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Among the large variety of electroceramic thin film
materials, lead zirconate titanae (PZT) stands out because
of excellent piezoelectric and ferroelectric performance.
Hence, it is applied in devices such as actuators in micro or
nanoelectromechanical systems (MEMS/NEMS) and ferro-
electric random access memories (FeRAM).1,2 Chemical
solution deposition (CSD) is an established processing tech-
nique to fabricate PZT thin films.3MostCSDapproaches to
deposit PZT layers reported in the literature are sol-gel
routes, starting from lead acetate, titanium, and zirconium
alkoxides, andan (alkoxy) alcoholic solvent. It is knownhow
to successfully control the microstructure and the electrical
properties of the films, but the underlying mechanisms of
nucleation and growth are not yet fully understood.
With regard to texture evolution in PZT coatings on

common platinized silicon substrates of the layer se-
quence Pt/Ti/SiO2/Si or Pt/TiO2/SiO2/Si, different mod-
els on the dominant factors have been postulated as
discussed, e.g., by Brooks et al. andNorga and Fe.4,5 These
include (i) the preannealing of the substrate, leading to
the formation of platinum hillocks, (ii) crystallization via
a kinetically favored fluorite or pyrochlore phase which
shows a similar near-range order as the amorphous gel, (iii)
the diffusion of titanium atoms upon substrate preanneal-
ing from the adhesion layer through the electrode to the Pt
surface where they act as nucleation seeds, and (iv) the
occurrence of an intermediate lead platinum phase at the
electrode film interface in a certain temperature regime
below the crystallization temperature, similar to Pt-Bi
alloy formation in strontium bismuth tantalate films.6

The models suggesting Ti diffusion and a transient PtxPb

phase, respectively, account for the frequently obtained
preferred (111) orientation and columnar morphology of
the PZT films based on the small mismatch between the
(111) lattice planes of Pt on the one hand and either PbTiO3

(as Ti enriched PZT) or PtxPb on the other. Concerning the
intermetallic lead platinum phase, different stoichiometries
have been found in EDX analysis: Chen and Chen7 de-
tected a Pt/Pb molar ratio of 5-7, whereas Huang et al.8

and Kaewchinda and co-workers9 concluded the composi-
tion Pt3Pb and Pt3-4Pb, respectively. The primary condi-
tion for the formation of the intermetallic phase in general
was identified to be a reduced partial pressure of oxygen at
the film substrate interface.4

Because the chemistry and the processing parameters
involved in the cited studies varied substantially, a direct
comparison of the results does not implicitly lead to
meaningful conclusions. The fact that the investigated
PZT compositions range from 30 to 65% Zr content
further adds to this inconsistency. However, the lead
titanate portion is believed to be the driving component
in the nucleation process of the perovskite phase because
of its lower crystallization temperature.10 Therefore, this
study deals with the analysis of transient phases in pure
PbTiO3 layers during annealing and compares the results
to PZT layers of the Zr/Ti molar ratios 30/70 and 45/55,
which are particularly relevant for ferroelectric and piezo-
electric applications, respectively. All samples were pre-
pared by the same CSD route in order to ensure the
significance of the findings. The main focus was on the
lead platinum interaction at the film substrate interface
while the other mentioned mechanisms (i) to (iii) played a
subordinate role owing to the particular processing para-
meters: (i) the surface roughness of the platinum electrode
had been enhanced by optimizing the sputter deposition
process;4 (ii) fluorite phase formation, which actually
only occurs to considerable extent in Zr rich PZT, was
suppressed by a 15% excess of the lead compound in the
precursor solutions;11 and (iii) the choice of titanium
oxide instead of metallic titanium as adhesion layer
between the electrode and the silicon wafer prohibited
titanium diffusion and oxidation within and on top of the
electrode while preconditioning the substrates.12

The chosen CSD route is desctribed in detail in earlier
works.11,13 Briefly summarized, it comprises dried lead
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acetate, titanium, and zirconium alkoxides, and the sol-
vent n-butanol which form a sol in a “one-pot” reaction.
Different thicknesses of the spin-coated layerswere achieved
by varying the concentration of the precursor solution be-
tween 1mol L-1 (undiluted stock solution) and 0.2mol L-1.
Thewet films underwent quasi-isothermal heat-treatment on
laboratory hot plates that provided annealing temperatures
between 250 and 700 �C for selective periods ranging from a
single second to hours.
Fundamental information about the nature of inter-

mediate phases and the conditions of their appearance
was derived from single coatings of the one molar lead
titanate precursor solution. This kind of specimens al-
lowed for higher time resolution of the reaction kinetics
compared to thinner layers since the course of reaction
proceededmore slowly. In principle, two transient phases
were recorded in X-ray diffraction scans as illustrated in
Figure 1. In the vicinity of the Pt 111 reflection, signals of
the 111 reflection of a stoichiometrically unspecified
PtxPb phase14 and the 110 reflection of the phase PtPb15

were identified. These phases developed in dependence on
the annealing time as described below. Cross sectional
scanning as well as transmission electron micrographs of
samples showing the reflections of both lead platinum
phases are given in Figure 2. In these images, an interlayer
between the electrode and the deposited film up to a thick-
ness of∼50 nm is clearly visible. To specify the stoichiometry
factor x in PtxPb, EDX line scans performed on TEM
lamellae were evaluated. The obtained results for the TEM
sample of Figure 2 as well as the corresponding HAADF
images are presented inFigures 3 and 4.As the different gray
scales of the metallic film parallel to its surface (see Figure 3)
suggest, the composition of the interlayer varied locally. The
two line profiles depict distinct regions of the sample: region

(1) where∼20 nm of the stoichiometric PtPb phase separate

the precursor from an intermetallic layer with gradually

increasing Pt content, and region (2) in which an aporox.

50 nm thick layer of rather constant Pt/Pb molar ratio of

3 is found in agreement with refs 8 and 9. As a result of the

Pb diffusion into the Pt layer, the initial electrode thick-

ness of 100 nm increased by almost 15%. At the same

time, the precursor layer showed a certain Pb deficiency in

comparison to its Ti content in the proximity of the

interface.
Generally, the two intermetallic phases emerged by a

fixed sequence (cf. Figure 1). The equimolar composi-
tion showed before the Pt3Pb phase evolved and van-
ished after a certain period of coexistence, leaving
solely the platinum-rich composition. This progression
suggested a model of phase evolution as follows: In the
initial stage of the annealing, a lead platinum layer
developed at the film-substrate contact surface from
equal quantities of the two constituents. As the applied
elevated temperatures increased the mobility of the

atoms, Pb further diffused into the Pt layer where it

formed the intermetallic compound in understoichio-

metric ratio. As theHAADF images revealed, the phase

transition from PtPb to Pt3Pb locally proceeded with

Figure 1. XRD patterns (Cu KR radiation) of undiluted PbTiO3 pre-
cursor solution layers after heat treatment at 650 �C for the indicated
durations, showing the consecutive evolution of the two intermediate lead
platinum phases as assigned by refs 14 and 15.

Figure 2. Cross-sectional scanning electron micrograph (left) and bright
field TEM image (right) of samples that exhibit the intermediate lead
platinum layer; legend: S, SiO2 substrate; T, TiO2 adhesion layer; E, Pt
electrode; I, intermediate PtXPb layer; C, CSD precursor layer.

Figure 3. High-angle annular dark field (HAADF) images and EDX
scan lines (in nanometers, profiles see Figure 4) of one sample showing the
XRD reflections of both PtPb and PtxPb. The different gray scales
indicate either a compositional variation or a change in grain structure.
Discrimination is possible only by analyzing the EDX signals.

Figure 4. EDX line profiles corresponding to the cross-sectional
HAADF images of Figure 3. The profiles map the layer sequence as
schematically shown at the bottom. The understoichiometric phase TiOX

of the adhesion layer represents partially crystalline TiO2 in an amor-
phous Ti-O matrix.

(14) ICDD reference pattern PDF # 6-574.
(15) ICDD reference pattern PDF # 6-374.
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different rates leading to a certain inhomogeneity over
the electrode area. In grazing incidence XRD measure-
ments, neither of the lead platinum phases was detect-
able, indicating that they were highly textured. The
same conclusion was drawn from the absence of reflec-
tions in the entire 2θ scan range of 20-60� except for the
ones displayed in Figure 1 even though, in the case of
PtPb, the recorded reflection did not correspond to the
strongest reflection in the reference pattern.14

In ref 7, the formation mechanism of the transient lead
platinum phase was described in detail. It essentially
consists of two steps: first, Pb2þ ions are reduced to
atomic Pb0 which subsequently diffuses into the Pt
layer. The low oxygen partial pressure close to the
interface is created during the burnout of the organic
components in the deposited precursor coating. Fac-
tors like coating thickness, annealing temperature and
duration were found to govern the period of existence
of the PtxPb phase.5,7 These kinetic aspects applied to
the route presented in this study as well in that the lead
platinum phases prevailed the longer the higher the
precursor solution concentration (the thicker the coat-
ing), the lower the temperature, and the shorter the
duration of the annealing. However, the literature does
not include reports on any PtPb interlayer that was
demonstrated in this work.
To evaluate the phase formation processes for varying

film composition Pb(Zr1-yTiy)O3 (y=1, 0.7, 0.55, 0) the
results obtained for single coatings of undiluted stock
solutions annealed for 30 s at different temperatures were
compared. The temperature-dependent occurrence of the
two intermetallic phases under these conditions is illu-
strated in Figure 5. It is obvious that the decomposition
and the correlated reduction of lead ions to lead atoms set
in at higher temperatures in the Zr-rich layers. In com-
parison to pure lead titanate, the lead zirconate com-
ponent clearly caused a decelerated combustion of the
organic components, a behavior that was also reported
for bulk gels.16 Furthermore, the transformation from
PtPb to PtxPb in the Zr-rich layers passed within a
smaller temperature interval. Presumably, the rise in
reaction temperatures by ∼100 �C caused this increase
in rate of diffusion.
In the basic examination of the transient phases de-

scribed above, the coatings were annealed for varying
soaking times in the range from 1 s to 60 min at constant
temperatures between 250 and 700 �C. By contrast, the
optimum fabrication conditions for functional PZT films
of the applied route involve two separate annealing steps:
the rather short pyrolysis at 350 to 400 �C, followed by the
crystallization at around 700 �C for several minutes.11

Under these standard conditions, the distinct processes of
intermediate and perovskite phase formation that were

observable in the thick coatings are supposed to take
place coinstantaneously to some extent during the second
phase of thermal treatment. In this way, the transfer of the
Pt [111] texture via the intermediate (111) Pt3Pb layer to
the PZT film is plausible. The conventional deposition
parameters of PZT films include repeated spin-on of
coatings each several tens of nanometers thick.11,17 Ad-
vanced PbTiO3 layers,

13 however, prepared as stacks of
individual 25-30 nm thick coatings lacked the preferred
(111) orientation common for PZT. Likewise, Ellerkmann
et al.18 recently reported on the loss of the (111) orienta-
tion in PZT films thinner than the standard. Evidently,
there is a trend that the texture transfer ceaseswithdecreasing
coating thickness.Yet, the (111) texturewas re-established in
very thin coatings when their heating was performed in
reducing atmosphere which enhanced the duration of
the Pt3Pb phase by extrinsically adjusted, steady low
oxygen partial pressure.18 On the basis of the findings
presented above, it is assumed that preferred or non-
preferred orientation results from the decomposition
kinetics rather than the presence or absence of zirco-
nium. The fact that Zr-rich layers develop the interme-
tallic phases not until higher temperatures apparently
plays only a subordinate role compared to other factors
such as the coating thickness.
In summary, this studiy verified the formation of a lead

platinum interlayer of composition Pt3Pb when heat-
treating sol-gel PbTiO3 thin films on conventional
Si/SiO2/TiO2/Pt[111] substrates that had previously
been observed in comparable routes to PZT. Unless
the annealingatmospherewasoxygen-depleted, the thickness
of the individual coatings primarily determined whether the
[111] texture transfer from the Pt3Pb layer to the perovskite
film took place. Basically, the decomposition kinetics exerted
the major influence in this regard compared with the actual
composition of the PZT system. For the first time, the
evolution of the Pt3Pb layer was found to be preceded by
the formation of a thin layer of equimolar composition PtPb
at the very contact surface between the deposited precursor
coating and the electrode.

Figure 5. Correlation between the existence of the two lead platinum
phases in samples of undiluted precursor solution layers heated for 30 s at
the indicated temperatures. “Ti rich” represents the results found for
pure PbTiO3 as well as PZT layers with a Zr content of 30%, “Zr rich”
indicates the findings for pure PbZrO3 and PZT layers with Zr/Ti ratio of
45/55.
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