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The interface formation between PbTiO5 and SrTiO; has been studied by in situ photoelectron spectroscopy.
A valence band offset of 1.1 &= 0.1 eV, corresponding to a conduction band offset of 1.3 £ 0.1 eV, is determined.
These values are in good agreement with the band offsets estimated from measured ionization potentials of
SrTiO; and PbTiO; surfaces. The observed band offsets are also in line with a ~1.1eV difference in barrier
heights of PbTiO; in contact with different electrode materials as compared to barrier heights of SrTiO; with
the same electrode materials. The results indicate that the band alignment is not strongly affected by Fermi level
pinning and that the barrier heights are transitive. The limits of Fermi level variation observed from a number of
thin films prepared on different substrates with different conditions are the same for both materials when these
are aligned following the experimentally determined band offsets. By further comparing electrical conductivities
reported for SrTiO; and PbTiOs, it is suggested that the range of Fermi level position in the bulk of these materials,
which corresponds to the range of observed conductivities, is comparable to the range of Fermi level position
at interfaces with different contact materials. In particular the possibly low barrier height for electron injection
into SrTiO; is consistent with the metallic conduction of donor doped or reduced SrTiOs, while barrier heights
>1eV for PbTiO; are consistent with the high resistivity even at high doping concentrations. The variation of
barrier heights at interfaces therefore provides access to the range of possible Fermi level positions in the interior

of any, including insulating, materials, which is relevant for understanding defect properties.
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I. INTRODUCTION

Ferroelectric and paraelectric perovskite thin films have
been widely studied due to their various applications, e.g.,
as nonvolatile ferroelectric memories' or tunable capaci-
tors for microwave devices.>> Since more than a decade
ago the scope has been extended to the research on
perovskite oxide multilayers for the creation of materi-
als with new properties not found in pure thin films.
A wide variety of material combinations has been in-
vestigated including SrTiO3/BaTiOs,*7 SrTiO3/BaZrOs,}
PbTiO3/PbZr0O3,>!% SrTiO;/PbTiO;3,''"!* and others.’> In
the case of SrTiOs/PbTiO; multilayers, a strong increase
of ferroelectricity was observed for repetition units of
{(SrTiO3)3/(PbTiO3)} and {(SrTiO3)3/(PbTiO3),},'>!13 which
was attributed to improper ferroelectricity, originating from an
interface effect.!® The behavior of the multilayers is strongly
different from those of the constituting materials in this case.

While the effect of stress on the dielectric and fer-
roelectric properties of these multilayer stacks was stud-
ied thoroughly,*%°-!* the electronic interface properties are
largely unresolved. One of the most important properties of
semiconductor heterojunctions is the band alignment, meaning
the discontinuities between valence and conduction bands at
the interface. These determine, to a large extent, the potential
distribution and the current transport through these interfaces.

SrTiO3 (STO) and PbTiO3 (PTO) are oxide semiconductors
with similar band gaps of 3.2'° and 3.4 eV,' respectively. The
top of the SrTiO; valence band is derived mainly from O 2p
states and the conduction band is largely derived from Ti 3d
orbitals. In PbTiO3 the Pb 6s states contribute significantly
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to both the valence and conduction band, which is due to Pb
being present in a +I1 oxidation state in these compounds. '’
Another apparent difference between STO and PTO is their
electrical conductivity behavior. While SrTiO3 can be made
highly n-type, e.g., by reduction or doping with Nb or La,’
bulk PbTiO; is reported to be weakly p-type because of
intrinsic doping by Pb vacancies.?’2! The limits of electric
conductivity are mainly caused by the limits of mobile
carrier (electron and hole) concentrations. Since the concen-
trations of mobile carriers are defined by the energy distance
between the Fermi level Er and the band edges (Evyp and
Ecg),?? the range of accessible conductivities is directly related
to the range of Fermi level positions. This phenomenon is
known as self-compensation and related to the formation of
compensating intrinsic defects, like oxygen or cation vacancies
and interstitials.>>2° Attempts have been made to generalize
these doping limits for different materials by aligning these on
a common energy scale.?+?® The latter is best defined by the
energy band alignment.

In this work we report on the determination of the energy
band alignment between SrTiO; and PbTiOs, as measured by
in situ photoelectron spectroscopy during the interface forma-
tion. For the given combination, the energy band alignment
estimated from electron affinity measurements, transitivity of
barrier heights with various contact materials, and the direct
determination of the band alignment are in good agreement
with each other. A staggered band alignment, where the
valence band of PbTiO3 is ~1.1eV higher than the valence
band of SrTiOs, is observed. The energy band alignment
further agrees with the range of Fermi level positions observed
using photoemission from a number of thin films deposited

©2011 American Physical Society

Urheberrechtlich geschiitzt / In Copyright



http://dx.doi.org/10.1103/PhysRevB.84.045317
https://rightsstatements.org/page/InC/1.0/

SCHAFRANEK, LI, CHEN, WU, AND KLEIN

with different conditions onto a range of substrates and also
with the different electrical conductivities of the two materials.

II. BARRIER HEIGHTS OF SrTiO; AND PbTiO;
INTERFACES

In this section a first derivation of the valence band offset
A Eyg between SrTiO; and PbTiO3; based on the transitivity
rule is described. Transitivity is given when the band offsets
between the materials A and B and materials B and C add up
to the band offset of material A and C.?’ In case transitivity is
fulfilled, which is often the case,?® the difference of the Fermi
energy position at the interface of SrTiO; and PbTiO; with
various materials provides an estimate for the STO/PTO band
alignment.

We have reported previously several in situ photoelectron
spectroscopy interface studies of (Ba,Sr)TiO; (BST) and
Pb(Zr,Ti)O; (PZT) with Pt,*3° Ru0,,*'-3? and In,0;:Sn
(ITO),3734 respectively. The substitution with isovalent atoms
does not typically lead to a strong shift of the band edge
energies if the band gap is not affected. The latter is approx-
imately true both for (Ba,Sr)TiO; and for Pb(Zr,Ti)Os. It is
therefore expected that barrier heights determined for BST are
largely identical to those of STO and those determined for PZT
should be comparable with those of PTO. The experimentally
determined barrier heights are summarized in Fig. 1.

For the interface between Pt and (Ba,Sr)TiO3 as well as
between Pt and Pb(Zr,Ti)O3, the Fermi energy position at the
interface depends on the oxidation state of the interface.?*3°
Pt deposition leads to a reduction of the surface by formation
of oxygen vacancies. These result in Fermi levels closer to the
conduction band (see the dash-dotted lines in Fig. 1). After
annealing in oxygen, the interfaces are oxidized accompanied
by a reduction of defect concentration. The oxidation is
accompanied by Fermi level shifts toward the valence band
maximum. For the Pt interfaces, the Fermi level position in
PTOlies 1.1 eV (0.9 eV) closer to the conduction band after Pt
deposition (after annealing in oxygen) compared to STO. For
the interfaces with RuO, and ITO, 1.1 eV and 1.3 eV lower
Fermi level positions are observed in the case of PbTiO3. The
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FIG. 1. (Color online) Fermi level positions at interfaces of
(Ba,Sr)TiO5 and Pb(Zr,Ti)O3 with the electrode materials Pt, RuO,,
and In,O;:Sn, as reported in literature (Refs. 29-34). Depending
on processing, there exist reduced (dash-dotted line) and oxidized
(dashed line) states of the Pt interfaces with high and low Fermi
level positions, respectively (Refs. 29 and 30). The distance between
the interface Fermi level position in STO and PTO is shown for
the different electrode materials. Ecg and Evyp are conduction band
minimum and valence band maximum positions, respectively.
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similar difference in Fermi level position at BST and PZT
interfaces for three different contact materials indicates good
transitivity and that the valence band maximum of PbTiO3 is
~1.1 eV higher in energy compared with the valence band
maximum of SrTiOs.

III. ENERGY BAND ALIGNMENT AT PbTiO3/SrTiO3
INTERFACE

A. Experimental procedure

Photoemission experiments were performed at the DArm-
stadt Integrated SYstem for MATerial research (DAISY-
MAT), which combines a Physical Electronics PHI 5700
multitechnique surface analysis system with several deposition
chambers via an ultrahigh vacuum sample transfer.> X-ray
photoelectron spectra were recorded using monochromatic
Al Ko radiation with an overall energy resolution of ~0.4 eV,
as determined from the Gaussian broadening of the Fermi
edge of a sputter cleaned Ag sample. All XP spectra were taken
using a takeoff angle of 45 °. Ultraviolet induced photoelectron
spectra were recorded in normal emission using He I radiation.
All binding energies are given with respect to the Fermi level
of a sputter cleaned Ag sample with an accuracy of ~50 meV.

The PbTiOj3 thin film used as substrate for the interface
analysis was prepared by pulsed laser deposition using a KrF
248 nm excimer laser with a repetition rate of 10 Hz and
an energy density of 1.8 J/cm?. The PTO target was made
by standard solid state reaction. The distance between the
substrate and target during deposition was 5 cm, the substrate
temperature 650 °C, and the oxygen pressure 30 Pa. Using
these parameters, a growth rate of ~15nm/min is obtained.
A 50 nm thick PTO film was deposited on a 0.05 wt.%
niobium-doped SrTiO3(001) single crystal purchased from
CrysTec. Epitaxial growth of PTO on STO is facilitated by
the close lattice constants of SrTiO3 and the a-lattice constant
of tetragonal ferroelectric PbTiO3; and has been achieved by
several groups.'!"1? Epitaxial growth of our films has also been
verified using x-ray diffraction.

For interface analysis, SrTiO3 thin films were prepared in
one of the deposition chambers of the DAISY-MAT system
by radio frequency magnetron sputtering from a ceramic STO
target. A power density of 1.25 W /cm?, a substrate temperature
of 500 °C, a pressure of 5 Pa, a substrate to target distance of
9 cm, and an Ar/O; ratio of 99/1 were used. The deposition
rate for these conditions is 0.4 nm/min.

For surface cleaning of the ex situ prepared PTO, the thin
film was heated for 30 min at 500 °C in 0.05 Pa O,. As verified
by XPS, this treatment leads to contamination-free surface, as
also obtained for Pb(Zr,Ti)O; thin films.33>

B. Surface potentials

A second value for the energy band alignment between
STO and PTO can be obtained from the electron affinity rule
(EAR),*® which corresponds to an alignment of the vacuum
level at the interface. It has to be mentioned, however, that due
to the formation of interface dipoles, a considerable deviation
of band alignment from the EAR estimate may occur.>”3® In
addition, the electron affinity of a material can considerably
depend on the surface orientation and termination.***? The
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estimation of band alignment from electron affinities has
therefore to be considered with great care.

StTiO3 surfaces have been widely studied using photo-
electron spectroscopy.**~*® Henrich et al. reported a work
function of Ar-sputtered and vacuum annealed SrTiO5; (001)
single crystals of ¢ = 4.6eV and a distance between Fermi
energy and valence band maximum Er — Eyvg = 2.9V after
adsorption of oxygen to compensate for the oxygen loss
during sputtering.** The ionization potential Ip, given by the
energy difference between the vacuum energy and the valence
band maximum, amounts to Ip = ¢ + Er — Eyg = 7.5eV.
This value agrees with the ionization potential measured at
0.05 wt.% Nb-doped SrTiO;z (001) single crystals.*® Taking
the band gap E, of SrTiO3 of 3.2 eV into account,'® an electron
affinity x = Ip — E, = 4.3 eV is obtained.

The ionization potential of the PbTiO3 surface has not
determined directly. Available values for surface potentials of
Pb(Ti,Zr)O3 surfaces are derived from (i) secondary electron
emission of reduced bulk ceramic samples by Dixit e al.*’ and
(ii) from XPS measurements across the interface of a PZT/Pt
thin film sample by Scott et al.*® The first work reports an
ionization potential of 6.9 eV. Taking a band gap of PZT of
3.1 eV and assuming a mid-gap position of the Fermi energy
a work function of 5.35 eV was deduced. In the other work an
electron affinity of 3.5 eV for PZT, using the offset between the
PZT and Pt spectra across the interface boundary, is derived.
Finally a PZT work function of 5.8 eV and an electron affinity
of 6.9 eV (identical to the one reported by Dixit et al.) were
given by Scott et al.*

In Fig. 2 the UP spectra of the cleaned PTO thin film
is shown. From the valence band spectrum a work function
of 4.3+ 0.05eV can be deduced from the position of the
secondary electron cutoff. The distance between Fermi energy
and valence band maximum Eyr — Evyg, as deduced from
the linear extrapolation of the leading edge of the valence
band spectrum, amounts to 1.9 &= 0.05 eV. Adding both values
results in an ionization potential of 6.2 +0.1eV and, with
an energy gap of PbTiO; of 3.4 eV,' an electron affinity of
2.8 £0.1eV is derived. To verify whether the UP spectra are
incriminated by sample charging? it is useful to compare
the Er — Eyp from XPS and UPS, since sample charging is
typically more pronounced for UPS. As shown in the inset
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FIG. 2. (Color online) UP spectrum of the PbTiO5 surface. The
valence band maximum and the secondary electron edge positions
are marked.
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in Fig. 4, Ep — Eyp = 1.85 £ 0.05¢eV is measured via XPS,
in good agreement with values derived from UPS. Sample
charging is therefore excluded. The absence of charging in the
XP and UP spectra of PTO is attributed to the low PbTiO3
layer thickness. In any case, the ionization potential, which
is used for deriving the band alignment rather than the work
function, is not affected by charging effects.

Following the electron affinity rule,*® the STO/PTO band
offsets can be estimated from the surface potentials of the
respective perovskite materials. The valence band offset A Eyg
and conduction band offset A Ecp are calculated from the dif-
ference in ionization potential AEvg = I,(STO) — I,(PTO)
and difference in electron affinities AEcg = x(STO) —
x(PTO), respectively. We find AEyg =1.3+0.2eV and
AEcg = 1.5+ 0.2¢eV. Within the experimental uncertainty
the energy band alignment derived from the surface potentials
agrees with the one derived from transitivity of barrier heights.

C. PbTiO;/SrTiOj; interface formation

X-ray induced photoelectron core level spectra of the
PbTiO; thin film recorded in the course of SrTiO3 deposition
are shown in Fig. 3. During the stepwise deposition of SrTiO;
the Pb cation intensity decreases and the Sr emission increases
until a SrTiO; thickness of ~8nm is reached and the Pb
emission is almost completely attenuated. The Pb substrate
cation emission decays exponentially, indicating a layer-by-
layer growth mode. The Pb emission line shape does not
change with increasing STO layer thickness. Furthermore the
Ti 2p and O 1s line shapes do not change with increasing STO
thickness, although the signal originates increasingly from the
SrTiO; overlayer. The rising background at higher binding
energies and low STO coverage in the Sr 3d spectrum is an
extension of the Pb 4f emission at ~138 eV and incriminate
neither the binding energy position nor the line shape of the
Sr 3d doublet. Hence, from the constant line shapes of all
substrate and deposit lines, an abrupt interface formation is
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FIG. 3. (Color online) X-ray photoelectron core level spectra of
the PbTiO; sample recorded in the course of SrTiO; deposition. The
STO thickness is given in nm.
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FIG. 4. (Color online) The binding energy of the Pb 4f;,, and
Sr 3ds;, emission lines with respect to the corresponding valence
band maximum position are shown in dependence on the SrTiO;
film thickness. The insert features XP valence band spectra of the
uncovered PTO sample and of the 8 nm thick STO film.

The evolution of the binding energies of the Pb and Sr
emission lines are shown in Fig. 4 in the course of SrTiO3
deposition. Binding energies of the core levels are referenced
to the binding energy of the valence band maxima of the
uncovered PbTiOj substrate and of the 8 nm thick SrTiO3 film
for better comparison. The binding energy differences between
core levels and valence band maxima are within +0.1eV of
the average values of a large set of comparable samples.

The XPS valence band spectra for the PTO substrate and
the STO film are presented in the inset of Fig. 4. Valence
band maxima positions of 1.85 £ 0.05eV and 2.95 £+ 0.05eV
are derived for PbTiO; and SrTiOs3, respectively. The binding
energy of the Pb 4f emission, representing the valence band
maximum of the PTO substrate, increases slightly after
deposition 0.4 and 0.8 nm STO and returns to the original
value of the uncovered PTO after 4 nm STO deposition. The
Sr 3d emission, representing the valence band maximum of
the growing STO film, exhibits only small binding energy
shifts with increasing film thickness. These shifts are not in
parallel to those of the Pb 4f emission as would be expected for
changes of the Fermi level position at the interface. However,
the evolution of the electronic structure of the SrTiO5 film with
film thickness can also contribute to the shifts of the Sr 3d level.
It is therefore most reasonable to determine the valence band
offset at maximum SrTiO3 thickness where the Pb 4f signal
is still clearly detected. At 4 nm film thickness, the difference
between the PTO and the STO valence band maxima amounts
to AEyg = 1.1 £0.1eV with the valence band maximum
of SrTiO; below that of PbTiO3. Using the energy gaps of
3.2eV for STO and 3.4eV for PTO this corresponds to a
conduction band offset of AEcg = 1.3 = 0.1eV. The energy
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band alignment is in good agreement with those estimated
from transitivity of barrier heights (see Sec. II) and from the
ionization potentials (see Sec. III B).

IV. DISCUSSION

The different experimental approaches applied to determine
the energy band alignment between two high-permittivity
oxides, SrTiO3; and PbTiOs, are in very good agreement with
each other. The directly determined value for the valence
band discontinuity at the Sr'TiO3/PbTiOs; interface is AEyp =
1.1 £0.1eV, with the valence band maximum of SrTiOj;
below that of PbTiOs;. This is a reasonable result in the
light of the different electronic structure of the materials.
While the valence bands in STO are largely formed by the
oxygen p states, there is an additional contribution of Pb 6s
electrons to the valence bands in PTO, as Pb occupies the
A site in the perovskite lattice and is therefore present in
a +II oxidation state leaving the Pb 6s orbitals occupied.
Electronic structure calculations reveal that the Pb 6s orbitals
contribute significantly to the topmost valence states.'”!3 It
can therefore be assumed that the valence band maximum
of PTO is higher than that of STO, in good agreement with
the experiments. The experimentally derived valence band
offset therefore suggests that the band alignment is roughly
given by alignment of the O 2p derived valence states. This
common-anion-like alignment is in good agreement with the
very small valence band discontinuities observed at interfaces
between a series of oxides including (Ba,Sr)TiOs, In, O3, ZnO,
Sn0, and Al;03,**! and with the small valence band
discontinuities of common anion chalcogenides, which also
have considerable ionic bonds.’>3 An upward shift of the
valence band maximum when cation s or d states contribute
to the valence band density of states is also known for other
compounds.>*>3

Ithas been suggested in the literature that the barrier heights
depend significantly on the ferroelectric polarization state. %
The derived band alignment would then be affected by such
polarization dependence. It is noted, however, that recent
photoemission experiments at interfaces of a polycrystalline
PZT ceramic, which exhibits multiple polarization and grain
orientation, have revealed a single barrier height for the
whole surface.’® This indicates that the barrier heights might
not depend on polarization. However, additional experiments
would be required to settle this issue.

The directly determined valence band offset agrees with
the difference in ionization potential. The energy band align-
ment is therefore not expected to be significantly influenced
by Fermi level pinning caused by induced gap states. A
corresponding calculation suggests a rather strong Fermi
level pinning and a valence band offset of AEyg = 0.7¢V,!”
which is significantly smaller than the value derived from the
present experiments. Absence of strong Fermi level pinning
at interfaces of STO and PTO is also indicated by the large
difference in barrier heights in dependence on contact material
if nonreactive contact materials are employed.*?

The experimentally deduced band alignment coincides very
well with the observed ~1.1eV lower Fermi level position at
interfaces of PTO with different contact materials as compared
to interfaces of STO. This holds for the interfaces with Pt,
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RuO;, and ITO and shows that the band alignments at the
interfaces are transitive.

Most interestingly, the relative position of the band edges
derived from the band alignment also seems to represent
the differences in electronic transport properties of the two
model perovskite materials SrTiO3 and PbTiO;. Wide band
gap materials like STO and PTO can often not be highly
doped n-or p-type, which is related to creation of self-
compensating intrinsic points defects.?>> The doping limits
of materials, but also the defect levels of transition-metal or
hydrogen impurities, have been related to the absolute position
of the band edges.?*?68-6!1 StTiO3; and BaTiO; exhibit an
asymmetric dopability where donor doping (e.g., by La or
Nb) or reduction can induce high electron conductivity.'*-6?-64
In contrast, only weak p-type conductivity is observed for
acceptor (e.g., Fe) doped SrTiO; at high temperatures 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 interfaces of SrTiO; with
different contact materials. The Fermi level positions at the
different interfaces is reproducibly found in the upper half of
the energy gap (see Fig. 1).

In contrast to (Ba,Sr)TiOs, no high room temperature
electrical conductivity has been reported for donor and ac-
ceptor doped PbTiO3 or PZT. The absence of strong electrical
conductivity corresponds to low concentrations of electrons
and holes and hence to bulk Fermi level positions far apart
from the valence and conduction band. This is also in good
agreement with the determined barrier heights at the interfaces,
which reveal interface Fermi level positions >1eV away
from the band edges. The Fermi level at the PTO and PZT
interfaces never comes close to valence or the conduction
band. According to the interface experiments, the smallest
barrier height for hole injection (Er — Evyp) is smaller than
the smallest barrier height for electron injection (Ecg — Ef).
This is in agreement with fairly weak p-type conductivity of
PbTiO; discussed in literature. 2066

This leads to the suggestion that the ranges of Fermi level
positions observed at interfaces of BST and PZT with different
contact materials are closely related to the range of Fermi
level positions in the bulk of these two materials. Additional
strong evidence for such a relation comes from the Fermi
level positions (Er — Eyp) measured at surfaces of BST and
PZT samples. All measured films from which reliable binding
energies can be determined show Ey — Eyg values within the
range covered by the data shown in Fig. 5, which include values
from (Ba,Sr)TiO; and Pb(Zr,Ti)O5 thin films with different
Ba/Sr and Zr/Ti ratios. When the energy bands of BST are
PZT are aligned according to the offset derived above as
done in Fig. 5, the ranges of Er — Eyp at the surfaces of
the two materials are in excellent agreement with each other
and with the range of Fermi level positions measured at the
different interfaces (see Fig. 1). The overall variation of Fermi
level position in BST and PZT is of the same magnitude and
amounts to < 1.5eV, which is in excellent agreement with
the allowed variation obtained from defect calculations (see
Fig. 2 in Ref. 63). A very similar variation of the Fermi
level is also observed for Sn-doped In,O; and Al-doped
ZHO.41’51’67
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FIG. 5. (Color online) Fermi level positions at the surfaces of
(Ba,Sr)TiO; and Pb(Ti,Zr)O; surfaces measured using photoelectron
spectroscopy. The energy bands of Pb(Ti,Zr)O; and (Ba,Sr)TiO; are
aligned according to the experimentally determined band offset of
AEvyg = 1.1eV. The observed variation of Fermi level at the surfaces
agrees with the range of Fermi level positions at interfaces with
different materials (see Fig. 1). It also reflects the achievable doping
in the two materials.

As the Fermi level position in the bulk of a material is
impossible to access if no electrical transport measurements
are possible, as is the case for insulating materials, the
close correspondence between bulk, surface, and interface
Fermi levels offers a strategy to overcome this limitation.
The knowledge of Fermi level positions is particularly rel-
evant for the defect properties of a material, as formation
energies of charged defects directly depend on Fermi level
position.

V. SUMMARY AND CONCLUSION

The band alignment between PbTiO; and SrTiO3, a material
system which exhibits considerably different properties in
multilayer form (e.g., as a heterojunction) as compared to the
pure materials, has been determined. The experiments were
carried out using in situ photoelectron spectroscopy during the
interface formation. A PbTiO; thin film grown epitaxially by
pulsed laser deposition onto a SrTiO3:Nb (001) single crystal
was used as substrate material. The subsequent deposition of
SrTiO; was performed in sifu via rf magnetron sputtering.
A valence band offset of 1.1 +0.1eV, corresponding to a
conduction band offset of 1.3 £ 0.1 eV, is determined, with the
PTO band edges higher than the STO band edges. The energy
band alignment is in good agreement with the difference in
ionization potential, which is determined as 6.2 eV for PTO
and 7.5 eV for STO, indicating absence of strong Fermi level
pinning. The staggered energy band alignment is described by
a common-anion-like alignment of the O 2p derived valence
bands of both materials. The higher valence band maximum

045317-5



SCHAFRANEK, LI, CHEN, WU, AND KLEIN

of PTO can be rationalized by the contribution of the Pb 6s
electrons to the topmost electronic states in the PTO valence
band. The PbTiO3/SrTiO3 energy band alignment is further in
agreement with the difference in barrier heights at interfaces
of PZT and BST with different contact materials. This
indicates that transitivity of band lineups is fulfilled for this
system.

The range of Fermi level positions at different interfaces
of STO (BST) and PTO (PZT) corresponds with the range of
observed Fermi level positions at surfaces of these materials
and with the ranges of Fermi level positions in the bulk,
which is anticipated from the electrical conductivity of the
doped materials. This underlines that the variation of Fermi
level position is comparable in the bulk, at the surface, and
at interfaces. The observed range of Fermi level positions,
which is defined by the intrinsic defect properties of materials,
illustrates nicely that SrTiO; can be highly doped while
PbTiO; remains an insulator even at high doping levels. This
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observation also suggests that the determination of Fermi
level positions at surfaces and interfaces using photoelectron
spectroscopy can provide experimental access to the range of
Fermi level positions in the bulk and thereby the dopability
of any material. The limitation of low conductivity may be
overcome by the investigation of thin films on electrically
conducting substrates or the deposition of ultrathin electrically
conduction contact materials on top of a thick insulator.
Both sample structures provide the Fermi level reference
required for an absolute measurement of Erp — Evg. Such
measurements can contribute to the understanding of doping
limits and defect properties.
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