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Effects of the thermal treatment and the fabrication process of Pb(Zr,4Tiy7)O3 (PZT) thin films
using chemical solution deposition on Pt/TiO, electrode stacks were investigated using
complementary analytical techniques including atomic force microscopy (AFM), x-ray
photoelectron spectroscopy, high-resolution transmission electron microscopy, and grazing
incidence x-ray reflectivity of synchrotron radiation. The surface and interface structures of the
Pt/TiO, electrode stacks with different thermal treatments, and the PZT/Pt/TiO, sample were
examined. The propagation of Pt hillocks on the bare Pt/ TiO, electrode stacks upon the annealing
was observed. AFM observations also revealed that the upper surface of the Pt bottom electrode
under PZT thin film became rougher than that of the bare Pt electrode with the same thermal history.
Global structural information including the density, surface or interface root-mean-square
roughness, and thickness of each constituent layer in the samples were determined using x-ray
reflectivity. A density decrease of the Pt layer upon the annealing or during the fabrication of PZT
thin films was found from fitting the specular reflectivity, and further confirmed by the negative shift
of the Yoneda peak of Pt in the diffuse reflectivity. The formation of Pt hillocks on the bare Pt
electrodes was attributed to the compressive stress during the high-temperature annealing caused by
the limited incorporation of Ti and O into the Pt layer. Roughening of the PZT/Pt interface was
ascribed to the interaction between the compressive stress in Pt and the indentation by the PZT
crystallization and grain growth during the annealing. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2202015]

I. INTRODUCTION

Pb(Zr,,Ti;_,)O3 (PZT) ferroelectric thin films have at-
tracted much attention for their applications in the computer
memory industries and microelectromechanical systems.l’2
These devices have a typical planar capacitor structure with
the ferroelectric layer sandwiched by a top electrode and a
bottom electrode, normally integrated on a silicon substrate.
In such a complex hybrid of stratified layers, the compatibil-
ity of the compositional layers and elements is a very impor-
tant concern since they can all affect the performance and
reliability of the final devices to a certain extent.’

Pt is regarded as a standard electrode material for the
fabrication of PZT thin films owing to its compatibility with
the integration process such as excellent oxidation resistance
at high temperatures and high conductivity though the PZT
capacitors with Pt electrodes show poor reliability, for ex-
ample, electrical fatigue and imprint effect.™ During the de-
vice fabrication, the electrodes need to withstand a series of
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thermal treatments in oxidizing atmosphere. Therefore, the
high-temperature behavior of the electrodes is crucial for the
performance and reliability of the devices. Previously, a thin
intermediate layer of Ti was often introduced to improve the
poor adhesion ability of Pt on SiO,. However, the Pt/Ti me-
tallic electrode shows poor thermal stability and reliability
including the formation of Pt hillocks®™® or bumps under
thermal conditions,” surface morphology evolution during
aging,7 short circuit of ferroelectric capacitors caused by the
Pt hillocks,lo severe diffusion of Ti into Pt, and even encap-
sulation of Pt hillocks with TiO, during annealing.é’gf11 In
contrast, Sreenivas et al. reported that the Pt/ TiO, electrode
structure shows an improved thermal stability.6

For a given ferroelectric medium with a certain chemis-
try and structure, the ferroelectricity is dependent on the
electrical and mechanical boundary conditions to a great ex-
tent. As the whole multilayer is formed through a layer-by-
layer deposition on the substrate from the bottom to the top,
the lower layers will have certain influences on the upper
layers. For example, by using Pt/ TiO, electrodes with TiO,
of random orientation, anatase and rutile structure, respec-
tively, the ferroelectric thin films had different electrical
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properties.12 On the other hand, the fabrication process of the
upper layers will definitely have some effects on the lower
ones. Therefore, the properties of all the constituent layers in
the hybrid devices need to be investigated thoroughly while
their compatibility calls for intensive studies. However, so
far the structural changes and element diffusions in the
Pt/TiO, electrode upon the thermal budget of the devices
have not been well understood.

In the present study, comprehensive analytical tech-
niques were used to investigate the effects of the thermal
treatment and the fabrication process of PZT ceramic films
on the Pt/TiO, electrode stacks. The structure and surface
composition of the Pt/TiO, electrode stacks were examined
by atomic force microscopy (AFM), x-ray photoelectron
spectroscopy (XPS), and high-resolution transmission elec-
tron microscopy (HRTEM). The thickness, surface or inter-
face roughness, and density of each constituent layer in the
Pt/TiO, electrodes with different heat treatments were char-
acterized by grazing incidence x-ray specular and diffuse re-
flectivity of synchrotron radiation under nondestructive con-
ditions.

Il. EXPERIMENT
A. Sample preparation

Three Pt/TiO, electrode stacks with different thermal
treatments and a Pb(Zr 3Tiy,)O3/Pt/TiO, thin film sample
were used in this study. Firstly, a silicon wafer with (100)
orientation and a thickness of 0.6 mm was thermally oxi-
dized to form a SiO, amorphous surface layer with a thick-
ness of about 300 nm. Secondly, a Ti layer was sputtered as
the adhesion layer at room temperature and subsequently
oxidized at 700 °C for 5 min in oxygen. Hereafter, unless
otherwise stated, all the annealing was performed in oxygen
using a rapid thermal annealing (RTA) oven. Thirdly, a Pt
layer of about 100 nm thick was deposited by dc sputtering
on the TiO, layer at 200 °C and subsequently crystallized at
700 °C for 5 min. Fourthly, the silicon wafer was cut into
small pieces of 1X1 in.2. Here, three pieces of electrode
stacks were taken out from the batch for analyses. One of
them was designated as unannealed. The other two were
further annealed at 700 °C (the crystallization temperature of
the ferroelectric films) for 3 and 10 min and were designated
as 3 and 10 min annealed, respectively. For the preparation
of the Pb(Zr(3Tiy7)O3 (PZT) thin film samples, a chemical
solution deposition (CSD) process was used through spin
coating on an unannealed Pt/TiO, electrode stack.'® After
the deposition of a PZT layer, the sample was crystallized at
700 °C for 5 min and postannealed at 700 °C for 5 min. For
the further examination of the buried Pt surface, the covering
PZT film was removed through chemical etching using di-
luted hydrofluoric (HF) acid after the relevant examinations.

B. Analytical techniques

A Digital Instruments Dimension 3100 AFM was used in
tapping mode to characterize the surface topography of the
samples. XPS with Mg K« radiation was used to derive the
chemical composition of the Pt electrode surface. The sam-
pling depth was below 10 nm and the lateral area was about
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8 mm?. TEM investigations were performed using a Philips
TECNAI FEI 20 with an energy filter (Gatan GIF 2000), an
energy dispersion of x-ray (EDX) detector, and a high angle
annular dark field (HAADF) detector. A thin TEM cross-
sectional lamella with a thickness less than 100 nm was pre-
pared by focused ion beam (FIB) cutting on a FEI STRATA
FIB 205.

X-ray reflectivity (XRR) measurements were conducted
on a high-resolution reflectometer at Deutsches Electronen
Synchrotron (DESY) beamline E2 by using 11 keV mono-
chromized x rays. For each sample, specular reflectivity scan
(6-26 scan), rocking scan (a;+ay=const), offset scan
(aj—ay=+2¢), and detector scan (q;=const) were per-
formed, where «; is the incidence angle, ay is the exit angle,
and ¢ is the offset angle which was determined experimen-
tally and just as big as to exclude the specular reflection. The
beam had a height of 75 wm in the scattering plane and a
horizontal width of 2 mm. The horizontal y direction of the
slit before the detector was widely opened and the x direction
was kept subtending an angle smaller than twice of the full
width of half maximum (FWHM) of the rocking scan. For all
the scans, dark currents were measured and deducted. The
diffuse background calculated as the average of the two off-
set scans was subtracted from the raw specular reflectivity as
well. The specular reflectivity was plotted as a function of
the vertical momentum transfer g =4 sin 6/N\ (incidence
angle equal to reflection angle), where ¢, is the momentum
transfer perpendicular to the sample surface, 6 is the grazing
incidence angle, and A is the wavelength of the x rays. Illu-
mination effect was corrected because a part of the beam
passed over the sample in the low angle region. The fits to
the specular reflectivity were performed using the Parratt
algorithm14 implanted into the PCTRF program15 in which the
surface or interface root-mean-square (rms) roughness, thick-
ness, and density of each constituent layer were the fitting
parameters. The roughness was treated as a small perturba-
tion of a smooth surface or interface which is a Gaussian
variable.

lll. RESULTS
A. Surface and interface analyses

Figures 1(a) and 1(b) give the AFM surface images of
the unannealed Pt/TiO, electrode with different magnifica-
tions. Figures 1(c) and 1(d) show the AFM surface images of
the 3 and 10 min annealed Pt/ TiO, electrode stacks, respec-
tively. The Pt surfaces are continuous and dense with very
fine grains. There are many minute hillocks on the surfaces
of the three electrodes. In Fig. 1(b), it can be seen that most
of the hillocks are located along the grain boundaries. Only
few hillocks can be observed on the relative flat Pt grain
facets, as indicated by the white arrow. With increasing an-
nealing time the population and average size of these hill-
ocks increase evidently. The Pt grains exhibit slight coarsen-
ing due to the further grain growth during the annealing,
which is similar with the observation on Pt/Ti metallic bi-
layer electrode annealed in oxygen atmosphere.lo The sur-
face roughness values of the three electrodes are 1.1, 1.0, and
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FIG. 1. AFM images of the Pt surface morphologies of the unannealed
electrode (a) at low magnification and (b) high magnification, and (c) the 3
and (d) 10 min annealed electrodes.

1.2 nm, respectively. Though the surface morphology of the
electrode changes significantly upon the annealing, the sur-
face roughness change is negligible.

To determine the composition of the Pt surface and the
hillocks especially, XPS surface analyses were conducted.
The XPS spectra of the three Pt/TiO, electrode stacks are
plotted in Fig. 2, in which all the peaks are labeled with the
corresponding elements. Only Pt and the impurity elements
of C, O, and N are found, while the Ti signal is not observed.
The results reveal that the electrode surfaces including the
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FIG. 2. XPS surface spectra of the unannealed, and 3 and 10 min annealed
electrode stacks.

hillocks are constituted of Pt, while Ti is unable to penetrate
up to the Pt surface during the 10 min annealing.

Figure 3(a) gives an AFM surface image of the PZT
ceramic film sample. The PZT ceramic is very dense and
consists of fine grains with a diameter of around 150 nm.
Figure 3(b) shows an AFM surface image of the underlying
Pt electrode with the covering PZT film being chemically
removed. The surface roughness of this Pt electrode is
2.0 nm. This Pt electrode in the PZT thin film received
10 min of annealing in total, the same as the 10 min an-
nealed Pt/TiO, electrode stack. However, through the com-
parison between Figs. 1(d) and 3(b) it can be seen that the Pt
surface becomes not only rougher, but also quite different
from the 10 min annealed bare Pt surface. Some areas of the
Pt surface, i.e., the previous PZT/Pt interface, have been in-
dented by the PZT ceramic grains, as indicated by the two
white arrows in the AFM image as an example. Additionally,
the population of the small hillocks on the Pt surface de-

FIG. 3. AFM surface images of (a) the PZT ceramic film and (b) the Pt
bottom electrode disclosed after the covering PZT ceramic was removed by
chemical etching.
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FIG. 4. (a) TEM cross-sectional high angle annular dark field image of the
multilayer structure of the PZT thin film. From left to right: PZT, Pt, TiO,,
and SiO,, respectively. (b) HRTEM image of the TiO, layer, and the inter-
faces of Pt/TiO, and TiO,/SiO,.

creases significantly. The drastic change of the Pt surface
morphology during the film fabrication reveals that some
new processes during the PZT crystallization, besides the
thermal annealing itself, should be responsible for the
changes.

The multilayered structure of the PZT/Pt/TiO, sample
was examined using TEM. Figure 4(a) gives a cross-
sectional HAADF image of the sample in which the atomic
number contrast is clearly revealed. From left to right the
layers are PZT ceramic, Pt electrode, TiO,, and SiO,, respec-
tively. The interfaces of PZT/Pt and Pt/TiO, are very clear,
which indicates that the diffusion at these two interfaces is
not strong. By contrast, there are many spots extending from
TiO, into SiO, at the interface of TiO,/SiO,, which reveals
the diffusion of Pb and probably Ti as well into SiO,.'® Fig-
ure 4(b) shows a HRTEM image of the TiO,/SiO, interface
and the TiO, layer. The TiO, grains are randomly oriented in
the plane. Through Fourier transformation to determine the d
spacing, it is found that the TiO, has a slight nonstoichio-
metric Ti:O ratio, deviating from TiO,, and is constituted of
oxygen-deficient components such as TigO;s according to
JCPDS File No. 85-1060. The shadowlike spots in the amor-
phous SiO, are indicative of the segregation of the diffused
Pb and Ti.

B. X-ray specular reflectivity

X-ray specular and diffuse reflectivity measurements
were conducted to examine the multilayered structure of the
Pt/TiO, electrode stacks with different thermal treatments.
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FIG. 5. Specular reflectivity of the unannealed, and 3 and 10 min annealed
Pt/TiO, electrode stacks. The best fits to the experimental specular reflec-
tivity curves are also given (solid line).

With the use of highly intense and parallel x rays of synchro-
tron radiation, the reflected beam from deeper layers can be
also recorded, and hence the structural analysis of buried
layers becomes feasible under nondestructive conditions.
X-ray specular reflectivity curves of these three samples are
displayed in Fig. 5. For these three curves, the reflectivity
intensity covers more than seven orders of magnitude. The
reflectivity curves below the total external reflection angle of
Pt are relatively flat because most of the beams are reflected
and only the evanescent wave is scattered. Then the reflec-
tivity decreases rapidly with increasing g, beyond the Pt
critical angle. The periodic oscillations from about 0.1 A~
of g, result from the interference of the reflected beams from
the underlying interfaces with those from the Pt surface.
Since the Pt layer has the highest electron density in the
multilayered structure, the reflected beams from all the inter-
faces in the whole structure will contribute to the interfer-
ence beyond the critical angle of Pt.

The experimental specular reflectivity data are fitted by
the program PCTRF with Parrott algorithm, as shown also in
Fig. 5 (solid lines). Note that here SiO, is used as the sub-
strate because the x rays are not able to penetrate the SiO,
layer with a thickness of 300 nm. For simplicity, TigO;5 is
used for fitting the specular reflectivity in lieu of TiO,. The
roughness obtained from x-ray reflectivity characterizes the
perpendicular electron density fluctuations or the electron
density disorder at the surface or interfaces. For fitting these
three reflectivity curves, it is found that the surface rough-
ness cannot be described well within the simple Gaussian
variable assumption. A low-density surface layer on top of
the Pt layer must be introduced, which actually coincides
with the AFM observation as have been observed that there
are many tiny hillocks on the Pt surfaces. In essence, the
structure model of low-density Pt/Pt/TiO,/SiO, for fitting
the specular reflectivity reflects the superposition of the very
thin Pt-hillock layer on the bulk Pt layer. The structural char-
acteristics of the three Pt/ TiO, electrode stacks are summa-
rized in Table I together with error margins. The increase of
the Pt surface layer density and thickness upon the annealing
indicates qualitatively the increase of the population and size
of the Pt hillocks. On the other hand, the mass density of the
Pt bottom electrode decreases upon the annealing. The
Pt/TiO, interface roughness hardly changes, suggesting the
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TABLE 1. The thickness (d), density (p), and surface or interface roughness
(o) of the constituent layers in the unannealed, and 3 and 10 min annealed
electrode stacks obtained from best fits of the specular reflectivity curves,
assuming a stack of low-density Pt/Pt/TiO, of horizontally homogeneous
layers on a SiO, substrate.

Constituent Structure 3 min 10 min
layers parameters Unannealed annealed annealed
Surface Pt a(A) 14.5+1 11.5+1 11.5+1
p(g/cm’) 9.1+0.3 12.7+0.3 13.5+£0.3
d(A) 8.0+2 10+2 11+1
Pt a(A) 6.2+0.2 55+0.2 6.0+0.2
p(g/cm?) 21.0£0.1 20.5+0.1 20.4+0.1
d(A) 1027+2 1003+2 10102
TiO, a(A) 12.0+3 13.0+3 13.03
p(g/cm?) 4.2+0.3 4.2+0.3 4.2+0.3
d(A) 192+2 185+2 198+2
SiO, a(A) 5.1+£0.5 5.6+0.5 5.6+0.5
p(g/cm?) 2.2 2.2 2.2

absence of a strong diffusion at the interface during the an-
nealing.

The PZT thin film sample was also examined using x-ray
specular reflectivity (the detailed investigations can be found
in a previous work).'® As determined from fitting the reflec-
tivity, the PZT/Pt interface roughness is 21.0 A and the Pt
density is 20.6 g/cm?®. It means that the density of the Pt
bottom electrode decreased by 0.4 g/cm® during the PZT
film fabrication. Additionally, the PZT/Pt interface roughness
is greater than that of the 10 min annealed Pt electrode if we
assume the sum of the surface layer thickness and the Pt/Pt
interface roughness as the surface roughness of the Pt elec-
trode. The increase of the Pt surface roughness also agrees
with the AFM observation in Figs. 1(d) and 3(b). Here, it
should be noted that it is unnecessary to assume the rough-
ness from XRR and AFM to be equal because these two
roughness values have different physical meanings. The rms
roughness from XRR reveals the electron density fluctuation
at the surface or interfaces seen by the x rays within a suit-
able model, while that from AFM is defined by the detectable
morphological structural disorder of the surface.

C. X-ray diffuse reflectivity

Figure 6 gives the detector scans of the three Pt/TiO,
electrode stacks in which the sample was fixed while the
detector was rotated. In these three curves, the first peak
from the left is the Yoneda peak of Pt, while the second peak
is the specular reflection. Accordingly, the critical angles of
Pt of the unannealed, 3 and 10 min annealed electrode stacks
are determined to be 0.401+0.002°, 0.394+0.002°, and
0.390+0.002°. As determined previously, the critical angles
of PZT and Pt in the PZT thin film are 0.221+0.003° and
0.397+0.001°."° The decrease of the Pt critical angle means
the density decrease of the Pt layer during the thermal treat-
ment, which confirms the specular reflectivity results. The
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FIG. 6. Detector scans of the unannealed, and 3 and 10 min annealed
Pt/TiO, electrode stacks with the incidence angle at 1.03°, 1.01°, and 1°,
respectively, from which the critical angles of Pt are determined.

vertical roughness correlation was not established during the
sample preparation because of the absence of periodic oscil-
lations.

IV. DISCUSSION
A. Formation of Pt hillocks on the bare Pt electrode

Minute Pt hillocks are observed on the Pt/ TiO, electrode
stacks. The hillocks are determined to consist of Pt through
the XPS analyses. The reported penetration of underlying Ti
to the upper surface of Pt (Refs. 6 and 17) is not the case for
the Pt/TiO, electrode stacks investigated in this study. The
Pt hillocks with radii typically ranging from 20 to 70 nm for
the case at hand are much smaller than those on Pt/Ti elec-
trode stacks as reported carlier.*™°

For Pt films deposited using dc sputtering at low tem-
peratures, a compressive stress is generally present.lo’lg_20
The stress is relaxed under high-temperature treatments
through the formation of Pt hillocks and becomes tensile
upon cooling down to room temperature because of the ther-
mal strain.*'"*?° That is the case for the unannealed Pt/ TiO,
electrode in the present study. However, the population and
size of the Pt hillocks increase upon the further thermal an-
nealing, which strongly suggests the generation of a com-
pressive stress during the annealing. In addition, it is found
that the density of the Pt bottom electrode deceases upon the
annealing. Previously, a similar but much stronger density
decrease of the Pt layer in Pt/Ti bilayer electrode upon the
annealing was reported and attributed to the strong diffusion
of Ti and its following oxidation.*'* Though the diffusion at
the Pt/ TiO, interface was not strong6’1l or even undetectable
as reported,18 the limited diffusion and incorporation of Ti
and O into Pt have been observed previouslny26 and con-
firmed by scanning transmission electron microscopy.16 Ti
and O can migrate along the grain boundaries of Pt when the
sample is annealed.”® Therefore, here the slight density de-
crease of Pt is proposed to be induced by the limited incor-
poration of the light elements of Ti and O from the environ-
ments or neighboring layers. Meanwhile, a compressive
stress is generated by the limited incorporation of Ti and O
during the annealing. Under the compressive stress, Pt hill-
ocks on the Pt electrode surface are formed mainly along the
grain boundaries, as observed in Fig. 1(b).
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FIG. 7. Interpretation model for the roughening of the PZT/Pt interface
during the PZT film fabrication. (a) A crystallized Pt/TiO, electrode stack
with many Pt hillocks on the surface, (b) the crystallized Pt/TiO, electrode
stack with a layer of dry PZT gel after the spin coating of a PZT layer and
drying, and (c) the PZT/Pt/TiO, structure at low temperature with a rougher
PZT/Pt interface after cooling down from high-temperature crystallization.
A small amount of Pt hillocks remain on the Pt electrode, while some de-
fects or voids may be present in the ceramic layer.

B. Roughening of the PZT/Pt interface

With the same thermal history, however, the Pt electrode
underneath the PZT film has a quite different surface mor-
phology from that of the bare Pt electrode, as shown in Figs.
1(d) and 3(b). The upper surface of the Pt electrode in a PZT
film sample is rougher than that of the 10 min annealed bare
Pt electrode according to the AFM observations. This evident
increase of the Pt surface roughness agrees well with the
XRR results. Furthermore, there are many indentations on
the Pt layer while a small amount of Pt hillocks still remains,
which indicates that the PZT grain growth in these areas may
not be sufficient.

The roughening of the PZT/Pt interface should be attrib-
uted to the interaction between the PZT layer and Pt elec-
trode during the PZT film fabrication. An interpretation
model for the morphology evolution of the PZT/Pt interface
is proposed, as illustrated in Fig. 7. Figure 7(a) gives a sche-
matic drawing of an unannealed Pt/ TiO, electrode stack with
many hillocks on the Pt surface. By the CSD method, a thin
liquid layer is spin coated on the Pt/TiO, electrode stack.
After drying, hydrolysis, and pyrolysis of the organic
ligands, the resulting film becomes amorphous or nanocrys-
talline, as shown in Fig. 7(b). Upon the crystallization treat-
ment at 700 °C, the PZT film is crystallized and grain
growth starts, following a nucleation-and-growth process,
which is typical for CSD preparation of PZT films.”” The
CSD-derived PZT ceramic films in the present study display
a columnar grain structure, which suggests that the nucle-
ation occurs only on the substrate surface, but not in the
films. Due to the growth of the columnar PZT grains, the
relatively soft Pt surface is intruded. This answers for the
indentations on the Pt surface, as observed in Fig. 3(b). Con-

J. Appl. Phys. 99, 114107 (2006)

sequently, the Pt hillocks population decrease significantly.
Meanwhile, some areas of the Pt surface are pushed up, as
indicated in Fig. 7(c) as the black bumps underneath the PZT
film, by the compressive stress from the indentation of the
PZT grains and the incorporation of the elements from the
neighboring layers.16 This interaction should be responsible
for the PZT/Pt interface roughening during the PZT film fab-
rication. Thus, the two aspects of PZT/Pt interface morphol-
ogy change including the PZT/Pt interface roughening and
the indentation formation can be interpreted.

V. CONCLUSIONS

The formation of the minute Pt hillocks on the Pt bottom
electrode upon the thermal annealing is observed and attrib-
uted to the relief of the compressive stress in the Pt layer
during the thermal treatment. For fitting the specular reflec-
tivity of the electrode stacks, a structure model of low-
density Pt/Pt/TiO,/SiO, needs to be used to describe the Pt
hillocks on top of the Pt electrode. With increasing annealing
time the population and size of the Pt hillocks increase.
However, the Pt surface roughness remains nearly un-
changed according to the AFM and XRR measurements. The
roughening of the PZT/Pt interface during the PZT film fab-
rication is attributed to the interaction between the PZT film
and Pt electrode and an interpretation model is proposed.

The present investigation shows the evidence for the
relatively stable Pt/ TiO, electrode structure in oxidizing at-
mosphere. XPS analyses indicate the absence of Ti on the Pt
surface even after 10 min of oxygen annealing at 700 °C.
However, the detailed investigation using x-ray specular and
diffuse reflectivity reveals the density decrease of the Pt
layer, which is proposed to be caused by the limited incor-
poration of light elements including Ti and O.
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