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Abstract

(001)-Oriented tetragonal ferroelectric PbZr0.53Ti0.47O3 (PZT) thin films (90 nm of thickness) have been grown on
TiOx/Pt/TiO2/SiO2/Si and TiOx/Pt/MgO substrates. The existence of (100)-oriented crystallites in the c-axis matrix of
the (001)-oriented films has been evidenced by using four circles X-ray diffraction. Depending on the substrate, the
ratio of the lattice parameters c/a was found to be 1.02 (Si) and 1.07 (MgO) and this was correlated with the coercive
field values. Local piezoelectric hysteresis loops produced by atomic force microscopy have been taken with profit to
characterize the switching properties of the ferroelectric domains at the scale of individual crystallites. In each case,
(100)-oriented crystallites require much higher voltage than (001)-oriented crystallites for switching. These results
are explained by taking into account the strain imposed by the substrate in the film. We conclude that piezoelectric hys-
teresis loops produced by atomic force microscopy provide very rich information for addressing the local switching
property of individual crystallites in PZT thin films.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

PbZrxTi1�xO3 (PZT) thin films are currently
being investigated for applications due to their
remarkable piezoelectric, pyroelectric and ferro-
electric properties [1–9]. By taking advantage of
the anisotropic properties of such oxides, different
groups have shown that it is possible to adjust the
electrical characteristics of the films (dielectric con-
stant er, remanent polarization Pr, coercive field
Ec. . .) by controlling their crystallographic orienta-
tion. In this way, highly (100)-, (111)- and (001)-
heteroepitaxial or fibre-like textures have been
achieved in thin films in the last few years [8,10–
15]. With the high degree of miniaturization, one
of the challenges is to reduce the lateral sizes of
the film-unit required for the applications, while
keeping the properties of the material. Ferroelec-
tricity represents a cooperative phenomenon that
relies on the interaction of neighbouring permanent
electric dipoles in crystal lattice [3]. Then, a partic-
ular point to explore is how behaves the material
from a ferroelectric point of view when reducing
the probed area under measurement, it means when
going from the macroscopic scale (by using large
area electrode for measurement) to the nanoscopic
scale. One should keep in mind that there is a size
limit below which ferroelectricity vanishes and that
the existence of defects such as grain boundaries in
the film can play an important role on the measured
electrical properties [16]. Disoriented crystallo-
graphic domains can also be present in the highly
oriented matrix of the film which may modify
locally the electric properties of the oxide.

In a previous paper, we demonstrated that the
threshold voltages required to switch the ferroelec-
tric domains of highly oriented PZT films at the
microscopic scale were fully correlated to the coer-
cive values determined at the macroscopic scale by
using large electrodes (250 lm · 250 lm) [5]. The
microscopic results were obtained by means of
electrostatic force microscopy (EFM). Unfortu-
nately, no local electrical data (at the nanoscale
level) could be given by this technique mainly
due to the resolution range (about 1 lm). In this
paper, we demonstrate that atomic force micros-
copy can provide quantitative electrical informa-
tion at the nanoscale level by considering local
piezoelectric hysteresis loops. By correlating struc-
tural data obtained by quantitative texture analy-
sis using four-circle diffractometry and the values
of coercive voltages measured on local hysteresis
loops produced by atomic force microscopy when
mapping the surface of the films, we relate the
switching properties to the crystallite orientation
of (001)-oriented PZT films grown on two kinds
of substrates, TiOx/Pt/TiO2/SiO2/Si and TiOx/Pt/
MgO.
2. Experimental procedure

2.1. Thin film deposition

PbZr0.53Ti0.47O3 (PZT) thin films have been
grown by radio-frequency magnetron sputtering
on two kinds of substrates (i) Si(100) wafers with
400 nm thermally grown silicon dioxide and (ii)
MgO(200) single crystals. On SiO2/Si(100), a
TiO2 thin layer (20 nm) was first deposited in order
to promote the adhesion of the (111)-oriented
platinum (Pt) bottom electrode (100 nm). The
TiO2 layer was grown at 450 �C under a mixed
atmosphere of argon (95%) and oxygen (5%) while
the platinum layer was deposited in a pure argon
atmosphere. On MgO(200) substrates, the plati-
num bottom electrode (100 nm) was directly
deposited on the substrate at 500 �C in argon. In
this case, the platinum was (200)-oriented. In
order to control the orientation of the PZT film,
a thin layer of TiOx (2 nm) was next deposited
on the Pt/TiO2/SiO2/Si and Pt/MgO samples.
For this upper layer, the temperature was adjusted
to 500 �C and the atmosphere was pure argon.
Finally, the PZT thin films were deposited on TiOx

at 500 �C under an atmosphere of 20% of oxygen
and 80% of argon. Three Ti, Zr and Pb metallic
targets and a spinning substrate holder were used.
The total pressure was kept at 0.4 Pa during the
PZT sputtering. To eliminate extrinsic factors dur-
ing the PZT growth, the films were deposited in the
same run on the two TiOx/Pt/TiO2/SiO2/Si and
TiOx/Pt/MgO samples. The thickness of the PZT
films is 90 nm.
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2.2. Structural characterization

X-ray diffraction analysis was operated using a
4-circle texture goniometer equipped with a
Curved Position Sensitive (CPS 120) detector from
INEL and with the monochromatised Cu Ka radi-
ation. Such a setup provides the full diffraction
diagram at once for each tilt and azimuth (v,u)
sample orientation [17,18]. We measured the
(001)-oriented samples using an incident beam at
x = 10.75� centred on the {100/001} reflection.
The scan was operated in the 0–10� v-range and
0–360� u-range with steps of 1� for both angles.
Such a scan is able to check for the film planes par-
allel to the sample plane or slightly tilted relative
to this plane (up to 10�). A Rietveld fitting proce-
dure over all the diagrams measured for all the
sample orientations was carried out in order to
deconvolute the (001) and (100) contributions
and extract the corresponding pole figures [18].

X-ray h/2h diffraction spectra shown in the
paper have been performed using a Rigaku Mini-
flex + diffractometer (filtered Cu Ka1 radiation).
The relatively high background is attributed to a
signature of the anticathode spectrum.

2.3. Surface morphology and electrical

characterizations

The surface morphology and electrical investi-
gations were carried out in air at room tempera-
ture by using a Veeco Nanoscope IIIa scanning
force microscope. For surface morphology charac-
terizations, atomic force microscopy measure-
ments were performed in the contact mode with
Si ultralever tips, using a small repulsion force.
For electrical investigations, local piezoelectric
hysteresis loops were recorded for the measure-
ment of the coercive voltage Vc. Coercive voltage
corresponds to the voltage required to put the
poled area of the sample localized beneath the
tip to the zero-polarization state. The experiments
were carried out by considering the so-called ‘‘in
field’’ mode which presents the particular charac-
teristic to be very close to the one used for ‘‘mac-
roscopic’’ hysteresis loops recording [19–21]. In
brief, this mode consists in applying a continuous
bias voltage between the tip and the ground plati-
num bottom electrode together with an alternative
voltage of the form V = Vac cos (2pft) which
induces the electromechanical vibration of the
sample. The signal generated by the piezoelectric
vibration (PFM signal) and fed from the photode-
tector to a lock-in amplifier is of the form Acosu.
The amplitude A of the first harmonic signal of the
vibration is related to the piezoelectric coefficients
of the sample, while the phase shift u between the
alternative reference voltage and the first harmonic
signal depends on the direction of the polarization
in the film [22]. Our main goal being to study the
switching properties of the films, only the local
piezoelectric hysteresis loops recorded in phase
will be shown in this paper. For our experiments,
the DC voltage was gradually increased from
�10 V to +10 V then decreased from +10 V down
to �10 V within a period of 100 s. The voltage step
was adjusted to dV = 0.4 V. A total of 500 mea-
surement points were recorded for each hysteresis
loop. Platinum/iridium coated silicon tip with a
stiffness of 1.2–5.5 N/m were used. The frequency
of the applied AC voltage was adjusted to 2 kHz
with a driving voltage of 0.5–1.5 V. In this work,
the coercive voltage Vc was calculated using
Vc = [Vc(+) + jVc(�)j]/2 where Vc(+) and Vc(�)
were the coercive voltages extracted from the local
piezoelectric hysteresis loops for the positive and
negative poling, respectively.
3. Results and discussion

3.1. X-ray h/2h diffraction measurements

Fig. 1 is a plot of the X-ray h/2h diffraction
spectra of PZT films grown on TiOx/Pt/TiO2/
SiO2/Si and TiOx/Pt/MgO substrates. Depending
on the substrate, Si or MgO, the spectra evidence
the existence of the (111) reflection or (200) reflec-
tion of the platinum. Also, for the two substrates,
the spectra exhibit mainly the (001) and (002)
reflections of the PZT perovskite. However, in
the case of the film grown on TiOx/Pt/TiO2/
SiO2/Si, (100) and (200) reflections can be dis-
tinguished. This reveals that the films contain a
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Fig. 1. X-ray h/2h diffraction spectra of PbZr0.53Ti0.47O3 films
(90 nm of thickness) grown on (a) TiOx/Pt/TiO2/SiO2/Si and
(b) TiOx/Pt/MgO substrates.

Fig. 2. AFM images of the (001)-oriented ferroelectric PZT
films grown on (a) TiOx/Pt/TiO2/SiO2/Si and (b) TiOx/Pt/MgO
substrates. The scan sizes are 1 lm · 1 lm.
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non-negligible volume fraction of a-axis oriented
grains. The lattice parameters of the PZT films
are a = 0.40555(4) nm and c = 0.4127(1) nm on
TiOx/Pt/TiO2/SiO2/Si and a = 0.3935(4) nm and
c = 0.41971(4) nm on TiOx/Pt/MgO, as refined
using the combined analysis in the quantitative
texture analysis step [18].

3.2. Atomic force microscopy measurements

Fig. 2 shows AFM images recorded at the sur-
face of the PZT films grown on the two kinds of
substrates. The images have been recorded over
scan regions of 1 · 1 lm2. For the two types of
samples, the surface morphology is quite similar
with the existence of a dense granular-like surface.
On TiOx/Pt/TiO2/SiO2/Si substrates, the grains
are quite round with a mean diameter of about
80 nm. On TiOx/Pt/MgO, the grains appear more
interconnected to each other and their diameter is
about 150 nm. The root mean square (Rms) values
of the roughness for scan areas of 5 · 5 lm2 are
7.8 nm and 2.6 nm on TiOx/Pt/TiO2/SiO2/Si and
TiOx/Pt/MgO, respectively.

3.3. Electrical measurements at the macroscale

level

In order to investigate the ferroelectric proper-
ties of the two kinds of films, D–E hysteresis loops
were measured at the macroscopic scale level using
a conventional Sawyer-Tower circuit with a
200 Hz sine wave. Large area Pt top electrodes
(250 lm · 250 lm in size) were deposited by lift-
off on the samples, this means that many crystal-
lites and grain boundaries were taken into account
for the measurement. Fig. 3 shows the hysteresis
loop recorded for the 90 nm thick (001)-oriented
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Fig. 3. D–E hysteresis loop of the 90 nm thick PZT film grown
on TiOx/Pt/MgO substrate. A large electrode (250 lm ·
250 lm) deposited on the top of the film was used for
measurement.
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PZT film deposited on TiOx/Pt/MgO. An average
coercive voltage of 1.9 V (210 kV/cm) is measured
for this film. The shift of the loop may be attrib-
uted to an internal electric field which may result
from the difference between top and bottom plati-
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Fig. 4. Typical local piezoelectric hysteresis loops recorded at the surfa
SiO2/Si and (c) and (d) TiOx/Pt/MgO substrates.
num electrode preparation. On the other hand, no
macroscopic hysteresis loop could be obtained for
the film deposited on TiOx/Pt/Ti/SiO2/Si due to
important current leakage. This was attributed to
the large value of the Rms root mean-square rough-
ness for this 90 nm thick film (Rms = 7.8 nm). As
reported by other groups for PZT ferroelectric
films, the coercive voltage is decreasing with the
increase of the film thickness [23,24]. For such a
90 nm thick (001)-oriented PZT film grown on
TiOx/Pt/Ti/SiO2/Si, a coercive voltage value of
around 1.1 V is expected as deduced from mea-
surements on thicker films.

3.4. Local piezoelectric hysteresis loops at the

nanoscale level and four-circle X-ray diffraction
measurements

In order to get information about the switching
properties of the films at the nanoscale level, inves-
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tigations were carried out by carefully positioning
the tip of an AFM at the center of crystallites
observed at the surface of the films. The diameter
of the apex of the tip is 630 nm. Fig. 4 shows typ-
ical local piezoelectric hysteresis loops recorded
for each substrate. As a first observation, asymme-
try in the switching parameters (coercive voltages)
is evidenced on the hysteresis loops. This asymme-
try was found to be dependent on the crystallite
investigated. This behavior has already been
observed by different groups [7,9,25,26]. Com-
monly, this asymmetry was either attributed to
an internal built-in electric field at the bottom
interface or/and to the tip/film/electrode hetero-
structure which brings its own asymmetry. While
the asymmetry depends on the crystallite mea-
sured, we chose to give the Vc coercive voltage val-
ues by considering the average of the coercive
values measuring from the positive and negative
poling, Vc(+) and Vc(�), respectively. As a second
observation, it should be noted that the Vc value
was strongly dependent on the crystallite studied.
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In order to get a sight about the distribution of
Vc for the two kinds of oriented films, histograms
representing the probability of hysteresis loops
versus the Vc-range are shown in Fig. 5 for our
two samples. Vc ranges were discretised in 0.1 V
intervals and the amount of grains corresponding
to each range counted. Fifty hysteresis loops were
measured for each sample.

Quantitatively, there are two components of a
bimodal distribution of Vc around 0.8 V and
1.3 V for the film deposited on Pt/TiO2/SiO2/Si
substrate (Fig. 5(a)). This is attributed to the two
(100) and (001) grain orientations in the film as
detected by h/2h X-ray measurements. In this
case, we observe that around 70% of the coercive
voltage values are included between 0.7 V and
0.9 V leading to the average value of 0.8 V, and
30% are spread between 0.9 V and 2 V. Quantita-
tive texture measurements allowed the reconstruc-
tion of the two {100} and {001} pole figures
(Fig. 6), representative of the a- and c-axes distri-
bution around the normal to the sample plane,
2.0 3.02.5
e voltage (V)

he coercive voltage for 90 nm thick PZT films deposited on (a)
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Fig. 7. 2h diagrams measured at v = 0� (a) and v = 3� (b) for
the film grown on TiOx/Pt/MgO substrate.

Fig. 6. {001} and {100} pole figures recalculated after
quantitative texture analysis has been performed, for the film
deposited on Si. Values on the scale bar are in multiple of a
random distribution, linear density scale, equal area projection.
Integration of the figures over all the measured points gives 70%
of the volume oriented with c-axes and 30% with a-axes
perpendicular to the film plane, respectively.
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respectively. Integration over the {001} and
{100} poles confirm that around 70% and 30%
of the sample volume is oriented with c- and a-axes
perpendicular to the sample plane, respectively.
Our interpretation is then that the 70% of (001)-
oriented grains as determined by X-ray diffraction
corresponds to the 70% of the grains with low
coercive field measured by AFM. The peculiar
value of 0.8 V is the most favored for the switching
process in the case of (001)-oriented grains on
TiOx/Pt/TiO2/SiO2/Si substrates. Larger Vc-val-
ues, between 0.9 V and 2 V, may correspond to
the (100)-oriented grains. Indeed for this orienta-
tion, the polarization axis lays in the plane of the
substrate at the virgin state before the application
of the external voltage. Then, one needs larger
fields to invert the hai and hci axes of the lattice.
This may lead to larger coercive field than in the
case of pure (001) orientation for which only a
polarization reversal is needed. The large range
of coercive field values may be assigned to disori-
entation of some crystallites with respect to the
sample plane in such grains or to different local-
ized strains imposed by the substrate.

For the PZT film deposited on TiOx/Pt/MgO
substrate which is highly (001)-oriented as
observed from h/2h measurements, we surprisingly
also observed two average Vc-values around
Vc1 = 1.7 V and Vc2 = 2.7 V (Fig. 5(b)). Fig. 4(c)
and (d) shows that as in the case of the silicon sub-
strate, there are two different shapes for the hyster-
esis loops. 88% of the Vc-values are observed
between 1.3 V and 2.4 V while 12% remained in
a second distribution component between 2.6 V
and 2.9 V. This second kind of hysteresis loop
was characterized by a different slope. In order
to get a better insight on the bimodal distribution,
the crystallographic structure and texture of the
(001)-oriented film on MgO substrate were mea-
sured. Fig. 7 shows typical 2h diagrams measured
at no sample tilt (Fig. 7(a)) and with a 3� tilt
(Fig. 7(b)) in the (001/100) reflection range. The
strong 001 peak (Fig. 7(a)) is asymmetric towards
the large h angles. This asymmetry reveals the
presence of compositional distributions in this
film. Such compositional variations may give rise
to small volume fraction of the material with dif-
ferent ferroelectric properties and then different
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coercive voltages under the AFM tip. This may
explain partly the broadening of the Vc values at
the right hand side of the maximum values in
Fig. 5(a) and (b).

At larger tilt angles (Fig. 7(b)), the 001 peak
decreases rapidly being of comparable intensity
to a 100 contribution which appears around 3�
tilts. Fig. 8 represents the evolution of the {001}
and {100} distribution densities in function of
the tilt angle v. On this diagram, all intensities at
every u position have been summed for each v,
and then normalized into distribution densities
using the direct integration approach [27]. The film
exhibits a very high level of orientations for both
orientation components with a maximum density
at v = 0� around 1300 m.r.d. (on such a diagram
a perfectly randomly oriented powder would take
the constant value of 1 m.r.d.). The most interest-
ing feature of this graph is that it shows a non-neg-
ligible amount of crystallites with (100) planes
nearly parallel to the sample plane (which in fact
points around v = 2.5�). The existence of such
slightly inclined (100) grains was reported before
[28–31]. The disorientation angle of the (100)
grains was shown to follow the expression
[2 tan�1 (c/a)] � 90� [31]. In our case where c/
a = 1.07, this should lead to an angle of 3.9� for
a fully relaxed thin film. As we measured an angle
of 2.5�, this implies that some stress is remaining in
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Fig. 8. {001} and {100} distribution density plot of the film
deposited on TiOx/Pt/MgO substrate.
the film. A precise quantitative determination of
the concerned volume fraction of such a texture
component is not possible at the present time
because it would need a full orientation distribu-
tion function determination, which is not available
for measuring grids of 1� · 1� at the present time.
However, the direct integration approach allows
us to determine an upper limit for this volume
fraction of around 10% by integration of the distri-
bution density curves. This would be more than
enough to produce the second hysteresis contribu-
tion Vc2 of our film.

The assignment of Vc2 hysteresis cycles to the
(100)-oriented crystallites may also explain why
in mainly (001)-oriented films the Vc2-linked hys-
teresis cycles are more inclined than the Vc1�s.
Indeed, as proposed previously in this paper, in
the case of (100)-oriented tetragonal crystallites,
the lattice has to be distorted when the external
field is applied in such a way that the polar axis
([001] direction) becomes perpendicular to the
plane of the substrate. In the case of PZT films
on TiOx/Pt/TiO2/SiO2/Si substrates, the c/a ratio
is quite low (1.02) and the external voltage needed
to reorient the dipoles is also reasonably low. But
in the case of TiOx/Pt/MgO, due to different strain
imposed by the substrate, c/a is now large (1.07)
and consequently a large external voltage is needed
for the polarization reversal. As the field is set in
the opposite direction, the reorientation of the
dipoles has to overcome the strains which were
responsible for the (100) orientation of these crys-
tallites. This is difficult and leads to a very progres-
sive reversal of this kind of dipoles, implying a
high coercive voltage and an inclined hysteresis
loop (Fig. 4(d)). On the other hand, when the
polarization reversal concerned crystallites which
were ‘‘naturally’’ (001) oriented (Fig. 4(c)), the
sole energy needed to reverse the dipoles is to
rotate them by 180�. This arises when the applied
field reaches a given threshold energy. Note that
this threshold energy is an increasing function of
the tetragonality of the lattice. Indeed, c/a is an
increasing function of the ratio Ti/Zr, and it is well
known that the coercive field is also an increasing
function of the ratio Ti/Zr [32]. Hence in the case
of (001) oriented grains, a very abrupt reversal of
the dipoles is expected when the applied field



R. Desfeux et al. / Surface Science 600 (2006) 219–228 227
exceeds the threshold field, and consequently a
more ‘‘square like’’ shape of the hysteresis loop
is obtained (Fig. 4c). Now, in the case of the crys-
tallites with (100) orientation on TiOx/Pt/TiO2/
SiO2/Si substrate, the X-ray analysis showed that
the tetragonality of the lattice is much lower than
for the TiOx/Pt/MgO substrate (1.02 instead of
1.07). This could explain the lower coercive mea-
sured voltages (c/a is much lower than in the case
of the TiOx/Pt/MgO substrate), with an intermedi-
ate slope, because the applied field has still to over-
come the strains needed to distort the lattice and
exchange a- and c-axes during the polarization
process.
4. Conclusion

Local piezoelectric hysteresis loops produced by
atomic force microscopy have been used to deter-
mine the coercive voltage of oriented PZT thin
films deposited on TiOx/Pt/TiO2/SiO2/Si and
TiOx/Pt/MgO substrates. These different sub-
strates are directly responsible for a difference in
the c/a ratio of the PZT thin films, as evidenced
by the fact that the films were prepared in the same
run. The c/a ratios were 1.02 and 1.07 for TiOx/Pt/
TiO2/SiO2/Si and TiOx/Pt/MgO substrates, res-
pectively. The local piezoelectric loops recorded
on individual crystallites showed a bimodal coer-
cive field values which were attributed to the pres-
ence of two different grain orientations, namely
(100) and (001). For each substrate, (001)-ori-
ented grains exhibited lower coercive voltage than
(100) ones. This was attributed to the different ori-
entation of the polar axis. The influence of the c/a
ratio is also evidenced by comparing grains having
the same orientation on both substrates. Large
coercive fields are obtained when the c/a ratio is
high, as expected. All these results demonstrate
that the local piezoelectric hysteresis loops per-
formed by atomic force microscopy are very
powerful for addressing the local switching prop-
erties of such kind of films. We have shown that
the value of the coercive voltage could be related
to the crystallographic orientation of the crystallite
at the nanoscale level. On the other hand, for films
grown on TiOx/Pt/TiO2/SiO2/Si, we have shown
that data about coercive voltages could be mea-
sured at the nanoscale level while no information
could be given at the macroscopic scale level, using
large area electrodes, due to current leakages.
Acknowledgements

The authors of LPCIA would like to thank L.
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