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Abstract: Microstructural and ferroelectric analyses were carried out on Pb
aola (Zr, T 046)1_5y/4beO3 ceramics, x =y = 0.004, 0.006, 0.008 and 0.01 mol%.
Using Piezoresponse Force Microscopy (PFM) and piezoelectric Hysteresis Loop
(HL), ferroelectric behavior, and ferroelectric domain sizes were determined. Grain size
(as determinate by SEM) and ferroelectric domain area decrease with the increase of
dopant concentration from 3 um to 1 um and from 0.56 pm?to 0.32 um?, respectively.
0.985 OOI(Zr

showing that samples polarize easier with higher La*" and Nb** dopant concentration.

The maximum remnant polarization was obtained for Pb 0.5 110.46)0.0875Nb0.0103°
The coercive field does not show significant differences as the La and Nb content is
varied. Grains tend to be single crystals as the La** and Nb*>* dopant concentration is

increased.

Keywords: Ferroelectric materials, Microstructure, Hysteresis, Polarization, PZT

ceramics.

Resumen: Se realizaron analisis microestructurales y ferroeléctricos en ceramicas de
Pb , La (Zr, Ti Nb O., x =y = 0.004, 0.006, 0.008 y 0.01% en moles. Se

1-3x/2 0.46)1-5y/4 y o3
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utilizd microscopia de fuerza de respuesta piezoeléctrica (PFM) y lazo de histéresis
piezoeléctrica (HL), se determind el comportamiento ferroeléctrico y el tamafio de
dominio ferroeléctrico. El tamafio de grano (determinado por SEM) y el area del
dominio ferroeléctrico disminuyen con el aumento de la concentracion del dopante
de3uma 1 umyde 0,56 um? a 0,32 um?, respectivamente. La maxima polarizacion

La (Zr, ,Ti 40),.5,,Nb,O,, lo que demuestra que las

muestras se polarizan mas facilmente con una mayor concentracion de dopante La**

remanente se ObtUVO para Pbl 3
-3x/2

y Nb**. El campo coercitivo no presenta diferencias significativas ya que el contenido
de La y Nb es variado. Los granos tienden a ser monocristales a medida que aumenta

la concentracion de los dopantes La® * Nb**.

Keywords: Ferroelectric materials, Microstructure, Hysteresis, Polarization, PZT

ceramics.

Introduction

The phenomenon of coupling between
electrical and mechanical properties is a
near-universal feature of inorganic, organic,
and biological systems. The simplest

example of linear electromechanical

coupling is piezoelectricity, in which
application of stress results in an electrical
polarization (direct piezoelectric effect);
while a mechanical displacement is
produced by the application an electric
field (converse piezoelectric effect). Since
the discovery of piezoelectricity, at the
end of the 19th century, piezoelectricity
in inorganic materials has been studied in
great detail, an achievement that was made
possible by the combination of macroscopic
measurements which provided information
about properties and of atomic structure
elucidated by advanced diffraction theories

(Lines et al 1977). From symmetry

considerations, piezoelectricity can exist
only in non-symmetric polar materials
(Nye 2001).

Complex examples of electromechanically
active materials are ferroelectrics, in which
polarization and hence directionality
of electromechanical activity can be
switched by external electric (ferroelectric)
or mechanical (ferroelastic) stimuli.
After the discovery of piezoelectricity
in ferroelectrics, numerous applications
such as sensors, actuators, transducers,
etc. have emerged (Hench et al. 1990,
Setter et al. 1993). In the last decade, the
developments of deposition techniques
for epitaxial ferroelectric thin films and
advanced ceramic fabrication have resulted
in numerous novel applications such as
those in micro and nano-electromechanical
systems (MEMS) (Polla et al. 1998, Dabbs

et al. 2000, Schonholzer et al. 1999). The
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ability of ferroelectric materials to exist in
two or more polarized states, to conserve
their polarization for a finite period,
and to change the polarization under an
electric field allows their consideration for
non-volatile computer memory devices
(FRAM) (Palkar et al. 1999, Suzuki 1995,
Scott 2000).

In the last decade, piezoresponse force
microscopy has become established as
a powerful instrument for probing local
electromechanical activity on the micro
and nanometer scale (Jesse et al. 2006,
Alexe et al. 2004, Hong 2004). Originally
developed for imaging domain structures
in ferroelectric materials, PFM was later
extended to local hysteresis loops by
piezoresponse force spectroscopy (Roelofs
et al. 2000), as well as to ferroelectric
domain patterning for applications such as
high-density data storage (Tybell etal. 2002)
and ferroelectric lithography (Kalinin et al.
2004, Terabe et al. 2003). It was suggested
recently that the PFM vector could be
used to determine local molecular or
crystallographic orientation in piezoelectric
materials, if all three components of the
electromechanical response vector are
determined quantitatively (Kalinin et al.
2006 a). Broad applicability of PFM to
materials such as ferroelectric perovskite
(Rodriguez et al. 2004), piezoelectric
[II-V nitrides (Rodriguez et al. 2002),
and recently, biological systems such as
calcified and connective tissues (Halperin
38

et al. 2004, Kalinin et al. 2005 and 2006
b), has required of fundamental theoretical
studies of the image formation mechanism
in PFM.

In this work, we study the relationship
among structure (by X-ray diffraction,
XRD)- and domain size by piezoresponse
force microscopy (PFM), as well as

polarization by hysteresis loops.
Materials and methods

Ceramics samples were prepare by solid-
state reaction to obtain the following
stoichiometric Pb,
3x/2Lax(Zr0.54Ti0.46)1-5y/4beO3’ where x =
y = 0.004, 0.006, 0.008 and 0.010 mole
% (abbreviated as PLZTN 54/46/0.4 for

example). Mixture of the components

relationship

is accomplished via humid milling with
ethylic alcohol in an agate mortar mill
during 90 minutes, and calcined at 960°C
during 90 minutes in a covered alumina
The
pellets and sintered in lead atmosphere at

1250°C for 100 minutes. For ferroelectric

crucible. samples pressed into

characterization, some samples were

metalized using silver paste.

The crystalline structure of the samples
was analysed using a Rigaku DMax-2100
diffractometer with CuKa, radiation (A =
1.5418 A) in the 20 range from 15° to 60°.
The crystalline size was calculated using
the Scherrer formula (Cullity and Stock,
2001):



0.9
Bcos 0,

(1)

Where B is the full width at half maximum
(FWHM) for the main peaks, t is diameter
of the crystallite and OBis the Bragg angle

selected.

Scanning Electron Microscopy (SEM)
was carried out on fragmented samples in
a microscope Philips model ESEMXIL.30
working at 15 kV and 16 mA, the

magnification were 10 000 X.

Morphology, amplitude and phase
images of samples were obtained in a
Piezoresponse Force Microscopy (PFM);
the

working in the contact resonance tracking

measurements were  performed
mode using a commercial DI-Veeco-
Bruker Dimension 3100 Nanoscope IV
AFM system, the signal from the photo
detector position of the AFM was feed to a
high frequency lock-in amplifier Stanford
Research System SR844, where the signal
was registered in amplitude an phase at
the resonance frequency. Budget Sensors
conductive probes were used, and DAQ
NI-PCI-6133 card of national instruments
was used for data acquisition. More details
about the experimental technique were

reported by Enriquez-Flores et al. 2012.
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The hysteresis loops were obtained using a
Radiant Technologies, Inc. and Trek High
Voltage amplifier Model 609E-6 (Rivero
et al. 2008). From which the ferroelectric
characteristics of the materials were
obtained: maximum applied electric field
(EM),

polarization reached (PM) and remanent

coercive field (EC), maximum

polarization (Pr).
Results and Discussion
Structure and morphology

The XRD patterns of the crystalline
PLZTN powder show mixing of tetragonal
and rhombohedral PZT phases (Fig. 1),
characteristic of materials near to the
morphotropic phase boundary (MPB)
(Jaffe et al. 1971, Noheda et al. 2001).

For the lower lanthanum concentration,
the
rhombohedral phases was approximately
57% tetragonal and 43% rhombohedral,

for further lanthanum concentrations the

relation between tetragonal and

presence of the tetragonal phase is increased
like 66% -34% tetragonal - rhombohedral,
respectively (Table I). On the other hand,
the lattice constants are barely influenced
by the dopant concentration (Suarez-
Gomez et al. 2009, Durruthy-Rodriguez
et al. 2010 and 2011). To quantify the
phases concentration it was carried out the
deconvolution of the (002)T, (200)T and
(020)R picks and the areas of each phase
was quantified (details in Fig. 1).
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Figure. 1. Room temperature XRD patterns for Pb1-3x/2Lax(Zr0.54Ti0.46)1-yNyO3 sintered ceramics. In
the detail appears like the peaks (200), (002) and (020) evolve with the dopant concentration for the phases
tetragonal and rhombohedral, respectively.

The c/a ratio diminishes as the dopant
concentration increases up to 0.008. In a
previous work, it was found that by doping
PZT ceramics with niobium or lanthanum
separately does not influence the c/a ratio
(Durruthy-Rodriguez et al. 2011) but, by
using both dopants simultaneously there is
a clear influence on this aspect.

The Fig. 2 shows the dependence of grain

size with the both dopant concentration,

40

with the increment of dopant concentration

it diminishes strongly the grain size.

Table 1 shows that crystallite size and
average grain size (o grain size) depend
directly and inversely with dopant
concentration. In others words, crystallite
number per grain size diminishes as the
dopant concentration increase. The grain

tendency is to formed single crystals.



Table 1. Parameters, ratio c/a, crystallite size and crystalline phase % for Pb1-3x/2Lax(Zr0.54Ti0.46)1-yNbyO3

samples.
% mol Crystalline .
Dopant Phase % Experimental Parameter
T R aR (Ao) | aT (Ao) | cT (Ao) c/a

04 | 57 | 43 | 024 4h46 | 3952 | 1,049
06 | 74 | 26 | | 4130 | 3960 | 1,043
08 | 63 | 37 | B0 1 4143 | 4003 | 1,035
o | 66 | 34 | 0814052 | 4003 | 1,037

Figure. 2. SEM micrographs of fractured samples sintered at 1250°C with dopant concentration of 0.4, 0.6, 0.8
and 1.0 % molar concentration. The grain size clearly diminishes with increasing dopant concentration.

respectively. The

images

Images of topography, amplitude, and
phase, obtained in piezoresponse force
microscopy (PFM) appear in Fig. 3a-l,
for PLZTN 54/46/0.4, PLZTN 54/46/0.6,
PLZTN 54/46/0.8 and PLZTN 54/46/1.0,

show

the grain size diminishes as the dopant
concentration increases from around 3
um for PLZT 54/46/0.4 up to 1.0 um for
PLZT 54/46/1.0. Ferroelectric domain
size also diminishes with the increase of

that the dopant concentration from 0.56 pm2
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to 0.32 um2. In a PFM amplitude image
shows the borders of the domains walls,
phase shows the extension of the domains
and the contrast indicates the orientation of
the domain “1” or “|” (Soergel 2011). Fig.
3 shows the image of a grain in topography

as shown in the same amplitude and phase
change color indicating the difference in the
polarization direction. The measurements
are performed in each case at the local

resonance frequency (its value is shown in

the figures).

- PLZTN 54/46/0.4

PLZTN 54/46/0.6

PLZTN 54/46/0.8

Figure. 3. Images of topography (a), d), g), and j)), PFM amplitude (b), e), h), and k)) and PFM phase (c), f), i),
and 1)) of PLZTN x/54/46/x samples with x = 0.4, 0.6, 0.8 and 1.0, respectively.

On the other hand, the tetragonal and
rhombohedral crystallite area and grain
area were calculated in order to compare
it with ferroelectric domain area. For

tetragonal crystallite size we take the

42

sizes of crystallite size for (002) and (200)
planes and then multiply them together; for
rhombohedral crystallite size area, we take
the crystallite size for (020) squared and

divided by 2. For grain area, we assumed



grains are spherical; therefore we have used
the expression mr2, where r is the statistic
half size (¢ Grain size) reported in Table I.
As was shown in Fig. 3, for PLZT 54/46/0.4
and PLZT 54/46/0.6 the approach used is

not the same from the real morphology.

The area of the crystallite size grows

with increasing dopant concentration,
the relationship between crystallite size
area and grain size area (AC-G) increases
with dopant concentration increases, this
contributes to form grains that will be
considered as mono-domains (Fig. 4),

the ratio AC-G varies for tetragonal and

rhombohedral phase from approximately
0.002 to 0.008 and from 0.0003 to 0.001,
when the dopant concentration varies
from x=y=0.4 to 1.0 respectively (Table
I). Similarly, the relationship among
ferroelectric domain areas and grain area
(ADF-G) it grows with the increment of

dopant concentration (Table IT).

The results of the polarization of a material
among other aspects are influenced by
microstructural aspects, crystallographic
phase, the grain size and morphology of the

ferroelectric domain.

Table 2. Evolution of crystallite, grain size, ferroelectric domain area and the relationship between there AC-G
and ADF-G of PLZTN 54/46/x ceramics sintered.

Tetragopal Rhombohedral -
La-Nb dop.a nt Cr‘ystalllte crystallite size Grain size AC-G x10-3 ADF-G
concentration size area area (nm2) area (pm2)
(nm2)
0.002 (T)
0,4 48.97 8.84 25.64 0.0003 (R) 0.022
0.003 (T)
0,6 62.98 9.58 21.50 0.0004 (R) -
0,8 67.28 10.92 9.82 888? Elg -
1,0 72.54 11.11 9.05 888? gg 0.035

Table 3. Ferroelectric characteristics of the samples derived from the hysteresis loops.

I;sntlfniir(;rt)i)r: (k\];:/(c:m) (k\h;}\:m) (uCZm2) (u(}:’/t/[mz) EC/EM | Pr/PM
0.4 3248 8846 15.17 20.56 0.37 0.74
0.6 3617 9374 8.26 12.72 0.39 0.65
0.8 2980 6622 14.92 19.95 0.45 0.75
1.0 3342 8221 23.84 30.68 0.41 0.78
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PLZTN 54/46/0.4 PLZTN 54/46/1.0

= 0.002(T) A = 0.008(T)
Ae. 0.0003 (R) 67 0.001 (R)

Figure. 4. Relationship between crystallite size area and grain area (AC-G).
The presented results show that as increase of the domain sizes, the maximum
consequenceofhavingamorerhombohedral of polarization remainder is obtained in the

phase concentration (this phase contributes PLZTN 54/46/1.0 samples (Figure 5).

with eight direction of polarization) and the
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Figure. 5. Hysteresis loop for PLZTN 54/46/x
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Ferroelectric hysteresis loop showed that
the coercive field (Ec) (Table III) does not
depend on the dopant concentration; this has
been directly related with the average grain
size (0 Grain size) these materials have the
same order in size (Table I). However, the
remanent polarization (Pr) was influenced
very much by the increment of the dopant
(Zhu et al. 2012). The polarization values
obtained are acceptable for these materials
(Table III).

Conclusions

In our days, the art of getting good
ferroelectric materials is not a simple
summation of properties. If we relate
nanoscopic, microscopic and macroscopic
aspects are not simply selecting the
maximums Thus in
ferroelectric PZT double substitution at A
and B sites for La3+and Nb5+, respectively,

for each case.

the materials with higher macroscopic
polarization are those with smaller grain
size, an appropriate mixture composition
of the tetragonal and rhombohedral phases,
with crystal size for each phase close to each
other, which promotes the macroscopic

polarization of the obtained ceramics.

On the other hand, the lattice constant
is lightly influenced by the dopant
The

ferroelectric domain size diminish with the

concentration. grain size and
increment of dopant concentration but the

crystallite size remains almost constant.
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