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Abstract Chemical solution deposited (CSD) complex
oxide thin films attract considerable interest in various
emerging fields as for example, fuel cells, ferroelectric random access memories or coated conductors. In the present
paper the results of soft-X-ray spectroscopy between 280 and
560 eV on the amorphous to crystalline phase transition of
ferroelectric Pb(Zr0.3Ti0.7)O3 (PZT) thin films are presented.
Five CSD samples derived from the same wafer coated
with a PZT film pyrolyzed at 350 °C were heat treated at
different temperatures between 400 and 700 °C. At first the
samples were morphologically and electrically characterized. Subsequently the soft-X-ray absorption and emission
experiments were performed at the undulator beamline 8.0
of the Advanced Light Source of the Lawrence Berkeley
National Laboratory. Soft-X-ray absorption spectra were
acquired for the Ti L2,3-, O K-, and C K-edge thresholds by
using simultaneously the total electron yield (TEY) and total
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fluorescence yield (TFY) detection methods. For two samples, annealed at 400 and 700 °C, respectively, the resonant
inelastic soft-X-ray spectroscopy (RIXS) was applied for
various excitation energies near the Ti L-, O K-edges. We
observed clear evidence of a rutile phase at untypically low
temperatures. This rutile phase transforms into the perovskite phase upon increasing annealing temperature. These
results are discussed in the framework of current microscopic models of the PZT (111) texture selection.
Keywords Chemical solution deposition  Complex
oxide films  Ferroelectric  PZT  Thin films  XRD 
XAS  RIXS  Microstructure  Hysteresis

1 Introduction
Solid solutions of lead titanate and various amounts of lead
zirconate, Pb(Zr1-xTix)O3 (PZT), in form of thin films find
extensive applications in non-volatile ferroelectric random
access memories (FeRAMs), actuators in micro-electronic
mechanical systems (MEMS), as well as infrared sensors
[1–5], due to their exceptional ferroelectric, pyroelectric,
and piezoelectric properties.
Numerous thin film deposition techniques such as molecular beam epitaxy, sputtering, and pulsed laser deposition are
currently under development to grow high quality PZT films
[6, 7]. Beside these physically based methods, chemically
related techniques attracted considerable interest. While
metal-organic chemical vapor deposition (MOCVD) is a key
technique for conformal coverage of narrow 3-dimensional
electrode structures [8–10], chemical solution deposition
(CSD) [11] is a comparatively inexpensive and highly flexible
technique which is applied for planar FeRAM cells, actuators and sensors [12]. In particular CSD offers the specific
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advantage of providing high flexibility with regard to stoichiometric variations including the addition of dopants [13–15].
In CSD processing a precursor solution, which contains
all the metal components in form of a homogeneous solution
of metallo-organic compounds, is applied onto a substrate.
Followed by spin coating, evaporation, chemical reaction
steps (hydrolysis, condensation), and subsequent heat treatment the initially amorphous film is transformed into a
crystalline ferroelectric film. During this transformation
complex rearrangement processes on atomistic and nanostructural levels take place [16]. Typically PZT films
nucleate heterogeneously at the substrate/film interface [17],
which leads to a columnar growth of the films and a predominant orientation of these grains either in (100) or (111)
direction. The knowledge how to control this texture is of
significant importance due to the anisotropic nature of the
distorted PZT unit cell. It is generally agreed that highly
(111) oriented PZT films on platinized silicon yield better
ferroelectric properties if compared to (100) textured films
[18]. Although the procedure is straightforward, the thermodynamic and chemical background is by far not well
understood and often improvements are still obtained by trial
and error. Especially the mechanisms of nucleation and the
transformation from the amorphous film into a crystalline
ferroelectric film are still a matter of debate. Among the
different proposed models for the microscopic texture
selection in PZT films the most prominent approach
describes the (111) texture selection on platinized silicon
wafers briefly as follows: (111)-oriented PZT nucleates via a
transient intermetallic phase (Pt3Pb [19], Pt5–7Pb [20], or
Pt3–4Pb [21]) because of the almost identical (111) lattice
parameters of the two phases PZT and PtxPb. It is argued that
the PZT(111) texture is controlled by the formation of the
intermediate PtxPb phase, which arises due to the reducing
conditions near the interface caused by the burnout of the
surrounding organic material. Recently further evidence for
this model has been found by a systematic study of the
influence of the precursor chemistry on the orientation and
hence the electrical properties of the crystallized films [22].
The use of e.g. lead (II) propionate instead of the standard
lead (II) acetate lead to PZT films with preferred (100) orientation, although the same experimental conditions have
been used. It was concluded that the corresponding precursor
solution has a different microscopic decomposition behavior
leading to a higher oxygen partial pressure nearby the Pt/PZT
interface, which in turn hinders the formation of the intermediate PtxPb phase. By changing from an oxidizing to a
reducing atmosphere during the pyrolysis step by employing
3% forming gas, the (111) orientation of the films could be
obtained again. Based on this model well oriented sub100 nm thick PZT films with excellent electrical properties
have been prepared [23, 24]. Even though these recent works
give clear evidence for the intermetallic phase model, there
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are still unsolved questions such as how the molecular
structure of the metallo organic complexes in the as-deposited film affect the microscopic reduction mechanism of lead
?II to metallic lead forming the PtxPb phase [22]. Also the
further evolution of the PZT nuclei starting from this PtxPb
phase is unknown. Additional unsolved questions are related
to the correlation of the essential ferroelectric properties (i)
maximum polarization, (ii) shape of the polarization versus
field hysteresis loops, and (iii) failure mechanisms (fatigue,
imprint and retention) with the growth procedure during
CSD processing.
A further increase of the reliability and the decrease of
the necessary processing temperatures, which are of particular importance for the integration of functional
ferroelectrics into the Si-CMOS technology are superior
aims [4, 25]. Thus a detailed understanding of the microscopic chemical processes on the pathway from the initial
precursor solution to the crystalline film is mandatory.
Herewith it might be possible to achieve low-temperature
processing by keeping the device performance.
For the deeper understanding of these complex mechanisms the application of advanced spectroscopy is required.
Among various spectroscopic methods such as nuclear
magnetic resonance (NMR) [26], or Fourier transform
infrared spectroscopy (FT-IR) [27], synchrotron based
methods in form of hard X-ray absorption near edge structure (XANES) [28] and extended X-ray absorption fine
structure (EXAFS) [29] are appropriate spectroscopic tools
to investigate the local structural environment of metal
atoms in liquids, amorphous and crystalline materials.
Standard X-ray diffraction (XRD) techniques with conventional X-ray tubes and hard X-ray synchrotron radiation are
typically used to determine the crystal structure and phase of
crystalline ferroelectric PZT powders and thin films. Since
there is no long range ordering required, XANES and
EXAFS have successfully been applied for PZT precursor
solutions, derived gels, and films [30–33]. For example, the
local structure of the Ti and Zr atoms in PZT with different
compositions near the morphotropic phase boundary (MPB)
has been intensively investigated with XANES by Cao et al.
[34]. Therefore by the use of hard X-ray synchrotron radiation in various forms in general well established methods are
available to study long range as well as local structures of
complex oxide materials, such as ferroelectrics.
On the other hand soft X-ray absorption spectroscopy
(XAS) and (soft)-X-ray emission spectroscopy (XES), are
considered as tools with unique possibilities to probe the
local electronic structure of materials [35–39]. In the XAS
process a core electron of an atomic species is transferred
by the absorption of an incident photon with an appropriate
energy E into an unoccupied state in the valence band.
Thus XAS probes the unoccupied Local Density Of States
(LDOS) at the atomic site by taking dipole selection rules
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into account. Hence only transitions to site- and symmetryselected states with Dl = ?/–1 are allowed. Accordingly,
XAS results in the measurement of the partial LDOS.
Typically the XAS signal is detected in two ways, first
via the total fluorescence yield (TFY) mode and second by
detecting the photocurrent of the sample, known as the
total electron yield (TEY) mode. Whereas the TFY monitors bulk properties due to the large photon attenuation
length (100–200 nm), the short mean free path of photoelectrons (\4 nm) stemming from the sample surface,
makes the TEY a surface sensitive technique [37, 40].
Interestingly, often both the TEY and TFY are monitored
simultaneously. TFY is a photon-in and photon-out technique and sample charging is not a problem and makes the
TFY an appropriate tool to investigate insulators as well as
metals and semiconductors. In case of non-perfect insulators which allow small current flow in the range of nano
Ampére, the TEY method can also be used without
charging problems. In this case a sufficient grounding of a
part of the sample is a necessity.
A related type of spectroscopy, called resonant inelastic
X-ray scattering (RIXS), attracted considerable interest
with the advent of tunable high-brilliance synchrotron light
(incoming Photon flux approx. 1012/s) and extremely sensitive photon detectors [35–42]. Due to these recent
innovations RIXS is enabled with reasonable short integration times because RIXS is a second order process
yielding extremely small signal amplitudes [41]. RIXS
provides essential information about strongly correlated
electron systems present in e.g. transition metal compounds
and allows for studying the interplay between the local and
itinerant character of 3d electrons. Important information
about multiplet coupling, interatomic hybridization as well
as electron correlation can be obtained [43, 44].
The present work concentrates on the study of the
amorphous to crystalline phase transition of CSD derived
Pb(Zr0.3Ti0.7)O3 (PZT) films on platinized silicon wafers
by XAS, XES, RIXS, and conventional XRD, which is
supplemented by scanning electron microscopy (SEM) and
ferroelectric hysteresis measurements. By using soft X-ray
spectroscopy additional and complementary information
are expected with respect to hard X-ray XANES and EXAFS. Based on these results an improved qualitative model
for the nucleation and crystallization process of CSD
derived PZT thin films is developed.

2 Experimental
2.1 Synthesis of the PZT precursor solution
All manipulations have been performed under dry argon
using standard Schlenk techniques. All solvents were dried
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with sodium, subsequently distilled, and stored under
nitrogen prior to use. The 1 mol/L concentrated stock
solution was prepared from dry lead (II) acetate, zirconium
tetra n-propoxide and titanium tetra iso-propoxide by refluxing in n-propanol, distillation, stabilization with 2,4pentanedione and redilution in n-butanol similar to the
standard procedure in Ref. [22]. 15% Pb excess were added
to compensate for lead loss during the thermal treatment.
Details on the precursor solution synthesis and characteristics can be found elsewhere [45]. Just prior deposition
this stock solution was diluted to a concentration of
0.33 mol/L and filtered through a 0.2 lm PTFE syringe
filter to form the final coating solution.
2.2 Substrate preparation
A standard platinized substrate (aixACCT laboratories) was
prepared by using RF sputter deposition (Von Ardenne CS
500 ES) of a 10 nm Ti adhesion layer, which expands to
15 nm TiO2 upon subsequent oxidation, followed by
sputtering of a highly (111) oriented 100 nm thick Pt layer
onto thermally oxidized (100) Si wafers. This stack was
preannealed in a rapid thermal annealing (RTA) unit (AST
SHS 100 MA) at 700 °C just before the deposition processes to get optimal interface conditions.
2.3 Thin film preparation
The films in this work were deposited in a class 1,000 clean
room on a B.L.E Delta 20 photoresist spin-coater after
purging with dry nitrogen starting with 500 rpm/5 s followed by 3,000 rpm/30 s. Directly after the spin-on
process the 1 9 1 inch2 sample was pyrolyzed at 350 °C
on a hot plate (Thermolyne). This coating/pyrolysis procedure was repeated twice. After the third pyrolysis step
the homogeneously coated part of the film was diced (disco
DAD 320 automatic dicing saw) into four pieces of
1 9 1 cm2 size each. For the synchrotron experiments one
of these 1 9 1 cm2 was further diced into 5 bars of
10 mm 9 2 mm. To investigate the amorphous to crystalline phase transition, four samples were annealed up to
different temperatures (400, 450, 500, and 700 °C). Samples crystallized at 700 °C had a PZT film thickness of
around 140 nm PZT. In order to electrically characterize
the PZT thin films the residual three 1 9 1 cm2 sample
have been annealed together with the corresponding small
bars at 450, 500, and 700 °C. Platinum top electrodes were
deposited onto the latter three samples by sputtering and
lift-off patterning. After the lift-off process the samples
have been subjected to a post anneal at 450, 500, and
700 °C, respectively. Finally a corner of each 1 9 1 cm2
film is wet chemically removed to get access to the bottom
electrode for electrical characterization.
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3 Results and discussion
In the following paragraph the results of the standard characterization for the morphological and electrical properties
of the samples are presented.

I (a.u.)

400

*
*

300

Pt(111)
PZT(002)
PZT(200)

The XAS and XES experiments were performed at the highresolution undulator beam-line 8.0 at the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory [46].
The beam-line was equipped with a spherical grating monochromator (SX-700). The spot size of the synchrotron beam
was approximately 0.2 9 2 mm2 at the sample side. The
samples were mounted in a way that the longer side of the
beam spot (2 mm) was parallel to the longer side of the each
sample (10 mm). The sample surface normal was at an angle
of 40° relative to the incident X-ray beam axis. The total
electron yield (TEY) was monitored by the photocurrent of the
sample in dependency of the incoming photon energy. Each
sample was grounded at the edges with conductive silver
paste. The TFY signal was collected by negatively biased
channeltron. The RIXS emission signal was recorded via a
high-resolution Rowland circle type grating spectrometer
with an energy resolution of about 0.3 eV. The Ti L2,3-, the O
K- and C K-edge absorption spectra were investigated near the
457, 530, and 283 eV threshold energies, respectively.

PZT(111)

2.5 Soft X-ray measurements

PZT(101)

The film morphology was investigated by scanning electron
microscopy (SEM) using a Zeiss DSM 982 Gemini instrument. X-ray diffraction (XRD) pattern were recorded with a
Philips X-Pert system with Cu Ka radiation, k = 1.5405 Å,
to detect the crystal structure and texture of the films. To
roughly evaluate the degree of orientation the relative peak
intensity Irel(111) of the (111) reflection, which was calculated according to the equation Irel(111) = I(111)/{I(001) ?
I(100) ? I(101) ? I(110) ? I(111)}, was determined. Since
in the XRD’s of most of the samples negligible intensities for
the (101) and the (110)-planes occur, these lattice planes were
typically not considered for the calculations.
An aixACCT TF-Analyzer (aixACCT Systems GmbH)
was used to measure the hysteresis loops of the prepared
films at a frequency of 100 Hz.

Figure 1 shows the diffractograms of the five films. In all
samples a very strong reflection at 39.9° corresponding to
the (111) texture of the Pt bottom electrode is observed.
The sample pyrolyzed at 350 °C without further thermal
treatment is X-ray amorphous as expected. Already the
400 °C annealed sample exhibits a very small feature at
22° corresponding to the (100) orientation of PZT which
becomes significant for the diffraction pattern of the
450 °C annealed sample (Irel(111) = 0.27). Such samples
develop a predominant (100) orientation (XRD pattern not
shown here) by further annealing at 700 °C. In contrast to
the sample annealed at 450 °C the sample which was
annealed at 500 °C on a hot plate features a strong (111)
orientation (Irel(111) = 0.70). The same situation is found
for the sample crystallized at 700 °C (Irel(111) = 0.65).
These interesting findings are basically in agreement with
earlier studies which conclude that the pyrolysis conditions
of the as-deposited films have a strong impact on the texture selection of PZT thin films [47–49]. Hence
temperatures around 450 °C promote the (100) oriented
growth while films pyrolyzed at around 350 °C promote
the (111) oriented growth. Interestingly, this behavior was
also found in the literature in the case of a similar precursor
chemistry [47, 49].
An important difference to these earlier investigations
however is that the onset of the crystallization process is at
somehow lower temperature in the present case as can be
seen in Fig. 1. The film annealed at 450 °C showed already
a well defined perovskite phase in the XRD while the PZT
film at the morphotropic phase boundary investigated in
Ref. [49] was still amorphous at this temperature. The
reason might be that the higher content of the refractory
material zirconia in the latter case delays the crystallization
process to higher temperatures.

PZT(100)

2.4 Standard characterization

J Sol-Gel Sci Technol (2008) 48:239–252

200

700 °C
500 °C
450 °C

100

400 °C

3.1 Standard characterization
3.1.1 XRD
To check the phase and orientation at first all samples were
subjected to X-ray diffraction in the theta-2-theta modus.
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Fig. 1 X-ray diffraction pattern (theta-2-theta mode) for the 5
samples heat treated at different temperatures as indicated. The
asterisks denote reflections of the substrate
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Fig. 2 Cross section scanning electron micrographs of the differently
heat treated samples ordered by increasing temperature, namely
(a) 350 °C, (b) 400 °C, (c) 450 °C, (d) 500 °C, and (e) 700 °C. The
amorphous samples (a) and (b) have a featureless microstructure. The
columnar microstructure takes more and more shape upon increasing
annealing temperatures (samples (c–e))
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This means that in the temperature range between 350
and 450 °C of the present study significant microscopic
changes nearby the Pt/PZT-interface in the initially X-ray
amorphous film must occur leading to nucleation seeds
which are either (100) oriented or (111) oriented. By
applying a steep heating ramp (hot plate or RTA) to higher
temperatures the once formed nuclei grow according to this
predefined orientation on the cost of the X-ray amorphous
environment.
3.1.2 SEM
From the samples heat treated at different temperatures
cross-section SEM images were taken (Fig. 2). Increasing
temperatures led to a decrease of the film thickness from
the as-pyrolyzed film (approx. 210 nm) to the fully crystallized film (approx. 140 nm) due to the increasing
densification of the films. The 350 and 400 °C heat treated
samples had a featureless microstructure corresponding to
the X-ray amorphous nature of these films. By increasing
the annealing temperature the films took more and more
form. Already the 450 °C showed a columnar microstructure (Fig. 2c) which ends up in well defined grains of
*70-170 nm lateral size in the film crystallized at 700 °C
(Fig. 2e).
3.1.3 Electrical characterization
In order to evaluate the films with regard to their basic
ferroelectric properties remanent polarization (Pr) and
coercive voltage (Vc) 1 9 1 cm2 samples were prepared at
those temperatures were crystallinity can be expected from
the XRD data. Hence samples at 450, 500 and 700 °C were
prepared in parallel to the bars for the synchrotron experiments. In addition, two 1 9 1 inch2 sample heat treated at
350 and 400 °C have been prepared according to the same
process than the corresponding bar samples. Figure 3
shows the results of the hysteresis measurements.
Both X-ray amorphous samples (350 and 400 °C) show
no polarization. In agreement with the crystalline nature of
the samples annealed at higher temperatures, typical hysteresis curves are measured (Fig. 3). However they differ
significantly in the value of the remanent polarization and
the shape of the loop. While the fully crystalline and highly
(111) oriented film (700 °C) shows a square hysteresis loop
with high remanent polarization (Pr * 34 lC/cm2), the
loop of the also (111) oriented film annealed at 500 °C
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Fig. 3 Hysteresis loops of the samples heat treated at 450, 500, and
700 °C as indicated in the graph. All three samples show a well
saturated hysteresis loop. The lowest remanent polarization is
observed for the predominantly (100) oriented film in accordance
with the literature [18, 22]. The two X-ray amorphous samples (350
and 400 °C) have been prepared extra for comparison. As expected
they show no polarization corresponding to the non-crystalline
character

shows a slightly lower Pr of *30 lC/cm2 but a bit more
slanted shape. This can be explained in terms of a not fully
crystalline film where amorphous areas surround the crystalline PZT grains which lead to a lower volume fraction of
switchable ferroelectric material and interface dead layer
[2]. The decrease of remanent polarization (Pr * 19 lC/
cm2) and the inclination of the hysteresis loop is even more
pronounced in case of the 450 °C annealed film. A further
Fig. 4 Ti 2p XAS spectra of
PZT for different maximal
annealing temperatures. The
crystal field splitting t2g to eg
(10 Dq) is marked for the 2p3/2
(L3) and 2 p1/2 (L2) core levels;
TEY (a), TFY (b)
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reduced number of switchable PZT grains due to the predominantly in-plane orientation of the PZT grains and
residual amorphous areas as well as residual carbon (see
Sect. 3.3) are the reason for this behavior.
In order to get further insight into the microscopic
chemical changes, soft X-ray spectroscopy has been
applied and the results are discussed in the following
paragraphs. Interestingly it has been noticed that the aspyrolyzed sample (350 °C) degraded under synchrotron
radiation after 20 min. Nevertheless, the short measurement intervals of 5 min. and less, as in case of XAS,
enabled reasonable non-destructive experiments. However
for RIXS typical acquisition times are in the order of
1–2 h. After 30 min radiation on the 350 °C sample, black
traces at the beam spot on the sample have been observed.
Simultaneously a tremendous distortion of the Ti of the
XAS and RIXS spectra were observed. Samples annealed
at temperatures of 400 °C and higher never featured this
behavior. It is suggested that the amorphous state in
addition with the relatively large carbon content are the
reasons for the radiation instability of the 350 °C sample.
Therefore in the following the efforts are concentrated on
the 400 and 700 °C samples.
3.2 Titanium Ti L2,3 absorption and emission spectra
In Fig. 4 the X-ray absorption spectra simultaneously
detected by the total electron yield (Fig. 4a) and the total
fluorescence yield (Fig. 4b) are shown. For the 700 °C
samples, we observed four (see labels in Fig. 4a Ti upper
spectrum, 700 °C) prominent peaks which are related to the
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Intensity (a.u.)

crystal field splitting of Ti4? in an octahedral symmetry.
The first two peaks (at 458 and 460 eV) belong to the 2p3/2
(t2g and eg) and the third and fourth peak (464.35 and
466.7 eV) belong to the 2p1/2 (t2g and eg) transitions [50–
54]. Since the splitting between t2g and eg is related to the
crystal structure, it may basically further change upon the
change of the lattice constant. Existing studies show that
the shape of eg is sensitive to the crystal structure of TiO2
(Anatase [55] and Rutile [56]). A further splitting of eg at
the L3-edge is due to the different Ti–O bonding length,
and the intensity ratio between these two eg-related peaks
varies correspondingly to the anatase and rutile phase as
will be also described below.
In addition, the TEY’s and TFY’s are rather similar for
all annealing temperatures which indicates equivalent bulk
and surface properties.
It is interesting to note, that even in a low temperature
grown PZT film (400 °C) the Ti ion crystal field environment was not considerably different to that of the samples
grown at higher temperature (700 °C), whereas the 350 °C
sample (see Fig. 4 lower spectra) showed a splitting of the
2p3/2 eg peak with 2 peaks, one at 460 eV (A) and the
second one at 461 eV (B). Peak A is roughly 10% lower in
intensity than peak B.
This particular feature corresponds to a Ti4? ion in the
rutile type structure (D2h) with a slight distortion from the
Oh symmetry. In the anatase phase, Ti shows an opposite
intensity distribution (peak A larger than peak B) [53, 54,
57]. Because anatase is typically the low temperature phase
one would first expect an anatase structure for the 350 °C
sample. Indeed the enthalpies for bulk titanium dioxides
DHf follow the trend: DHf rutile [ DHf brookite [ DHf
anatase, whereas for the surface energy shows the opposite
relation [58]. Therefore, depending on the particular growth
conditions for thin films, all titanium dioxide modifications
can be expected. Ti in a rutile and anatase environment has
been also observed in CoTi1-xO2-d films grown by pulsed
laser deposition in dependency on the growth conditions
[53, 59]. Roughly speaking, they observed at elevated
temperatures (700 °C) and elevated oxygen partial pressure
(10-3 Torr or more) a stabilization of the Ti in the anatase
structure. While at low deposition temperatures of about
550 °C or low partial oxygen pressure (\10-5 Torr) the
rutile type double peak (peak B higher then peak A) was
observed. This fact was also observed in case of other thin
film Ti-oxide compounds grown by pulsed Laser deposition
(PLD) [60]. The rutile phase was also found by Muralt et al.
for sputtered PZT films [61].
Now we turn to the resonant Ti L2,3 fluorescence spectra
recorded at the Ti 2p threshold [55, 62]. Here the photon
excitation energy is tuned to particular energies at the Ti
L2,3 edge. The individual excitation energies are labelled
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Photon Energy (eV)
Fig. 5 Ti 2p XAS spectra (TFY) of two PZT thin film samples
annealed at 400 °C (top spectrum) and 700 °C (bottom spectrum).
TFY was measured in order to label the excitation energies by a-h for
the RIXS measurements (see Fig. 6)

(by letters a–h) and are shown in Fig. 5 for the 400 °C (top
curve) and 700 °C (bottom curve) sample.
Small energy deviation between the excitation energies
of the 400 and 700 °C samples are named by c*, f* and g*.
In Fig. 6 the RIXS data are displayed for various resonantly
excited states for the 400 and 700 °C samples, respectively.
In the low and high temperature samples, RIXS features
were observed at 3 eV below the excitation energy. While
dd-excitation is basically an on-site electronic excitation
localized at the Ti atom (ion), charge transfer (CT) excitation would be an electronic excitation from Ti 3d to O 2p or
vice versa. Typically, CT-excitation appears at a higher
energy loss than dd-excitation. In Ti compounds, RIXS
spectra would reveal dd-excitations at around 1–3 eV when
Ti is in the 3? oxidation state (with 3d1), while Ti4? typically gives no dd-excitation features. The CT-excitation
would be typically at 3 eV and above. Hence the inelastic
contributions were assigned as CT-excitations from occupied O 2p states to unoccupied Ti 3d states. It is known
that the 3d0 configurations are considerable mixed with the
CT-configurations by strong Ti 3d–O 2p hybridization.
There are radiative transitions to different final states.
Earlier X-ray emission studies identified features 4 eV
below the elastic peak as CT-excitations. It has been shown
that the RIXS structures of 3d transition metal (M) L2,3
spectra reflect dd transitions and O 2p–M 3d CT-excitations
[63, 64]. Similar RIXS origin is expected for PbZr1-xTixO3
due to the significant degree of localization of Ti 3d
states. The relative intensity of the recombination peak (E)
decreased with increasing excitation energy. More interesting is the strong dependence of the RIXS spectra on the
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excitation energy. The RIXS spectra consist of resonant and
non-resonant parts that can be easily identified. The nonresonant features appear at the constant energies with an
enhanced intensity upon the excitation energies. The resonant part follows the excitation energy due to energy
conservation since the emitted photon energy must increase
with increasing incident photon energy. This gives rise to
loss features with a constant difference in energy below the
recombination. 400 °C shows CT-excitations at 4.76 and
6.56 eV (Fig. 6a), while 700 °C shows CT-excitations at
4.82, 5.66, and 7.25 eV (Fig. 6b).

3.3 Oxygen K absorption and O K emission spectra
In Fig. 7 the O 1s XAS for the five samples are shown. The
TEY (Fig. 7a) and TFY (Fig. 7b) were simultaneously
acquired between 524 and 565 eV. The O 1s spectra are
related to unoccupied O p-states mixed in the conduction band
[38]. Consequently, these spectra represent, due to the metaloxygen hybridization, the unoccupied bands of Ti and Zr in the
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oxide and are different to the Ti 2p absorption spectra which
reflect the 2p63dn ? 2p53n?1 transitions [50]. Above the O
K-edge it is convenient to divide the spectra into two energy
regions. The first one from 532 eV \ Ephoton = 537 eV the
second from 537 eV \ Ephoton [ 560 eV. To get some inside
about the local electronic structure in the present samples, at
first the results with TiO2 as a reference are compared for the
TEY measurement (Fig. 7a).
The interval from the threshold up to approximately
537 eV is related to O 2p states which are hybridized with
the Ti 3d states in the conduction band (CB) and are split
into the well known t2g and eg sub-bands in case of polymorph TiO2. The ligand field splitting for the as-pyrolyzed
sample (350 °C, Fig. 7a) of 3.0 eV corresponds well to the
rutile phase, which is in agreement with the findings for the
Ti XAS in Sect. 3.2. The higher energy range from 537 eV
up to 560 eV is attributed to the O 2p states hybridized
with the Ti 4 sp or other counter-ion bands. It is known that
these peaks are more sensitive to long-range order [50]. In
the following the present O 1s spectra are compared with
results from the literature.
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The TEY in Fig. 7a of the low temperature sample
(350 °C, lower spectrum) is the only one which shows
similarities to rutile polymorph TiO2 [54]. The bulk sensitive TFY exhibited considerable deviations. First, the
second peak at about 536.1 eV (as easily seen in Fig. 7b) is
disappeared. Moreover, also in the higher energy region,
there are clear differences between the TEY and TFY
spectra. For higher annealing temperatures both, the TEY
and TFY spectra emerge more and more. For the sample
annealed up to 700 °C, both spectra are equivalent, indicating the tendency that the bulk and surface properties
became similar in the crystalline sample. These differences
might be explained by different amounts of carbon–oxygen
species present in the surface and volume of the as-pyrolyzed film. The carbon in the as-pyrolyzed film reacts at first
in the surface near region with the oxygen from the air
environment. Since the pyrolysis is stopped after 2 min, the
film is in a quenched state with a carbon rich bulk region and
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Fig. 8 O 1s XAS spectra of two PZT thin film samples annealed at
700 °C (top spectrum) and 400 °C (bottom spectrum). The excitation
energies are labelled by a–f for the 400 and 700 °C samples and
significant features are labelled by a, b, and v for the 700 °C sample
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a more oxidized surface region. Hence the surface sensitive
TEY spectrum corresponds to a rutile phase environment.
Due to the carbon rich bulk phase of the film it is likely that
the oxygen TFY spectrum has strong contributions of carbon–oxygen species which leads to a significantly different
TEY and TFY spectrum. This difference was not found for
the titanium TEY and TFY spectra (see Sect. 3.2, Fig. 4)
because the local titanium environment is dominated by the
oxygen octahedra rather than by the carbon.
The XAS of the 700 °C sample at the O 1s edge exhibit
in the energy range between 530 and approx. 544 eV a
spectrum which shows the same features as those presented
by Higuchi et al. [65]. They deposited Pb(Zr0.65Ti0.35)O3
by MOCVD on (100) MgO substrates. By following the
theoretical work of Cohen and Krakauer [66] based on the
all-electron, full-potential, linearized augmented plane
wave method (in the local density approximation (LDA))
as well as the experimental work from Higuchi et al. [65],
the peaks labelled by a (531 eV), b (532 eV) (see Fig. 8
upper curve (O 1s XAS, 700 °C)) consist of the Ti 3d state
hybridized with the Pb 6p state. Higuchi observed at
2.5 eV above the threshold a clear shoulder (marked by v)
and interpreted this feature by the Zr 4d state hybridized
with the Pb 6p state. There is no pronounced peak at the v
position visible in Fig. 8.
The excitation energies are labeled by a–f in Fig. 8. The
corresponding RIXS are shown in Fig. 9a, b for the 400
and 700 °C sample, respectively. Two significant features
are marked by A and B in Fig. 9b. These two peaks are
related to the Ti 3d state hybridized with the O 2p state.
The peak A corresponds to the nonbonding state and peak
B corresponds to the bonding state, which is mixed with the
Ti 3d state [65]. The Ti–O hybridization effect has been
found as well in BaTiO3 and SrTiO3 compounds [65–69].
In case of the 400 °C sample (Fig. 9a), the RIXS shows
also a strong peak A, whereas the feature B is not visible
for the excitation energy a (532.5 eV). At higher excitation
energies (b–f) feature B could be identified by a shoulder.
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3.4 Carbon K edge absorption
With respect to the above presented Ti and O XAS and
XES investigations, carbon might behave rather different in
the PZT films. Carbon in chemical deposition methods
(such as MOCVD or CSD) is a mandatory ingredient for
the metal(lo) organic (liquid) precursor solution. However
although carbon is essential for the deposition process it
should be completely removed by formation and evaporation of CO2 and H2O during the annealing procedure to
achieve finally an ideal Perovskite structure (ABO3). In
contrast to the elements Ti, Pb and O a drastic decrease of
the carbon content during annealing is expected. The carbon chemistry in CSD derived PZT thin films during the
nucleation and the amorphous to crystalline phase transition is almost unknown. On the other hand it was figured
out by many researchers [19–24] that a certain amount of
carbon during pyrolysis is important to generate reducing
conditions nearby the platinum/PZT interface which leads
to the reduction of Pb2? to Pb0. The latter forms the (111)
textured growth promoting PtxPb intermetallic phase. XAS
and RIXS might offer an opportunity to shed more light on
the role of carbon in wet chemically deposited PZT thin
films. Although the carbon 1s edge has been extensively
studied by XAS and RIXS in its various configurations
(e.g. diamond, graphite, fullerene, amorphous, or HOPG
(Highly Oriented Pyrolytic Graphite)) this is not a simple
task. In the present work, carbon is solved in the PZT films
in an unknown way, and in addition, in various concentrations in dependency of the annealing temperature which
hinders a straightforward interpretation of the spectra.
More about the chemistry in carbon and its various modifications can be found for example in Ref. [41, 70, 71].
In Fig. 10a, b the series of TEY and TFY spectra of the
five samples (350–700 °C) are shown at the C 1s edge,
respectively. As expected, the amount of C in the film

3.5 Proposed model for texture formation
In this section a possible explanation will be given how the
findings of this study could be matched with current
models for the texture selection of CSD derived PZT thin
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TFY (b) spectra at the C 1s edge
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decreases drastically reduced from the sample 350 °C to
that of 700 °C. At 450 °C already most of the initial carbon
from the precursor solution is vaporized. For the spectra at
350 and 400 °C the TEY and TFY are considerably different. This reflects the fact that carbon is inhomogeneously
distributed. For films annealed to 450 °C and higher there is
clear tendency that the TEY and TFY signals emerge
(together with the reduction in signal intensity).
In case of the 350 °C sample at 282 and 283 eV in the
TEY and TFY strong signals were observed. For higher
excitation energies two further peaks (between 284.5 and
287 eV) are visible followed by a long, featureless tail up to
300 eV. The 282 and 283 eV peaks might correspond to the
p* orbital level. The 400 °C sample showed a significant
peak in the TFY at 288 eV which is may be related to the r*
orbital energy. For the following samples annealed above
400 °C the carbon signal is considerable suppressed and
indicates the strong carbon loss with increasing annealing
temperature. This spectrum is very similar to those of
amorphous carbon. Interestingly, the TEY from the 400 °C
sample up to 700 °C sample exhibited this features and
means that the upper most carbon layer during the vaporisation is amorphous. More investigations are necessary to
clarify the complex carbon chemistry during the amorphous
to crystalline phase transition PZT films. However the
observed relatively high amount of carbon in the as-pyrolyzed sample is a clear qualitative hint to reducing conditions
in the interface region which is one precondition for the
model proposed in the next section.
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films. Since amorphous PZT films in principle transform by
a nucleation-controlled mechanism [17] into a columnar
grown perovskite phase one has basically to consider the
conditions at the interface. As already briefly described in
the introduction, the most prominent model for the (111)
texture selection in CSD derived PZT thin films on bare
platinized silicon wafers is based on the formation of a
transient intermetallic PtxPb (x = 3 [19], 5–7 [20], or 3–4
[21]) alloy, whereby the exact composition is not clear and
quite difficult to obtain. It has also been reported that a
Pt3Ti alloy, which is formed on Pt/Ti/SiO2/Si substrates by
Ti outward diffusion and reaction with Pt, decreases the
interfacial energy between Pt electrode and PZT(111)
planes, due to the close lattice matching similar to the
intermediate PtxPb phase [72, 73]. The formation mechanism of a Pt3Ti alloy can be ruled out in the present study
because of the use of a TiO2 adhesion layer for the platinized silicon substrate. Titanium dioxide does not diffuse
along the platinum grain boundaries as it was shown in the
literature [74]. This is also supported by recent results
where the use of Al2O3 and ZrO2 adhesion layers did not
inhibit the (111) nucleation of PZT [22].
Beside the intermetallic seeding models some
researchers state that a direct nucleation of PZT due to the
lattice matching between PZT(111) and Pt(111) at the film/
Pt interface [75–77] takes place. Certainly this is an
obvious approach but it cannot explain the matter of fact
that there is a difficulty to maintain the (111) orientation, if
the film thickness gradually decreases below 100 nm
although the same precursor solution and process are used
[23, 24]. However the PtxPb model gives a reasonable
explanation for this result and also the hint to solve this
problem. If one takes into account that reducing conditions,
caused by the burnout of the organic material, nearby the
Pt/PZT interphase, can only be maintained if the diffusion
of oxygen is sufficiently slow, then it becomes clear that
the thickness of the amorphous film must be above a certain threshold. If the film is too thin which means some 10s
of nm below 100 nm, at the interface oxidizing conditions
are present and the reduction of Pb2? to Pb0 cannot take
place. Thus the PtxPb alloy cannot form and a predominant
(100) orientation is obtained.
By using a reducing atmosphere the intermetallic phase
can form again and the (111) orientation of films down to
30 nm was obtained again [24]. Consequently excellent
square hysteresis loops with Pr [ 30 lC/cm2 could be
recovered. Said intermetallic phases can be also obtained in
case of MOCVD processes [78]. In the latter case these
phases often become very dominant which can be
explained by the even stronger reducing conditions in the
MOCVD process compared to the CSD process which may
lead to the situation that the amount of the formed PtxPbphase is to high and cannot be easily reoxidized.
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From all these considerations it is concluded that the
formation of the transient intermetallic PtxPb alloy, as one
of the first steps of the nucleation in CSD derived PZT
(111), is most likely. An optimized CSD process seems to
be a tradeoff between a sufficient amount of transient
intermetallic phase to promote the (111) nucleation and not
too high amount to be completely reoxidized during crystallization. The next steps in the nucleation mechanism
were not clear so far.
On the other hand it is known that sputtered thin i.e.
*2 nm TiO2 films act as seed layers on bare Pt (111) [61].
They promote a (111) oriented growth of sputter deposited
as well as of CSD derived PZT thin films. The working
principle was explained in terms of an epitaxial relationship between strained rutile (110) and Pt (111). It was
stated that the oxygen rows of the rutile surface work in
favor of a PbO34- (compare Fig. 11) coverage. Thus on top
of this rutile seed layer the (111) textured perovskite
nucleates epitaxially i.e. in (111) direction. Muralt et al.
also pointed out that a non-oriented or amorphous TiO2
layer fails to act as seed layer [61].
In the present study no artificial TiO2 seed layer is used
on top of the Pt. In addition we can exclude Ti diffusion
from the adhesion layer towards the Pt surface as discussed
above. However we found TiO2 in the rutile phase already
in the as-pyrolyzed film at 350 °C by the XAS experiments
(see above). Thus the (111) PZT nucleation mechanism
might be basically explained by an extension of the known
intermetallic phase layer model [19–21]. If one takes into
account that the lattice constant of the (111) PtxPb-phase is
very similar to that of (111) Pt it is assumed that the
detected rutile in the as-pyrolyzed film, could also grow
epitaxially in (110) direction on top of this PtxPb-alloy
(Fig. 11).
In the next step this rutile surface facilitates the epitaxial
coverage with PbO34- very similar to sputtered ultrathin
TiO2 seed layers. Upon further processing by fast heating
ramps (hot plates or RTA) to temperatures of 500 °C and
above, these seeds grow further in the (111) direction
forming the columnar grown perovskite films. During the
oxidizing annealing conditions the incipiently formed
PtxPb alloy is reoxidized and the resulting Pb2? is incorporated into the perowskite lattice after slight displacement
of the oxygen and titanium ions, as schematically indicated
in Fig. 11.
Until now the model only explains the (111) texture
selection. In order to explain the observed temperature
dependent competition between a predominant (111) texture (T C 500 °C) and the (100) orientation (T = 450 °C),
which is in agreement with the literature [47, 49, 79], the
following has to be considered. Basically the case of (100)
oriented growth of PZT films is often explained by an
energetically favored (100) growth plane [76, 80, 81] and
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Fig. 11 Schematic representation which illustrates the first nucleation steps of PbTiO3 on (111) oriented platinum. (a) Shows the
hexagon surface of (111) plane of the bare Pt; (b) after reduction of
Pb2? to Pb0 the intermediate (111) PbPtx alloy is formed (light grey
sphere = Pt; dark grey sphere = Pb. (c) On top of this PbPtx layer
strained rutile (blue spheres = oxygen and small magenta
spheres = titanium) is stacked (the (001) direction of rutile is given
by the arrow and some out off plane oxygen and titanium ions from
the rutile structure are also shown). (d) Shows only the first layer of
oxygen and titanium ions of the rutile layer in order to facilitate the
next proposed step of the nucleation process. During further fast heat

treatment to temperatures of above *450 °C in oxidizing atmosphere, the Pb0 in the PbPtx layer is oxidized to Pb2? which is
associated with a small outwards displacement from the plane of Pt
into the 1st plane of the strained rutile layer. In the latter further
relatively small displacements of O and Ti (not displayed) have to
take place; (e) shows the situation after the reoxidation of Pb and the
various displacements. The blue scattered circles indicate the original
positions of the oxygen ions; (e) the enlarged inset shows the hexagon
of the PbO34- plane of (111) oriented lead titanate. These seeds grow
further also by introduction of Zr to form finally columnar (111)
oriented PZT thin films

PbO seed layers or (001) oriented PbO seed crystals which
allow for a preferred (100) texture evolution of PZT due to
good lattice matching [79, 82–84]. The formation of PbO
seeds or seed layers within the intermediate PtxPb seed
layer model is explained by Chen and Chen [79] by a
kinetic consideration. If the as-pyrolyzed film is annealed
for longer times at temperatures where the PZT formation
is very slow, the initially formed PtxPb alloy will reoxidize
to PbO giving the seed layer for (100) PZT as described
above. During further heat treatment these films crystallize
in (100) direction. If as-pyrolyzed films are directly
annealed at higher temperatures, e.g. 500 or 700 °C, the
perovskite forms rapidly on the initially formed (111)
oriented nuclei (see above) and hence the (111) orientation
dominates.

dioxide. Thereby the spectra of the bulk sensitive TFY
method and the surface sensitive TEY method have the
same feature which shows that there is no difference
between bulk and surface. The oxygen environment of the
as-pyrolyzed sample however shows significant differences
with regard to surface and bulk properties. While the surface sensitive TEY spectrum again shows the feature of the
rutile structure the TFY spectrum representing the bulk of
the film is superposed by oxygen species containing carbon, which can be explained by a quenched state with a
carbon rich bulk region and a more oxidized surface
region. This is also reflected in different TFY and TEY
carbon K edge absorption spectra. The residual carbon in
the bulk of the as-pyrolyzed samples enables a reducing
environment in the Pt/PZT interface region, which in turn
is a precondition for formation of an intermediate PbPtx
alloy. A qualitative model based on the combination of
well known models for the nucleation of (111) oriented
PZT and the matter of fact that rutile has been found by
XAS was discussed. Titanium dioxide in rutile form stacks
at first on the PbPtx-phase due to excellent lattice matching
and forms by slight movement of the ions the (111) PTO
nuclei which grows to (111) oriented columns of PZT upon
fast heating to 500 °C or temperatures above. The predominant (100) orientation of the 450 °C annealed film

4 Conclusions
The transition of CSD derived tetragonal PZT thin films
from the amorphous as-pyrolyzed state to the crystalline
perovskite has been studied by soft-X-ray spectroscopy.
Interestingly the local titanium environment of the
as-pyrolyzed sample was found to be rutile type which is
normally the high temperature modification of titanium
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might be explained by a literature known kinetic consideration. Thus a slow perovskite formation at this
temperature leeds to the generation of PbO seeds or seed
layers by the oxidation of the intermediate PbPtx phase,
which promote the (100) growth.
In accordance with the literature, the highly (111) textured samples show a superior ferroelectric behavior
compared to the predominantly (100) oriented samples. A
strong competition in texture selection was found in the
temperature range from 400 to 500 °C. By application of
450 °C the films grow predominantly in (100) direction
while a crystallization temperature of 500 °C and above
leads to (111) textured films.
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R, Böttger U, Waser R (2005) Microelectron Eng 80:296
26. Assink RA, Schwartz RW (1993) Chem Mater 5:511
27. Nouwen R, Mullens J, Franco D, Yperman J, Van Poucke LC
(1996) Vib Spectrosc 10:291
28. Cao D, Jeong I-K, Heffner RH, Darling T, Lee JK, Bridges F,
Park J-S, Hong K-S (2004) Phys Rev B 70:224102
29. Bertagnolli H, Ertel TS (1994) Angew Chem Int Ed Engl 33:45
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