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ABSTRACT
Piezoeresponse force microscopy (PFM) and local piezoresponse
hysteresis loops were used to study the imprint effect in PbZr1-xTixO3

thin films at compositions around the morphotropic phase boundary
(MPB). Schottky barriers and mechanical coupling between film-
substrate were excluded as origin for the imprint in these films.
Comparing the composition dependence of the effective d33 before
poling with some reports in the literature, the existence of point
defects such as complex vacancies (V::Pb, V

��
O and V::Pb ¡ V��o) and Ti3C

centers is discussed as probable origin for the imprint effect observed
here.
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Introduction

Ferroelectric thin films have been actively studied for the use in nonvolatile ferroelectric random
access memories (FeRAM). In the last decades, a crucial issue for the realization of the commer-
cial FeRAMs has been the reliability issue, since degradation effects such as fatigue [1] and
imprint [2,3] are responsible for limiting the lifetime and failure of ferroelectric memory devi-
ces. The fatigue, the loss of switchable polarization after repeated polarization reversals, is a phe-
nomenon better understood in the literature [4]. On the other hand, the imprint, defined as the
tendency of one polarization state to become more stable than the opposite one [5], is a phe-
nomenon more obscure and, for this reason, less understood. In ferroelectric capacitors, the
imprint effect is characterized by the asymmetries in the polarization vs. field (P-E) hysteresis
loops leading to a failure of stored information [2]. The imprint mechanisms have been often
discussed in terms of alignment of defect dipoles and interface screening models for different
ferroelectric systems [3,6,7]. Although significant progress has beenmade in the comprehension
of imprint mechanisms in the past, the control of imprint for the purpose of memory applica-
tions hasmotivated recent studies [8,9] maintaining the subject opened for discussions and con-
tinuing studies on classical ferroelectrics or new compositions.
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Among several ferroelectrics, Pb(Zr1-xTix)O3 (PZT) thin films are still promising candi-
dates for nonvolatile FeRAM and other applications due to their multifunctional properties
indispensable for different devices including capacitors [10], piezoelectric transducers [11]
and even for THz emission [12]. In the context of imprint effect in ferroelectrics, related
phenomenon called self-polarization is often observed in highly textured [13,14] or ran-
domly [15] oriented films. The origin of the self-polarization effect in different ferroelectric
systems has been discussed in terms of various mechanisms such as space charge at bottom
electrode -film interface [15], asymmetric Schottky barriers, and uncompensated electric
field that appear when the bottom and top electrodes are made of different materials [14,16],
and mechanical coupling between the film and the substrate [17]. Despite several experi-
ments [18] and proposed theoretical models [19] aimed to explain the mechanisms of the
self-polarization effect, its real nature is still an object of intensive discussions.

Recent observation of self-polarization effect in PZT thin films prepared by a polymeric
chemical method [20] and the possibility to map the compositional dependence of the
imprint effect in these films at compositions around the morphotropic phase boundary
(MPB) has motivated the present work. In this study, piezoresponse force microscopy
(PFM) measurements and local piezoresponse hysteresis loops have been used to study the
compositional dependence of the imprint effect in PZT thin films.

Experimental

Using a polymeric resin prepared by a chemical method based on the Pechini method,
PbZr1-xTixO3 (PZT) thin films at the compositions x D 0.46, 0.47, 0.48, 0.49 and 0.50 were
deposited by spin coating on Pt(111)/Ti/SiO2/Si substrates. To compensate the loss of lead
during the film crystallization and to stabilize the growth of the perovskite phase, each nomi-
nal composition was prepared with 10 mol% of lead in excess. Details about the polymeric
resin preparation are described elsewhere [21]. To remove organics, each as-deposited film
was pyrolyzed at 300�C for 30 min and then crystallized at 700�C for 1 h. All final films
were » 710 nm in thickness, being homogeneous and crack-free.

Modified commercial atomic force microscopes (AFM) (Multimode, Nanoscope III,
Bruker and Ntegra Aura, NT-MDT) were used to obtain the PFM data of the studied films.
Nitrogen doped Si tips were used with a spring constant 42 N/m to avoid possible electro-
static effects.

Results and discussion

Local piezoresponse hysteresis is indeed useful to map the polarization asymmetry within
the individual grain and it is sensitive only to the top surface due to the localized nature of
applied electric field by the PFM tip. Figure 1(a) shows the local piezoresponse hysteresis
loops (averaged at several locations) of PZT films of different compositions. Analogously to
P-E hysteresis loops, we plot in Figure 1(b) the differences Dd33 D dC

33 ¡ d¡
33 and

DVc DV C
c ¡V ¡

c as a function of the composition to reveal the asymmetries on the local
hysteresis. In this Figure, the asymmetry of the coercive voltage is almost zero for all compo-
sitions (DVc ffi 0), while Dd33 exhibits a positive maximum (Dd33 > 0) for x D 0.48 and a
negative value (Dd33 < 0) for x D 0.50 and 0.46. Again, a strong shift of the effective d33
loops is apparently observed for compositions x D 0.48 and 0.50, also reflecting the presence
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of self-polarization effect at the nanoscale. However, the trend in the compositional behavior
of coercive voltages is completely different. It can be related to the fact that the coercive volt-
age in the PFM experiment is not a real one and is related to equal contributions from the
nascent domain and the rest of the film22 and thus several contributions can affect this
behavior. In addition, it is related only to the surface layer, whereas macroscopic effect is a
result of the bulk contribution. Apparently, the compositional dependence of Dd33 is very
close to polarization. It means that relaxation of piezoelectric coefficient in quasistatic d33
measurements is very close to dynamic relaxation in P-E curves and no polarization offset
due to frozen domains is present.

Figure 2(a) shows the topography images of PZT films of different compositions. The
morphology of the studied films is very similar for all compositional range. This result sug-
gests that surface morphology of the studied PZT films is not affected by the Ti concentra-
tion in the studied range. The RMS roughness parameter, defined as the standard deviation
of the surface height within a given area, has been used to describe the surface morphology
of AFM height images. The average RMS roughness of the films shows essentially the same
value around 31 nm, while the average grain size of these was around 77 nm. Figure 2(b)
shows the piezoresponse images of the films with different compositions. In all images, a

Figure 1. (a) Local piezoresponse hysteresis loops and (b) behavior of the vertical (Dd33 D dC
33 ¡ d¡

33 ) and
horizontal (DVc DV C

c ¡V ¡
c ) shifts of the loops as a function of PZT composition. Lines are drawn as a

guide to the eye.
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predominance of the dark contrast (negative d33) over bright contrast was revealed, indicat-
ing that “negative” domains (polarization head directed toward the bulk of the film) are pre-
dominant over “positive” domains. Figure 2(c) summarizes the out-of-plane images of the
same PZT films after poling by the PFM tip. They reflect two antiparallel polar states in the
ferroelectric films, which were induced by the application of a dc voltage of C30 V in the
white area and ¡30 V in the dark area and subsequent imaging.

Figure 3(a) shows the histograms of the local piezoresponse of PZT films of different
compositions. The distributions curves in this Figure were calculated based on piezoresponse
images of unpoled and poled films shown in Figure 2(b) and 2(c), respectively. In Figure 3
(a), the single peak (closed squares) refers to the local piezoresponse before poling, while
two peaks after poling (open squares) are associated with reoriented polar states and their
positions can be roughly considered as average values of the intrinsic piezoresponse inside
poled region. The shift to the negative values observed for the single d33 peak before poling
in Figure 3(a) confirms once again the existence of a self-polarization effect at the nanoscale.
It should be noted that the distribution of piezoelectric coefficient could be affected by elec-
trostatic response described by following equation [23]:

Av1cosFv1 D deff33Vac C @C
@z

Vdc ¡Vsð ÞVac

Figure 2. (a) Topography, (b) piezoresponse of upoled and (c) of poled Pb(Zr1-xTix)O3 thin films of the
compositions x D 0.46, 0.47, 0.48, 0.49 and 0.50. Scale of all images is 10£10 mm2.
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where Av1 is the amplitude of acquired response, Fv1 is the phase, Vac is the applied ac volt-
age, deff33 is the effective piezoelectric coefficient, C is the capacitance of the system PFM tip-
sample-bottom-electrode, Vdc is the applied bias, and Vs is the contact potential difference
between the tip and ferroelectric surface. The first term in this equation is the true piezoelec-
tric contribution whereas the second term is the capacitive part of the cantilever. Even if Vdc

is zero, the second term is always present as an offset that can vary with the composition of
the films.

Based on the Figure 3(a), we plot the compositional dependences of the effective d33
before poling and difference Dd33 D dC

33 ¡ d¡
33 between d33 peaks after poling in Figures 3(b)

and 3(c), respectively. The d33 shift from zero before poling indicates again the existence of
an internal bias field in the films while the difference Dd33 reflect the asymmetry of the effec-
tive d33 peaks around zero between the two polar states after poling. The d33 shift observed
for negative values in Figure 3(b) confirms the imprint effect at PZT films with different
compositions, and this effect tend to disappear for xD 0:47 where d33 � 0. On the other
hand, Figure 3(c) clearly indicates Dd33 � 0 at compositions xD 0:48 and 0:49, leading to
almost symmetrical d33 peaks for these compositions.

The imprint effect in ferroelectric films has been a subject of numerous studies in the lit-
erature and is explained considering different models [6,24]. As a direct manifestation of the
imprint behavior in highly oriented ferroelectric thin films, self-polarization effect has been
explained either in terms of Schottky barrier at the bottom interface [14,15] or due to a
mechanical coupling between the ferroelectric film and substrate [17]. Asymmetric Schottky
barriers appear when the bottom and top electrodes are made of different materials [16],
while mechanical coupling is associated with the presence of a compressive/tensile stress or
different thermal expansion coefficients between the film and the substrate. Recent studies
on the thickness dependence of imprint in PZT films prepared by the same method used in

Figure 3. (a) Distribution of the local piezoresponse before poling (black curves) and after poling (white
curves) for different compositions of PZT films with 710 nm in thickness. (b) Compositional dependence of
the effective d33 before poling. (c) Compositional dependence of Dd33 D dC

33 ¡ d¡
33 after poling. Lines are

drawn as a guide to the eye.
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the present work definitively excluded Schottky barriers and mechanical coupling near the
film-substrate interface as mechanisms responsible for the self-polarization in these films
[25]. This information is an important starting point to understand the compositional
dependence of the imprint-related parameters studied in the present work.

Excluding trapped charges near the bottom ferroelectric-electrode interface as the domi-
nant mechanism responsible by the imprint effect in our films, it is now opportune to discuss
the results in view of the proposed models in the literature. The photo [7] and thermally [3]
induced voltage/polarization shifts in ferroelectric capacitors or bulk ceramics have been
interpreted in terms of defect dipole and bulk screening models [6,24]. The defect dipole
model assumes that controlling the oxygen pressure on the sample during the crystalliza-
tion/sintering or introducing donor/acceptor impurities in the sample, new species such as
oxygen vacancies (V��

O) and cation vacancies (V��
A) are generated in the perovskite ABO3

structure [6]. The addition of donor dopants to this structure (e.g. Nb) leads to substitution
at B sites and significant reduction of the thermally induced voltage shifts in PZT films. In
such cases, the addition of donor dopants reduces the concentration of oxygen vacancies,
thereby reducing the voltage shifts in P-E hysteresis loops6. In addition, it is assumed that
the complexes defect-dipole such as lead vacancy-oxygen vacancy (V��

Pb ¡ V��
o) in PZT films

are present due to PbO loss during synthesis by using chemical methods like sol-gel. Then, it
is expected that these defects also contribute to the thermally induced voltage shifts observed
in PZT films.

The screening model also explains imprint in ferroelectric films in terms of electric
charges in a thin surface layer [24]. Different mechanisms have been proposed in the litera-
ture to explain the existence of a surface layer in ferroelectric materials, which is responsible
for the imprint effect. In a comprehensive review, Grossmann et al. [6] showed that no spon-
taneous polarization is present in the surface layer and, based on the model proposed by
Dimos et al. [24], the residual depolarizing field causes a charge separation in the surface
layer. Using PFM technique to explore the photoinduced changes in individual grains of
PbTiO3 films, Gruverman et al. [7] suggested that an electric field in a thin layer at the film
surface is responsible for the voltage shifts in hysteresis loops and electronic carriers trapped
in the bulk of the film do not contribute to the voltage shift. In addition, recent modifications
of the boundary conditions in the Landau-type approach demonstrated that the surface of
ferroelectric thin films is itself a defect leading to an electric field that smear out the ferro-
electric phase transition [26]. Despite the different origins for this electric field, it is a con-
sensus that high defect density in the top surface plays a significant role in domain pinning
[7], imprint effect [6] and phase transition smearing [26] in ferroelectric films.

Considering the scenario described in above paragraphs, the imprint behavior in our
PZT films is qualitatively understood. Assuming the existence of a surface layer in these
PZT films, the equivalent capacitance (Ceq) can be represented by a ferroelectric capaci-
tor (Cf ) in series with a surface capacitor (Cs) such as Ceq DCf Cs= CsCCf

� �
, where Cf

depends on the film thickness d such as Cf / d¡ dð Þ¡ 1 while Cs/ d¡ 1. Considering that
the thickness d of the surface layer is independent and much smaller than the film thick-
ness d (d � d), a smaller dielectric permittivity is expected for this film if compared to
bulk ceramics or films with the surface layer effect minimized. In fact, the dielectric per-
mittivity (e » 460) of the PZT films [25] in this work is smaller than observed for other
PZT films in the literature (e » 1310) prepared by sol-gel at compositions near MPB [27].
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Then, the lower dielectric permittivity in the studied PZT films suggests an existence of a
surface layer in our films.

The compositional dependence of the effective d33 shift shown in Figure 3(b) can
be now discussed in terms of a compositional dependence of bulk Ti3C centers, and
defects associated with oxygen vacancies, lead vacancies and complexes lead vacancy-
oxygen vacancy [3]. Due to lead excess introduced during the synthesis, the oxygen
vacancies in PZT thin films appear during the annealing in high-temperature for the
perovskite phase formation. In this case, it is expected that oxygen vacancy (V::

O) den-
sity increase for Ti-rich compositions, leading to a lower thermally induced voltage shift
for Zr-rich compositions. This is not the case observed in Figure 3(b). On the other
hand, theoretical and electron paramagnetic resonance measurements [28] in PZT pow-
ders demonstrated that activated Pb3C centers are relatively independent of Zr content
in PZT, but activated Ti3C centers, due to electron trapped such as Ti4C C e¡ !Ti3C ,
exhibit a pronounced maximum density at around the composition x D 0.47 with Ti3C

densities decreasing to Zr-rich and Ti-rich compositions. As shown in Figure 3(b), we
observed a minimum d33 shift at around the PZT composition x D 0.47 while d33 shifts
increases for negative values for both Zr-rich and Ti-rich compositions. Then, this result
suggests a strong relationship between d33 shift observed for different compositions and
Ti3C centers in the studied films. Considering higher mobility of Pb2C ions relative to
O2¡ ions during the film processing, such as suggested by Watts et al. [29], it is reason-
able assume that defects such as oxygen vacancies V::

O, lead vacancies V::
Pb and probably

complex dipoles V::
Pb¡V::

O are introduced at the film surface during the synthesis, inde-
pendently of the composition. Assuming the existence of these complex defects, we can
explain the imprint effect observed in our films. However, probably the origin of the
imprint effect is not only due to these defects. The compositional dependence of the
imprint shown in Figure 3(b), with no perceptible d33 shift at x D 0.47, suggests that a
combined effect due to the complex vacancies and Ti3C centers decreases the effective
charge at the film surface at around the MPB region, where the Ti3C density increases.
Consequently, the effective electric field due to the complex vacancies (V::

Pb, V
::
O and

V::
Pb¡V::

O) and Ti3C centers is minimized at around the composition x D 0.47 leading to a
pronounced reduction in the d33 shift, as observed in Figure 3(b). Complex interplay of
the surface defects, band bending at the surface, and tip-induced electrostatic effects is
probably responsible for the non-monotonous variation of the histogram parameters
presented in Figure 3. Further experiments (e.g. Kelvin Probe Force Microscopy, KPFM)
are needed to uncover the origin of this behavior.

Conclusions

In summary, we studied the imprint behavior in PZT thin films prepared by chemical
method at compositions around MPB. Asymmetries on the local piezoresponse hysteresis
loops and piezoresponse distribution confirm the imprint effect in the studied films. Exclud-
ing Schottky barriers and mechanical coupling between film-substrate, and comparing the
maximum observed for effective d33 before poling at the composition x D 0.47 with reports
in the literature, the existence of point defects such as complex vacancies (V::

Pb, V
::
O and

V::
Pb¡V::

O) and Ti3C centers has been discussed as probable origin for the imprint effect
observed here.
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