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A B S T R A C T

Epitaxial ferroelectric Pb(Zr0.52Ti0.48)O3 (PZT) thin films were fabricated on silicon substrates using
pulsed laser deposition. Depending on the buffer layers and perovskite oxide electrodes, epitaxial films
with different orientations were grown. (110)-oriented PZT/SrRuO3 (and PZT/LaNiO3) films were
obtained on YSZ-buffered Si substrates, while (001)-oriented PZT/SrRuO3 (and PZT/LaNiO3) were
fabricated with an extra CeO2 buffer layer (CeO2/YSZ/Si). There is no effect of the electrode material on the
properties of the films. The initial remnant polarizations in the (001)-oriented films are higher than those
of (110)-oriented films, but it increases to the value of the (001) films upon cycling. The longitudinal
piezoelectric d33,f coefficients of the (110) films are larger than those of the (001) films, whereas the
transverse piezoelectric d31,f coefficients in the (110)-films are less than those in the (001)-oriented films.
The difference is ascribed to the lower density (connectivity between grains) of the former films.
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1. Introduction

Ferroelectric materials have been used for many years in
nonvolatile ferroelectric random access memories (FRAM) [1,2],
microsensors and microactuators [3–5], as well as high frequency
broadband filter applications [6]. This requires the growth of
ferroelectric thin films on a (buffered) semiconducting substrate
(e.g., silicon), usually with an interposing metal or conducting
metal oxide layer as bottom electrode. The commonly used
structure on a Si wafer is a layer of thermally oxidized SiO2, a thin
adhesion enhancing titanium (Ti) layer and a platinum (Pt) layer as
the common bottom electrode chosen for its chemical stability in
an oxidizing environment and maintaining its conductivity under
thermal processing [7,8]. In addition, the bulk resistivity of Pt
(10 mW cm) at 20 �C is very good. However, platinized Si substrates
have some severe disadvantages. Although good films on such
substrates are preferentially (001)-oriented, there is always a
significant fraction of other orientations present [9–11]. Further
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there is no in-plane registry of the film with the substrate. Both
aspects result in a polycrystalline film with a large number of grain
boundaries. This affects in many cases the lifetime and properties
negatively. The disadvantage of reduced lifetime and properties
due to the Pt electrodes in direct contact with the ferroelectric can
often somewhat be remedied by using a thin intermediate
conducting oxide layer. Using appropriate conducting oxide buffer
layers it is possible to fabricate all-oxide epitaxial layer devices,
with much better or nearly perfect in-plane registry and
significantly improved lifetime and properties [12,13]. Recently,
epitaxial ferroelectric Pb(Zr,Ti)O3 (PZT) thin films, especially with
the composition Pb(Zr0.52Ti0.48)O3, have attracted considerable
attention in device applications because of their often superior
properties over polycrystalline thin films [14–16]. Several studies
show that the growth of ferroelectric devices in the form of
epitaxial thin films can be performed on both single-crystals (such
as SrTiO3, LaAlO3 and MgO) and Si substrates with different
conducting perovskite layers as the bottom-electrode [1–21].
Among the perovskite materials, SrRuO3 (SRO) and LaNiO3 (LNO)
are not only promising candidates for electrode materials in
electroceramic-based devices [22–24] due to their good conduc-
tivity, but also good candidates for the epitaxial growth of
ferroelectric PZT thin films [25,26]. Moreover, these electrodes
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Table 1
Deposition parameters for oxide electrodes and buffer-layers by PLD.

Parameters Buffer layers Electrodes Film

YSZ CeO2 SRO LNO PZT

Substrate temperature (
�
C) 800 800 600 600 600

Oxygen pressure (mbar) 0.02 0.02 0.13 0.13 0.10
Laser fluence (J/cm2) 2.1 2.5 2.5 2.5 3.5
Laser repetition rate (Hz) 5 5 5 5 10
Thickness (nm) 50 50 75 75 500

Sample Structures

S1 Si/YSZ/SRO/PZT/SRO x x
S2 Si/YSZ/LNO/PZT/LNO x x
S3 Si/YSZ/CeO2/SRO/PZT/SRO x x xa

S4 Si/YSZ/CeO2/LNO/PZT/LNO x x x

a The first 20 pulses of SRO (�4 Å) were deposited on CeO2/YSZ/Si at a higher
temperature (800 �C) and in a reducing O2 environment (<10�5mbar). Afterwards
the SRO electrode was then deposited under the given conditions. For the LNO
electrode this procedure is not required to obtain (001) growth.
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have also attracted great attention in recent years due to their
ability to drastically improve the ferroelectric fatigue properties of
the ferroelectric films, as compared to the conventionally used Pt
electrodes [27–29].

In MEMS technology, the most common substrate for micro-
machining is silicon due to its reliable and reproducible mechani-
cal and electrical properties, its widespread use in electronics and
relatively low cost and availability [30,31]. PZT thin films, however,
cannot be grown directly on Si because lead can diffuse into silicon
substrate to form lead silicates at the growth temperature (500–
650 �C) of PZT thin films. Therefore buffer layers between the PZT
thin film and the silicon substrate, such as yttria-stabilized zirconia
(YSZ), CeO2 and SrTiO3, are needed to prevent the interdiffusion
and oxidation reactions in order to grow highly oriented (epitaxial)
PZT thin films on the silicon substrates [13,15,32]. Among these
buffer-layers, YSZ is widely used because of its high chemical
stability and high electrical resistivity. Moreover, the YSZ layer can
be grown heteroepitaxially on a silicon substrate using pulsed laser
deposition (PLD) by scavenging the native oxide on the surface of
the Si substrate [33]. CeO2 does not possess this unique feature.
A SrTiO3 film can be grown epitaxially, directly on silicon with
high structural quality by the molecular-beam epitaxy method
[19,34–36].

For device applications, the epitaxial growth of ferroelectric
thin films on a silicon substrate is considered to be a key
technology for fabricating thinner and smaller electronic devices,
because their leakage currents are expected to be lower than of
polycrystalline films [37–39]. The properties of thin films are not
only affected by the film growth technique, but also by the film
crystallographic orientation. One expects a difference in the
polarization measured in the direction perpendicular to the
substrate surface of a (110)-oriented film with that of the (001)-
oriented film and consequently also in the ferroelectric and
piezoelectric properties. It is therefore necessary to precisely
evaluate the effect of the electrode and buffer layer on the
orientation of the functional film in order to improve the device
performance. The orientation of epitaxial PZT thin films is usually
studied separately from the type of buffer layer, since different
buffer layers or electrode materials are used to switch the crystal
orientation of epitaxial PZT films on silicon. Hou et al. [40] have
studied the growth of perovskite compounds such as Ba(Sr,Ti)O3

and SrRuO3 (SRO) oxide electrodes on a (001)YSZ/Si substrate. The
epitaxial relationships between YSZ and these perovskite com-
pounds are (110) perovskite k (001) YSZ / Si. In order to change the
orientation of PZT thin films from a (110) to a (001) direction,
Kondo et al. [37] and Nordseth et al. [41] have used CeO2 as a
second buffer layer to adjust the large lattice mismatch between
YSZ and SRO. Growth of high quality epitaxial films of perovskite
oxide electrodes (SRO and LNO) on Si(001) substrates is very
important for the application of PZT thin films.

In the present work, we have systematically studied the effects
of perovskite thin film buffer layer/electrode combinations on the
crystalline orientation and electrical properties of 500 nm thick,
epitaxial PZT thin films. By using the same growth technique,
deposition apparatus and deposition conditions and only change
the buffer layer/electrode stacks we expect that the observed
differences between films with different growth orientation can be
attributed mainly to the difference in film growth orientation and/
or electrode material. To our knowledge such a systematic study
does not exist in literature, but is essential to exclude possible
differences due to variations in deposition technique, procedures
and apparatus. However, it is found that another parameter arises
that affects the film properties, i.e. a difference in film density,
showing up in different grain connectivity between (110) and (001)
oriented films. The PZT/electrode films were grown on YSZ/Si(001)
and CeO2/YSZ/Si(001) substrates.
All buffer layers, electrodes and PZT thin films were deposited
using pulsed laser deposition (PLD). The crystalline orientation
and crystalline quality of PZT thin films were assessed by
X-ray u–2u and rocking curve measurements. Ferroelectric and
piezoelectric properties were characterized using ferroelectric
hysteresis loops and scanning laser Doppler vibrometer
measurements, respectively. The relationships between film
orientation – film growth – piezoelectric (in-plane and out-of-
plane) coefficient have been investigated.

2. Experiment

Pb(Zr0.52Ti0.48)O3 (PZT) thin films were grown on different oxide
electrodes (SRO and LNO) on (001)/CeO2/(001)YSZ/(001)Si and
(001)YSZ/(001)Si substrates with pulsed laser deposition (PLD),
using a KrF excimer laser source (Lambda Physik, 248 nm
wavelength) at a fluence of 3.5 J/cm2 and 10 Hz repetition rate.
The deposition temperature and oxygen pressure were fixed at
800 �C and 0.02 mbar O2 during YSZ and CeO2 deposition, and
600 �C and 0.13 mbar O2 during SRO and LNO deposition. The
thicknesses of YSZ, CeO2, SRO and LNO layers were 50, 50, 75 and
75 nm, respectively. The resistivity of the thin-film bottom
electrodes was measured using a standard four-point probe
method from 0 to 200 �C. The SRO or LNO top electrodes have
the same nominal thicknesses and were deposited under the same
conditions. The 500 nm PZT thin films were grown at a substrate
temperature of 600 �C in a pure oxygen pressure of 0.1 mbar. All
layers were deposited successively without breaking the vacuum.
After deposition, the stacked film structure was cooled down to
room temperature in a 1 bar oxygen atmosphere at a rate of 6 �C/
min. The details of the thin film fabrication are shown in Table 1.

Crystallographic properties of the PZT thin films were analyzed
by X-ray u–2u scans (XRD) and phi- (’) scans using a Bruker
D8 Discover diffractometer.

For electrical measurements, 200 � 200 mm2 capacitors were
patterned by a standard photolithography process and structured
by argon-beam etching of the top-electrodes and wet-etching (HF–
HCl solution) of the PZT films. The process for fabricating
piezoelectric driven Si cantilevers has been described in a previous
paper [16]. Cantilever structures consisting of a piezoelectric stack
(SRO/PZT/SRO or LNO/PZT/LNO) on an YSZ and CeO2/YSZ buffered
10-mm Si-thick supporting layer, were obtained by backside
etching of a silicon-on-insulator (SOI) wafer.

The polarization hysteresis (P-E) loop measurements were
performed with the ferroelectric mode of the aixACCT TF-
2000 Analyzer using a triangular ac-electric field of �300 kV/cm
at 1 kHz scanning frequency. The polarization-switching cycle
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measurements were performed with a bipolar switching pulse of
100 kV/cm pulse height and 5 ms rectangular pulse width at
100 kHz repetition frequency, while the P-E loops were measured
again at �300 kV/cm and 1 kHz frequency. The longitudinal
piezoelectric coefficient (d33,f) of the piezoelectric thin-film
capacitors was measured by a Double Beam Laser Interferometer
(aixDBLI) method with a driving voltage ac signal of �10 V and
1 kHz. The transverse piezoelectric coefficient d31,f was deter-
mined from the tip-displacement of cantilevers, driven by the
piezoelectric stack at an ac-amplitude of �3 V (dc offset voltage of
3 V) and 8 kHz frequency.

3. Results and discussion

3.1. Thin film characterization

SrRuO3 (SRO) and LaNiO3 (LNO) are metallic perovskite oxides
with pseudocubic lattice parameters of 3.93 and 3.84 Å, respec-
tively. The metallic property of the fabricated thin films is
demonstrated in the resistivity versus temperature measurements
of 75 nm thick SRO and LNO films on YSZ/Si and CeO2/YSZ/Si
substrates as shown in Fig. 1. The room temperature resistivities
(25 �C) are 1.87 and 2.23 mV cm, for SRO and LNO films deposited
on YSZ/Si (resulting in (110) growth), respectively, thus about a
factor 5 larger than of bulk metallic samples which are
approximately 0.30 and 0.60 mV cm. Similar resistivities of 1.76
and 2.17 mV cm are obtained for SRO and LNO films on CeO2/YSZ/Si
(resulting in (001)-oriented growth). The strongly increased thin
film resistivities are ascribed to enhanced electron scattering at the
thin film surfaces and grain boundaries, but there is relatively little
effect of the growth orientation and twinning in (110) films
compared to (001) films. Further note the slightly larger
temperature coefficient of resistance of LNO than that of SRO.
These observed resistivities of thin-film electrodes are comparable
with previously [42,43], and indicate that the SRO and LNO layers
in this study can be a good lattice matched metallic electrode for
ferroelectric PZT oxide thin films. Finally we mention for reference
that Pt thin film electrodes on Si substrates were found to have a
room temperature resistivity in the range 0.18–0.21 mV cm
[44,45], thus a factor 10 lower than the oxide electrode layers.

Fig. 2 shows the X-ray u–2u scan patterns of the PZT thin films
deposited on SRO and LNO buffered YSZ/Si and CeO2/YSZ/Si
substrates, respectively. Only preferentially (110)-oriented PZT
film growth is observed for the film on SRO/YSZ/Si, while
predominantly (110) and a small fraction of (001) PZT growth is
observed on LNO/YSZ/Si (see Fig. 2(a) and (c)). On CeO2/YSZ/Si
substrates only (001)-PZT growth is present for both SRO and LNO
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Fig. 1. Temperature dependence of the resistivity of 75 nm thick SRO and LNO thin-
film electrodes grown on YSZ/Si and CeO2/YSZ/Si substrates using PLD.
electrodes (Fig. 2(b) and (d)). This demonstrates that by introduc-
ing an extra buffer layer (CeO2) in the deposition process, the
orientation of the PZT thin films can be switched from
predominantly (110) to (001).

The full-width at half maximum (FWHM) values of the rocking
curves of the PZT(110) peaks are 1.42 and 1.83� for (110)-oriented
PZT films on SRO and LNO buffered YSZ/Si, while significantly
lower FWHM values of 0.96 and 1.14� of the PZT(002) peaks are
observed for the (001)-oriented PZT films on SRO and LNO buffered
CeO2/YSZ/Si. The width of the rocking curves is a measure of the
range over which the lattice structure in the different grains tilts
with respect to the film normal [14], and is therefore an indication
of the homogeneity of the film Fig. 3.

In order to determine the epitaxial relationship between the
bottom electrodes and the Si substrate, ’-scan measurements
were performed as shown in Fig. 4. Since the lattice parameters of
the PZT films almost match those of the bottom electrode materials
the crystallographic growth orientation continues that of the
underlying electrode.

The in-plane epitaxial relationship between the (001)-oriented
buffer-layers (YSZ and CeO2) and the Si(001) substrates was
indicated in a previous paper [13]. The rotation angle ’ of the {202}
reflection peaks of the CeO2 and YSZ layers coincide with those of
Si. This indicates that a cube-on-cube epitaxial orientation
relationship with the Si substrate is obtained for both CeO2 and
YSZ layers, described by (001)YSZ ǀǀ (001)Si and (001)CeO2 ǀǀ (001)
YSZ ǀǀ (001)Si. Fig. 4(a) shows the in-plane ’-scan measurements of
the (110)-oriented PZT thin films grown on SRO and LNO buffered
(001)YSZ/Si. Four identical sets of peaks of PZT{0 0 2} reflections
are positioned around the reflections corresponding to Si{2 0 2}.
However, instead of a single peak at the Si{2 0 2} position, the
intensity is divided over two peaks rotated +10� and –10� with
respect to the Si reflection. Since two PZT{0 0 2} peaks are expected
in a perfect crystal, this means that twin domains exist in the (110)-
oriented thin films [13]. The in-plane ’-scan measurements of the
(001)-oriented PZT thin films grown on SRO and LNO buffered
(001)CeO2/YSZ/Si are shown in Fig. 4(b). A 45� shift of the PZT{101}
reflections compared to the Si{202} reflections with a fourfold
rotational symmetry is found, proving that the unit cells of PZT
films are rotated in-plane over 45� with respect to that of the CeO2/
YSZ/Si substrates. Schematic diagrams of the epitaxial relationship
between PZT films, perovskite electrodes, YSZ-CeO2 (fluorite) and
silicon (diamond) structures were given in ref. [14].

Fig. 5 shows high resolution scanning electron microscope
(HRSEM) images of cross sections of the (110)- and (001)-oriented
PZT thin films. The surface of the (001)-oriented films is very
smooth reflecting the smooth (001)-oriented surface of the SRO (or
LNO)/CeO2/YSZ/Si. The cross section shows a very dense structure
without the clear columnar growth structure observed in the case
of the (110)-oriented films. The surfaces of the latter film stacks
reflect the columnar structure of the underlying layers starting at
the SRO/YSZ (or LNO/YSZ) interface. Secondly in the (110)-oriented
films the columnar structure is slightly open for thickness larger
than that of an initial growth layer of about 50 nm. The separation
of the columns is estimated from these images to be of the order of
7–15 nm and often extends up to the top of the film, although the
columns also regularly reconnect. There is no obvious difference in
grain connectivity and film density between the (110)-films on SRO
or LNO.

Fig. 6 shows the polarization hysteresis loops measured at the
initial stage and after 1010 switching cycles of PZT thin films on SRO
and LNO electrodes buffered, YSZ/Si and CeO2/YSZ/Si substrates,
respectively. Table 2 lists the characteristic ferroelectric and
piezoelectric parameters of these films. The saturation polar-
izations (determined from the crossing of the high-field tangent
with the polarization axis) are independent of the type of
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Fig. 2. X-ray u–2u scans of PZT films grown on (a,c) YSZ/Si and (b,d) CeO2/YSZ/Si, with SRO and LNO layers as the bottom electrodes.
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Fig. 5. Cross-sectional HRSEM micrographs of (110)-oriented PZT films on SRO and LNO buffered (a,b) YSZ/Si, respectively, and (c,d) (001)-oriented PZT films on SRO and LNO
buffered CeO2/YSZ/Si.

-300 -20 0 -100 0 10 0 20 0 30 0-300 -200 -100 0 10 0 20 0 300

-40

-20

0

20

40

E (kV/ cm)

on SR O on LN O

(001)PZT

(110)PZT

(b)

P
ol

ar
iz

at
io

n 
(�

C
/c

m
2 )

E (kV/cm)

(a)

(110)PZT

(001)PZT

Fig. 6. Initial (dashed) and 1010 times cycled (solid) ferroelectric hysteresis loops of (110)- and (001)-oriented PZT films grown on (a) SRO and (b) LNO, buffered YSZ/Si (in
black) and CeO2/YSZ/Si (in red), respectively.

Table 2
Measured properties of PZT thin films on different electrodes buffered YSZ/Si and CeO2/YSZ/Si substrates.

Sample Electrode PZT film
orientation

FWHM(peak) (�) Pr (mC/cm2) Ps (mC/cm2) d33,f (pm/V)
after 1010 cycles

�d31,f (pm/V)
after 1010 cycles

Initial 1010 Initial 1010

on YSZ/Si
S1 SRO (110) 1.42(110) 17.2 24.3 36.2 36.0 110 75
S2 LNO (110) 1.83(110) 17.7 23.6 33.7 34.0 108 72
on CeO2/YSZ/Si
S3 SRO (001) 0.96(002) 25.2 25.5 36.6 36.2 80 104
S4 LNO (001) 1.14(002) 25.1 25.3 34.8 34.6 84 98
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electrodes and the growth orientation of PZT films. They are also
not affected by the cycling. Fig. 7 shows the change in remnant
polarization with cycling. The (110)-oriented PZT/SRO and PZT/
LNO films in Fig. 7(a) shows an improvement of remnant
polarization Pr (Pr = [Pr+� Pr�]/2, where Pr+ and Pr� are the remnant
polarization of the positive and negative branches, respectively, of
the P-E loop) values from 17.2 to 24.3 and from 17.7 to 23.6 mC/cm2.
Previously the improvement of ferroelectric properties with
increasing crystalline quality of the PZT film was explained in
terms of decreased screening by charged grain boundaries, by
removing or compensating these charges with cycling [14]. This
also explains the increased squareness of the (110) P-E loops with
cycling: increase of the remnant polarization and decrease of the
relative dielectric constants. Fig. 7(b) gives the results of the fatigue
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test on the (001)-oriented PZT films. It shows that these films are
very stable. Both (110) and (001) PZT thin films with oxide
electrodes show no degradation of Pr on cycling till 1010 cycles. At
this cycling number there is no sign of the onset of fatigue yet. This
is in marked contrast to PZT/Pt devices, which already degrade
after 106 cycles [46], and is also a significant improvement over
PZT/LNO/Pt/Si devices that degrade after 109 cycles [20]. Hence the
(CeO2/)YSZ buffer layer signifies a major improvement with
respect to the (LNO/)Pt buffer layer. The difference in cycling
behavior between our (001) and (110) films is ascribed to
differences in the crystalline structure. Grain boundaries do exist
in the (0 0 1) oriented film but these grains are well connected,
creating a dense film and oriented coherently in-plane. This in
contrast with the (110) oriented film where the in-plane
coherence of the grains is poor and they are much less connected
[31]. The grain boundaries between the twinned structural
domains in (110) oriented film are formed by defective (likely
somewhat charged) crystal faces and cause therefore in the initial
stage of cycling some of the polarization in the (110)-film to be
screened. These screening charges are assumed to be gradually
removed to the film/electrode interface or compensated by
opposite charges under cycling, the screened polarization is ‘freed’
and the remnant polarization reaches the value of the (001)-films.
In the case of the (001) films hardly any grain boundaries are
present and the screening is negligible from the beginning. We
note that oxide electrodes allow easy exchange of oxygen through
the film and specifically also out/into the grain boundaries, thus
reducing localized charge in the film. Such electrodes also reduce
the accumulation of oxygen vacancies near the film-electrode
interfaces. Thus oxide electrodes therefore are observed to reduce
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Fig. 8. (a) Piezoelectric large-signal strain S curves (out-of-plane displacement) at the in
after 1010 cycles, of PZT thin-film capacitors grown on SRO and LNO buffered YSZ/Si an
the suppression of domain switching and interface layer formation
and consequently lead to improvement in the fatigue resistance of
the ferroelectric capacitors [23,47].

In Fig. 8(a) the dependences of the measured large-signal strain
S (or out-of-plane displacement Dz) of the (110)- and (0 0 1)-
oriented PZT thin films are shown for the various devices and in
Fig. 8(b) the average large signal piezoelectric coefficient d33,f,
determined as d33,f= [z(10 V) – z(0 V)]/10 V, before and after 1010

switching cycles. Again it is observed that large signal strain and
piezoelectric coefficient are independent of the electrode used, but
these parameters do depend on the film orientation. The (110)
oriented films have about 25% larger d33,f. Although the difference
might be ascribed to the different growth orientations, we expect
that an important reason is the different density of the film, as will
be discussed below. Further experiments with films with different
densities are needed to resolve in more detail the connection
between growth orientation, grain connectivity and ferroelectric/
piezoelectric properties. No change of the piezoelectric parameter
is observed after long term cycling. Kim et al. reported on SrTiO3-
buffered Si with SRO base electrode and PZT thickness in the range
40 nm–6 mm [48]. The (001)-oriented PZT and SRO were deposited
by off-axis rf-magnetron sputtering. A strong thickness depen-
dence of the polarization, peaking at about 2 mm thickness at about
40 mC/cm2, significantly larger than the values found in this work.
However the polarization value at 500 nm thickness is the same as
found here. Also very high piezoelectric coefficient values up to
d33,f = 330 pm/V for the thickest films were measured. This may be
related to the measurement method (piezoresponse force micros-
copy) used and the cracking of the film at higher thicknesses.
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Fig. 9. (a) Microscope image and (b) 3-dimensional scanning actuator image of the upward displacement, of a PZT/Si-beam cantilever (400 � 100 � 10 “long � width � thick”
in mm).
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Further the film composition Pb(Zr0.45Ti0.55)O3 was changed from
that of the target Pb(Zr0.52Ti0.48)O3.

3.2. Cantilever characterization

A microscope image (top-view) of a 400 � 100 (length�width in
mm) cantilever with a 500 nm-thick PZT actuator thin film on top
of a 10 mm-thick Si beam is shown in Fig. 9(a). Fig. 9(b) shows a
typical three-dimensional piezoelectric displacement response of
the cantilever measured by scanning laser Doppler vibrometer
(LDV, Polytec’s MSA-400 Micro System Analyzer) at an ac-voltage
of �3 V (dc offset voltage of 3 V) and 8 kHz frequency (off-resonant
frequency).

The transverse piezoelectric coefficients (d31,f) of the PZT thin
films were evaluated from the tip-displacements from the
following equation [49]:

d31;f ¼

Pn

i
EiAi t2i =12 þ z2i

� �

EpZpwp

2dT
L2Vac

(1)

where zi is the center of each layer (layer i), measured from the
neutral axis of the cantilever [50], and Ai = witi is the cross-sectional
area of layer i. Ei,wi and ti are theYoung’s modulus, the width and
the thickness of the layer, respectively; n is the total number of
layers and L the cantilever length. The subscript “p” denotes the
piezoelectric film. Material parameters used are given in Ref. [16].
The piezoelectric parameter e31,f is calculated as e31,f = d31,f/(s11,
p + s12,p), where s11,p and s12,p are the elastic compliances of the
piezoelectric film. The obtained values are given in Fig. 10. It is seen
that there is no dependence on cycling and electrode material, but
a large dependence on growth orientation. The obtained d31,f
values of the (001)-films are about 30% less than the bulk value
(�156 pm/V) for this composition [51]. The difference is ascribed to
the clamping of the film, reducing the lateral contraction.
Consequently also d33,f of the (001) is expected to be diminished,
because the film cannot extend in the field direction as much as in
bulk due to the clamping. The much lower measured d31,f values of
the (110)-oriented film as compared to the (001)-films are believed
to have a different cause. The very open columnar structure makes
a large fraction of the film ineffective in contracting the film as a
whole. The columns contract in width with applied field, but since
they are not connected over most of the film thickness the film
itself is much less contracted, giving rise to much less tip deflection
and therefore an apparent lower d31,f of the film. Thus to achieve
larger film transverse piezoelectric coefficients one should strive to
produce denser films.

4. Conclusions

The crystallographic growth orientation of PLD-derived PZT
thin films depends on the choice of the silicon substrates/buffers
layers, but is independent of the chosen perovskite oxide electro-
des used in this paper (LNO or SRO). Epitaxial (001)-oriented PZT
films were obtained on silicon substrates with an YSZ/ CeO2 bilayer
buffer as seed layer for the electrode growth, while epitaxial (110)-
oriented PZT films grow on silicon substrates with a single YSZ
buffer layer.

1) PZT thin films on oxide-electrodes (SRO or LNO) can be
switched completely from (110) to (001) orientation when an
additional buffer-layer CeO2 is used on YSZ/Si.

2) (001)-oriented PZT films exhibit a higher initial polarization as
compared to the (110)-oriented films. This is ascribed to partial
screening of the polarization due to a large amount of charged
grain boundaries in the latter films. With progressing cycling
the charges are neutralized and the remnant polarization
reaches the value of the (001) films.

3) The ferroelectric properties of the (001)-oriented PZT thin films
are stable on cycling while those of the (110)-films improve. The
piezoelectric properties of all films do not change on cycling,
irrespective of buffer layer and electrode layer.

4) (110)-oriented PZT films show a larger d33,f but smaller d31,f than
the (001)-oriented films. These differences are tentatively
ascribed to the different density (connectivity between grains)
between these films. The last finding indicates that the
piezoelectric properties can be changed by changing the density
of the PZT. This is important for choosing the proper film growth
orientation for specific applications which require either a large
in-plane or out-of-plane piezoelectric displacement.

Further experimental work is required to establish the relation
between film growth orientation, film density/grain connectivity
and film properties.
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