strongly suggests that the different screening
is driven by the (anti)ferroelectric ordering and not by a different
chemical composition.

3 | Discussion

The behavior of the Pb 4 f emission indicates a different polariza-
tion screening of ferroelectric and antiferroelectric compounds.
Such differences are expected between perfect and imperfect
screening of polarization as illustrated in Figure 1. However,
such a scenario does not apply to the present case. The effective
screening length, which relates to the difference between perfect
and imperfect screening, depends on the atomic arrangement
at the interface [3]. It is not expected that this arrangement
is significantly different for samples differing by only 2% in Ti
content (C09 vs. C11). The structural analysis (see Supporting
Information) also reveals no difference between C09 and C11 in
the unpoled state, in which the interfacial bonds are established.
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FIGURE 2 | Polarization hysteresis loops of a ferroelectric PIC 151 reference sample (a), a 2% La-doped PbZr; 75Sn 14Tig 1,03 (C11) (b) and a 2%
La-doped PbZr 75500 .16Tip 0903 (C09) (c) measured in ultrahigh vacuum on the sample stage of the photoelectron spectrometer with thin RuO, or
ITO top electrodes. Pb4f;/, XP spectra measured through RuO, top electrodes are given in (d-f), those measured through ITO top electrodes in
(g-1). In 3ds, spectra of samples with ITO top electrode are given in (i-1) and peak maximum positions of the Pb4f emissions in (m-o). The labels
in panels (d-1) indicate the polarity of the voltage at the top electrode. Thick red and blue lines in (d-1) are with applied voltage (+, —) and thin lines after
removal of the voltage (0). The magnitude of the voltage corresponds to the maximum electric field of the polarization loops of the respective sample.
Arrows in (d,e,g,h) indicate asymmetric peak shapes. The Fermi level positions with respect to the valence band maximum at the interfaces can be
extracted from the Pb4f binding energies in (m-o0) by subtracting 136.5eV [29].

It is even less likely that the atomic arrangement changes
significantly when a sample is heated from room temperature
to 100°C. In this case, the composition of the sample and the
interface for the ferroelectric state at room temperature and
the antiferroelectric state at 100°C will be identical. There-
fore, the different screening behavior likely has a different
origin.

The In3d spectra, which are displayed in Figure 2j-1 of the
samples with ITO electrodes, hint toward a potential explanation
for the differences. The In 3d spectra from the ferroelectric PIC
151 reference sample exhibit clear binding energy shifts and
changes in peak shape upon polarization reversal. Higher binding
energies and the more asymmetric peak shape of the In3d
emission, which are observed for the negatively polarised ITO
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FIGURE 3 |

Polarization hysteresis loops of PLZST sample containing 11% Ti on the B-site measured on the sample stage of the spectrometer at

room temperature (a), at 100°C (b) and after cooling to room temperature (c). Respective Pb 47/, spectra are given in panels (d-f) measured with an
applied electric field of +3.5 kV/mm (thick red lines), O (thin red lines), —3.5 kV/mm (thick blue lines) and 0 kV /mm (thin blue lines), respectively. The
dotted black spectra in (f) has been measured without an electric field directly after cooling to room temperature.

electrode, are both related to a higher carrier concentration in the
ITO film [34]. It can thus be excluded that the shift is induced
by charging during the photoemission process. Evidently, the
ITO layer has a higher electrical conductivity when negatively
polarized and a lower conductivity when positively polarized. The
changes of the In 3d peak of the PIC 151 samples are remanent,
they persist after removal of the electric field, indicating that the
changes are not related to the applied voltage but to the change
of polarization.

A noticeable change of the electrode’s carrier concentration upon
polarization reversal is expected for semiconducting electrode
materials if the screening charges are located in the electrode
as illustrated in Figure 4 [35, 36]. The effect is negligible for
metallic electrodes and therefore not observed for the RuO,
electrodes. However, it can clearly be identified for the semi-
conducting ITO electrodes. For negative polarization, additional
electrons are inserted into the electrode from the outer circuit.
These screening charges are mobile and hence contribute to
the free electron concentration. ITO films typically have carrier
concentrations of 5 — 10 x 10%° cm~* if prepared with conditions
similar to those used in this work [37]. For a film thickness
of 5nm, this corresponds to a (sheet) density of electrons of
2.5 — 5% 10" cm~2. This is of similar magnitude as the density of
screening charges corresponding to a polarization of 40 uC/cm?,
which equals 2.5 x 10 cm™. Hence, if all the screening charges

remain on the electrode, almost all electrons would have to be
removed from the electrode to compensate for the polarization
in the case of positive polarization of the ITO electrode. Such a
scenario is not realistic, as the symmetric PE-loops recorded with
ITO electrodes would not be possible if the ITO conductivity is
strongly suppressed. The effect of a varying conductivity of thin
ITO electrodes on the polarization hysteresis loop is illustrated
in the Supporting Information for the case of BaTiO; single
crystals and polycrystalline Pb(Mg, /3Nb2 /3)05-PbTiO; (PMN-PT)
bulk ceramics. Both materials exhibit pronounced asymmetric
hysteresis loops and changes of the In 3d spectra, which can be
explained by changes of the electrode’s conductivity. Therefore,
the symmetric hysteresis recorded for PIC 151, C09, and C11 with
thin ITO top electrodes (black dotted lines in Figure 2a-c) can
only be explained if at least part of the screening charges are
injected into the (anti)ferroelectric bulk.

The presence of charge injection is corroborated by the binding
energies of the Pb 4 f emissions in Figure 2, which are displayed in
Figure 2m-o. As already mentioned above, the binding energies
of the Pb 4 f before poling the sample (black spectra in Figure 2d-i
and black symbols in Figure 2d-f), which corresponds to the
initial Fermi level position inside the energy gap (the Schottky
barrier at the interface), is different for RuO, and ITO. Taking the
initial state as reference, the Pb4f emissions of the PIC 151 and
C11 samples exhibit a smaller shift to lower binding energies for
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FIGURE 4 | Changes of electron density in an ITO electrode upon polarization reversal without charge injection and with charge injection.

the RuO, electrode and a smaller shift to higher binding energies
for the ITO electrode. In other words, if the Fermi level is already
low/high at the interface, the shift to lower/higher binding energy
upon poling the samples is less pronounced. Assuming that the
magnitude of the shift is related to charge injection (no shift
for complete injection of screening charges), this indicates that
injection of holes is easier for lower Fermi levels (RuO, electrode)
and injection of electrons is easier for higher Fermi levels (ITO
electrodes). This is the expected behavior for charge injection.

Assuming different charge injection from RuO, and ITO elec-
trodes, the asymmetric peak shapes of the Pb4f emissions in
Figure 2, which are indicated in Figure 2 by red and blue
arrows, can be rationalized. The asymmetric peak shapes are
likely related to an inhomogeneous electrostatic potential at the
interfaces, i.e. a variation of the Schottky barrier height. This
variation is induced as XPS is a local probe of the electrostatic
potential and a variation of the potential in the probed area results
in a distribution of binding energies according to the distribution
of the potential [38]. As an example, the Pb4f emission of
the PIC 151 specimen with an ITO electrode is considered. The
peak is quite symmetric at high binding energy for negative
voltage polarity (blue spectra in panel (g) of Figure 2. For positive
voltage polarity, where injection of holes is expected but difficult
because of the high Fermi level of the ITO electrode, a part of
the peak is not shifting but remaining at high binding energy,
representing parts of the surface where charge injection occurs
(it is not expected that the absence of the shift is caused by an
absence of polarization switching as the saturated polarization
is comparable for RuO, and ITO interfaces). The majority of the
peak is shifting to lower binding energy, representing parts of the
interface where screening charges are not injected but remain on
the electrode and induce peak shifts due to imperfect screening.
The situation is similar at the C11/ITO interface. In this case, the
majority of the surface exhibits charge injection.

The experimental approach employing X-ray photoelectron spec-
troscopy with thin (semiconducting) electrodes and in situ polar-
ization reversal can clearly reveal insights into charge injection
at (anti)ferroelectric/electrode interfaces. In the studied cases
of Pb(Zr,Ti)O; related compounds, charge injection is evidently
present for all materials, particularly for the low work function
ITO electrodes. Binding energy shifts of the Pb4f emissions
induced by imperfect screening of polarization are completely
absent in the antiferroelectric state, regardless of whether this
is induced by composition or temperature variation. This sug-
gests that the antiferroelectric double hysteresis loop is directly
connected to charge injection. One speculation is that charge
injection might be beneficial for the removal of polarization upon
reduction of the electric field. When the ferroelectric state will
not reach the electrode, no nucleation of an antiferroelectric
state is required to switch back from the ferroelectric to the
antiferroelectric state, as discussed in literature [20]. On the
other hand, it might also be possible that screening charges
remaining in the electrode contribute to the stabilization of
ferroelectric polarization after removal of the applied voltage.
Further experimental and/or theoretical studies are required,
however, to further establish such a connection.

The performed experiments do not reveal details of the charge
injection mechanism. It remains unclear, for example, if the
charges are injected into the valence and conduction band via
thermal Schottky emission or directly into trap states. Charges in
the energy bands would be rather mobile, which is not expected
given the very high resistivity of donor-doped PZST [29]. The
potential barriers for injection into the valence and conduction
band extracted from the binding energies of the Pb4f peaks are
also rather high. Taking a distance between the Pb4f peak and
the valence band maximum of 136.5eV [29], the barrier for hole
injection into the valence band is extracted from Figure 2m-o as
> 1.1eV, in good agreement with previous work [33]. Assuming
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FIGURE 5 | An (anti)ferroelectric material with an electron trap level, Et. The electron trap can be occupied by charge injection if the electrode

is cathodically biased (a). The electric field generated by the trapped charges after removal of the electric field will remove the trapped electrons

(b). The mechanism explains the double hysteresis loop of antiferroelectric materials, for which the high-field ferroelectric state is established by charge

injection, expected to occur via thermionic emission (dashed blue arrow).

a band gap of 3.7eV [39], the barrier for electron injection into
the conduction band is even higher. Candidates for trap states
are hole traps on Pb and electron traps either on Ti, Sn, or Pb
[29, 40-42]. Electron trapping on Ti is often discussed for PZT
with near morphotropic composition (Ti/Zr ~ 1) [41, 42], while
electron trapping on Pb is indicated by the observation of metallic
Pb once the Fermi level at the interface is raised to ~ 2.45eV
above the valence band maximum in the antiferroelectric Zr-
rich compositions [29]. The difference between high and low
Zr content PZT is related to the dependence of the electronic
structure on the Zr content. For lower Zr content, the electronic
states at the conduction band minimum are formed by Ti3d
orbitals, while Pb6p dominates for Zr-rich compositions [39].
Sn may also constitute an electron trap, as it can be present
as neutral Sn** or as Sn”*. The electron trap level in PLZST is
expected to be close to the Fermi level at the interface to ITO [29],
resulting in rather small potential barriers for charge injection
into trap states. A rather low electric field may then already
result in occupation of trap states, as illustrated in Figure 5a.
According to this scenario, occupation of trap states can be easily
accomplished. It is mentioned that charge injection is frequently
used to explain the leakage currents of dielectric/ferroelectric
thin films [23, 24]. The situation for thin films differs from the
present case, as much higher electric fields are applied, for which
also Schottky barrier lowering by image charge effects has to be
taken into account.

Why the injection behavior is different for PLZST having only
2 % different Ti content or why heating from room temperature
to 100°C should result in different charge injection are ques-
tions, which cannot be answered at present, as details of the
charge injection and the nature of the potentially involved trap
states are not resolved yet. Defect properties and the electronic
structure of antiferroelectric materials are largely unknown.
For ferroelectrics, the role of defects is mostly discussed in
connection to anion (oxygen) and cation vacancies and their
interaction with dopants and domain walls [43, 44]. This cannot
constitute a sufficient description as trapped charges, which are
well established in ferroelectrics, are not included in this picture
(see e.g., [29, 40-42, 45, 46]). The trapped charges will not only
affect electrical properties, but they are also strongly changing the

defect equilibria and concentrations by modifying the electronic
defect reaction [47] and further affect optical properties [45, 48].
A quantification of the role of trap states will require knowledge
of their energy levels, which remain to be identified.

4 | Summary and Conclusion

X-ray photoelectron spectroscopy with in situ polarization con-
trol is performed on ferroelectric and antiferroelectric Pb-based
piezoelectric compounds with thin RuO, and ITO top electrodes.
Pb4f spectra recorded through the electrodes revealed noticeable
differences of binding energy shifts in dependence on the polarity
of the applied voltage. Changes in Pb4f binding energy and
peak shape are only observed for samples exhibiting ferroelectric
polarization hysteresis loops with stable remanent polarization
after removal of the applied electric field. The binding energy
shifts can be attributed to an imperfect screening of polariza-
tion. In contrast, no changes in binding energy are observed
for samples exhibiting antiferroelectric polarization hysteresis
loops. The absence of binding energy shifts is not explained by
perfect screening of polarization, as it is induced by a small
variation either of the chemical composition of the sample or
measurement temperature.

A quantitative consideration of polarization reveals that the
charges present in a few nanometer thick ITO electrode are
not sufficient to screen the polarization. If all screening charges
remain on the electrode, positive polarization of the ITO electrode
should result in a strong suppression of its conductivity and
strongly asymmetric polarization hysteresis loops. Such loops
are observed with thin ITO electrodes for PMN-PT and BaTiO,
substrates. In contrast, the PZT reference (PIC 151) and the PLZST
samples containing 9% or 11% Ti exhibit symmetric polarization
loops, indicating that the screening charges are injected into the
substrate, at least partially. Measurements of polarization hystere-
sis loops with thin semiconducting electrodes such as ITO can
thus be used to directly access the injection of screening charges.
Analysis of the In 3d binding energy and peak shape, and of the
Pb4f peak shape suggests complete injection of the screening
charges for samples exhibiting antiferroelectric hysteresis loops.
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The polarization screening by injected charges also explains the
reversibility of the field-induced antipolar-polar phase transition.
A stable remanent polarization and ferroelectric hysteresis loops
may hence require that at least part of the screening charges are
not injected from the electrode. So far, it is not clear whether such
a relation is fundamental to antiferroelectrics in general or just
valid for the specific materials studied. It remains also unclear
why only antiferroelectric materials exhibit complete screening
by injected charges. This might be connected to differences on
the nature and energies of trap states, which are assumed to be
involved in the charge injection mechanism.

5 | Method

The interface studies are performed using polycrystalline bulk
ceramics of 2 % La-doped Pb(Zr, ;5Sn,,5_,Ti,)O; with x = 0.09
(C09) and x =0.11 (C11) located next to the ferroelectric-
antiferroelectric phase transition [49]. The samples are prepared
using the conventional solid-state ceramic route with a final
sintering step performed at 1250°C. Structural analysis using X-
ray diffraction is included in the Supporting Information. It is
fully consistent with literature reports [49-56] and does not reveal
noticeable changes in structure for unpoled samples C09 and
C11. Polarization-electric field (P — E) hysteresis loops recorded at
room temperature for different compositions and in dependence
on temperature are also provided in the Supporting Information.
These, as well as strain-field hysteresis loops and dielectric
permittivity in dependence on temperature and electric field
(both not included in the Supporting Information but available
in [57]) confirm the known phase behavior in dependence on
composition. In order to obtain fully polarised samples inside the
XPS system, where voltages are limited to < 1kV, the samples are
first ground with sandpaper (#1200, #2400, #4000) and then pol-
ished with a polishing disk and diamond paste (6,3, 1, i um) to a
final thicknesses of 0.12 — 0.16 mm. For comparison, commercial
PIC 151 bulk ceramic pellets (PI ceramics, Lederhose, Germany;
composition: Pby go(Zry 45Tig 47(Nig 335bg,67)0.0s)03) are used.

For recording polarization hysteresis loops and XPS with applied
voltages, the same sample configuration is comparable to that
used for studying the electrochemical interface stability [29].
Thin (3 —5nm) RuO, or ITO top electrodes are deposited by
magnetron sputtering using the Darmstadt Integrated System
for Materials Research (DAISY-MAT) [32]. Prior to electrode
deposition, the surface of the pellet is cleaned by annealing
in a low pressure oxygen ambient at 400°C for 1 h. The use
of oxide electrode materials prohibits interface reactions and
island formation [32]. A 50 nm thick Pt film was used as the
bottom electrode. After electrode preparation, the samples are
mounted on a sectioned sample holder, allowing to apply voltages
up to 1000V between the bottom and top electrode on the
sample stage of the XPS system (Physical Electronics PHI 5700,
Chanhassan, MN). The top electrode is always grounded during
XPS measurement to avoid disturbance of the emitted electrons
by the applied field and to ensure a proper binding energy ref-
erence. As the conductivity of the electrodes is even sufficient to
switch polarization, charging related contributions to the binding
energy shifts of the photoelectron spectra can safely be excluded.
XP spectra are excited using monochromatic Al Ka radiation
providing an overall energy resolution of 0.4eV as determined

from the Gaussian broadening of a sputtered cleaned Ag foil.
Spectra were recorded at a 45° emission angle. The shape of the
top contact on the sample holder (see Supporting Information),
which is designed to prevent that the high voltages (up to 1 kV)
applied to the bottom contact are affecting the photoelectron
spectra, prevents measurements with higher emission angles,
i.e. with lower surface sensitivity, as the X-ray source forms a
90° angle with the electron analyzer axis. Polarization hysteresis
loops are recorded on the XPS sample stage with a home
made Sawyer-Tower setup. A model 1HVA24-BP1-F high-voltage
amplifier (Advanced Energy Industries, Inc., USA), supporting dc
voltages up to +£1 kV is used. A 100 Q series resistor is used when
applying constant voltages during XPS measurements to protect
the amplifier in case of potential sample breakdown.
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