
Thickness dependence of structure and piezoelectric properties at nanoscale of
polycrystalline lead zirconate titanate thin films

E. B. Araújo, , E. C. Lima, I. K. Bdikin, and A. L. Kholkin

Citation: Journal of Applied Physics 113, 187206 (2013); doi: 10.1063/1.4801961
View online: http://dx.doi.org/10.1063/1.4801961
View Table of Contents: http://aip.scitation.org/toc/jap/113/18
Published by the American Institute of Physics



Thickness dependence of structure and piezoelectric properties
at nanoscale of polycrystalline lead zirconate titanate thin films

E. B. Ara�ujo,1,a) E. C. Lima,1 I. K. Bdikin,2 and A. L. Kholkin3

1Faculdade de Engenharia de Ilha Solteira, UNESP Univ Estadual Paulista,
Departamento de F�ısica e Qu�ımica, 15385 000 Ilha Solteira, SP, Brazil
2Department of Mechanical Engineering and TEMA, University of Aveiro, 3810 193 Aveiro, Portugal
3Department of Materials and Ceramic Engineering and CICECO, University of Aveiro,
3810 193 Aveiro, Portugal

(Received 1 October 2012; accepted 3 January 2013; published online 8 May 2013)

Lead zirconate titanate Pb(Zr0.50Ti0.50)O3 (PZT) thin films were deposited by a polymeric chemical

method on Pt(111)/Ti/SiO2/Si substrates to understand the mechanisms of phase transformations

and the effect of film thickness on the structure, dielectric, and piezoelectric properties in these

films. PZT films pyrolyzed at temperatures higher than 350 �C present a coexistence of pyrochlore

and perovskite phases, while only perovskite phase grows in films pyrolyzed at temperatures

lower than 300 �C. For pyrochlore-free PZT thin films, a small (100)-orientation tendency near the

film-substrate interface was observed. Finally, we demonstrate the existence of a self-polarization

effect in the studied PZT thin films. The increase of self-polarization with the film thickness

increasing from 200 nm to 710 nm suggests that Schottky barriers and/or mechanical coupling near

the film-substrate interface are not primarily responsible for the observed self-polarization effect in

our films. VC 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4801961]

I. INTRODUCTION

Lead zirconate titanate Pb(Zr1 xTix)O3 (PZT) was prob-

ably one of the most studied ferroelectric materials in the

past 50 years due to its excellent piezoelectric, pyroelectric,

ferroelectric, and dielectric properties.1 The great potential

of the PZT system in the thin film form has been demon-

strated along past years for applications in capacitors,2 non-

volatile ferroelectric random memories,3 and many others.

PZT films produced by different physical and chemical

methods exhibit different structural and electrical properties.

Most studies have been conducted on oriented epitaxial PZT

films to understand the size effects on their structural and

electrical properties.4 Often, these studies have shown that

the relaxation of misfit strain PZT films prepared as hetero-

structures or deposited on metallic substrates is accompanied

by systematic changes in the polarization properties leading

to an increase of the coercive field with decreasing thick-

ness.5 These and others results suggest that the nature of the

film-substrate interface, strain, microstructure, and other pa-

rameters play a significant role in the scaling down of ferro-

electric thin films. In contrast to problems associated to

downscaling of the solid-state electronics, some problems

related to the synthesis of PZT thin films are periodically

revisited providing a feedback to produce high performance

devices.

The crystallization kinetics of PZT thin films is rela-

tively well established for films prepared by rf-sputtering,6

laser ablation,7 and sol-gel.8 Alternatively, ferroelectric thin

films have been prepared by polymer precursor technique

based on Pechini method.9 In general, the crystallization of

PZT films using low temperature deposition techniques

occurs from the amorphous structure that first transforms

into an intermediate non-ferroelectric phase and further

transforms into the perovskite phase after an adequate pyrol-

ysis and thermal annealing. Naturally, this transformation ki-

netic depends on the method used to prepare ferroelectric

thin films. This undesirable non-ferroelectric phase is often

described as a pyrochlore, sometimes also referred as Pb-

deficient fluorite phase.10 The presence of this phase

degrades the most important ferroelectric properties of the

film and consequently must be avoided during the crystalli-

zation. Although different studies were conducted on PZT

films produced by polymer precursor method,11 up to now

the kinetics of growth of the perovskite phase in these films

is not yet systematically studied, as well the thickness effect

on the structure, dielectric, and piezoelectric properties of

these films.

The purpose of the present work is to report the phase

transformations and the thickness effect on the structure,

dielectric, and piezoelectric properties of polycrystalline

PZT thin films with no preferential orientation, prepared by

polymeric chemical method. Furthermore, the existence of a

self-polarization effect is shown in these films, and its de-

pendence on the film’s thickness sheds light on the mecha-

nism of self-polarization phenomenon.

II. EXPERIMENTAL

PZT films with a nominal composition of Pb(Zr0.50Ti0.50)O3

were deposited by spin coating on Pt(111)/Ti/SiO2/Si sub-

strates using a chemical polymeric method described else-

where.11 To compensate the loss of lead during the film

crystallization and to stabilize the growth of the perov-

skite phase, 10 mol. % of lead oxide was added in excess
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of the nominal composition. To remove organics, the

films were heat annealed at a pyrolysis temperature

between 150 and 450 �C for 30 min and finally crystal-

lized at 700 �C for 1 h. The thicknesses of the final films

were between 200 and 710 nm.

X-ray diffraction (XRD) patterns of the PZT films were

obtained using a Rigaku Ultima IV diffractometer with

CuKa (1.5406 Å) radiation. To study the structure of the

films in depth profile, XRD measurements were performed at

room temperature in step scan mode using the glancing inci-

dence configuration at a fixed h angle from 2� to 6� and scan-

ning the 2h angle from 20� to 60�. All lattice parameters

were obtained from Rietveld refinements. For Rietveld12

analysis, XRD data were input into the GSAS13 structure

refinement code under the EXPGUI14 interface. Peak profiles

were fitted using the Thompson-Cox-Hastings15 pseudo-

Voigt function while a sixth-order polynomial was used to fit

the background. For refinements, a pure tetragonal phase

with P4mm space group was considered, where the Pb2þ ion

occupies sites at (0,0,0), Ti4þ/Zr4þ and O2
I occupy sites (1/

2,1/2,z), and O2
II occupy sites at (1/2,0,z). The main criteria

for judging on the quality of the fitting is the final fit of the

calculated pattern compared to the observed data, but the R-

factors weighted profile wRp, the statistically expected Rexp,

and the goodness-of-fit indices v2 ¼ wRp=Rexp are usually

used to attest the quality of a fit.16 Williamson-Hall analysis

was applied to evaluate the microstrain (Dd/d) and crystallite

size of the PZT films according to the formula

Ccosh ¼ k=Dþ ðDd=dÞ4senh, where d is the lattice spacing,

C is the full width at half maximum (FWHM) value due to

peak broadening, k is the wavelength, h is the Bragg angle,

and D is the average grain size, respectively.

The piezoresponse of the films was obtained by the

modified commercial atomic force microscope (AFM)

(Multimode, Nanoscope III, Bruker and Ntegra Prima, NT-

MDT). N-doped Si tips were used with a spring constant

42 N/m to avoid possible electrostatic effects. To measure

electrical properties, several gold electrodes (0.3 mm in di-

ameter) were deposited over an area of 1� 1 cm2 on the

films through a mask to form capacitors. Dielectric permit-

tivity measurements were performed using an Agilent

4284A LCR meter at 10 kHz. A modified Sawyer-Tower cir-

cuit at 20 Hz was used to measure the polarization hysteresis

loops.

III. RESULTS AND DISCUSSION

Figure 1(a) shows XRD profiles of PZT thin films pre-

pared under different pyrolysis temperature. In this figure,

the indexed (hkl) peaks were associated to the tetragonal

phase of the PZT, while both (222) and (400) peaks at

2h¼ 29.8� and 35.0� were attributed to the pyrochlore phase.

The XRD profiles of the PZT films pyrolyzed between

350 �C and 450 �C show a coexistence of the pyrochlore and

perovskite phases, while for films pyrolyzed at 150 �C and

300 �C only peaks associated with the perovskite phase were

observed. The presence of the (222) and (400) reflections in

Fig. 1(a) suggests a pyrochlore type phase of the Pb2Ti2O6

structure, with the possibility that Zr ions are able to

substitute for Ti ions in the pyrochlore structure to form a

more realistic metastable Pb2(Zr1 xTix)2O6 structure.17 In

the literature, there are several reports on the possible com-

position of the pyrochlore phase for PZT films prepared by

sol-gel route.18,19 In general, these studies were centered on

Pb(Zr0.53Ti0.47)O3 film composition for historical reasons,

and there is a consensus that above mentioned (222) and

(400) reflections can be attributed to the pyrochlore

Pb2(Zr0.53Ti047)2O6 phase. Our study, however, was centered

on the Pb(Zr0.50Ti0.50)O3 composition, and this approach

offers some advantages to interpret the formation of pyro-

chlore phase in our films, as we shall see in the next

paragraph.

Figure 1(b) shows more closely the evolution of the

(002) and (200) peaks in XRD patterns of the PZT films with

different pyrolysis temperatures. For films pyrolyzed at

400 �C and 450 �C a clear structure of two peaks was

observed at 2h¼ 44.7� and 45.9�. However, a structure of a

single broad peak was observed in XRD patterns of the films

pyrolyzed at temperatures below 300 �C. These remarkable

changes give us an important qualitative information about

the structure of the PZT films and indirectly infer about the

kinetics of the pyrochlore phase and its tentative

composition.

For PZT ceramics, the splitting of (00l) and (h00) reflec-

tions in XRD patterns with decreasing Zr/Ti ratio is a clear

evidence that the symmetry changes from rhombohedral to

tetragonal.20 The substitution of Zr with Ti ions in PbTiO3

leads to a change in the structure from tetragonal to rhombo-

hedral symmetry and vice versa for substitution of Ti ions

with Zr ions. As the splitting of (00l) and (h00) reflections is

FIG. 1. (a) XRD profiles of PZT thin films crystallized at 700 �C for 1 h on

Pt(111)/Ti/SiO2/Si substrates and pyrolyzed at different temperatures. All

XRD patterns were recorded at a fix glancing angle h 6�. (b) XRD profiles

around the (002) and (200) reflections for PZT films.
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more evident for higher 2h angles in XRD pattern, we focus

our discussions on the (002) and (200) reflections. In other

words, PZT rhombohedral compositions (Zr-rich) exhibit a

single (200) reflection while tetragonal compositions (Ti-

rich) exhibit double (002) and (200) reflections in the XRD

pattern. Supported by the above discussions it is clear in

Figure 1(b) that different pyrolysis temperature is favorable

to produce PZT thin films with distinct crystalline structure.

The splitting of (002) and (200) reflections in Figure

1(b) for PZT films pyrolyzed at 400 �C and 450 �C clearly

indicates a shift toward the tetragonal side in the

composition-temperature phase diagram of the PZT system.1

This implies a Ti-rich PZT composition (Zr/Ti< 1) in com-

parison to the nominal Pb(Zr0.50Ti0.50)O3 composition (Zr/

Ti¼ 1), which would enrich the pyrochlore phase and reduce

the perovskite phase in Zr ions. These results indicate that

the growth of a Zr-rich pyrochlore phase Pb2(Zr1 xTix)2O6

(Zr/Ti> 1) is more energetically favorable for films pyro-

lyzed at 400 �C and 450 �C. However, a result slightly differ-

ent was observed in Figure 1(b) for PZT films pyrolyzed at

150, 300, and 350 �C. For these films, the structure of a sin-

gle broad (200) peak was observed around 2h¼ 45.5�, which

is an expected characteristic of the tetragonal phase for the

studied PZT with Zr/Ti¼ 1. While PZT films pyrolyzed at

150 �C and 300 �C are pyrochlore-free, the film pyrolyzed at

350 �C presents a small amount of pyrochlore phase, as indi-

cated by the presence of both (222) and (400) peaks in

Figure 1(a). In this case, we can infer the growth of a pyro-

chlore and perovskite phases both having Zr/Tiffi 1 in the

film pyrolyzed at 350 �C for 30 min.

Based on the results shown in Figure 1(a) and discussion

in the above paragraph, the pyrolysis at 300 �C for 30 min

followed by a final crystallization at 700 �C for 1 h is estab-

lished as an optimal condition to prepare pyrochlore-free

PZT films in the present work. Results based on the XRD

analysis as a function of glancing h angle are shown in

Figure 2 for pyrochlore-free PZT film with 710 nm in thick-

ness. These analyzes give us a qualitative behavior of each

studied parameter in the depth profile, where the lattice pa-

rameters were obtained from Rietveld refinements. The

microstrain (Dd/d) and the crystallite size (D) obtained from

Williamson-Hall analysis are shown in Figures 2(a) and 2(b),

respectively. These results demonstrated a non-uniform

microstrain and crystallite size along the film thickness,

where both parameters increase almost linearly from top sur-

face to the bottom film-substrate interface. The obtained

microstrain (0.56% 0.79%) of the studied film was similar

to values reported in the literature for polycrystalline Nd-

modified PZT films21 and slightly larger than values reported

for (100)-oriented PZT films prepared by rf-sputtering tech-

nique (�0.15% for film with 100 nm in thickness).22 On the

other hand, the values obtained for the crystallite size

(18 41 nm) were lower than those values reported in the lit-

erature (�90 nm for film with 270 nm in thickness) for PZT

films prepared by rf-sputtering.23

The strain in ferroelectric thin films is normally attrib-

uted to the sum of the elastic strain due to the lattice differ-

ence between the film and the substrate, the thermal strain as

the substrate imposes its thermal evolution onto the film, and

the spontaneous transformation strain linked to the phase

transitions.24 In this work, Figure 2(a) indicates a microstrain

relaxation from the bottom film-substrate interface to the top

surface. Furthermore, Figure 2(b) shows that close to the

film-substrate interface the crystallite size are slightly larger

than near the top film surface.

Figure 2(c) shows the behavior of the tetragonality fac-

tor (c/a) as a function of the glancing angle h. In this figure

we observe that the c/a remains almost constant for

3� � h� 6� and decreases slightly to c/a¼ 1.011 near the

film top surface. Figure 2(d) presents the behavior of the

maximum peak intensities I(100)/I(110) ratio as a function

of glancing incidence angle h. By increasing the h angle, it is

expected that this ratio should be constant for a homogene-

ous and stress-free structure along the film thickness. The

I(100)/I(110) ratio remains almost unchanged for h smaller

than 5� but increases by 5% for h¼ 6�. This increasing is a

result of the texture changes in the film depth and indicates a

small (100) orientation tendency near the film-substrate

interface. The texture for PZT thin films is generally influ-

enced by several factors such as pyrolysis temperature36 or

seeding layers37 introduced during processing, leading to

(111) or (100) PZT orientation of the film grown on (111) Pt

metallic electrode. The slight tendency to (100) texture

observed in the present work at the film-substrate interface

indicates that a small amount of nuclei of (100) orientation is

formed at the film-substrate interface during pyrolysis of the

first deposited layer. These nuclei became unstable on

the next deposited layers due to lower interfacial energy at

the film-substrate interface. Consequently, a randomly ori-

ented film grew on the partially (100) oriented layer.

FIG. 2. (a) Microstrain, (b) crystallite size, (c) tetragonality factor c/a, and

(d) I(100)/I(110) ratio as a function of XRD glancing angle h for pyrochlore

free PZT thin film deposited on Pt(111)/Ti/SiO2/Si substrate, pyrolyzed at

300 �C for 30 min, and crystallized at 700 �C for 1 h.
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Figure 3 depicts the observed, calculated, and different

profiles of selected (100), (110), (111), and (200) reflections

of pyrochlore-free PZT thin films with different thicknesses.

The refined cell parameters and R-factors of PZT films with

different thicknesses were summarized in Table I. The

obtained v2 values (between 2.3 and 3.3) are slightly higher

than the observed for bulk ceramics.25 The main reasons for

these differences can be associated to larger line width and

effects of substrates in thin films, if compared with bulk

ceramics or single crystals.

Figure 4 shows the AFM micrographs of surface topog-

raphy of PZT films of different thicknesses. Analysis of

AFM data indicated that the PZT films present a homogene-

ous and crack-free surface. The obtained average grain size

were 72, 73, 74, and 77 nm for films of thickness 200, 380,

500, and 710 nm, respectively. The grain size increases

slightly with increasing film thickness. Based on this result,

we can conclude that grain sizes of the films are essentially

the same for different thicknesses. The obtained RMS rough-

ness was 24 nm for the film with 200 nm in thickness and

31 nm for films of thickness 380, 500, and 710 nm.

Thickness dependence of the structural parameters of

PZT thin films was also studied from XRD data recorded at a

fix glancing angle h¼ 6�. Figures 5(a) and 5(b) show the

microstrain and crystallite size of PZT films plotted as a func-

tion of the film thickness. In these figures, we can see a

FIG. 3. The observed (dots), calculated (lines), and different (bottom lines)

profiles of selected (100), (110), (111), and (200) tetragonal reflections for

pyrochlore free PZT thin films with different thicknesses: (a) 200 nm, (b)

380 nm, (c) 500 nm, and (d) 710 nm.

TABLE I. Refined cell parameters and R factors of PZT films with different

thicknesses.

Cell parameters R factors

Film thickness a (Å) c (Å) v2 Rwp Rexp

200 nm 4.0774 4.0966 2.3 17.1 13.3

380 nm 4.0670 4.1114 3.3 17.6 13.6

500 nm 4.0547 4.1113 3.1 15.9 12.1

710 nm 4.0692 4.1301 3.2 15.2 11.2

FIG. 4. AFM images (5� 5 lm2) of pyrochlore free PZT thin films with dif

ferent thicknesses: (a) 200 nm, (b) 380 nm, (c) 500 nm, and (d) 710 nm.

FIG. 5. (a) Microstrain, (b) crystallite size, (c) tetragonality factor c/a, and

(d) I(100)/I(110) ratio of pyrochlore free PZT thin films as a function of film

thickness.
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maximum at 1.17% and 71 nm for microstrain and crystallite

size, respectively, for the film with 500 nm in thickness.

Figure 5(c) plots the tetragonality factor c/a as a function of

film thickness. The lattice parameters obtained from Rietveld

refinements lead to c/a¼ 1.015 for the film with 710 nm in

thickness. The tetragonality factor was also measured for films

with different thicknesses to show a decreasing to c/a¼ 1.005

for the film with 200 nm in thickness, following the non-linear

behavior shown in Figure 5(c). Finally, the I(100)/I(110) ratio

is plotted as a function of the film thickness in Figure 5(d).

This ratio was 0.34 for the film of 710 nm in thickness and

increases to 0.63 when the film thickness decreases to 200 nm.

This result suggests a (100)-orientation tendency for thinner

films studied in the present work.

Microstrain and crystallite size seems to follow the film

(100)-orientation tendency so that it is minimized to 0.76%

and 25 nm, respectively, for films with 200 nm thick. A similar

tendency of the microstrain decreasing with film thickness

decreasing was observed for PZT films prepared by pulsed

laser deposition technique.21 The observed behavior for the

microstrain and crystallite size in our films are most probably

associated to the residual stress, since films with different

thicknesses show essentially the same microstructure with

grain size ranged between 72 and 77 nm and a minimum unit

cell volume at 67.6 Å3 at the film with 500 nm in thickness.

Figure 6(a) shows the thickness dependence of the real (e0)
and imaginary (e00) dielectric permittivity at 20 kHz frequency

for the PZT films with different thicknesses. The e0 values

increase almost linearly from 258 to 463 as the film thickness

increases from 200 nm to 710 nm, while e00 remains almost

constant within the same thickness range. This result agrees

with several reports for PZT thin films obtained by different

chemical routes. The behavior observed in Figure 6(a) for

dielectric permittivity can be understood in terms of intrinsic

and extrinsic contributions.26 The main intrinsic contributions

are mechanical stresses, grain size, and film orientation, while

180� domain wall motion is one of the most important extrinsic

contributions. As the PZT films studied in this work present

essentially the same grain size for different thickness, the ex-

trinsic contributions are probably the main factors responsible

for the behavior shown in Figure 6(a). The hysteresis loops of

the PZT film with 710 nm thickness are shown in Figure 6(b).

In this figure, the remnant polarizations are Pþr ¼ þ11:2 lC/

cm2 and Pr ¼ �16:1 lC/cm2 (DP ¼ �4:9 lC/cm2) while the

coercive electric fields are Eþc ¼ þ39:5 kV/cm and Ec

¼ �14:6 kV/cm. The observed internal bias field is reflected

by the apparent shift towards the positive electric fields in

Figure 6(b), which is a signature of the macroscopic self-

polarization effect in this film.

Figure 7 shows the vertical piezoresponse force micros-

copy (VPFM) images of PZT thin films with different thick-

nesses (200 710 nm). The out-of-plane components of

polarization were obtained by detecting vertical vibrations of

the piezoresponse force microscopy (PFM) cantilever. In these

figures, a dc voltage of þ30 V was applied in the white area

while a voltage of �30 V was applied in the dark area. The

external areas designate the film before poling. Based on the

figures, the distribution of the local piezoresponse signal

before and after poling could be constructed as a function of

film thickness, as shown below.

Figure 8(a) compares the distribution of the local piezor-

esponse signal before and after poling for the PZT film with

710 nm thick. Only one peak shifting to negative d33 values

before poling in Figure 8(a) is also an indicative of the local

self-polarization effect at the nanoscale. The two peaks at

positive and negative d33 values in this figure are associated

with fully reoriented polar states and can be considered as

FIG. 6. (a) Real (e0) and imaginary (e00) dielectric permittivity of PZT films

with different thicknesses, recorded at 10 kHz frequency. (b) Hysteresis

loops of the PZT film with 710 nm in thickness, recorded at 20 Hz.

FIG. 7. VPFM images of 10� 10 lm2 area of pyrochlore free PZT thin films

with different thicknesses: (a) 200 nm, (b) 380 nm, (c) 500 nm, and (d)

710 nm. All films were deposited on Pt(111)/Ti/SiO2/Si substrates, pyro

lyzed at 300 �C for 30 min, and crystallized at 700 �C for 1 h.
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effective values of the intrinsic piezoresponse inside a single

domain region. Finally, the local piezoresponse hysteresis

loop is shown in Figure 8(b). The obtained local d33 values

and coercive voltages in this figure were similar to other

reports in the literature. Again, the loop is slightly asymmet-

ric due to self-polarization effect in the studied PZT film.

Therefore, the shift observed both at macro- and nanoscales,

as shown in Figures 6(b), 8(a), and 8(b), indicates that the

observed voltage offset cannot be a spurious effect associ-

ated with a partial polarization frozen in one direction of the

film but attest the existence of a self-polarization effect in

the studied film.

Figure 9(a) shows the distribution of the local piezores-

ponse before poling for PZT films with different thicknesses

while distributions after poling for same films are shown in

Figure 9(b). The behavior of the self-polarization Pi as a func-

tion of film thickness is shown in Figure 9(c). In this figure, Pi

presents essentially the same value for films with thicknesses

between 200 nm and 380 nm but increases almost linearly for

negative values from 500 nm up to 710 nm in thickness. The

Pi / d33=e0 relation provides a qualitative description for

the self-polarization effect in our PZT films,27 where d33 is the

maximum piezoresponse distribution before poling in Figure

9(a) and e0 is the real part of the dielectric permittivity of the

respective film in Figure 6(a). This relation is reasonable if we

consider that the coupling between the longitudinal piezoelec-

tric coefficient (d33) and the dielectric permittivity (e0) and

polarization (P) can be described by the equation d33

¼ 2Q11e0e0P, where Q11 is the electrostriction coefficient

and e0 is the dielectric permittivity of vacuum. In the latter

equation, we assume that the effective Q11 remains almost

constant since the domain structure of the studied films does

not change appreciably. Based on distribution of the local pie-

zoresponse after poling in Figure 9(b), the difference between

the positive and negative maximum dþ33 � d33 as a function of

thickness is also plotted in Figure 9(d). The observed decreas-

ing in this difference with increasing film thickness reflects

the changes in peaks symmetry, probably due to the existence

of an internal bias field in films with different thicknesses.

Although several studies at the nanoscale have been

reported by using PFM technique, the nature and interpreta-

tion of the shift and asymmetry in d33 observed in Figures

9(a) and 9(b) is still not well understood. The effects of PFM

tip geometry on the local piezoresponse of ferroelectric films

have been reported to extract information regarding the

polarization profile across a ferroelectric wall.28 It was dem-

onstrated that the magnitude of the piezoelectric coefficient

d33,eff is independent on the tip radius, despite the observed

unexpected d33,eff decrease for smaller top electrodes29

(which should remain constant irrespectively of their size).

In our measurements, the tip is a metal sphere while the bot-

tom electrode is a flat film. To understand the possible asym-

metry of the hysteresis we should recall that the PFM signal

typically includes two main parts: piezo and electrostatic, as

described by Eq. (4) by Hong et al. in a seminal work.30 It is

expected no direct influence of bottom electrode on the elec-

trostatic effect, since the cantilever interacts with sample sur-

face only. Naturally, the bottom electrode may affect the

growth process and consequently the self-polarization. In

this case, we will have an offset on PFM images and hystere-

sis loops, too, but this effect does not depend explicitly on

the sign of a dc bias. On the other hand, application of a bias

of different sign may significantly affect the shape of the

FIG. 8. (a) Distribution of the local piezoresponse before and after poling

and (b) local piezoresponse hysteresis loops for the PZT thin film with

710 nm in thickness.

FIG. 9. Distribution of the local piezoresponse of PZT films with different

thicknesses: (a) before poling and (b) after poling. (c) Self polarization (Pi)

of PZT films as a function of thickness and (d) difference for the maximum

dþ33 d�33 as after poling for different thicknesses. Lines are drawn as a guide

to the eye.
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hysteresis loop via the injection of charge carriers through

the top electrode. We believe that in our case this effect is

minimal since the observed PFM signal is dominated by the

piezoelectric part (we use stiff cantilevers), and there is no

injection effect due to the potential barrier between the tip

and surface of the film. More details about the effect of the

internal bias field on the asymmetry of the PFM hysteresis

loops can be found elsewhere.31

Let us now discuss about the origin of the self-

polarization effect observed in the studied PZT thin films.

Often, ferroelectric films prepared by different routes exhibit

a self-polarization of similar magnitude to that observed by

intentional poling by an external electric field.32 The self-

polarization in highly oriented ferroelectric thin films has

been mainly explained in terms of a space charge associated

with the Schottky barriers located at the bottom film-

electrode interface33,34 or due to a mechanical coupling

between the ferroelectric film and substrate.35 The asymmet-

rical Schottky barriers appear when the bottom and upper

electrodes are made of different materials,32,36 while me-

chanical coupling are generally associated to the presence of

a compressive/tensile stress or different thermal expansion

coefficients between the film and the substrate.

The space charges of ionic and electronic origin are re-

sponsible for the built-in electric field between the film and

the metallic electrode.37 This internal bias field has been con-

sidered as one of the salient features of self-polarization

effect. In principle, it may be expressed as Ebi ¼ eNdW=e (for

h > 2W) and Ebi ¼ eNdh=2e (for h < 2W), where e and Nd

are the elementary charge and concentration of charge car-

riers, respectively, W is the width of the depletion layer, and h
the film thickness. Assuming that the induced polarization is

proportional to the average internal bias field, we expect a

linear polarization decrease with thickness h for h � W. For

h > W it is assumed that P / h 1, as previously observed for

PZT films prepared by sol-gel technique.32 To find out the

polarization distribution across the film thickness, PFM

measurements should be done destructively as previously pro-

posed.38 As there is no direct method to access the polariza-

tion distribution across the thickness, the depletion model

requires further justification. On the other hand, a perfect

match between lattice parameters of the ferroelectric and of

the substrate occurs in epitaxial films, leading to a strain at the

interface that decays when the distance into the film bulks.32

Consequently, a linear response of the dielectric polarization

as a function of the gradient strain appears along the film

depth. This relationship between electric field and strain gradi-

ent is a known as flexoelectric effect.39,40 It can be described

by the second term on the right-hand side of the electric polar-

ization written as Pi ¼ dijkrjk þ lijklð@ejk=@xlÞ, where dijk is

the third-rank tensor piezoelectric coefficient, rjk is the stress

component, lijkl is the fourth-rank tensor flexoelectric coeffi-

cient, and @ejk=@xl is the strain gradient.38,39

Taking into account the scenario described above, the

main mechanisms responsible for the self-polarization effect

in highly oriented films can be excluded as the mechanisms

responsible for the same effect observed in PZT thin films

studied in the present work. The linear increasing at the

microstrain observed in Figure 2(a) with the glancing angle

h increasing is indicative that gradient strain along the film

depth is small and does not increase substantially near the

film-electrode interface, differently from that observed for

highly oriented films.32 This result suggests that mechanical

coupling between film-substrate, via flexoelectric effect,

most probably cannot be the responsible for the self-

polarization observed in the studied films. In addition, the

observed thickness behavior for Pi shown in Figure 9(c) is

essentially different from those observed in the literature for

highly oriented PZT films, where |Pi| decreases as the film

thickness increases, indicating that the films are polarized by

an internal bias field near the bottom film-substrate inter-

face.7 At the films studied in the present work, |Pi| increases

with film thickness increasing suggesting that Schottky bar-

riers cannot be a mechanism responsible for the self-

polarization effect for studied PZT films with no preferential

orientation.27 The fact that |Pi| increases with increasing film

thickness indicates that our films are polarized by an internal

bias electric field strongly dependent of the film thickness,

within the thickness range studied. Thus, we can exclude the

effect of space charges located at the film-substrate interface

and mechanical coupling between film-substrate as main

mechanisms responsible for the self-polarization effect in the

studied PZT films. Although the usual mechanisms to

explain the self-polarization effect were excluded, the there

is no conclusive evidence about the nature of the self-

polarization effect in the studied films. Further experiments

are in progress to understand the origin of this phenomenon

in the PZT thin films studied in the present work.

IV. CONCLUSIONS

In summary, the kinetics of phase transformation of

Pb(Zr0.50Ti0.50)O3 thin films prepared by polymeric precur-

sor method was studied in this work. The pyrolysis tempera-

ture at 300 �C for 30 min defines the optimal condition for

the suppression of the pyrochlore phase in the PZT thin

films. The texture of the pyrochlore-free PZT films changes

along the thickness leading to a small (100)-orientation tend-

ency near the film-substrate interface. Finally, we demon-

strate the existence of a self-polarization effect at both

macro- and nanoscales for the studied PZT thin films. Unlike

that observed for oriented PZT films, where Schottky bar-

riers and/or mechanical coupling near the film-substrate

interface are the mechanisms responsible for the self-

polarization effect, the self-polarization increase with

increasing film thickness from 200 to 710 nm in our films

suggests that these mechanisms are not primarily responsible

for the observed self-polarization effect in the present work.
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