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Electrostatic Boundary Conditions and (Electro)chemical

Interface Stability

Binxiang Huang, Paul Erhart, Tongqing Yang, and Andreas Klein*

Interface stability is a key factor for stable operation of electronic and
electrochemical devices. This contribution introduces an approach for the
operando analysis of interfaces using photoelectron spectroscopy employing
a solid oxide electrochemical cell. The combined chemical and electronic
information provided by the experiment reveals that not only chemical but
also electrostatic boundary conditions are essential for interface stability. The
approach is demonstrated using (anti-)ferroelectric (Pb,La)(Zr,Sn,Ti)O,

dielectrics.

1. Introduction

Electrode interfaces are indispensable ingredients of electronic
and electrochemical devices. Their stability under operating con-
ditions is crucial for countless applications including, e.g., batter-
ies, non-volatile memories, memristors, piezoelectric transduc-
ers, and capacitors.'] The thermodynamic stability of materials
is known to be restricted to a fixed range of chemical potentials
(activities) of its constituents.[®] For example, an oxide is only sta-
ble if the oxygen chemical potential, which is connected to the
oxygen partial pressure, is higher than the formation enthalpy
of an oxide. In addition to the chemical potential of the (atomic)
constituents, also the electron chemical potential, which via the
charge neutrality condition determines the Fermi energy in a ma-
terial, must also remain within a certain range. A related elec-
trochemical instability can be induced in two ways: i) by the for-
mation of self-compensating defects;’! ii) by valence changes of
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the constituting elements.®] Both phe-
nomena are intimately connected to the
dependence of the formation enthalpies
of the defects involved on the electron
chemical potential (Figure 1). In the case
of self-compensation, the related defects
are lattice point defects, such as va-
cancies or interstitials. With increasing
electron chemical potential, the forma-
tion enthalpy of acceptor defects, such
as cation vacancies, decreases, while for
low electron chemical potentials, the for-
mation enthalpy of donor defects, such
as anion vacancies or cation interstitials, is reduced. Regard-
ing valence changes, a high/low electron chemical potential
favors a reduction/oxidation of lattice species. For both self-
compensation and valence changes, the material is only stable
thermodynamically when defect concentrations are low enough.
This requires that the formation enthalpies of all defects are posi-
tive. Consequently, the material is only stable as long as its Fermi
energy remains within the ranges indicated in Figure 1a. The
electrochemical stability becomes particularly relevant at elec-
trode interfaces, where the choice of electrode material deter-
mines the Fermi energy at the interface by its Schottky barrier
height, which determines the electrostatic boundary condition in-
dependent of the chemical potentials.

Due to the importance of the electrostatic boundary condition,
it is indispensable to probe both chemical and electronic prop-
erties of interfaces in order to reveal not only the conditions but
also the origin of potential instabilities. X-ray photoelectron spec-
troscopy (XPS) is uniquely suited for this purpose as it provides
exactly this combination of information. Ideally, interface stabil-
ity should be analyzed under realistic or accelerated test condi-
tions. The application of the technique will be demonstrated for
undoped and La-doped Pb(Z1,Sn,Ti)O, (P(L)ZST). The La-doped
sample exhibits an antiferroelectric polarization hysteresis loop,
which is characterized by a reversible field-driven transition be-
tween an antipolar and a polar phase.®! A characteristic hystere-
sis loop of an antiferroelectric capacitor is illustrated in Figure 1b.
The green filled area corresponds to the recoverable energy den-
sity of the capacitor. Due to the specific shape of the hystere-
sis loop, antiferroelectric materials allow for the highest energy
densities of inorganic dielectric capacitors, which are beneficial
for their application in electric power conversion, for example in
electric vehicles or renewable power generation systems.

Changing the electrostatic boundary condition at an interface
becomes possible if an electrochemical cell is installed inside
the XPS system with a top electrode being thin enough to al-
low photoelectrons from the interface to penetrate through the

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. a) Schematic electronic band structure of a dielectric and the
Fermi level limitation induced by self-compensation and valence change,
which are caused by the dependence of the formation enthalpies, AHy,
of intrinsic donor and acceptor defects or of reduced and oxidized lat-
tice species on the electron chemical potential, p.; The dielectric is only
stable if the Fermi energy stays within the range of positive defect forma-
tion enthalpies; b) schematic polarization-field hysteresis loop of an anti-
ferroelectric dielectric. The green area represents the recoverable energy
density, which increases with polarization and with the electric field of the
transition between the antipolar and the polar phase; c) configuration of
the electrochemical cell used for XPS measurements of undoped and La-
doped Pb(Zr,Sn,Ti)O3 (P(L)ZST).

electrode. The corresponding configuration is depicted in
Figure 1c. Operando XPS studies of electrochemical cells have
been reported by other groups.[1%1 In these cases, different con-
ducting oxides have been deposited onto Yttria-stabilized Zirco-
nia (YSZ) single crystals. The YSZ serves as the electrolyte in
these solid oxide cells and enables to change the oxygen content
in the deposited material, the electrode of the cell. The present
work extends this approach to study the interface stability of the
electrolyte material. A key ingredient of the experiment is the top
electrode, in which the Fermi energy can be controlled via the
applied field. The conductivity of the electrode must also be high
enough for proper operation of the cell at an electrode thickness
of only a few nanometers. It will be shown that Sn-doped In,O,
(ITO) is well suited for this purpose.

P(L)ZST is a classical dielectric material that exhibits capaci-
tor behavior in electrode/dielectric/electrode stacks. One of the
issues with capacitors employing perovskite oxide dielectrics is
resistance degradation. Applying sufficiently high direct current
(dc) voltages, the leakage resistance increases with time and may
eventually lead to dielectric breakdown, limiting the application
at elevated temperatures.['>1¢] Resistance degradation is typically
measured in so-called highly accelerated lifetime tests (HALT),
where the dc leakage current is measured versus time at elevated
temperature. The increase of current can be quantitatively de-
scribed by the ionic demixing model,['”] which is based on the
field-induced oxygen migration and the induced changes of local
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electrical conductivity in dependence on oxygen vacancy concen-
tration. Perovskite oxide dielectrics can thus also be considered
as, albeit poor, ionic conductors. As ion migration is fundamental
to the observation of interface instability in the presented experi-
ments, we refer to the studied electrode/P (L) ZST/electrode stacks
as “electrochemical cells” and not as capacitors.

2. Results and Discussion

Panels a,b of Figure 2 display X-ray photoelectron survey spectra
of the samples after heating to 250 °C. Emissions related to the
ITO electrode layer are dominating the spectra. Only the Pb4f
emission from the P(L)ZST substrate is clearly visible. Graphs
c—j display Pb4f, Zr 3d, In 3d, and Sn 3d emissions recorded at
room temperature, at 250 °C before application of electric fields,
at 250 °C during the last measurement with an applied electric
field, and without electric field after cooling down to room tem-
perature. Before applying an electric field, the Pb 4f emission ex-
hibits a single doublet structure, corresponding to Pb?* in the
P(L)ZST. In contrast to the case of BiFeO;,!’®! deposition of ITO
onto P(L)ZST does not directly lead to a reduction of the sub-
strate. At the end of the measurement sequence with increasing
electric field, both samples exhibit two Pb 4f doublets, which are
related to the perovskite phase and, at lower binding energy, to
metallic Pb. Evidently, the samples are reduced at the interface
upon cathodic polarization of the ITO electrode. The Zr 3d spec-
tra exhibit binding energy shifts in parallel to those of the oxi-
dic Pb 4femissions. No changes of the peak shapes are observed.
Ti 2p emissions from the P(L)ZST sample are too strongly atten-
uated by the ITO layer and could not be recorded.

The In 3d and Sn 3d spectra exhibit the same binding energy
shifts with increasing electric field as the oxide component of
the Pb4f emission. An increasing binding energy of In and Sn
indicates an increasing Fermi energy, corresponding to an in-
creasing electron concentration. The asymmetries of the In3d
and Sn 3d spectra also increase with applied electric field. This
further confirms that the increase of the binding energy is re-
lated to an increase of the Fermi energy in the ITO layer.[*") It is
clear though that the ITO electrode layer remains intact during
the measurement, as no metallic In or Sn species are observed.
In panels d,f of Figure 2, a shift of the Pb 4f and the Zr 3d peaks
of the PLZST sample to lower binding energies by 200—300 meV
can be noticed upon heating of the sample. Such shifts are repro-
ducibly observed upon heating in related experiments. They are
likely assigned to changes of the energy gap that are of the same
magnitude (for In,0,, please refer to [20]). Correspondingly, the
peaks shift back to higher binding energy after cooling. The shifts
are not evident for the PZST sample. This can be understood
by other effects contributing the binding energy. The ITO layer
can change its carrier concentration by exchange of oxygen with
the substrate. This effect should be more pronounced for PZST,
which exhibits a higher concentration of oxygen vacancies than
the donor-doped P(L)ZST (see below). The spectra recorded from
PZST at higher fields are also affected by charging effects (see be-
low).

Panels a,b of Figure 3 depict the evolution of the Pb 4f emis-
sion during application of an electric field at 250 °C. The appear-
ance of metallic Pb is evident for both samples. For the highest
fields, a gradual shift to higher binding energies is observed for
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Figure 2. X-ray photoelectron spectra of PZST (left) and PLZST (right).
Survey spectra after heating to 250 °C are shown in (a) and (b). Blue, red,
and orange diamonds indicate emissions from In, Sn, and O, while grey
circles and the arrows indicate the Pb 4f and C Ts peaks, respectively. The
detail spectra (c—j) were recorded at room temperature (light blue), at
250 °C before application of an electric field (dark blue) and during the last

measurement with applied electric fields (black), as well as after cooling
down to room temperature and removal of the electric field (green).

the undoped PZST sample. As the metallic Pb and the In emis-
sions exhibit the same shift, this shift can be associated to a volt-
age drop in the very thin ITO layer, related to the higher current
flowing through the undoped PZST sample (see Supporting In-
formation).

The observed reduction of Pb underneath the cathode elec-
trode contrasts with the reduction of Ti, which has been reported
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Figure 3. Color intensity maps of the Pb 4f spectra of nominally undoped
a) and La-doped b) PZST recorded with applied fields at 250 °C. Panels c,d)
show binding energies, while panels e,f) give the ratio of the metallic to
the oxidic Pb component. The applied electric fields are shown in g,h). The
arrows in (c)-(f) indicate the appearance of metallic Pb, which coincides
with a Pb 4f binding energy of 138.8 eV. Note the different axis scaling of
the electric fields and intensity ratios for PZST and PLZST.

in post-mortem analysis by means of transmission electron mi-
croscopy of the cathode interface after resistance degradation of
Pb(Z1,Ti)O; (PZT) thin films.[?! The difference in reduction be-
havior can be assigned to the different compositions of the stud-
ied samples. The PZT thin film samples studied in Ref. [21] have
aZr/Tiratio close to the morphotropic phase boundary and there-
fore contain a higher Ti fraction (48%) on the B-site of the per-
ovskite lattice than the samples studied here (75% Zr). From a
chemical point of view, a reduction of Ti to Ti** in Ti-rich PZT
is favorable against a reduction of Pb, as the sum of forma-
tion enthalpies of Ti,O; and PbO is lower than that of TiO, and
Pb.[22] For pure PbZrO,, a reduction of Zr is not possible as Zr-
suboxides are not stable.[??] A preference for the chemical reduc-
tion of Pb against that of the B-site cations is therefore expected
for more Zr-rich compositions.

The amount of metallic Pb is considerably higher for the un-
doped sample. This concurs with the expected higher concentra-
tion of oxygen vacancies in this sample. For the La-doped sam-
ple, a considerably lower concentration of oxygen vacancies is
expected as common for donor-doped oxides.[?)] Nevertheless,
there must still be a sufficient concentration of oxygen vacan-
cies in the PLZST in order to induce the reduction. The observed
formation of metallic Pb is not necessarily induced by a high
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Figure 4. a) Binding energy of the Pb 4f emission versus Pb/Pb?* in-
tensity ratio and its relation to the energy band diagram of the top elec-
trode interface. In addition to the P(L)ZST samples, results from a La-Fe
codoped Pb(Zr,Sn)O; sample (PLZSF) and a commercial Pb(Zr,Ti)O; fer-
roelectric sample (PIC 151) are included in the plot; b) After deposition
of ITO, the Fermi energy is below the reduction potential of Pb. Cathodic
polarization raises the Fermi energy in ITO. The energy band alignment
between P(L)ZST and ITO is derived from the binding energy differences
between the Pb 4f and In 3d levels. It is the same for the doped and the
undoped sample (see Figure 3c,d) and identical to the value reported for
the PZT/ITO interface in [24].

concentration of oxygen vacancies, however. It may also be
caused by a change of the Fermi energy and a consequent elec-
trochemical reduction. The change of the Fermi energy at the in-
terface is evident from the binding energy shifts, which are dis-
played in panels c¢,d of Figure 3. With increasing electric field,
all binding energies increase, indicating an upward shift of the
Fermi energy.

The amounts of metallic Pb for the two samples are given in
panels e,f of Figure 3. As indicated by the arrows, the metallic Pb
appears in both samples when the binding energy of the Pb?*-
component reaches 138.8 + 0.05eV. The correlation between
the Pb 4f binding energy and the metallic Pb content is further
emphasized in Figure 4a for four different samples, including
those illustrated in Figures 2 and 3, a 2 % La - 2 % Fe codoped
Pb(Zr,,5Sn,,5)O; sample (PLZSF), and a commercial PZT ce-
ramic with a Zr/Ti ratio near the morphotropic phase boundary
(PIC 151 from PI ceramic, Lederhose, Germany). The latter does
neither show metallic Pb nor does the binding energy of the Pb 4f
peak reach 138.8eV.

The correlation between the appearance of metallic Pb and the
binding energy might be coincidental. However, the two observa-
tions do not have the same origin. In general, the Fermi energy at
an insulator/metal contact is determined by the material with the
higher density of states at the Fermi energy, ITO in the present
case. An upward shift of the Fermi energy at the P(L)ZST/ITO
interface must therefore be caused by an upward shift of the
Fermi energy in the ITO layer as indicated in Figure 4b by the
pink arrow. This change is induced by a partial removal of oxy-
gen from the ITO layer and an associated increase of the electron
concentration. While the reduction of Pb could be caused chem-
ically by a removal of oxygen from the near interfacial region of
the P(L)ZST, the rise of the Fermi energy, which could resultin an
electrochemical reduction of Pb (see Figure 1), is associated with
a removal of oxygen from the ITO layer. The correlation between
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the Pb 4f binding energy and the reduction of Pb clearly reveals
an upper limit of the binding energy of Pb, corresponding to an
upper limit of the Fermi energy. For too high Fermi energies, the
interface of P(L)ZST is not stable. The position of the Fermi en-
ergy at the interface is consequently a fundamental criterion for
interface stability. For the case of dielectric oxides as those stud-
ied in this contribution, this directly affects the choice of metallic
electrode materials suitable for co-sintering of multilayer ceramic
capacitors.[>23

The Fermi energy in P(L)ZST can be quantified from the
binding energy of the oxidic Pb 4f component relative to the va-
lence band maximum. Such values have to be determined from
the bare surfaces of a material.?! For this purpose, we use a
set of data available from room temperature measurements of
bulk ceramic and thin film PZT samples with different com-
o =136.5+0.2eV and
BE\Z/EM =179.9 + 0.2eV. As the energy gap varies with tempera-
ture, the Fermi energy is extracted from the spectra measured af-
ter cooling to room temperature without applied field. Thereby,
it is revealed that the reduction of Pb occurs when the Fermi en-
ergy rises to 2.45 + 0.2 eV above the valence band maximum. This
is more than 1eV below the conduction band minimum.’] The
energetic situation is illustrated in Figure 4.

A crucial ingredient of the operando analysis of Fermi energy
limits and the associated interface stability by means of photo-
electron spectroscopy employing an electrochemical cell is the
top electrode. This has to fulfill several requirements:

positions. The values obtained are BE

1. Itneeds to be thin enough to allow detection of photoelectrons
from the substrate;

2. The electrode needs to be conductive enough at the given
thickness to prevent voltage drops induced by the current
flowing through it. A high resistivity of the used electrolyte
material is beneficial;

3. A homogeneous electrode thickness can avoid inhomoge-
neous current and field distributions across the sample sur-
face;

4. The deposition of the electrode material onto the substrate
should be non-reactive. In the case of oxide substrates, in-
terface reactions can be avoided by using conducting oxide
electrodes;28!

5. The Fermi energy in the electrode material needs to vary
with the applied potential across the electrochemical cell. Ca-
thodic/anodic polarization should raise/lower the Fermi en-
ergy in the electrode and thereby change the Schottky barrier
height;

6. The reduction or oxidation potential of the electrolyte should
lie within the range of the variation of the Fermi energy of the
electrode materials;

7. The electrode material should be stable under operation of the
electrochemical cell.

Apparently, all conditions are fulfilled in the presented exper-
iments, in which ITO has been used as cathode in a solid oxide
electrochemical cell with P(L)ZST as electrolyte. The electrical
conductivity of ITO can be as high as 10* Scm™, leading to sheet
resistances <1kQ at a thickness of 4 nm. However, the undoped
PZST sample has been too conductive, such that condition two
is not fulfilled for higher fields. It is noted that condition two is
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also not fulfilled if ITO is used as anode material. In this case,
the ITO electrode is oxidized, resulting in a substantial reduction
of its electrical conductivity due to incorporation of oxygen.

Future studies will involve different oxides as electrolyte ma-
terials and extend the approach to the anode side of the cells
in order to reveal lower limits of the Fermi energy. Suitable an-
ode materials are yet to be identified. A critical issue will be
the stability of the anode material at elevated temperature, par-
ticularly in ultrahigh vacuum. It may become necessary to per-
form such studies in a near-ambient pressure system, in which
photoelectron spectroscopy can be performed in more oxidiz-
ing environments.[?’! Different challenges will arise for study-
ing other “electrolyte” materials. Materials of interest may exhibit
an electronic conductivity too high for applying electric fields
high enough to induce ion migration. Too high currents will also
lead to voltage drops along the electrode layer and related bind-
ing energy shifts. An alternative is then to use such materials as
electrode with an ion conducting electrolyte, such as YSZ.[10-14]
For chalcogenides, which can also exhibit low temperature field-
induced ion migration,*® suitable electrode materials need to be
identified that fulfill the criteria listed above. With the use of high-
energy XPS, thicker electrode materials can be applied, increas-
ing the range of electrode materials and also allowing for higher
conductive electrolyte materials. The application of the technique
to thin film electrolytes can also be challenging. In the present ex-
periment, contacts with >4 mm diameter were required, which
may result in short circuits when applied to thin films.

3. Conclusion

Operando XPS analysis of solid oxide cells with highly-resistive
antiferroelectric P(L)ZST and ITO as cathode demonstrated a
correlation between the chemical reduction of the P(L)ZST and
the Fermi energy at the interface. The experiments constitute a
unique approach to access interface stability. Combined informa-
tion on chemical and electronic interface properties provided by
X-ray photoelectron spectroscopy can reveal not only the chemi-
cal reactions occurring during degradation but also electrochem-
ical reduction mechanisms. The observations emphasize the im-
portance of electrostatic boundary conditions and offer new in-
sights into the degradation mechanism. As sample geometries
close to real device configurations can be employed, the exper-
iments will establish realistic scenarios for degradation mecha-
nisms based on interface properties.

4. Experimental Section

The P(L)ZST bulk ceramics with a B-site composition of 75 % Zr, 16 %
Sn, and 9 % Ti had been prepared using conventional solid-state ceramic
route. The final sintering step was at 1250°C for 3 h. The doped sam-
ple was located on the Ti-poor side of the phase boundary between fer-
roelectric and antiferroelectric regions in the 2 % La-doped PZST phase
diagram,*" and the undoped one keeps the same B-site ratio as the La-
doped composition. Polarization hysteresis loops and temperature depen-
dent permittivity were shown in Figure S1 (Supporting Information).

For the electrochemical cell (Figure 1c), the P(L)ZST samples were
ground to a final thickness of 200 — 300 um. Pt was used as bottom elec-
trode with a thickness of 50 nm. As top electrode, 3 — 4 nm thick ITO films
with 10 % Sn doping were applied. Before deposition, surface cleaning of
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the ceramic samples was carried out by heating in the deposition chamber
in 0.5Pa O, gas at 350°C for 1 h to remove adventitious carbon.[32] The
ITO films were then deposited by radio-frequency magnetron sputtering
at a substrate temperature of 350 °C in pure argon atmosphere, resulting
in an electrical conductivity of >5000Scm'. According to our extensive
experience with interface analysis, the ITO film was expected to cover the
P(L)ZST substrates homogeneously, despite its low film thickness. One
reason was the used magnetron sputtering technique that was known to
induce a high density of nucleation sites.[3*] The substrate cleaning would
promote this effect. The homogeneous coverage was confirmed by an ex-
ponential decay of the substrate emissions with increasing film thickness
and an attenuation length, which corresponds to the inelastic mean free
path. In addition, polarization hysteresis loops measured inside the XPS
system with the thin ITO electrodes were identical to those measured in
silicone oil with thick electrodes (see Figure S1, Supporting Information).
This would not be the case for inhomogeneous surface coverage.

The samples were mounted on a sample holder allowing electrical con-
tacts to both electrodes. The top electrode was connected to ground, en-
suring that the Fermi energy at the top of the sample was aligned with
that of the spectrometer, which serves as binding energy reference for the
spectra. The latter was calibrated by means of a sputter-cleaned Ag foil.
The cell was positioned on a temperature controlled sample manipulator
in the XPS system (PHI 5700, Physical Electronics, Chanhassen, USA) for
monitoring the changes of the Fermi energy and chemical states by means
of XPS. XP spectra were excited by monochromatic Al Ka radiation and
recorded at a takeoff angle of 45 °. The current flowing through the sam-
ple with applied electric field had been monitored using a Keithley 6487
picoammeter (Tektronix, Inc., USA). The measurements are given in the
Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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