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Abstract. The interface formation between Pb(Zr,Ti)Os (PZT) and RuO» and
between PZT and InpO3:Sn (ITO), respectively was characterised using in-situ X-ray
photoelectron spectroscopy (XPS). No interface reaction was observed for the interfaces
studied. The Fermi level position at the interface (Schottky barrier height) is strongly
different for the two electrode materials. A Fermi level position of 1.04+0.1eV above
the valence band maximum (VBM) is observed for the contact between PZT and the
high work function oxide RuOs. For the contact between PZT and the low work
function oxide ITO a Fermi level position of 2.14+0.2eV above the VBM is found.

PACS numbers: 73.30.4+y 79.60.Jv 77.84.Cg
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1. Introduction

Lead zirconate titanate (Pb(Zr,Ti)Os, PZT) is one of the most commonly used
ferroelectric materials applied e.g. in thin film form as capacitors in non-volatile
memories [1] as well as in bulk form in piezoelectric sensors and actuators [2]. Electrical
fatigue (reduction of the polarization with increasing switching cycles) limits the
reliability of these devices and is therefore a crucial issue [1, 3, 4]. In the case of
thin PZT films, leakage current and fatigue properties are dependent on the electrode
material used [1, 5, 6, 7, 8]. While for Pt electrodes a pronounced fatigue is observed,
the use of oxidic electrodes as RuO,, LaSry5Cop 503 or SrRuOj3 leads to less fatigue.
The observed fatigue of Pt/PZT /Pt capacitors may be linked to the injection of charge
carriers (a) inhibiting the formation of opposite domains or (b) leading to an effective
low relative permittivity layer ([3] and references within). An alternative explanation for
the fatigue improvement observed with oxide electrodes is the redistribution and pile-up
of oxygen vacancies at the ferroelectric/metal interface with increasing switching cycles,
thus hindering the switching process. Oxidic electrodes are supposed to absorb oxygen
vacancies [9, 10], leading to less fatigue. However, polarisation fatigue was also observed
for n-type conductive electrodes like InyO3:Sn (ITO) [11, 12] and SrSnOj:La [13, 14].
This points to the fact that the PZT polarisation fatigue is more related to the electronic
interface properties, which is also supported by the results of Du and Chen [15]. They
observed a stronger fatigue improvement using a p-type Si barrier as compared to a n-
type Si barrier. Therefore the injection of electrons, rather than holes, might be related
to PZT fatigue.

Although, device properties as fatigue are evidently linked to the interface
properties, the interface between PZT and different electrode materials was scarcely
investigated. In bulk form PZT shows p-type conductivity due to Pb vacancies [16, 17].
However, there has been a dispute in literature whether the current transport in PZT
thin films is dominated by electrons or holes [1, 18]. For electronic devices the interface
properties play a crucial role as the choice of contact material determines the Fermi level
position in the PZT at the interface, which corresponds to the zero field Schottky barrier
height for electrons or holes, respectively [19, 20]. Due to the low carrier concentration
in PZT the contact properties define whether majority electronic carriers in PZT are
either electrons or holes. The interface formation between PZT and e.g. Pt was
studied using photoelectron spectroscopy [21, 22, 23, 24]. Scott et al. have used a
device model to derive the Fermi level position at the interface of Er-FEyp=1.6eV using
PZT electron affinity and metal work function [1, 25]. For the PZT/Pt interface we
have recently reported a Fermi level position Fp-FEyg =1.6+0.1eV after Pt deposition,
directly derived using in-situ photoelectron spectroscopy. However, the barrier height
is depending on the chemical state of the interface. After Pt deposition a reduced
PZT /Pt interface was found, as could be derived from the occurence of metallic Pb in
the Pb4f X-ray induced photoelectron spectra of PZT. After an annealing step in O,
the interface was oxidized and a Fermi level position Ep-FEyg=1.1+0.1eV was found,



Energy band alignment of Pb(Zr,Ti)Os with RuOs and Iny O3:Sn 3

while after two weeks in ultra high vacuum at room temperature a strong reduction
of the PZT /Pt interface and a Fermi level position 2.24+0.1eV above the VBM was
observed [24]. Taking the band gap of PZT of 3.4eV [1] into account, this amounts to a
Schottky barrier height for holes of 1.1£0.1eV for the oxidized and a Schottky barrier
height for electrons of 1.24+0.1eV for the reduced PZT /Pt interface. Accordingly, in
dependence on the interface state a preference for hole or electron injection is possible
at the PZT /Pt interface.

Takatani et al. have also found a shift of the Fermi level towards lower Ep-Evp
upon annealing in O, but did not give absolute values for the Schottky barrier heights
21, 22]. For the SrTiO3/Pt and SnO,/Pt interfaces a variation of the Schottky barrier
of up to 1eV, depending on preparation conditions, has also been reported [26, 27]. The
studied Oxide/Pt interfaces are therefore chemically unstable and are readily oxidized
or reduced depending on the preparation and post-deposition treatment conditions [26].

In order to investigate the interface properties between PZT and oxidic electrodes,
RuO; and ITO were chosen as material candidates with strongly different work
functions. RuOy is an oxide showing metallic conductivity [28] while ITO is a
degenerately doped semiconductor [29]. The former has a high work function of ~6.1eV
[30] while highly doped as-deposited ITO films have a work function of ~4.5eV [31, 32].
In this work the interface formation between PZT and RuO, as well as PZT and ITO
were studied in-situ using photoelectron spectroscopy. It is shown that the barrier
height between PZT and the two studied oxides differs significantly and the electronic
transport mechanism in PZT is changed from a preference for hole injection for RuO,
to a preference for electron injection for ITO.

2. Experimental

The experiments were performed at the DArmstadt 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 [33]. X-ray photoelectron spectra were recorded using
monochromated Al Ko radiation with an overall energy resolution of ~0.4eV, as
determined from the Gaussian broadening of the Fermi edge of a sputter cleaned Ag
sample. Binding energies are given with respect to the Fermi level of a sputter cleaned
Ag sample with an accuracy of ~ 50meV. All spectra were recorded using a takeoff
angle of 45°.

Polycrystalline PZT thin films were prepared at the Hefei National Laboratory for
Physical Sciences at the Microscale of the University of Science and Technology of China
by pulsed laser deposition using a KrF 248 nm excimer laser with a repetition rate of
10Hz and an energy density of 1.8 J/cm?. The PZT target with a Zr/Ti ratio close to
the morphotropic composition (52/48) was made by standard solid state reaction. The
distance between the substrate and target during deposition was 5cm, the substrate
temperature 650 °C and the oxygen pressure 30 Pa. Using these parameters, the growth
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rate for PZT is ~15nm/min. The PZT thin films were deposited on commercially
available platinized Si wafers from Inostek. For the interface formation with ITO a PZT
film of 200 nm thickness was used while for the interface formation with RuOs a 50 nm
thick PZT film was utilized.

ITO and RuOy were deposited in one of the deposition chambers of the DAISY-
MAT system. ITO was deposited by radio frequency magnetron sputtering from a
ceramic target, being composed of 90 wt% In,O3 and 10 wt% SnO,. A power density of
1.25 W /cm?, a substrate temperature of 400 °C, a pressure of 0.5 Pa, a substrate to target
distance of 9cm, and pure Ar as sputter gas were utilized. With these conditions highly
doped ITO films with an electrical resistivity of ~2-107*Qcm and a work function of
~4.5eV are obtained [31]. RuOs was deposited by reactive direct current magnetron
sputtering from a metallic Ru target with a power density of 0.5 W /cm?. The substrates
were held at room temperature during deposition. A pressure of 1Pa, a substrate to
target distance of 10cm, and an Ar/O, ratio of 92.5/7.5 were used. The deposition
conditions were chosen to guarantee the formation of fully oxidized RuOs, as verified
by photoelectron spectroscopy as reported previously [30].

3. Results and Discussion

3.1. Survey spectra

Figure 1 shows X-ray induced survey spectra of a PZT thin film sample after surface
cleaning via heating in Oy as well as of the ~10nm thick RuO,; and ITO thin films
deposited during the interface experiments. In the case of the PZT thin film only
emissions from Pb, Zr, Ti, and O are present. A C1ls emission due to adsorbed
hydrocarbons lying at a binding energy of Eg ~285eV can not be found, showing that
the PZT film surfaces are free of contaminations. Also in the course of RuO, as well as
of ITO deposition there is no carbon present. In the RuO, (ITO) survey spectra only
emissions of the elements Ru and O (In, Sn and O) are found. In the case of the RuO,
the Ru3d doublet, while lying in the vicinity of the C 1s emission, completely describes
the measured spectrum at ~ 280-290eV binding energy (see also Fig. 2).

3.2. Deposition of RuOy on PZT

X-ray induced photoelectron core level spectra of the PZT thin film recorded in the
course of RuO, deposition are shown in Fig. 2. During the stepwise deposition of RuO,
the substrate cation intensities decrease and the Ru emission increases until a RuO,
thickness of ~ 10nm is reached and the PZT cation emissions are almost completely
attenuated. All substrate cation emissions decay exponentially with decay constants
corresponding to the inelastic mean free path of the individual lines, indicating a layer-
by-layer growth mode. The shape of the PZT cation emission does not change with
increasing RuO; thickness except for the Ti spectrum, where the Ru3ps/, emission is
superimposed with the Ti2p;/, emission at a binding energy of ~464eV. The change
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Figure 1. X-ray photoelectron survey spectra of a PZT thin film after surface cleaning
and of in-situ deposited RuOs and ITO thin films.

of lineshape of the O 1s emission can be explained by the shift from insulating PZT,
having a symmetric emission, to metallic RuO, with an asymmetric Doniach-Sunjic
profile [34]. All cation emissions from PZT exhibit a parallel shift of ~0.8eV to lower
binding energies in the course of deposition. From the unchanged substrate cation
emission lineshapes as well as from their parallel shift in the course of RuO, deposition
an interface reaction between PZT and RuOs can be ruled out. At small RuO, coverages
the Ru3ds/, emission lies at considerable lower binding energies than expected for RuO,
(binding energy of ~ 281 eV) while reaching the known value for higher RuO, thickness.
Such a behavior is frequently observed in this kind of experiments and is typically
explained by incomplete screening of the core hole in small metal islands occuring in
the initial growth state [35].

3.3. Schottky barrier at the PZT/RuOy interface

The Schottky barrier is determined by the position of the Fermi level in the PZT at
the interface. In the inset of Fig. 3 the valence band spectra of the uncovered PZT film
as well as of the 10nm thick RuO, film, grown on the PZT substrate, are shown. The
valence band maximum (VBM) of PZT is determined from the linear extrapolation of
the leading edge of the valence band spectrum with an uncertainty of £0.1eV. The
valence band maximum of the PZT sample lies at 1.7 £0.1eV. In Fig. 3 the evolution of
the substrate core level lines during stepwise deposition of RuOy are shown. For better
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Figure 2. X-ray photoelectron core level spectra of the PZT sample recorded in the
course of RuOs deposition. The RuOs thickness is given in nm.

comparison the difference between core level binding energies and valence band maxima,
as obtained from the uncoated substrate, were subtracted. The shifts of the core level
binding energies saturate at Ep-Fyg=1.0£0.1eV for RuO, thickness >1nm. The
Schottky barrier height for holes ®pj, can therefore directly be extracted, amounting to
1.0£0.1eV for the PZT/RuO, interface.

3.4. Deposition of ITO on PZT

In Fig. 4 X-ray photoelectron core level emissions of the PZT film are presented in
course of ITO deposition. With increasing ITO thickness the PZT cation core emissions
are exponentially attenuated, indicating a layer by layer growth of the ITO film. As
observed for the PZT/RuQO; interface, no change of the PZT cation lines is visible
with increasing ITO thickness. The O 1s emission shows an increasing asymmetry with
larger ITO thickness, which is related to Plasmon excitations of the electron gas of the
degenerately doped material [31]. For low ITO coverages up to 0.5nm all PZT core
emissions are shifted in parallel by ~0.4eV to higher binding energies. After the first
ITO deposition step the In3d binding energy exhibits a parallel shift. Reaching an
ITO thickness of ~1nm all spectra are shifted by ~0.5eV to lower binding energies.
The evolution of the binding energies with icreasing ITO overlayer thickness will be
explained in section 3.5. From the unchanged PZT cation and In lineforms, as well as
the parallel shift of the PZT cation lines, an interface reaction between PZT and ITO
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Figure 3. Evolution of the PZT core level lines with increasing RuQOs thickness.
The distance between core level lines and VBM have been subtracted. The Schottky
barrier height for holes ®p j, corresponding to the distance between Fermi level Er
and valence band maximum position Evg, amounts to 1.0£0.1eV as determined from
the saturation of the core level binding energy shifts. Taking the band gap of PZT
of 3.4eV into account [1], this leads to a Schottky barrier for electrons of 2.4+ 0.1€V.
VBM and CBM refer to the band edges of PZT. In the inset the X-ray photoelectron
valence band spectra of the uncovered PZT film as well as of the 10nm thick RuO4
film grown on the PZT substrate are shown.

can be ruled out.

3.5. Band alignment between PZT and ITO

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. 5. In the
inset the valence band spectra of the uncovered PZT sample as well as the 12 nm thick
ITO film grown on PZT are shown. The valence band maxima positions are derived
from the leading edge of the valence bands and lie at 2.3+0.1eV and 3.25+0.1eV
for uncoated PZT and thick ITO, respectively. In the ITO valence band spectrum the
emission at the low binding energy side of the valence band maximum at ~2-3eV
binding energy can be explained by partially unsaturated cations ([31] and references
within). The 0.6 eV higher VBM position of the 200 nm thick uncoated PZT film used
for the PZT/ITO interface study, as compared to the 50nm thick PZT film used for
the PZT/RuO, interface, indicates a slight charging of the PZT. Due to the parallel
shift of substrate and overlayer binding energies, the band alignment can be reliably
determined from the difference of the valence band maxima of PZT and ITO, which
are derived from the respective core level binding energies. The discontinuous evolution
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Figure 4. X-ray photoelectron core level spectra of the PZT sample in the course of
ITO deposition. The ITO thickness is given in nm.

of binding energies between 0.5 and 1nm ITO thickness is explained by compensation
of the charging effect: Once the thickness of ITO exceeds a certain limit, it becomes
conductive enough to short-circuit the sample surface with the electrically grounded
sample holder [36]. The compensation of the charging effect is verified by the valence
band maximum binding energy of the thick I'TO film, which is within the range expected
for comparably prepared films [31]. This guarantees that the barrier height for charge
injection, which is given by the Fermi level position at the interface, is not affected by
charging and can thus directly be derived from Fig. 5.

As presented in Fig. 5 a Fermi level position at the PZT/ITO interface of Ep-
Eyvg=2.1+£0.2¢eV is deduced for ITO thickness >1nm. 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 thickness, a higher margin of error
is assumed. Taking the band gap of PZT of 3.4eV [1] into account, this results in a
Schottky barrier for electrons of 1.3+ 0.2eV. Furthermore, a valence band offset between
PZT and ITO of 1.1£0.1eV is derived with the ITO VBM lying at lower binding
energies.

3.6. Comparison of barrier heights

The difference of the Fermi level position at the contact between PZT and RuO, or
ITO of 1.1eV is almost as large as the difference in work function of RuO, and ITO of
1.6eV. This points to a less strong Fermi level pinning for PZT with oxide electrodes
than calculated by Robertson and Chen using charge neutrality levels (CNL) [39]. They
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Figure 5. Evolution of the PZT core level lines with increasing ITO thickness diro.
The distance between core level lines and VBM has been subtracted. From the
Fermi level position ~ 2.1eV above the valence band maximum a Schottky barrier for
electrons of ~ 1.3 eV can be derived, using a band gap of 3.4eV for PZT. In addition the
valence band offset between PZT and ITO of ~1.1eV can be deduced from the graph.
VBM and CBM refer to the band edges of PZT. In the inset the X-ray photoelectron
valence band spectra of the uncovered PZT film as well as of the 12nm thick ITO film
grown on the PZT substrate are shown.
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Figure 6. Schematic band diagram of the PZT /ITO contact (left) and the PZT/RuO-
contact (right). ITO is a degeneratively doped semiconductor having a fundamental
band gap of ~2.7eV [37, 38] with the Fermi level lying in the conduction band, as
also confirmed by the valence band maxima position of 3.25eV. All energies given in

electron Volt.
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have derived a pinning index of 0.31 for PbTiO3 and 0.4 for PbZrOg3, 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 1.1eV. It is also astonishing that the Fermi level at the
contact between RuO, and PZT is found just 1eV above the valence band maximum. In
the case of the (Ba,Sr)TiO3/RuO, interface the Fermi level lies ~2.3 eV above the VBM
[30]. The charge neutrality levels for SrTiO3 and PbZrOs calculated by Robertson are
both at 2.6 eV above the VBM, while the CNL for PbTiO3 is calculated to lie at 1.9eV
[40]. For an almost equal mixture of PbTiO3 and PbZrOs, as used for this study, a
higher Fermi level position would have been expected at the PZT /RuOs interface from
theory.

4. Summary and Conclusions

We have investigated the interface formation between PZT and RuO, and ITO,
respectively using in-situ photoelectron spectroscopy. Stepwise deposition of RuO, and
ITO were performed via magnetron sputtering on contamination free PZT thin films,
being prepared beforehand by PLD on platinized Si wafers. Both studied interfaces are
not reactive in contrast to the PZT /Pt interface, where a reduction of PZT is observed
upon deposition of Pt [21, 22, 24]. A schematic energy band diagram of the deposited
PZT/ITO, together with the PZT/RuOs contact, are given in Fig. 6. In case of the
PZT/RuO, interface a Schottky barrier for holes of 1.04+0.1eV was found. For the
PZT/ITO interface a Schottky barrier for electrons of 1.3+0.2eV was derived. This
shows that using different oxide electrode materials allows for engineering of the contact
properties. For PZT a transition from preference for hole injection to a preference for
electron injection can be achieved when switching from RuO, to ITO electrodes.
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