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Abstract

Investigation of crystallographic orientation and the related residual stress fields stored in piezoelectric sensor/actuator devices would improve
reliability of industrial products and help to optimize the entire production process. Micro-probe Raman piezospectroscopy is a very attractive
technique, yet not applied to lead zirconate titanate (PZT)-based materials, as the response is convoluted into contributions arising not only
from stress, but also from crystallographic orientation. In this work, we have attempted to evaluate the correlation between Raman spectra
and orientation in two differently doped lead zirconate titanate materials (PZT-LN and PZT-NSY), finding in the “softer” PZT a correlation
between crystal orientation and Raman shift. We performed also some calibration experiments, and a piezospectroscopic (PS) coefficient has

been retrieved in the “harder” PZT.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Lead zirconate titanate (PZT) is one of the most stud-
ied ferroelectric materials, due to its extremely wide field
of applications as piezoelectric material. PZT possesses the
highest coupling coefficient between electrical and mechan-
ical properties, especially in the compositions between 0.4
and 0.6 mole fraction of PbTiO3. The phase diagram of PZT
shows that at these concentration values a morphotropic
phase boundary (MPB) exists,! and is associated with a
phase coexistence region, whose width depends on the
compositional homogeneity and on the sample process-
ing conditions?; this confers to the polycrystalline mate-
rial the highest capability of orientation among ferroelectric
ceramics.’ Recently, Noheda et al.2 discovered that a mono-
clinic phase is available in the MPB region of highly homoge-
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neous samples cooled below ambient temperature. Doping of
PZT can be performed by substitution of off-valent donors or
acceptors, or isovalent additives; donors like Nbd+ replacing
Zr* or La** replacing Pb?* produce A-site vacancies in the
perovskite, enhancing the mobility of domain walls. This may
result in higher piezoelectric coefficients and permittivity,
while mechanical properties are reduced; thus, donor-doped
lead zirconate titanate is known as “soft” PZT. Acceptors
such as Fe>* replacing Zr** or Ti** are compensated by oxy-
gen vacancies, which can move in the oxygen sublattice and
form reorientable dipoles with the dopant cations: this stabi-
lizes domain configuration and inhibits reorientation (“hard”
PZTs). Isovalent additives (for example Ba>* or Sr** replac-
ing Pb%*) usually produce inhibited domain reorientation and
lower the Curie temperature.>~

Applications of PZT range from power generation to
pressure sensors in the security industry and actuators used
as valves for electronic (ink jet printer heads), automotive
(diesel common rail system), aecronautic and space industry
(gas or fuel injection); PZT is well known also for ultra-
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Table 1

Processing parameters and characteristics of materials

PZT Tsinter (°C) TpostHip (§©)] Ppostrip (bar) Ptheoretical Pgreen Psintered PpostHIPed Omax (MPa)
(g/sz) (%ﬂtheoretical) (%ptheoretical) (%plheorelical)

LN 1250 950 1000 7.9 65.6 94.1 97.4 86.1+11.2

NSY 1200 - - 7.8 67.1 94.9 - 69.8+2.2

sonic motors, liquid atomizers, acoustic applications, and
transducers.® However, piezoelectric devices are affected by
reliability problems, due mostly to the residual stress fields
stored in the material during processing and operation. In par-
ticular, in multilayer actuators internal stress concentration
during electric field application sometimes initiates cracks in
the proximity of internal electrode edges’; more complicated
and expensive design may improve the actuator reliability.
Problems can arise also from local inhomogeneities of the
mechanical stress field, not only in multilayer structures, but
also in thin films or more complex textures; crack growth can
be promoted during operation. For these reasons, residual
stress measurements would provide important information
about possible improvements in both the process and the
device configuration; in addition, a technique capable to mon-
itor product lifetime with a non-destructive control is highly
desired. Residual stress measurement is usually performed
by X-ray diffraction methods, although a trend toward even
smaller-scale piezoelectric devices forces the development of
new analytical methods to reveal micro- or even nano-scale
residual stresses. Raman micro-probe piezospectroscopy is
a well-known method for the analysis of residual stresses,
applicable to a broad range of materials, especially ceramics.
However, Raman piezospectroscopy has not yet been widely
applied on PZT-based materials. In their pioneering work, Xu
et al.3 were able to examine PZT thin films by Raman spec-
troscopy, by invoking a theoretical background based on ther-
modynamic considerations. However, the fitting procedure
they used to determine the phonon frequencies of their spec-
tra (a searching rectangle tool) appears to be insufficient for
the precise assessment of maximum band position needed in
piezospectroscopic stress assessments. Li et al.” used polar-
ized Raman spectroscopy to understand domain orientation
in perovskitic BaTiO3 and in PbTiO3. Additional studies of
Raman spectra in PZT materials differing in composition and
manufacturing conditions have been performed!®'?; these
studies represent the backbone on which the fitting approxi-
mations adopted in this study were based.

The aim of this work was first to correlate the Raman spec-
tra collected in soft and hard PZT-based materials (PZT-LN
and PZT-NSY, respectively) with their local crystallographic
orientation, and then to retrieve a PS coefficient. It is antic-
ipated that we have been able to find a parameter for the
characterization of local orientation (or the degree of orien-
tation), and in the case of the softer PZT a correlation to
determine crystallographic shift of selected Raman bands.
Retrieval of PS coefficient has been also possible in the harder
PZT.

2. Experimental and computational procedures
2.1. Materials

PZT-LN, lanthanum and niobium doped (composition
PbZr(.60Tip.4003 plus La 3.61 mol% and Nb 0.32 mol %), and
PZT-NSY, niobium, strontium and yttrium doped (composi-
tion PbZrg 54 Tig 4603 plus Nb 0.60 mol%, Sr 4.47 mol% and
Y 0.26 mol%) powders were prepared by solid state reaction
of the starting oxides. The powder synthesis process was the
following: (i) 48 h ball milling in water of the stoichiometric
oxide amounts in a plastic jar with ZrO; milling media; (ii)
freeze drying of the suspension; (iii) sieving at 250 pm; (iv)
heat treatment in air at 850 °C for 4 h in a zirconia crucible;
(v) wet ball milling in ethanol for 100 h using a plastic jar
with ZrO; milling media; (vi) drying in oven at 90 °C; (vii)
sieving at 250 wm. Powders were uniaxially dry pressed and
then subjected to cold isostatic pressing at 3000 bar; sintering
occurred at different conditions for the two materials in an
alumina crucible, and PbZrO3z was added to further prevent
PbO volatilization; only PZT-LN was then subjected to post-
hipping to enhance sintered density. Processing parameters
and characteristics of green and sintered materials are sum-
marized in Table 1. Density measurements were performed
with the Archimede’s method.

The sintered tablets were then cut in the shape of
25mm x 3.2 mm x 3.0 mm bars; after polishing an Ag elec-
trode was screen printed on 25 mm x 3.0mm sides, and
polymeric residuals were removed by heating at 750 °C.
Poling process was performed for each sample in an oil
bath at 120°C, and a voltage sufficient to overcome the
coercive field in the material (3kV/mm) was applied for
85 min; before removal of electric field, samples were left
for 45 min in the oil bath without temperature control (cool-
ing proceeded until 60 °C). Measures of dielectric permittiv-
ity (&33) and piezoelectric coefficient (d33) were performed
with an impedance/gain phase analyzer (HP4194A, Hewlett-
Packard) and a d33 Berlincourt meter (S5865 Sinocera, State
College, PA, USA) and the results are listed in Table 2.
Dopants as La3* replacing Pb?>* and Nb>* for Ti**—Zr**
enhance domain walls mobility, while Sr>* replacing Pb**

Table 2
Electrical properties of materials
£33 ds3 (10712CN1
PZT-LN 4023 696
PZT-NSY 2599 577
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and Y3* replacing Ti**—Zr** produce inhibited domain wall
movement; in PZT-NSY the Nb>* doping ensures a high
ds3, but due to the substantial Sr** content and the pres-
ence of yttrium this material can be considered slightly
“harder” than PZT-LN, and this is reflected by its lower d33
(Table 2).

2.2. Raman spectroscopy and piezospectroscopy

Raman measurements were performed with a T64000
spectrometer (Horiba/Jobin-Yvon - Kyoto, Japan), equipped
with an Ar* laser (Stabilite 2017, Spectra Physics, Moun-
tain View, CA, USA) operating at a wavelength of 488 nm. A
liquid nitrogen cooled charge coupled device (CCD) detec-
tor was employed to acquire spectra, and the laser spot was
focused on sample surface with 50x or 100x long-focus
objectives, which allow a 13 and 6 mm working distance,
respectively, and a lateral resolution of 2 and 1 pm, respec-
tively. Polarization of the incident laser beam was selected
parallel to the preferential domain orientation of samples
(), and spectra were collected in a strict backscattering
geometry in parallel z(yy)z and cross z(yx)z configuration
(according to Porto notation'3) with a dichroic sheet polar-
izer; a half-wave plate was used to rotate z(yy)z spectra
in order to compensate for the polarization dependence of
the monochromator. To measure spectra characteristics with
respect to orientation of domains (angular calibration) a spe-
cial procedure was chosen: a rotating stage was used, and
the specimen was placed with its preferential domain ori-
entation aligned (0°) or perpendicular (90°) with respect
to incident laser beam polarization direction. Spectra were
collected exactly on the same point with z(yy)z and z(yx)z
configurations, every 10° of rotation from 0° to 180°; rel-
ative intensity of Raman modes E(TO,) and E(LO,) and
wavenumber were plotted against the angular degree of
rotation.

For the mapping of local orientation in the neighbourhood
of an indentation a Vickers hardness tester (AVK-C1, Akashi
Co., Zama, Japan) has been used with an applied load of
2.94N.

PS calibration experiments were performed with the four-
point bending technique on a special jig equipped with a
micrometric screw; the applied load was monitored with
a 100kgs load cell and the maximum applied stress was
calculated according to the elastic beam theory. Spectra
were collected along a line selected at the center of the
bending bar and spanning from the tensile to the com-
pressive side of the sample; the wavenumber shift versus
applied stress was then plotted according to the recorded
location.

The PS coefficient of a material can vary depending on
both chemistry and thermal history of the specimen; differ-
ent production procedures can lead to different response to
applied stress. We decided to prepare model samples with
different chemical composition, as the present technique has
been applied for the first time. However, the spectroscopic

methods shown in this study can be considered to own gen-
eral validity and are also applicable to commercial materials.

Spectral shift of PZT Raman bands, as detected dur-
ing application of stress in a piezospectroscopic calibra-
tion, can be considered to be the convolution of different
contributions:

Av = Aures + AUcryres + Austress + AUcrysuess + AUrelax
ey

where A vy is the shift due to eventual residual stress fields in
the sample prior to application of calibration load, Avey,  is
the shift due to the crystallographic orientation referred to this
condition, Avgry is the shift due to the crystallographic
orientation induced by the applied stress (owing to ferroelas-
tic effect), Avgregs 1 the shift due to applied stress, Avrelax
refers to the stress relaxed as domain switching proceeds
during application of load. If we acquire the “stress-free”
wavenumber value on the same material (or even in a sam-
ple with the same manufacturing and stress history) before
applying external stress, the first two shift contributions on
the right hand of Eq. (1) are included in that value and can be
neglected if the probe size allows statistical reproducibility in
sampling the material microstructure (i.e., a sufficiently high
number of grains are probed at each measurement). During
the application of stress, the remaining contributions in Eq.
(1) sum up, and the acquired wavenumber includes: (i) the
shift due to the angle between laser polarization direction
and the local average crystallographic orientation; (ii) the
shift due to relaxing of stress during domain switching; and
(iii) the shift caused by domain reorientation due to the exter-
nally applied stress itself. For these reasons, when the shift
detected is simply diagrammed against the applied stress a
highly scattered response is usually found, which can prevent
from obtaining a linear relationship, and thus a single value of
PS coefficient (i.e., the slope of the diagram of Raman shift
versus stress). This calls for building up a suitable decon-
volution procedure of the observed Av into a stress related
component and a crystallographic orientation related com-
ponent. A suitable procedure is for the first time proposed in
this paper.

2.3. Fitting procedures

Raman spectra of PZT-LN and PZT-NSY are shown in
Fig. 1aand b, respectively. Fitting procedures involved the use
of two different commercially available software packages.
The intensity values of phonon modes for both materials were
obtained using Labspec 4.02 (Horiba/Jobin-Yvon) package,
according to Gaussian—Lorentzian mixed functions after sub-
tracting a baseline and applying the initial approximations of
modes position according to the PZT Raman analysis given
by Meng et al.!?; an example of fitting is reported in Fig. 2. In
PZT, it is extremely difficult to precisely obtain band maxima
wavenumber values by using built-in picking peaks proce-
dures commonly available in commercial software packages;
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Fig. 1. Raman spectra of (a) PZT-LN and (b) PZT-NSY collected with
parallel z(yy)z and cross z(yx)z configuration.

this is mainly because the Raman modes of PZT appear
rather broad. For this reason we developed a fitting proce-
dure capable to unambiguously retrieve wavenumber values
of spectra maxima. We represented spectra in Origin 6.0
(Microcal Software Inc., Northampton, MA, USA) — (Fig. 3,
for PZT-LN) — and performed a smoothing with FFT Fil-
ter tool, thus allowing to reduce noise significantly (Fig. 3a).
After noise reduction, it was possible to obtain a clear deriva-
tive of the smoothed function, and to retrieve unambiguously
the desired wavenumber just searching for the derivative zero
point (Fig. 3b).
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Fig. 2. Treatment of PZT-LN z(yy)z spectrum with Labspec 4.02.
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Fig. 3. Treatment of PZT-LN z(yy)z spectrum with Origin 6.0: (a) FFT Filter
smoothing of spectrum and (b) differentiation of the smoothed function.

3. Results and discussion
3.1. Calibration of domain orientation

Results for angular calibration of PZT-LN are shown in
Fig. 4, where the z(yy)z relative intensity of modes E(TO;)
and E(LOy) versus degree of rotation of the stage used is plot-
ted. As can be noted, the behaviour of 0° oriented samples
(with respect to laser polarization direction) is complemen-
tary to the behaviour of 90° oriented samples. In fact, the
laser probe focussed onto the sample surface with a 100x
magnification excites the same volume at any rotation angle
of the sample stage; the average of all the domain orientations
invested by the laser beam is the local main preferential direc-
tion of the polarized sample. Zero degree sample (Fig. 4a)
has its preferential orientation aligned with laser polarization
only at 0°, 180°, 360°; 90° sample (Fig. 4b) has its preferen-
tial orientation aligned with laser polarization only at 90° and
270°. Therefore, it is demonstrated by the trends obtained in
Fig. 4 that the relative intensity of Raman modes E(TO;) and
E(LO,) is a parameter capable to detect the local orientation
of ferroelectric domains in PZT-based materials. Regarding
an unpoled sample, it can be easily noted that no preferential
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Fig. 4. Relative intensity of E(TO,) and E(LO;) modes vs. angle between
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laser light for PZT-LN samples having their ferroelectric domains averagely
aligned with incident light (a) at 0°, 180°, 360° (b) at 90°, 270° (c) unknown
(unpoled sample).

orientation for the probed area is detectable and the results of
the orientation calibration is highly scattered (Fig. 4c). These
results are very similar to that obtained in single crystal per-
ovskite crystals and indicate that the present polycrystalline
PZT-LN, if poled, possesses a high degree of preferential
orientation.
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Fig. 5. Relative intensity of modes E(TO») and E(LO;), A;(TO3) and
E(LO,) vs. angle between local average crystallographic orientation and
the polarization direction of incident laser light for PZT-NSY (0° sample).

In PZT-NSY, the degree of orientation of 0° samples is
less than that found in PZT-LN (Fig. 5), as the relative inten-
sity of E(TO3) and E(LO;) modes appears more scattered
and close to the unpoled sample behavior; this result is in
agreement to the PZT-NSY characteristic of being slightly
harder than PZT-LN, due to different doping. However, it is
clear to notice that a preferential orientation is present in this
material, as indicated also by the ratio of the intensity values
of the A1(TO3) and the E(LO;) modes; although the results
are scattered, it can be easily noted that both curves in Fig. 5
have the same profile, comparable to the trend represented in
Fig. 4a for 0° PZT-LN.

The plot of relative intensity (RI), versus the orientation
angle (o), as that obtained for PZT-LN, has been fitted with
the following sinusoidal function (Eq. (2)) with the aid of
Origin 6.0 software (Fig. 6):

. o — Xc
RI = P+ A sin <JT > 2)
w

114

R.l.

T T e T o 1 -5 T v ]
0 50 100 150 200 250 300 350
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Fig. 6. Modelling of angular dependence of relative intensity in PZT-LN.
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Table 3
Fitting parameters for Eq. (2)
0° PZT-LN 90° PZT-LN 0° PZT-LN
(RI vs. degree) (RI vs. degree) (wavenumber vs. degree)
P 6.85 5.23 215.27
A 2.92 —0.89 —2.45
Xc 145.37 250.74 167.70
w 94.33 2.57 45.71

where P is the position of the symmetry axis of the curve,
parallel to x-axis, A is the amplitude of the wave, x; is the
abscissa center of the fitting curve, and w is the half-wave
width. Table 3 summarizes the fitting parameters for 0° and
90° PZT-LN.

According to this correlation, it is possible to perform a
mapping of angle of preferential orientation in selected areas
of the PZT material, for example, around cracks and inden-
tation prints. However, in order to do so, it is imperative to
acquire spectra with the same objective lens according to
which the angular correlation has been established, because
a different magnification leads to different probe penetra-
tion depth and, therefore, to different volumetric averages
of the orientation. We applied this correlation to a map col-
lected near a Vickers indentation print (Fig. 7) on a PZT-LN
material with the preferential orientation of domains perpen-
dicular to the polarization direction of incident laser light (90°
sample). The map enables one to visualize the effect of the
indentation in terms of domain switching. As could be noted,
far away from the indentation (represented as a homogeneous
grey zone) the domains are unaffected and their orientation
is nearly constant at 90°; gradually, by moving closer to the

indentation print, the average orientation changed and areas
in which the domains are fully switched by 90° can be visual-
ized; in particular, nearby the tip of cracks generated from the
corners of the indentation, the domains were fully switched;
this is consistent with the presence of a tensile stress field gen-
erated during crack propagation around crack tips, according
to which ferroelastic domain switching occurs parallel to
the direction of tensile stress'*; 90° switching occasionally
occurred also away from the indentation crack, and this is
supposed to be the effect of the presence of secondary cracks.

Wavenumbers of the E(TO;) mode of PZT-LN and
PZT-NSY 0° samples, both collected in the z(yx)z configura-
tion, are plotted versus angular degree in Fig. 8a and b, respec-
tively. In the absence of an applied stress, the wavenumber
shift recorded in poled PZT is simply the sum of two contri-
butions: (i) the shift due to residual stress previously stored
in the material (for instance, produced during the poling pro-
cess) and (ii) the shift arising from the angular orientation
between the average crystallographic axis and the polariza-
tion direction of the incident laser light. As the former does
not vary with orientation, only the trend of the latter is repre-
sented in Fig. 8. A relationship is found in both materials, but
only in PZT-LN it was possible to perform a fitting with a
symmetrical equation. A symmetrical fitting (e.g., by a sinu-
soidal curve) is needed to obtain a value of crystallographic
shift from measuring the relative intensity of the E(TO;) and
the E(LO,) modes; in fact, from the correlation reported in
Fig. 6, two possible values of orientations are retrievable. If
a symmetrical correlation is found between degree of ori-
entation and wavenumber shift, it is possible to assign to
any couple of retrieved angles an unique value of crystal-

Polarization direction of incident laser light

-

Fig. 7. Angular mapping of local orientation near a Vickers indentation in 90° oriented PZT-LN.
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lographic shift, and deconvolute the achieved wavenumber
into a crystallographic related component and a stress related
component. To fit the PZT-LN trend of wavenumber versus
angular degree, an equation has been applied, which has the
same form of Eq. (2) (see Table 3 for the fitting parameters
used). Regarding PZT-NSY, a similar relationship could not
be obtained.

3.2. Four-point bending calibration

Results of four-point bending calibration for PZT-LN are
depicted in Fig. 9a. As seen from the plot, a linear relationship
for this material was hardly retrievable, because the response
of Raman shift was highly scattered; however, the applica-
tion of the previously mentioned shift deconvolution (Fig. 9b)
helps to isolate the contribution to shift given by the externally
applied stress and, thus, allows to slightly improve the corre-
lation. The error involved with considering the slope retrieved
in PZT-LN as PS coefficient with respect to an unknown
stress field is about 13.5% (as calculated with Origin 6.0 soft-
ware). This behaviour can be attributed to the phenomenon of
ferroelasticity: in ferroeleastic materials a domain switching
occurs when subjected to external stress; an applied compres-
sive stress favours dipole orientations perpendicular to the
applied stress, while tension favours dipole orientation par-
allel to the applied stress.>'# In a polycrystalline material,
the orientation of the crystallographic axes of the crystal-

5
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Fig. 9. Four-point bending calibrations for PZT-LN (a) before and (b) after
deconvolution of wavenumber from crystallographic shift contribution.

lites is initially random, and the domain reorientation inside
each grain occurs within the boundary conditions imposed
by the surrounding grains. For this reason, in a poled mate-
rial the application of stress can result in increased disorder:
the initial preferential orientation of domains is disturbed,
as not all the domains invested by the superimposed exter-
nal stress field receive the energy necessary for a complete
switching. This behaviour is enhanced in materials in which
the ferroelastic effect is dominant, like in the softer PZT-
based materials, where the energy necessary for domain wall
motion is extremely low. On the other hand, in the harder
PZT-NSY material, the piezo-spectroscopic behavior was
more reliable (Fig. 10). As could be noted, the correlation
obtained is less scattered (R*>=0.81 against R>=0.51). In
PZT-NSY, the domain switching requires higher energy than
PZT-LN, due to different doping. For this reason, locally
the change in domain orientation is less extensive and the
Raman shift is less affected; in PZT-NSY is therefore pos-
sible to retrieve a PS coefficient. The value of PS coefficient
(ITy=—25.2cm™!/GPa) can be applied to residual stress
analyses, and the error involved in considering this value with
respect to unknown stress fields is less than 4%.

In conclusion, in a soft material, where ferroelasticity
plays a major role, the results of piezospectroscopic cali-
bration are somewhat scattered even though deconvolution
between the stress and the crystallographic contributions is
applied. In a harder material the rotation of crystallographic
axes does not occur extensively, and we can obtain a less
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Fig. 10. Four-point bending calibration of PZT-NSY.

scattered piezo-spectroscopic response even though we lack
a method to deconvolute crystallographic shift.

4. Conclusion

Two different PZT-based materials have been investigated
by Raman spectroscopic and piezospectroscopic measure-
ments. A correlation between relative intensity of Raman
modes E(TO;) and E(LO;) and the angle between the local
orientation of domains and the polarization direction of inci-
dent laser light has been retrieved. We demonstrated that local
orientation of domains in PZT influences the Raman spec-
trum of the material, and a relationship between wavenumber
shift and angular orientation of the crystallographic domains
has been established; it is possible to obtain a value of crys-
tallographic shift by measuring relative spectral intensity
and applying the correlations found in this study. We also
performed piezospectroscopic calibrations in a four-point
bending configuration, and found that a linear relationship
between wavenumber shift and applied stress is retrievable
only in materials where domain wall movement is partly
inhibited, and the ferroelastic effect is not predominant during

calibration loading. A PS coefficient IT, = —25.2cm™'/GPa
has been found for PZT-NSY.
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