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The most important interface-related quantities determined by band alignment are the barrier heights for charge trans-
port, given by the Fermi level position at the interface. Taking Pb(Zr,Ti)O3 (PZT) as a typical ferroelectric material and
applying X-ray photoelectron spectroscopy (XPS), we briefly review the interface formation and barrier heights at the inter-
faces between PZT and electrodes made of various metals or conductive oxides. Polarization dependence of the Schottky
barrier height at a ferroelectric/electrode interface is also directly observed using XPS.
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1. Introduction

Energy band alignment at the interfaces of a ferroelec-
tric material is of direct relevance to the material’s electrical
functions. The most important interface-related quantities that
are determined by band alignment are the barrier heights for
charge transport, given by the Fermi level position at the inter-
face. X-ray photoelectron spectroscopy (XPS) has played an
important role in determining the Fermi level positions at the
interfaces of ferroelectrics with different electrodes.

Pb(Zr,Ti)O3 (PZT) is one of the most intensively stud-
ied ferroelectric materials due to its small coercive field,
large polarization, and high Curie temperature, having appli-
cations in piezoelectric sensors, actuators, and non-volatile
memories.!'?] Electrical fatigue — the reduction in polariza-
tion with increasing switching cycles — is a critical issue for
stable ferroelectric device operation. 341 For thin films, both
cycling stability and leakage current strongly depend on the
electrode material chosen.[>® The fatigue of PZT thin film
capacitors is particularly pronounced with Pt electrodes, while
the use of oxidic electrodes such as Lag 5Srg 5Co03, STRuOs,
LaNiOs3, Lag 7819 3MnO3, and RuO, leads to less fatigue.[’-!!]
Different fatigue models and mechanisms have been reviewed
by Tangantsev ez al.[* and Lou et al.!'?! Accumulation of oxy-
gen vacancies at the ferroelectric/electrode interface and/or in-
jection of charge carriers through the interface are thought to
be related to the fatigue phenomenon. Both effects are directly
linked to the PZT/electrode interface properties.

It is known that some interface properties of semicon-
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ducting oxides are of practical importance, e.g., for numer-
ous electronic devices like thin film solar cells, (organic)
light emitting diodes, thin film transistors, and information
technology.!'3! The energy band alignment at semiconductor
interfaces, probably one of the most important properties of
semiconductor heterojunctions, is determined by the Schottky
barrier heights at the semiconductor/metal interfaces and by
the valence and conduction band discontinuities at the semi-
conductor heterointerfaces, and it largely defines the potential
distribution and the current transport through these interfaces,
and thus the functionality of the electronic devices.['*! PZT
thin films are usually treated as wide-band semiconductors due
to the existence of defects, i.e., oxygen vacancies. For the
PZT/electrode interface, the choice of electrode material deter-
mines the Fermi level position at the interface, which defines
the barriers for the injections of electrons (®p , = Ecp — EF)
and holes (Pp p = Ef — Evg). Previously, the Fermi level po-
sition at the PZT/Pt interface has been derived by Scott et al.,
using a combination of metal work function and PZT elec-
tron affinity, Er — Eyg = 1.6 eV.!"3] Using the empirical Fermi
level pinning mode from Monch, '%! Robertson and Chen have
calculated a value of Eg — Eyg = 1.95 eV. Note that neither of
these values was directly determined experimentally. In addi-
tion, they did not take into account possible modifications of
the barrier heights by changes in interface chemistry.

In the present work, all the energy band alignments be-
tween PZT and different materials are ascertained by in situ
photoelectron spectroscopy. The experimental procedure will
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be introduced in the second section.

In the third section (results and discussion), the absolute
values for the barrier heights at the PZT/metal interface will
be introduced first, and the modification of the barrier height
at the PZT/Pt interface upon oxidation and reduction are dis-
cussed as well. Further, the interface between PZT and (con-
ductive) oxides will be reviewed. It has been proposed that ox-

s,[17-18] Jeading to less

idic electrodes absorb oxygen vacancie
fatigue. However, polarization fatigue has also been observed
for n-type conductive electrodes such as InpO3:Sn (ITO)!%20]
and SrSnO3:La.[>!2%] This strongly suggests that polarization
fatigue in the case of PZT is more closely related to the elec-
tronic interface properties. This view is also supported by the
results of Du and Chen,!?*! who observed a greater improve-
ment in fatigue when using a p-type Si barrier, as compared
with an n-type Si barrier. Therefore the injection of electrons
rather than holes might be related to the PZT fatigue. In bulk
form, PZT shows p-type conductivity due to Pb vacancies. In-
deed, there has been a dispute in the literature about whether
the current transport in PZT thin films is dominated by elec-
trons or holes. However it is commonly believed that the Fermi
level position in PZT at the interface corresponds to the zero-
field Schottky barrier height for electrons or holes, and due to
the low carrier concentration in PZT, it is the contact proper-
ties that determine whether the majority electronic carriers in
PZT are electrons or holes.[!*16]

In addition, contact between SrTiO3 (STO) and PbTiO3
(PTO) is introduced. STO and PTO are oxide semiconductors
with similar band gaps of 3.2 eV[**! and 3.4 eV,!*! respec-
tively. The top of the STO valence band is derived mainly from
O 2p states, and the conduction band is largely derived from
Ti 3d orbitals. In PTO, the Pb 6s states contribute significantly
to both the valence and the conduction bands, which is due to
Pb existing in a 42 oxidation state in these compounds.26->7]
Another notable difference between STO and PTO lies in their
electrical conductivity behaviors. STO can be made highly
n-type, e.g., by reduction or by doping with Nb or La,[?8]
while bulk PTO is reported to be weakly p-type because of
intrinsic doping by vacancies.?%*"! The limits of electric con-
ductivity are mainly attributed to the limits of mobile carrier
(electron and hole) concentrations. Since the concentrations
of mobile carriers are defined by the energy distance between
the Fermi level Er and the band edges (Evp and ECB),[14]
the range of accessible conductivities is directly related to the
range of Fermi level positions. This phenomenon is known
as self-compensation and is related to the formation of com-
pensating intrinsic defects, like oxygen or cation vacancies
and interstitials.[>1-3#1 Attempts have been made to general-
ize these doping limits for different materials by aligning them
on a common energy scale, 3234 which is best defined by the
energy band alignment. From the valence band offset format-

ted between PTO and STO, in Subsection 4.3 we will see that
the estimated energy band alignments obtained from electron
affinity measurements, transitivity of barrier heights with var-
ious contact materials and the directly determined band align-
ment are in good agreement with each other. At last, we will
introduce an experimental approach based on photoelectron
spectroscopy, which allows us to quantitatively determine the
Schottky barrier height at a ferroelectric/electrode interface in
dependence on polarization.

2. Experimental procedure

A procedure for determining energy band alignment us-
ing photoelectron spectroscopy (PES) has been outlined by
Waldrop and coworkers,*>! and depicted by Kelin!!3! (Fig. 1),
and has been extensively used to study semiconductor inter-
face formation.!3%37 Binding energies in PES are measured
with respect to the Fermi level of the spectrometer system and
can be easily calibrated by measuring the Fermi edge emission
of a metallic sample. For semiconductor samples, the onset of
emission at a low binding energy corresponds to the valence
band maximum (VBM) at a binding energy of Er — Eyp. The
core levels of the semiconductor should exhibit a binding en-
ergy E\% = Eg(CL) — Eyp with respect to the VBM, which
is characteristic (or a constant value) for a given material and
can be determined for the substrate and the contact material
at the beginning and the end of an interface experiment, re-
spectively. Normally, the interface experiment begins with the
preparation of a substrate surface and continues by stepwise
deposition of the contact material until the substrate emission
lines are completely attenuated. Al Ko radiation is used as
the excitation source for PES (hv = 1486.6 e¢V), which corre-
sponds to a thickness of the contact material of ~ 10 nm. In
order to observe the evolution of the chemical and electronic
properties, the contact material has to be deposited in multiple
steps, starting with films of sub-nanometer thickness.

The procedure of an interface experiment using PES is
illustrated in Fig. 1. The valence band discontinuity is de-
rived from the binding energy difference of substrate and film
core levels AEcr,, which can be measured if the thickness of
the deposited film is less than 3-5 times the inelastic mean
free path of the photoelectrons. The latter is a function of the
kinetic energy of the photoelectrons and varies in the range
of 0.5-3 nm.[38! In the idealized case, AE(¢y, does not depend
on the thickness of the deposited film. However, AEcr, may
be nonconstant in the case of strong band bending or if the
electronic structure of the deposited film is not yet fully de-
veloped, e.g., if the crystallographic structure of the film de-
pends on the film thickness.?>#?! For a reliable determina-
tion of band alignment, a series of depositions with stepwise
increasing film thickness is therefore recommended. If sev-
eral core level lines are available, it is also important to check
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whether AE¢y is constant for different substrate and film core
levels. Valence band discontinuities can be further determined
from photoelectron spectroscopy by valence band difference

[41]

spectra,'*'! although this procedure is less reliable and less fre-

quently applied.
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Fig. 1. Determination of energy band alignment between two semi-
conductors by photo-electron spectroscopy. Experimentally determined
quantities are indicated by asterisks.!!’]

3. Experiment

The experiments were performed using the integrated sur-
face analysis and preparation system DAISY-MT (Darmstadt
Integrated System for Materials Research), which combines a
multi-technique surface analysis system (Physical Electronics
PHI 5700) and several thin film deposition chambers with an
ultrahigh vacuum sample transfer. X-ray photoelectron spec-
tra were recorded using monochromatic Al K¢ radiation, pro-
viding an overall energy resolution of ~ 0.4 eV as determined
from the Gaussian broadening of the Fermi edge of a sputter-
cleaned Ag sample. Binding energies were given with re-
spect to the same Fermi edge emission with an accuracy of
< 100 meV. Charging of the sample during photoemission
measurements was not observed. All spectra were recorded
using a takeoff angle of 45°. The interface formation was mon-
itored by repeated deposition—analysis cycles.

The PZT thin films of 50 nm thickness were deposited on
Si wafers or STO substrates by pulsed laser deposition with
an energy density of 1.8 J-cm™2 at 10 Hz. The temperature

and oxygen pressure were set to 650 °C and 30 Pa, respec-
tively. The PZT target with a nominal composition at Zr/Ti
ratio of 52/48 was made by standard solid state reaction. In
order to obtain a contamination-free surface prior to the top
material deposition, the PZT thin films were heated to 400 °C
in 0.5 Pa oxygen for 1 h. Such a cleaning process has also
been effectively used for other oxide surfaces.*?] The subse-
quent depositions of Pt, Cu, Ag, ITO (In,03:Sb), and RuO,
were all made by magnetron sputtering at room temperature.

4. Results and discussion
4.1. Formation and modification of PZT/Pt interface

Figure 2 shows the XPS survey spectra recorded in the
course of stepwise deposition of Pt. The as-prepared film
shows emissions from Pb, Zr, Ti, and C. The C emissions are
attributed to the typical adsorbed hydrocarbon species, which
is corroborated by the binding energy of 285 eV. No signifi-
cant carbonate emissions are observed. For preparing a clean
surface, the PZT sample is heated to 400 °C in 0.5 Pa oxy-
gen for 1 h; after heating no emissions related to carbon are
observed, and it remains absent during all Pt deposition steps

and subsequent annealing in oxygen atmosphere.
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Fig. 2. X-ray photoelectron survey spectra recorded during stepwise
deposition of Pt onto Pb(Zr,Ti)O3. The deposition times are indicated.
The growth rate of Pt is ~ 5 nm/min.[7]
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The substrate emission intensity decreases and the Pt
emission intensity increases during stepwise deposition of Pt.
This is also observed in the core level spectra, as shown in
Fig. 3. After 128 s deposition of Pt (~ 10 nm), all substrate
emissions are completely attenuated and the spectra show only
emissions related to Pt. The deposition of Pt leads to a partial
decomposition of the PZT substrate as evident from the Pb 4f
spectra, which exhibits a single doublet structure with a bind-
ing energy of the 4f;, component of 138.4 eV. This energy
corresponds to the oxidized Pb species and is thus attributed
to the clean PZT substrate. Note, however, that the absolute
binding energy of the PZT film depends on the chosen sub-
strate due to the different energy level alignments at the sub-
strate/PZT interfaces.

The shapes of the Zr 3d, Ti 2p, and O 1s core levels do
not change during deposition. However, after the deposition
of Pt for 4 s, a second Pb component at lower binding energy
already appears, and it becomes more intense with respect to
the oxidic Pb component with increasing deposition time. The
binding energy of the second species is 136.9 eV, which is typ-

ical for a metallic lead. 434

1 With increasing deposition time,
the metallic Pb species is also attenuated. This indicates that
the metallic Pb remains at the interface and is not floating on
the surface of the growing Pt film. The metallic Pb might,
however, be partially dissolved in the Pt film due to the slightly
negative heat of solution.

The PZT emissions reappear and the Pt 4f intensity de-
creases after the post-annealing that follows the final Pt depo-
sition step. This is attributed to the island formation in the Pt
film and is a typical phenomenon for oxide/Pt interfaces.[*>*]
The changes induced in the Pb 4f and Ti 2p core levels by the
post-deposition treatments are illustrated in Fig. 4. A lowering
of the intensity of the metallic Pb component and a decrement
in the binding energy of the oxide Pb species are observed after
annealing in oxygen at 400 °C. No changes in the line shape
of Ti 2p (and other PZT substrate core levels) are observed.
The binding energies of Ti 2p and other core levels are re-
duced after the oxygen annealing. The Pt 4f emission does not
change its shape and binding energy after oxygen annealing.
The formation of Pt oxides is therefore excluded. Moreover,
after storing the sample for 2 weeks in vacuum (107° Pa) at
room temperature, the energy difference between the oxidic
and the metallic Pb components increased considerably. The
binding energy of the Ti 2p (and other PZT core levels) emis-
sion increased by > 1 eV. After heating the sample in vacuum
(107 Pa) at 400 °C for 30 min, the binding energy of the oxi-
dic Pb 4f peak and Ti 2p peak decreased again.
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Fig. 3. X-ray photoelectron core level spectra of PZT in the course of

Pt deposition. The dashed line in the left graph indicates the binding
energy of metallic Pb.[7"!
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Fig. 4. Pb 4f, Ti 2p, and Zr 3d core level spectra of PZT after depo-
sition of ~ 1 nm Pt (bottom spectra). Other spectra are recorded after
~ 10 nm Pt deposition and different post-deposition treatments: (A)
heating in 0.1 Pa oxygen at 400 °C for 30 min, (B) heating in 1 Pa oxy-
gen at 400 °C for 30 min, (C) storage in vacuum (< 10¢ Pa) at room
temperature for 2 weeks, (D) heating in vacuum (10~ Pa) at 400 °C
for 30 min. The spectra are normalized for better comparison. Dashed
lines are drawn to emphasize the binding energy shifts.[70]

The PZT-related core level emissions, including the ox-
idic Pb 4f component, exhibit parallel binding shifts during
all deposition steps and post-deposition treatments as shown
in Fig. 5. The binding energy shifts of these emissions are
therefore attributed to changes in the Fermi level position with
respect to the band edges of PZT and hence to changes in the
barrier height at the PZT/Pt interface. For the determination
of the absolute value of the Fermi level position at the inter-
face, the binding energy difference of the PZT core levels with
respect to the PZT VBM of the uncovered PZT substrate is
required. >3 The valence band spectrum of the clean, uncov-
ered PZT substrate with the determination of the VBM posi-
tion is shown in the inset of Fig. 5. The binding energy of the
valence band maximum is derived as Eg — Eyvg = 1.61+0.1 eV.
An identical value is reported by Scott et al.,l'>! although the
agreement is considered merely coincidental due to the depen-
dence of binding energies on the substrate. The core level to
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VBM binding energies are derived with the VBM energies as
136.7 eV for Pb 4f; 5, 180.7 eV for Zr 3ds 5, 456.6 eV for
Ti 2p;,, and 528.3 eV for O 1s. The difference between the
binding energies are comparable to those reported by Takatani

46471 which were also determined from a thin PZT film

et al.,!
grown on a Pt substrate.

The Fermi level positions of the differently treated inter-
faces can then be extracted from Fig. 5: Er — Eyp = 1.6 =
0.1 eV for the interface obtained directly after Pt deposition,
1.25 £ 0.1 eV for the interface annealed in 0.1 Pa oxygen at
400 °C for 30 min, 1.1 & 0.1 eV for the interface annealed in
1 Pa oxygen at 400 °C for 30 min, 2.2+ 0.1 eV for the inter-
face stored in vacuum at room temperature for 2 weeks, and
1.55 + 0.1 eV for the interface heated in vacuum (107> Pa) at
400 °C for 30 min. These values correspond to the Schottky
barrier heights for holes ®g ;,. The barrier heights for electrons
are obtained by subtracting these values from the PZT energy
gap of E; = 3.4 eV.1%]
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Fig. 5. Binding energies of PZT-related Pb 4f, Ti 2p, Zr 3d, and O
1s core levels in the course of Pt deposition and post-deposition treat-
ments: (A) heating in 0.1 Pa oxygen at 400 °C for 30 min, (B) heating
in 1 Pa oxygen at 400 °C for 30 min, (C) storage in vacuum (< 107° Pa)
at room temperature for 2 weeks, (D) heating in vacuum (1073 Pa) at
400 °C for 30 min. The inset shows the valence band spectra recorded
from the clean PZT substrate and a thick Pt layer. Core level to valence
band maximum binding energy differences are subtracted to reveal di-
rectly the Fermi level position at the PZT/Pt interface. 7!

Due to the island formation in the Pt film after the first
heating, the surface potential measurements and hence the de-
termination of the barrier heights might be affected by lat-
eral potential inhomogeneities.!*>*339 However, due to the
low doping of the PZT film, the lateral extension of the space
charge layer is expected to be large compared with the distance
between the Pt islands. Under such a condition, the bands are
basically flat along the surface and the measured binding en-
ergies of the PZT emissions, which originate mainly from the
regions between the Pt islands, are expected to represent the
Fermi level position under the Pt islands at the PZT/Pt inter-
face and hence the Schottky barrier height.

The variation of the Schottky barrier height is obviously
related to the changes in the chemical composition of the in-
terface. The changes in the chemical composition and elec-
tronic structure at the PZT/Pt interface upon annealing in dif-
ferent atmospheres have already been shown by Takatani et
al.1*6471 Oxidation and reduction of the interface, as apparent
from the intensity changes in the metallic Pb species, lead to a
reversible decrease and increase in the barrier height for holes.
The reduction of the PZT substrate during the initial Pt depo-
sition is attributed to the heat of condensation of the Pt atoms
on the surfaces, although the dissolution of Pb in Pt might
contribute to the chemical decomposition of the substrate. ']
Comparable effects have been observed during Pt deposition

42,45,52,53

on a variety of substrates.! I The kinetic energy of the

deposited Pt atoms resulting from sputter-deposition may also

154] However, as

contribute to the decomposition of the PZT.
the evaporation of Pt also leads to the decomposition of the
substrate, this is not assumed to be crucial.

After Pt deposition, the interface can be reversibly oxi-
dized and reduced by treatments in different atmospheres. The
oxidation and reduction are accompanied by a decrease and
increase in the Fermi level position at the interface, as also ob-
served for other oxide/metal combinations.[*>#3-5 The varia-
tion of the Fermi energy at the interface is believed to be re-
lated to changes in interfacial defect concentration caused by
the presence of oxygen vacancies, and this seems to be univer-
sal, or nearly so, for oxide/metal interfaces.

The strong reduction of the interface after storage at room
temperature is, however, a quite notable effect which might
have important consequences for the stability of such struc-
tures. This might be induced by a decrease in the hydrogen
concentration in the Pt film, and three-phase boundaries be-
tween PZT, Pt, and the gas phase might also play a role in the
chemical changes of the interface.

4.2. Fermi level pinning at PZT/metal interface

Copper and silver were stepwise deposited on PZT thin
film surfaces, just as we did with Pt. Details of this part also
can be found in Ref. [56]. Figure 6 shows the X-ray induced
Pb 4f and O Is photoelectron core level spectra of the PZT
substrate and Pt 4f, Cu 2p3 5, and Ag 3ds/, core levels of the
deposited metals recorded in the courses of Pt, Cu, and Ag
deposition. The binding energies of the Zr 3d and Ti 2p core
levels shift in parallel with the oxide Pb 4f component. The Pb
4f emissions of the clean PZT substrates exhibit a single dou-
blet structure, related to oxidized Pb in PZT (Pb>*). Slightly
different binding energies of the PZT substrate emissions may
be attributed to weak sample charging or to slightly different
conditions of the substrate/PZT interface. Different charging
of the samples may result from different thicknesses of the
nominally insulating films or from varying substrate condi-
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tions during the growth of the PZT films. The constant line
shapes and widths of core levels from PZT, which are the Zr
3d, Ti 2p, and the Pb%* 4f emissions, indicate that the formed
barriers have a unique value and do not change along the sur-
face.
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Fig. 6. X-ray photoelectron core level spectra of PZT thin films in the
courses of depositing (a) Pt, (b) Cu, and (c) Ag. The core level spec-
tra of Ti 2p and Zr 3d are omitted. The dashed lines indicate metallic
Pb. The thicknesses of different metallic films are given in units of
nanometer. ¢!

The deposition of all three metals leads to a partial de-
composition of the PZT substrate, as evident from the ob-
servation of a metallic Pb component, which is indicated in
Figs. 6(a)-6(c) by dashed vertical lines. The metallic Pb com-
ponent appears at a binding energy of ~ 137 eV and is most

pronounced for the Cu deposition. The weakest intensity of
metallic Pb is observed for the Ag deposition. An interface
reaction is not expected in view of bulk thermodynamics, as
the metal oxides of Pt, Cu, and Ag have only low heats of for-
mation. Copper has the largest heat of formation of metal ox-
ide among the studied contact metals. This corresponds to the
largest amount of metallic Pb observed during the deposition
of Cu, suggesting that the metal oxide formation contributes to
the decomposition of the substrate. No formation of the oxides
of Pt, Cu, or Ag is observed, however, in the XP spectra.

In interface experiments using XPS, a decomposition of
the substrate has been observed even if the contact partners do
not react in the bulk,>!! which has been related to the con-
densation energy of the deposited species.>”! This has to be
expected, particularly for the deposition of atomic species, as
is the case for magnetron sputtering or thermal evaporation of
metals. Rao ef al. have explicitly calculated the binding en-
ergy of Pt on BaTiO; to be 4 eV, ] which exceeds the vacancy
formation energy in the bulk.’°! As the vacancy formation at
surfaces is typically less expensive than that in the bulk due to
the lower coordination number, the reduction of the substrate
at the surface becomes even more favorable.

Additional energy gain favoring the substrate decomposi-
tion may come from the dissolution of substrate metal atoms
in the growing metal film. Enthalpies of solutions of Pb
in Pt, Cu, and Ag have been calculated as —16 kJ-mol !,
+23 kJ-mol~!, and 49 kJ-mol~!, respectively.!®"! Intermetal-
lic Pt—Pb phases such as Pts_7Pb[®!l and Pt;_4Pbl?! are also
believed to serve as nucleation seeds for PZT (111) orienta-
tion during the growth of PZT on Pt. As an additional term,
the surface energy of the deposited materials might be low-
ered by the segregation of the substrate species to its surface
(surfactant effect).

The evolution of the intensity of the metallic Pb species
is not the same for the three metals, as is also evident from
Fig. 6. While the metallic Pb is attenuated with increasing Pt
deposition, its intensity saturates in the cases of Cu and Ag
deposition. The behavior of Cu and Ag is explained by Pb
floating on the top of the growing film, and the metallic Pb
remains at the interface or is dissolved in the growing Pt film.
The differing behaviors of the metallic Pb species are in ac-
cordance with the different enthalpies of solutions of Pb in Pt,
Cu, and Ag. Lead is expected to dissolve only in Pt while the
positive heat of solution with Cu or Ag results in a segrega-
tion of Pb. The binding energies of Pt 4f7 /5, Cu 2p3 /5, and
Ag 3ds 2 lines for the thick Pt, Cu, and Ag films are 71.1 eV,
932.7 eV, and 368.3 eV, respectively, which are the same as the

[44] The O 1s core levels

binding energies of the clean metals.
are attenuated after the final Pt and Ag deposition but not for
the Cu covered sample, where a small signal around 529.7 eV

remains. Such a behavior has also been observed during Cu
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and Au deposition onto (Ba,Sr)TiO3.1"1 The O 1s signal does
not decrease after the final Cu deposition, suggesting that the
remaining O 1s comes from oxygen on the surface of the Cu
film. Such surface oxygen is noticed only for the case of Cu
deposition, which also leads to the largest amount of metallic
Pb. The source of oxygen is therefore attributed to the chemi-
cal reduction of the PZT substrate.

The Fermi level positions at the interfaces are required to
determine the Schottky barrier height. They are derived from
the core level binding energies by subtracting the binding en-
ergy differences of the PZT core levels with respect to the PZT
VBM of the uncovered substrates, as shown in the experimen-
tal procedure section. The difference between the binding en-
ergy of the core level and the VBM is constant for a mate-
rial, and it should not change during metal deposition unless
a strong chemical disruption of the substrate occurs.[3>63:64]
Figures 7(a)-7(c) present the parallel shifts during metal de-
position for all three interfaces. Due to the parallel shift of
these binding energies, it is safe to attribute them to emissions
from a structurally intact PZT substrate and hence to shifts
of the Fermi level position with respect the PZT VBM. The
starting positions of the VBM of the cleaned PZT films are
derived from the XPS spectra before metal deposition, which
are shown in the insets of Fig. 7. Any charging effect during
the photoemission of the uncovered PZT films will not affect
the barrier height determination, as the deposited metal layer
will create a short circuit between the surface and the sample
holder. The latter defines the binding energy reference. The
Fermi level equilibration (electrical contact) of the surface and
the sample holder is justified by the fact that the binding en-
ergies of the core levels of the deposited metals correspond to
their reference values. Therefore, the Fermi level is at zero
binding energy after metal deposition. The binding energy of
the VBM after metal deposition is extracted from the binding
energy before deposition plus the change in binding energy of
the core levels during deposition, corresponding to Er — Eyp
at the interface, which is the Schottky barrier height for holes.

As is also observed for the Pb 4f emission, the VBM bind-
ing energies of the three PZT thin films before metal depo-
sition are slightly different, which may be attributed to dif-
ferent sample charging or to slightly different conditions of
the substrate/PZT interface. The Fermi level position at the
interface with the deposited metal is derived from the plots
in Fig. 7 for a metal thickness with which the shifts of the
core level binding energies saturate. The Fermi levels are
Er—Eyp=1.6%+0.1eV,1.8 £0.1eV,and 1.7 £ 0.1 eV at the
PZT/Pt, PZT/Cu, and PZT/Ag interfaces, respectively. These
values directly correspond to the Schottky barrier heights for
holes, while the Schottky barrier heights for electrons are cal-
culated using a band gap of 3.4 eV as Ecg —Ep=1.8£0.1 ¢V,

1.6 £0.1 eV, and 1.7+ 0.1 eV, respectively. Considering the
experimental uncertainty, the Fermi levels at the interfaces are
more or less at the same position for all three metals. This re-
sult is in very good agreement with the similarity of leakage

currents for these materials.
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Fig. 7. Evolution of the PZT core level lines with increasing (a) Pt,
(b) Cu, and (c) Ag thicknesses. The distance between core levels and
the VBM has been subtracted. The VBM and CBM refer to the band
edges of PZT. The insets indicate the X-ray photoelectron valence band
spectra of the uncovered PZT films used for each interface formation
experiment. The Schottky barrier height for holes, &g, corresponds to
the distance between Fermi level Ep and the VBM Eygy. 5%

The energy band diagrams of the three different
PZT/metal interfaces are summarized in Fig. 8. The vacuum
level, which is included in Fig. 8, is derived from the work
functions of 5.65 eV, 4.65 eV, and 4.25 eV for Pt, Cu, and Ag,
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respectively, and an ionization potential of PZT of 6.8 eV. The
possible band bending in the PZT substrate is not included in
the graphs, as the absolute Fermi level position in the inte-
rior of the film is uncertain, due to possible charging effects.
Due to the low doping of the PZT film, it is also reasonable to
assume that the films are fully depleted. The energetic sit-
uation at the investigated PZT/metal interfaces is, however,
not affected by this uncertainty as the Fermi level of the de-
posited metal serves as the binding energy reference. The bar-
rier heights at the interfaces are derived from the XPS mea-
surements described above. The differences in contact poten-
tial for the three different metals are mainly compensated by
large interface dipole potential drops. They are 0.45+£0.1 eV
for PZT/Pt, —0.35+0.1 eV for PZT/Cu, and —0.84 0.1 eV
for PZT/Ag.

E
r PZT Pt PZT Cu PZT Ag
5=
Evac A5 eV 6= 5=
> . 1035 eV Yosiev
B @ >
RE :
Ecg y = I TT
>0) Py =] & e 3 Pp =
< 1.8 eVy LE eV S L7 eV
Er ol"a- ..............................................
LISC
Evp

Fig. 8. Band diagram of PZT/Pt, PZT/Cu, and PZT/Ag interfaces con-
taining interface states reflected by the dipole potential 8. The electron
affinity ¥ = 3.4 eV of the cleaned PZT thin films is derived from the
UPS measurement and an energy gap of 3.4 eV. By considering the
Schottky barrier heights for electrons at the interfaces and taking work
functions of 5.65 eV, 4.65 eV, and 4.26 eV for Pt, Cu, and Ag, respec-
tively, into account, the dipole potential § can be derived from the dis-
continuity of the vacuum level Eyac at the interface. Here Ecp, Ef,
and Evyp refer to the conduction band, Fermi level, and valence band of
PZT, respectively. 3]

Fermi level pinning is a well-known phenomenon for
semiconductor interfaces, and it is particularly pronounced
for covalently bonded semiconductors such as Si and III-V
compounds.[®! The Fermi level pinning is related to the in-
duced gap states, which occur at semiconductor interfaces due
to the wave function matching, leading to an exponentially
decaying wave function in the semiconductor energy gap. 0]
For a high density of induced gap states, the Fermi level at
the interface is pinned close to the charge neutrality level of
the induced gap states,®”! which has been derived by evaluat-
ing branch point energies or dielectric midgap energies. 681
Charge neutrality levels for high permittivity oxides have been
calculated by Robertson and Chen.!”?! The levels for PbTiO;
and PbZrOj are given as Ecnp — Evp = 1.9 eV and 2.6 eV,

respectively. The former corresponds well with the Schottky

barrier height determined for PZT in this work. The samples
used in the experiments, however, have a Zr/Ti ratio of nearly
1. If the charge neutrality level scales linearly with the com-
position, an Ecng, — Evp ~ 2.35 eV is estimated based on the
values of Robertson and Chen. This is significantly higher
than the observed Fermi level position at the three interfaces.
Extrinsic defects can considerably affect the barrier
heights.[4>4371.72] Tt is therefore only reasonable to compare
charge neutrality levels with experimental Schottky barrier
heights for interfaces with low concentrations of extrinsic de-
fects. As the defects are related to the chemical reduction of
the interface, it is likely that these are related to oxygen defi-
ciency. Hence, the lowest defect concentrations are expected
for most oxidizing conditions, which consistently leads to a
downward shift of the Fermi energy at the interface,[4>+>71]
corresponding to a lowering of the hole Schottky barrier. The
lowest Fermi level position observed at the PZT/Pt interface
is Eg — Evg = 1.1 eV,"H which is significantly lower than the
charge neutrality level calculated by Robertson and Chen. "]
Due to the large deviation between the charge neutrality level
and the Schottky barrier height for nearly defect-free inter-
faces, it is suggested that Fermi level pinning by the induced
gap states is not pronounced for the PZT/metal interfaces. This
is in agreement with the large variation of Schottky barrier
heights of PZT with RuO, and Sn-doped In; O3 (see next sub-
section), where oxygen deficiency is not expected to play a
role. The observed Fermi level pinning at the PZT/metal in-
terface is consequently ascribed to extrinsic defects at the in-
terface. Due to the observed chemical reduction of the PZT,
oxygen vacancies are the most likely candidates for these de-

fects.

4.3. Interface between PZT and conductive oxide elec-

trodes

Conductive oxides RuO; and ITO are stepwise deposited
onto cleaned PZT substrates and the binding energies of the
core levels are measured after each step with XPS without
breaking the vacuum. The Schottky barrier is also determined
by the position of the Fermi level in PZT at the interface. As
shown in the inset of Fig. 9, the VBM of the PZT sample
lies at 1.7+ 0.1 eV. In Fig. 9, the evolution of the PZT sub-
strate core level lines during the stepwise deposition of RuO,
is shown. The difference between core level binding energies
and the VBM obtained from the uncoated substrate is sub-
tracted. The shifts of the core level binding energies saturate at
Er— Eyg = 1.01+0.1 eV for RuO; of thickness > 1 nm. The
Schottky barrier height for holes ®g ;, and electrons P, can
therefore directly be extracted, amounting to 1.0£0.1 eV and
2.440.1 eV for the PZT/RuO, interface.
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Fig. 9. Evolution of the PZT core level lines with increasing RuO;
thickness. The distance between the core level lines and the VBM has
been subtracted. The inset shows the X-ray photoelectron valence band
spectra of the uncovered PZT film and the 10 nm thick RuO; film grown
on the PZT substrate. (7!

The band alignment between PZT and ITO is determined
from the evolution of the PZT and ITO cation emissions with
increasing ITO thickness, as presented in Fig. 10. In the inset,
the valence band spectra of the uncovered PZT film and the
12 nm thick ITO film grown on PZT are shown. The VBM po-
sitions are derived from the leading edges of the valence bands
and lieat2.3£0.1 eV and 3.2540.1 eV for the uncoated PZT
and thick ITO, respectively. In the ITO valence band spec-
trum, the emission at the low binding energy side of the VBM
at ~ 2-3 eV binding energy can be explained by partially un-
saturated cations.*3 The PZT sample with 200 nm thick is
used in determining the Fermi level at the PZT/ITO interface,
which shows a 0.6 eV higher VBM position than that of the
50 nm thick PZT used in the PZT/RuO; interface, indicating
a slight charging of the thicker PZT film. Due to the parallel
shift of substrate and overlayer binding energies, as discussed
with regard to the PZT/metal interface, the band alignment can
be reliably determined. The discontinuity of binding energy
evolution between 0.5 nm and 1 nm thick ITOs is explained
by the compensation of the charging effect: once the thick-
ness of the ITO exceeds a certain limit, it becomes conductive
enough to short circuit the sample surface with the electrically
grounded sample holder. The compensation of the charging
effect is verified by the VBM binding energy of the thick ITO
film, which is within the range expected for comparable pre-
pared films. This guarantees that the barrier height for charge
injection, which is given by the Fermi level position at the in-
terface, is not affected by charging and can thus be directly
derived from Fig. 10, where the Fermi level position at the
PZT/TO interface Er — Eyvg = 2.1 £0.2 eV is deduced for the
ITO with thickness > 1 nm. The Fermi level at the PZT/ITO

interface is thus in the upper half of the band gap. Since the
PZT core level lines do not completely saturate at larger ITO
thicknesses, a higher margin of error is assumed. By taking
the band gap of PZT of 3.4 eV into account, a Schottky bar-
rier for electrons of 1.3 4+ 0.2 eV is derived. Furthermore, a
valence band offset between PZT and ITO of 1.1 £ 0.1 eV is
derived with the ITO VBM lying at lower binding energies.
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Fig. 10. Evolution of the PZT core level lines with increasing ITO thick-
ness. The distance between the core level lines and the VBM has been
subtracted. The inset shows the X-ray photoelectron valence band spec-
tra of the uncovered PZT film and the 12 nm thick RuO, film grown on
the PZT substrate. 7]

The 1.1 eV difference of the Fermi level positions at the
contacts between PZT and RuO, and between PZT and ITO
is almost as large as the difference in the work functions of
RuO, and ITO of 1.6 eV. This points to a less strong Fermi
level pinning for PZT with oxide electrodes than that calcu-
lated by Robertson and Chen using charge neutrality levels
(CNLs).[7%1 They derived a pinning index of 0.31 for PbTiO3
and 0.4 for PbZrO3, which gives ~ 0.4-0.64 eV difference in
barrier height for RuO; and ITO. This is considerably less than
the experimentally found value of 1.1 eV. It is also astonishing
that the Fermi level at the contact between RuO, and PZT is
just 1 eV above the VBM. In the case of the (Ba,Sr)TiO3/RuO,
interface, the Fermi level lies ~ 2.3 eV above the VBM.["4
The CNLs for SrTiO3 and PbZrO;3 calculated by Robertson
are both at 2.6 eV above the VBM, while the CNL for PbTiO3
is calculated to lie at 1.9 eV.[! For an almost equal mixture
of PbTiO3 and PbZrOs3, as used for this study, a higher Fermi
level position would be expected at the PZT/RuO, interface in
theory.

A schematic energy band diagram of the deposited
PZT/ITO, together with the PZT/RuO, contact, is given in
Fig. 11. In the case of the PZT/RuO; interface, a Schottky
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barrier for holes of 1.1 &+ 0.1 eV is found. For the PZT/ITO
interface, a Schottky barrier for electrons of 1.3 £+ 0.2 eV is
derived. This shows that using different oxide electrode ma-
terials allows for engineering the contact properties. For the
PZT, a transition from a preference for hole injection to a pref-
erence for electron injection can be achieved when switching
from RuO; electrodes to ITO electrodes.

E
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A
Ecp 7 Eg=34
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Ep-pmpmeme X - Epeedemo—. |
= _I P, =1.0
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Fig. 11. Schematic band diagram of the PZT/ITO contact (left) and the
PZT/RuO2 contact (right). The ITO is a degeneratively doped semicon-
ductor having a fundamental band gap of ~ 2.7 eV with the Fermi level
lying in the conduction band, as also confirmed by the VBM position of
3.25 eV. All the energies are given in units of eV.[”!

4.4. PbTiO3/SrTiO; interface

Due to the perfect lattice match between SrTiO3 (STO)
and PbTiO3 (PTO), PTO films grown on STO substrates are
intensively studied. The valence band offset AEyp between
STO and PTO is first derived based on the transitivity rule.
Transitivity is given when the band offsets between materials
A and B and between materials B and C add up to the band off-
set between materials A and C.!7>! The difference of the Fermi
energy position at the interface of STO and PTO with various
materials provides an estimate for the PTO/STO band align-
ment. The validity of transitivity in the case of the STO/PTO
contact will be verified by the direct band alignment shown
in this section. Details about the PTO/STO interface can be
found elsewhere.[”®!

Pb(Zr,Ti)O3, or
(Ba,Sr)TiO3; and different contact materials are determined

Barrier heights between SrTiOs,

with in situ photoelectron spectroscopy. Pt, RuO,, and Sn-
doped In;O3 are deposited stepwise onto the substrate by
using magnetron sputtering. The substitution with isovalent
atoms Zr and Ba does not lead to any observable shift of the
band edge energies, since the band gaps of both materials are
almost unaffected. It is therefore expected that the barrier
heights determined for BST or PZT should be essentially iden-
tical to those of STO or PTO.

In general, the barrier heights of SrTiO3 (or (Ba,Sr)TiO3)
and Pb(Zr,Ti)O3 with the three contact materials all show a dif-
ference larger than 1 eV, as shown in Fig. 12. For the BST/Pt
and the PZT/Pt interfaces, the Fermi level position depends
on the oxidation state. When Pt is deposited, reduction takes
place at the surface, leading to the formation of oxygen va-
cancies and therefore the Fermi levels closer to the conduction
band (dash-dotted line). By annealing the sample in oxygen,
the interface is oxidized and the defect concentration can then
be reduced, leading to a downward shift of the Fermi level
closer to the valence band. For a reduced interface, the bar-
rier height difference is slightly larger than that of an oxidized

interface.
Pt RuO, In,0,:Sn
Ecsm
"""""" & T1.1 eV
S 1.1eV o b SN
I 096V — 11.3 eV
EVB\I

SrTiO;  Pb(Zr,Ti)O;  (Ba,Sr)TiO3 Pb(Zr,Ti)Og SrTiO;  Pb(Zr,Ti)O;

Fig. 12. Fermi level positions at interfaces of (Ba,Sr)TiO3 and
Pb(Zr,Ti)O3 with the electrode materials Pt, RuO,, and In,O3:Sn. De-
pending on processing, reduced (dash-dotted line) and oxidized (dash
line) states of the Pt interface can exist, having high and low Fermi
level positions, respectively. The distance between the interface Fermi
level positions in STO and PTO is shown for the different electrode ma-
terials. Here Ecg and Evp are conduction band minimum and valence
band maximum positions, respectively.7°]

The similarity of the barrier height differences among all
three different contact materials indicates that the Fermi level
positions at BST and PZT interfaces are certainly transitive.
The valence band maximum of PTO (or PZT) is thus approx-
imately 1.1 eV higher in energy than the valence band maxi-
mum of STO (or BST).

In order to verify the transitivity shown by the barrier
height measurements, the direct energy band alignment be-
tween STO and PTO has been determined. A PTO thin film
prepared by pulsed laser deposition was used as the substrate
and an STO thin film was stepwise deposited onto the substrate
by applying the same experimental procedure as explained in
Section 2.

By extracting the binding energies of Pb and Sr emis-
sion lines from the photoelectron spectra, the evolutions of
the binding energies both from the PTO substrate and the
The in-
set shows the valence band spectra and the determined va-

STO film can be obtained, as shown in Fig. 13.

lence band maximum energies of the uncovered PTO substrate
and the 8-nm thick STO film. The binding energy difference
(EB,core — Evpm) between the Sr and Pb core levels and the
valence band maximum is subtracted in Fig. 13 in order to
obtain a better comparison of the energy evolution. After the
subtraction, the binding energy evolution nicely represents the
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evolution of the valence band maximum during the interface
formation.
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Fig. 13. The binding energy of the Pb 4f;/, and Sr 3ds/,emission
lines with respect to the corresponding valence band maximum posi-
tion, shown in dependence on the STO film thickness. The inset fea-
tures XP valence band spectra of the uncovered PTO sample and the
8 nm thick STO film.["®!

Both of the binding energy courses show a slight shift at
low STO film coverage at the beginning of the interface for-
mation. After the STO reaches a film thickness of 2 nm, the
binding energy of Pb 4f exhibits a downward shift toward its
original value as the uncovered substrate, while the binding
energy of Sr 3d still shows a very small increase. Neverthe-
less neither of them shows a strong variation at high STO film
coverage, indicating that the interface formation can be con-
sidered to be complete at 4-nm film thickness. It is therefore
feasible to determine the valence band offset at dsto = 4 nm,
where the energy shift of Sr 3d tends to saturate while the Pb
4f is still quite detectable. At this thickness, the energy differ-
ence between Sr 3d and Pb 4f, which corresponds to the off-
set at the valence band maximum of STO and PTO, amounts
to 1.1£0.1 eV, with the valence band maximum of STO ly-
ing lower than that of PTO. By considering the band gaps of
STO (3.2 eV) and PTO (3.4 eV), the offset at the conduction
band minimum of these two materials amounts to 1.34+0.1 eV.
This energy band alignment derived from the direct interface
analysis is very consistent with the estimated value from the
barrier height measurements described above, which confirms
the reliability of transitivity for determining the energy band
alignment.

The determinations of the energy band alignment be-
tween SrTiO3 and PbTiO3; reached by different experimental
approaches are in very good agreement. The directly measured
valence band discontinuity at the PTO/STO interface amounts
to 1.1 £ 0.1 eV, with the energy bands of STO lying lower
than those of PTO. This corresponds quite well to the observed
1.1 eV lower Fermi level position at the interfaces of PTO with

different contact materials as compared to STO, showing that
the band alignments at these interfaces are transitive.

The distinct energy band alignment of STO and PTO can
be attributed to their different electronic structures. The va-
lence band of STO is formed almost exclusively by the O 2p
states, and the Ti 3d states contribute only to the conduction
band. This kind of electronic structure is also observed for
many other oxides such as In,O3, SnO,, ZnO, and Al;0O3, in
which the valence band is mostly formed by the anion oxygen.
As a result, the valence band discontinuity (AEvgm) between
STO and these oxides follows the so called common-anion
rule and is practically zero. In PTO, however, Pb is present
as Pb?*, i.e., in a 5d'96s26p° configuration with an occupied
s orbital at the last valence shell. Payne and Walsh have re-
vealed, using DFT calculations and photoemission, that in Pb-
containing oxides, the occupied cation 6s/6p orbitals interact
with the O 2p orbitals in a way that a bonding state at the bot-
tom of the valence band and an antibonding state at the top are
formed.!””-78] This is often referred to as the lone-pair effect.
Due to the relativistic stabilization of the 6s electrons, the Pb
6s states appear predominantly as a separate energy band be-
low the O 2p dominated valence bands, which is represented
by the emission at Eg ~ 10 eV in the inset of Fig. 13. A sim-
ilar effect can be observed from Bi-containing oxides, since
Bi, the neighbor of Pb in the periodic table, has an electronic
configuration similar to that of Pb, and therefore exhibits the
lone-pair effect as well.[7*8%1 As a result, the cation Pb in PTO
contributes significantly to the formation of the valence band,
leading to a higher valence band maximum energy compared
to that of STO.

The energy band alignment shows a strong correlation to
the electrical properties of these materials. When the Fermi
level, which determines the charge carrier concentrations in
the valence band (i.e., hole concentration p) and in the con-
duction band (i.e., electron concentration n), is located well
above Evyp or below Ecp, the material is an insulator. Vary-
ing the Fermi level position by doping is limited by the for-

mation of intrinsic defects.[33-34:81.82

| Lowering the Fermi en-
ergy by acceptor doping generally reduces the formation en-
thalpy of intrinsic donor defects like oxygen vacancies or
metal interstitials.**) The doping limit, i.e., the lowest pos-
sible Fermi energy, is reached when the formation enthalpy of
the donors becomes zero. Raising the Fermi energy by donor
doping is correspondingly limited by the intrinsic acceptor for-
mation. Hence the different electrical properties of oxides are
related to the energies of the valence and conduction bands
on an absolute energy scale. A material having a low valence
band energy cannot become a p-type conductor, while a mate-
rial having a high conduction band energy cannot be an n-type
conductor.

While n-type conductivity can be easily achieved in
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SrTiO3, e.g., by Nb doping, only weak p-type conductivity
is observed for acceptor (e.g., Fe) doped STO at high tempera-
tures and high oxygen pressures. This doping asymmetry with
a clear preference for n-type conductivity, i.e., for Fermi level
positions closer to the conduction band, is also reflected in the
barrier heights determined at the interfaces of SrTiO3 with dif-
ferent contact materials. From systematic investigations at the
surface of (Ba,Sr)TiOs3, as shown in Fig. 14 (left), the Fermi
level position is reproducibly found in the upper half of the
energy gap, closer to the conduction band. In contrast, mate-
rials like PbTiO3 or PZT remain highly insulating, regardless
of the doping type. The absence of high electrical conductiv-
ity is due to a low concentration of charge carriers, i.e., the
bulk Fermi level is far away from both the conduction and the
valence bands. This is in agreement with the determined bar-
rier heights shown in Fig. 12, where the Fermi level is located
more than 1 eV away from both band edges. This is again
confirmed by the systematic measurement at Pb(Zr,Ti)O3 sur-
faces as shown in Fig. 14 (right). When the energy bands of
BST and PZT in Fig. 14 are aligned according to the valence
band offset determined from the transitivity rule (Fig. 12) or
direct alignment results (Fig. 13), the ranges of Er — Eyp at
the surfaces of these two materials are in excellent agreement
with each other. The overall variations of the Fermi level po-
sitions in BST and PZT are of the same magnitude and lower
than 1.5 eV, which is again in good accordance to the allowed
variation obtained from defect calculations.
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Fig. 14. Fermi level position at the surfaces of (Ba,Sr)TiO3 and
Pb(Zr, Ti)O3, measured using photoelectron spectroscopy. The energy
bands of (Ba,Sr)TiO3 and Pb(Zr,Ti)O3 are aligned according to the ex-
perimentally determined band offset of AEyg = 1.1 eV. The observed
variation of Fermi level at the surfaces agrees with the range of Fermi
level positions at the interfaces with different materials. It also reflects
the achievable doping in the two materials.!7°]

As the Fermi level position in the bulk of a material is im-
possible to access if no electrical transport measurements are
possible, as is the case for insulating materials, the close cor-
respondence between bulk, surface, and interface Fermi levels
offers a strategy to overcome this limitation indirectly. The

knowledge of Fermi level positions is particularly relevant for
the defect properties of a material, as the formation energies
of charged defects directly depend on the Fermi level position.

4.5. Polarization dependence of Schottky barrier

Ferroelectric materials are characterized by their spon-
taneous electric polarization. In perovskite materials like
BaTiOs this is caused by ionic displacements. A depolariza-
tion electric field is associated with the bound charge that oc-
curs at the surface interface planes where the polarization has
a perpendicular component. This field must be screened in
order to stabilize the polarization.

For the imperfect screening, which can induce an ad-
ditional interfacial capacitance, the Schottky barrier height
&Py at the ferroelectric/electrode interface strongly depends

[83-85] The difference in

on the magnitude of the polarization.
barrier height expected for polarization reversal is given by
APy = 2Acf¢- (Ds/ €0), where Dy, €0, and At are the dielectric
displacement in the ferroelectric, the vacuum permittivity, and
the effective screening length, respectively. The latter quan-
tity depends on the charge density distribution at the interface,
determined by the atomic configuration. For the interfaces of
BaTiO3(100) with StRuO3 (SRO) and Pt, the values predicted
by Stengel et al. are Adg = 1.8 eV for SRO and 0.03 eV for
Pt electrode.!®! In this part, the polarization dependence of
the Schottky barrier on the BTO/RuQ; interface will be intro-
duced, a similar result on BTO/Pt can be found elsewhere. 30!

Experimental evidences for the dependence of the Schot-
tky barrier height on polarization are provided both by
leakage current measurements of ferroelectric PZT thin
films[87-38] and by electrical currents through ferroelectric tun-

[89-921 However, the extraction of quantitative

nel junctions.
values for the Schottky barrier heights and their dependences
on polarization requires model assumptions about the charge
transport. In addition, the leakage current behavior often de-
pends crucially on both the choice of the electrode material
and the details of the electrode preparation.

As introduced in the above sections, XPS measurement is
a useful method to evaluate the absolute barrier height at the
PZT interface. From a clean substrate, one obtains the binding
energy of the VBM Evyp with respect to the Fermi level as well
as the core level binding energies. The binding energy differ-
ence between the VBM and any core level is a material con-
stant, which remains constant upon interface formation. (6423
Once the binding energy difference between the VBM and a
core level is known for a material, it is possible to extract the
Fermi level position in the band gaps directly from the core
level binding energies. In the present work, XPS is used to
determine the absolute values of the Schottky barrier heights
at the interface of BaTiO3(100) single crystal with RuO; elec-

trode in dependence on the ferroelectric polarization. As an
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extension of the previous work, the experimental approach de-
scribed in this part enables us to obtain the dependence of the
barrier height on polarization directly by in situ control of the
polarization state.

The experimental arrangement depicted in Fig. 15 is used
in order to follow the changes in the core level binding ener-
gies upon applying electric fields across the sample. In con-
trast to the typical interface experiment, like the PZT/Pt work
discussed in Subsection 4.1, where the thickness of the elec-
trode material is systematically increased to follow the evolu-
tion of the chemical and electronic interactions at the interface,
the electrode thickness is not varied during the experiment in
this arrangement. As outlined above, the barrier height can be
determined directly from the core level binding energies once
the binding energy difference between the core level and the
VBM is known. For the present work, these binding energy
differences are taken from a large set of samples independent
of the present experiment.

(a) Photoelectron

. ® P

Pt
M RuO,

Fig. 15. (a) Arrangement of layers and electric contacts for mea-
surement of polarization dependence of Schottky barrier heights; (b)
schematic polarization field loop for ferroelectric samples starting from
an unpoled state 1; (c) the function of the voltage applied on the sample
for XPS analysis.

To monitor the barrier heights using XPS, the top elec-
trode must be sufficiently thin (< 3 nm) to allow a fraction
of photoelectrons from the ferroelectric substrate to transverse
the electrode film without losing energy. On the other hand,
the electrode must be thick enough to provide a continuous
In PZT/RuO, interface ex-
periments, we have found that a layer thickness of 1.5 nm

layer for the electric contact.

is sufficient to remove the charging effects observed in the
XPS experiment, i.e., it provides a continuous and conducting
layer.”*) In the present case, where flat single crystal BaTiO3
samples are used, the conductivity of the RuO, layer should
also be sufficient to provide the electric contact that is neces-
sary to allow the BTO to switch polarization when sufficiently
large voltages are applied. In order to ensure conductivity over
the whole contact area, we applied a secondary 50-nm-thick
layer of Pt. A circular hole with diameter of 1 mm in the center
of the secondary layer was prepared using a lithographically

structured photoresist. The photoresist was finally removed
with acetone to expose the thin RuO; electrode in the center.
Due to the low carrier mobility of the undoped BTO,! leak-
age currents through the 0.4-nm-thick sample would be bulk-
dominated and too small to be measured. A correlation of the
barrier height with the electrical measurements was therefore
not possible. Before the electrode deposition, the crystals were
heated to 400 °C in the deposition chamber in 2 Pa oxygen
atmosphere for 1 h to remove adsorbates like hydrocarbons
and water, resulting in a contamination-free surface.!*>*4! One
side of the crystal was then coated with 50 nm Pt, and the other
side was coated with a ~3-nm-thick RuO,, resulting in a sam-
ple with the Pt/BTO/RuO; structure. The sample was mounted
on a sample holder consisting of two electrically isolated sec-
tions, which were wired to the plane bottom and the structured
top electrode, respectively. In the spectrometer system (Phys-
ical Electronics PHI5S700), the two parts of the sample holder
were separately wired to the manipulator. During XPS mea-
surement, the top electrode was connected to ground, which
provided the Fermi-level binding energy reference of the spec-
trometer. Due to the application of the voltage to the bottom
electrode, no binding energy shifts of the top electrode were
expected with the applied voltage. A positive voltage applied
to the bottom electrode then corresponded to a polarization of
the BTO pointing toward the top contact, which was the one
where changes of the barrier height were monitored by XPS.
The sequence of voltage applied during the measurement is
shown in Fig. 15.

The voltage at the bottom electrode was sequentially set
to constant values of +200V, 0 V, —200 V, and 0 V. For each
voltage step, a set of Ba 3d, Ti 2p, and Ru 3d core levels was
recorded. The complete voltage cycle was repeated in order to
verify the reproducibility of the observed shifts. The spectra
recorded for the Pt/BTO/RuQO, sample are shown in Fig. 16.

Independent of the applied voltage, the core level of the
top electrode material exhibits a constant shape and a binding
energy of 281.05 eV for Ru 3ds/,, which is a characteristic

(741 As the binding energies in XPS

value for metallic RuO,.
are measured with respect to the Fermi level of the spectrome-
ter system, this confirms that the complete top electrode layers
are electrically connected to ground during the whole mea-
surement cycle. Above the RuO, layer, the secondary thick Pt
electrode also exhibits a binding energy of 71.05 eV. Conse-
quently, the Fermi level of the spectrometer is verified to pro-
vide the binding energy reference in our experiment, which is
required for interpreting the binding-energy shifts of the BTO-
related emissions in terms of changes in the Schottky barrier
height.

The Ba 3d and Ti 2p core levels of the as-prepared
Pt/BTO/RuQO; sample exhibit binding energies of 778.9 +
0.1 eV and 458.35 £ 0.1 eV, respectively. In BTO, the bind-
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ing energy differences between the VBM and the Ba 3d and
Ti 2p core levels amount to 776.45 £ 0.1 eV and 455.9
+ 0.1 eV, respectively. These values are derived from a
large set of different BaTiO3 and (Ba,Sr)TiO;3 thin films de-
The Ba 3d and Ti 2p
binding energies of the as-prepared sample hence correspond
to a Fermi level at the BTO/RuO; interface of Er — Evg =
2.4540.15 eV above the valence band maximum Evyg. This
is very close to the value of Er — Eyg = 2.35 eV reported for
the (Ba,Sr)TiO3/RuOQ interface, ! and it indicates a good re-
producibility of the measurements.

posited onto conducting substrates.

In contrast to the core level of the top metallic RuO; or Pt
electrode, the Ba 3d and Ti 2p core levels show a pronounced
reversible shift with the applied voltage. As the binding energy
shifts of the Ba 3d and Ti 2p core levels are of the same mag-
nitude, as shown in Fig. 16, it is straightforward to attribute
the shifts to the changes of the Fermi level with respect to the
band edges, which correspond to the changes of the Schottky
barrier heights at the interface. In any of the recorded states
of the PBTO/RuQ; interface, the shape and the width of the
BTO core levels remain unchanged. This indicates a laterally
homogenous Fermi level position, i.e., a homogenous barrier
height.”l Due to the obvious dependence of the barrier height
on polarization, this provides an evidence that the polarization
of BTO at the BTO/RuQ; interface is mostly homogenous dur-
ing all experimental steps.

Ba 3ds), Ti2p Ru 3d

778.1 Ru 3p3/2

281.05

779.2 457.6

Intensity

Initial

—r—r
781 778

lI'lIIlIlI'T_llj_l_l_lT'_'ﬂ_h_l_
464 460 456 288 284 280

Binding energy/eV

Fig. 16. Core-level spectra of BaTiOs single crystals with RuO, top
electrode independent of the applied voltage. The voltages applied
across the samples are 0 V for initial and remanent states (+Pr), 200 V
for positive saturation (+Ps), and —200 V for negative saturation (—Pr),
respectively. In all cases, the top electrode is electrically connected
to the spectrometer system and the voltage is applied to the bottom
electrode. [3¢]

In order to quantify the changes of the Schottky barrier
height with polarization, the binding energies of the Ba 3d
and Ti 2p core levels are plotted for different voltage steps
in Fig. 17(a). By subtracting the binding energy differences

between the core levels and the VBM given above, the plot
directly reveals the Fermi level position at the interface with
respect to the VBM of BTO. These values are equivalent to the
Schottky barrier height for holes. The Schottky barrier height
for electrons is obtained by subtracting the hole barrier from
the band gap. As shown in Fig. 17(a), both Ba 3d and Ti 2p
core levels reveal the same dependence of barrier height upon
polarization. A polarization pointing toward (away from) the
top electrode interface, corresponding to a positive (negative)
voltage at the bottom electrode as in steps 2 and 6 (steps 4 and
8), leads to an upward (downward) shift of the Fermi level at
the top electrode. It should be mentioned that the direction
of the shift agrees with the theoretically expected change of
the barrier height with polarization. For the BTO/RuO, in-
terface, the Fermi level positions at the interface for polariza-
tion pointing toward and away from the interface are derived
as Er — Eyp = 2.85+0.15 eV and 1.75 £ 0.15 eV, respec-
tively. The difference in barrier height with polarization rever-
sal of Adg = 1.1 eV for the RuO, electrode is smaller than the
change of 1.8 eV predicted by the DFT for the BTO/SrRuO3
interface,®! but it is of similar magnitude. A quantitative
agreement between theory and experiment is not expected, as
the screening length for the BTO/SrRuO3 interface will be dif-
ferent from the BTO/RuQ; interface due to the epitaxial nature
of the former and the different crystal and electronic structures
of SrRuO3 and RuO;.

(a)
---------- ECB------------------------------
3.0
& 45
>
L 254 é
g - o BE (Ba 3d)- 776.45 eV
S A BE (Ti2p)-4559 eV
L 204
) 3
S S — &0
T T T ‘ T " T v T
1 3 5 7 9
Step
=] ] ;
3 K >
- - ’;I»
I%é& iy 2
1 1 ) )
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-

Fig. 17. (a) Valence band maximum energy with respect to the Fermi
level as obtained from Ba 3d and Ti 2p core level binding energies
recorded during voltage switching with RuO; electrode. (b) Schematic
energy diagrams with two RuO; electrodes before (left), during (mid-
dle), and after poling (right). The arrows indicate the direction of
polarization. (8¢

Additional experiments using the arrangement sketched
in Fig. 15 have been performed with an SrTiO;3 single crys-
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talline and polycrystalline PZT and PLZT ceramics. No sig-
nificant changes of the core level binding energies are ob-
served for the SrTiO3 single-crystal sample with the applied
voltage. The P(L)ZT ceramics have been polished to thickness
< 300 wm, such that the maximum voltage of £300 V is suffi-
cient to pole the samples. The experiments with P(L)ZT show
a behavioral dependence on the applied voltage largely identi-
cal to the one reported here. The binding energy changes are
also of similar magnitude. Note that the polarization is nat-
urally inhomogeneous at the interface for the polycrystalline
P(L)ZT samples. Consequently, significant changes in core
level line shape are observed with the poled samples. How-
ever, the unpoled samples also exhibit sharp emission lines,
indicating an absence of polarization components perpendicu-
lar to the interface. These experiments confirm the interpreta-
tion of the above-described binding energy shifts in terms of a
polarization dependence of barrier height.

5. Summary

We have presented a photoemission study of the interface
between Pb(Zr,Ti)O3 and different metallic or conductive ox-
ide electrodes. The deposition of metallic Pt, Ag, and Cu leads
to a reduction of the PZT substrate, in particular the forma-
tion of metallic lead species. After the metallic deposition,
the Fermi level position at the interface is found to be pinned
at ~ 1.6 eV above the valence band maximum, which means a
midgap Fermi level position and nearly identical Schottky bar-
rier heights for electrons and holes. The PZT/Pt interface can
be reversibly oxidized and reduced, accompanied by changes
in the interfacial Fermi level position of more than 1 eV. The
observed Fermi level pinning at the PZT/metal interfaces is
attributed to oxygen vacancies at the interface, which are in-
duced by the chemical reaction. In contrast, the PZT/RuO,
and PZT/ITO interfaces are not reactive. A transition from a
preference for hole injection to a preference for electron in-
jection can be realized by switching from RuO, (high work
function ~ 6.1 eV) to ITO (low work function ~ 4.5 eV).

A valence band offset of 1.1 + 0.1 eV and a conduction
band offset of 1.3 £ 0.1 eV are determined for the PTO/STO
interface. The energy band alignment is in good agreement
with the difference in ionization potential, which is determined
to be 6.2 eV for PTO and 7.5 eV for STO. This band align-
ment is further in agreement with the differing barrier heights
at interfaces of PZT and BST with different contact materials,
which indicates that the transitivity of band lineups is fulfilled
for this system. The staggered energy band alignment is de-
scribed by a common-anion-like alignment of the O 2p derived
valence bands of both materials. The range of Fermi level po-
sitions at different interfaces of STO(BST) and PTO(PZT) is
consistent with the range of observed Fermi level positions at
the surfaces of these materials and with the range of Fermi

level positions in the bulk, which underlines that the variations
of Fermi level positions are comparable in the bulk, at the sur-
face, and at the interfaces. The observed range of Fermi level
positions, which is determined by the intrinsic defect proper-
ties, illustrates nicely that STO can be highly doped while PTO
remains an insulator even at a high doping level.

Direct quantitative measurements of the Schottky barrier
height dependence on ferroelectric polarization are obtained
with XPS, giving that the polarization dependence of Schot-
tky barrier heights usually explained in terms of the current-
voltage characteristics. The experimental procedure is exem-
plified by BTO single crystal with metallic RuO, electrode,
for which A®g = 1.1 eV is observed with polarization switch-
ing. The outlined measurement procedure demonstrates how
photoelectron spectroscopy can be used to obtain so-far inac-
cessible information about the properties of ferroelectric inter-
faces.
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