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Preface

Most of the recent efforts to produce books on ferroelectric materials have focused
on issues such as the integration of ferroelectrics into different types of devices
(Ferrolectric and Dynamic Random Access Memories; Piezoelectric Devices),
mostly in thin film form, with intrusions into the realm of nanoscale phenomena.
Although some attempts have been made to cover more fundamental topics, such
as mechanical fatigue or phase transitions, which are essential to understand the
performance of polycrystalline ferroelectrics in applications, an overview of the
recent advances in processing and properties of both ferroelectric bulk ceramics
and thin films is still lacking, despite its direct impact on the improvement or
development of new applications. We think that this book can fill such gap. Here
the reader will find in one book updated information on the preparation and
properties of this technologically relevant range of materials — information that is
currently scattered throughout a number of publications.

Basic concepts of polycrystalline ferroelectrics processing and properties are
found, together with references to their multiple applications, in the introductory
sections of the chapters. On the other hand, research topics that arose in the recent
past and are nowadays the focus of intense activity are also addressed in this book.
Such is the case for the environmentally friendly polycrystalline ferro-
piezoelectric materials, seen from the point of view of elimination of hazardous
components, such as the commonly used lead oxide, or the development of clean
processing routes for lead-based ferroelectrics. The challenges in the processing
and characterization of crystallographically oriented bulk ferroelectric ceramics
and nanosized ferroelectrics are also analysed here. All chapters were written
by leading authorities on the topics with reference to the basics and to recent
advances.

C. Galassi (ISTEC, Faenza, Italy) has written Advances in Processing of Bulk
Ferroelectric Materials, using both classical and non-conventional techniques. M.
Kosec, D. Kuscer and J. Holc (Institute Jozef Stefan, Ljubljana, Slovenia) have
written Processing of Ferroelectric Ceramic Thick Films, a topic at the first stage
of the integration of ferroelectrics with other hybrid and microelectronic technolo-
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gies. Following the integration steps that require even higher reduction of the
dimensions of the ferroelectric material, some chapters are devoted to thin-film
issues and nano-sized ferroelectrics. K. Kato (National Institute of Advanced
Industrial Science and Technology (AIST), Nagoya, Japan) has written Tailored
Liquid Alkoxides for the Chemical Solution Processing of Pb-free Ferroelectric
Thin Films. M. L. Calzada (ICMM-CSIC, Madrid, Spain) has written Ferroelec-
trics onto Substrates Prepared by Chemical Solution Deposition: From the Thin
Film to the Self-Assembled Nano-sized Structures and 1. Bretos and M. L. Calzada
(ICMM-CSIC. Madrid, Spain) have written Approaches Towards the Minimisa-
tion of Toxicty in Chemical Solution Deposition Processes of Lead-Based Ferro-
electric Thin Films.

Ferroelectricity and crystal structure are closely related, and the detailed analy-
sis of this requires the use of singular and advanced techniques. L. E. Fuentes-
Cobas (Centro de Investigacion de Materiales Avanzados, Chihuahua, México)
has written about Synchrotron Radiation Diffraction and Scattering in Ferroelec-
trics; M. E. Montero Cabrera (Centro de Investigacion de Materiales Avanzados.
Chihuahua, Mexico) — X-Ray Absorption Fine Structure Applied to Ferroelectrics,
D. Chateigner (CRISMAT-ENSICAEN, Caen, France) and J. Ricote (ICMM-
CSIC, Madrid, Spain) — Quantitative Texture Analysis of Polycrystalline Ferro-
electrics; and V. V. Svartsman (Duisburg-Essen University. Duisburg, Germany);
and A. L. Kholkin (Aveiro University. Aveiro, Portugal) —Nanoscale Investigation
of Polycrystalline Ferroelectric Materials Via Piezoresponse Force Microscopy.

Frequently ferro-piezoelectric ceramic materials in devices are subjected to
high mechanical loads and must present a high resistance to fatigue under elec-
tromechanical vibrations. D. Lupascu, J. Schréder (University of. Duisburg-Essen,
Essen, Germany), C. Lynch (UCLA, Los Angeles, USA), W. Kreher (University
of Dresden, Dresden, Germany) and 1. Westram (Darmstadt University of Tech-
nology, Darmstadt, Germany) have written about Mechanical Properties of Ferro-
Piezoceramics. C. Chima-Okereke, W. L. Roberts, A. J. Bushby and M. J. Reece
(Queen Mary College, University of London, UK) have written about The Elastic
Properties of Ferroelectric Thin Films Using Nanoindentation.

A glimpse of the multifunctionality of ferro-piezoelectric ceramics, also men-
tioned in other chapters, is provided by R. Jiménez and B. Jiménez (ICMM-CSIC,
Madrid, Spain), writing on Pyroelectricity in Polycrystalline Ferroelectrics.
Special attention was given to issues related to the piezoelectric properties of
polycrystalline ferroelectrics which are far from being fully explored, and nowa-
days face important challenges. L. Pardo (ICMM-CSIC, Madrid, Spain) and K.
Brebel (Limiel ApS, Langebak, Denmark) cover Properties of Ferro-
Piezoelectric Ceramic Materials in the Linear Range: Determination from
Impedance Measurements at Resonance and J. Erhart (Technical University of
Liberec, Liberec, Czech Republic) describes Domain Engineered Piezoelectric
Resonators. A. Albareda and R. Pérez (Politechnic University of Catalonia,
Barcelona, Spain) have written about Non-linear Behaviour of Piezoelectric
Ceramics. Finally, also as a glimpse into the many possible applications of
polycrystalline ferroelectrics, in particular in the field of ultrasonic transducers,
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Y. Gémez-Ullate Ricon and F. Montero de Espinosa Freijo (Acoustics Institute,
CSIC, Madrid, Spain) have written Piezoelectric Transducers for Structural
Health Monitoring: Modelling and Imaging.

This book offers interesting content for the beginner from academia or industry
who is curious about the possibilities of polycrystalline ferroelectric materials;
they will find here a wide range of information. But, also, researchers involved in
the study of ferroelectric materials or end-users of ferro-piezoelectric ceramics
will find some recent developments in the field and some topics that are not
commonly discussed in books devoted to ferroelectrics.

L. Pardo
J. Ricote
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Chapter 1
Advances in Processing of Bulk Ferroelectric
Materials

Carmen Galassi

1.1 Introduction

The development of ferroelectric bulk materials is still under extensive investigation,
as new and challenging issues are growing in relation to their widespread applica-
tions. Progress in understanding the fundamental aspects requires adequate techno-
logical tools. This would enable controlling and tuning the material properties as
well as fully exploiting them into the scale production. Apart from the growing
number of new compositions, interest in the first ferroelectrics like BaTiO; or PZT
materials is far from dropping. The need to find new lead-free materials, with as
high performance as PZT ceramics, is pushing towards a full exploitation of barium-
based compositions. However, lead-based materials remain the best performing at
reasonably low production costs. Therefore, the main trends are towards nano-size
effects and miniaturisation, multifunctional materials, integration, and enhancement
of the processing ability in powder synthesis. Also, in control of dispersion and
packing, to let densification occur in milder conditions. In this chapter, after a gen-
eral review of the composition and main properties of the principal ferroelectric ma-
terials, methods of synthesis are analysed with emphasis on recent results from
chemical routes and cold consolidation methods based on the colloidal processing.

1.2 Ferroelectric Materials

Ferroelectric materials are a subgroup of spontaneously polarised pyroelectric
crystals, and are characterised by the presence of a spontaneous polarisation.
This polarisation is reversible under the application of an electric field of mag-

Institute of Science and Technology for Ceramics ISTEC-CNR, Via Granarolo, 64, 1-48018
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2 Carmen Galassi

nitude less than the dielectric breakdown of the material itself [1, 2, 3]. Ferro-
electric materials are divided into four categories: the perovskite group (ABO3)
that is the most important one, the bismuth layer structure group, the tungsten
bronze group (Fig. 1.1) and the pyroclore group. Most ferroelectric materials
undergo a structural phase transition from a high temperature paraelectric phase
to a low temperature ferroelectric phase. The temperature of the phase transi-
tion is called the Curie temperature (Tc). In the ferroelectric state, the dis-
placement of the central B ion, when an electric field is applied to the unit cell,
causes the reversal of polarisation. The areas with the same polarisation orien-
tation are referred to as domains, with domain walls existing between areas of
unlike polarisation orientation. The switching of many adjacent unit cells is
referred to as domain reorientation or switching. When this ionic movement
occurs, it leads to a macroscopic change in the dimensions of the unit cell and
the ceramic as a whole.

In ferroelectric ceramics, domains are randomly oriented and thus the net
polarisation is zero because of their cancellation effect. Therefore, the as-
prepared ferroelectric ceramics are neither piezoelectric nor pyroelectric. To
show piezoelectric and pyroelectric properties, polycrystalline ferroelectric
ceramics must be poled at a strong external DC electric field (1-10 kV/mm).
This must also be done at elevated temperatures to make the domains more
easily switchable.

Perovskite

Bi-Layer

A”‘B"‘OJ‘” c!.—-—l Biayer
Tungsten Bronze e
Perovskite
H layer
Bi-layer
14
OA1@A2 »B1 0B2 »C ©B1 ®Pb oNb OO
(A1), (A2)(C)*(B1)2"(B2)s" 0" (A1), (A2 (C){"(B1)2"(B2)e" 0"

Fig. 1.1 Variants of the perovskite structure (from [4])
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For a given composition, the T¢ and the electrical, mechanical and optical
properties strongly depend on the microstructure. This means density, grain size,
shape, size distribution, porosity size and distribution, and anisotropy of grains or
porosity. For most of the applications, fully dense materials are required to maxi-
mise the dielectric constant, the electrical breakdown strength, and the mechanical
strength. These are also needed to minimise the dielectric loss tangent. Porosity is
introduced in the materials, for example, when the reduction of the acoustic im-
pedance is required. The value of the piezoelectric coefficients in ferroelectric
materials at room temperature ranges from several pC N in the Sr,Nb,O; family
of layer structure perovskites, to more than 2000 pC N ' in single crystals of re-
laxor-based ferroelectrics. This covers three orders of magnitude. Ferroelectricity
was first discovered in the Rochelle salt (sodium potassium tartrate tetrahydrate,
KNa(C4H;06)4H,0). But only after the discovery of ferroelectric ceramics, during
the Second World War, did the number of applications grow rapidly.

1.2.1 Perovskite Type Materials

Perovskite crystals are represented by the general formula 4BO; where the va-
lence of 4 cations is from +1 to +3 and of B cations from +3 to +6. The perovskite
unit-cell consists of a corner-linked network of oxygen octahedra, creating an oc-
tahedral cage (B-site), and the interstices (A-sites). Various A-site substitutions
result in a large family of simple perovskite ferroelectrics (more than 100). In
many ferroelectric ceramics, represented by the families of BaTiO; and lead-based
solid solutions, Ti*" (Zr*") ions occupy the B-site while Pb>" (Ba **) ions occupy
the A-site [4]. Variations of the corner linked octahedral-like tilt or rotations result
in new families of ferroelectrics. Among those, the tungsten bronze and the bi-
layer structures are the most important (Fig. 1.1).

1.2.1.1 Barium Titanate

Barium titanate (BaTiO; or BT) [5] is a ferroelectric and piezoelectric material
with a variety of commercial applications. These applications include multilayer
ceramic capacitors (MLCCs), embedded capacitance in printed circuit boards,
underwater transducers (sonars), thermistors with positive temperature coefficient
of resistivity (PTCR), and electroluminescent panels. It shows relatively low T¢
(120°C) and low electromechanical coupling factor (0.35). The grain size of Ba-
TiO; plays a major role in ferroelectric properties. Much attention has therefore
been paid to the synthesis of single-phase BaTiO; ceramics with a controlled mi-
crostructure (grain size > critical size). In addition, both stoichiometry and com-
position control are important parameters for the control of the ferroelectric prop-
erties [6]. BaTiOj; is often combined with additives to modify and improve proper-
ties. Sr*" reduces the T while Pb>" increases it. Ca*" enhances the temperature
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range of stability of the tetragonal phase (7¢ shifters are SrTiO;, CaZrOj;, PbTiOs,
and BaSn0Os). Co’" reduces the high electric field losses. For example, in the sys-
tem BaTiO;—SrTiO;, the high Tc value of pure BaTiO; ceramics can be decreased
by increasing the Sr content. The dependence of the permittivity on the electric
field can also be accurately tailored (tunability). The barium strontium titanate
solid solutions (Ba,Sr;_, TiO; or BST) are then very attractive for tunable resona-
tors, filters, phase-shifters and variable frequency oscillators.

Depressors, such as Bi,(SnO,);, MgZrO;, CaTiOs, NiSnOs, and the shifters, are
added in small (1-8 wt%) quantities to the base BaTiO; composition. This is to
lower or depress the sharpness of the dielectric constant peak at the T¢, thus giving
a flatter dielectric constant—temperature profile.

Solid solutions of BaTiO; and non-ferroelectric BaSnO3, Ba(Ti;., Sn,)O; (BTS)
exhibit ferroelectric properties. These are used for capacitors and ceramic bound-
ary layer capacitors, bolometers, actuators and microwave phase shifters [7]. In
BTSx ceramics, the isovalent Sn-substitution on the Titanium (Ti) site makes it
possible to reduce the temperature dependence. It is also possible to control the
room-temperature values of macroscopic properties, such as dielectric characteris-
tics, relaxor behaviour, and sensor performance. With increasing Tin (Sn) content
between 10% and 20%, the Tc of the paraelectric—ferroelectric phase transition
decreases considerably. For x >0.05, deviations from the Curie—Weiss law for the
temperature dependence of the permittivity increase significantly. The phase tran-
sition of BTSx becomes increasingly diffuse.

1.2.1.2 Lead-Based Materials

Lead Titanate (PbTiO; or PT) is a ferroelectric material with a phase transition
temperature of 490°C. It has unique properties like high transition temperature,
low dielectric constant, low ratio for the planar-to-thickness coupling factor, and a
low aging rate of the dielectric constant. PT ceramics are good candidates as stable
pyroelectric and piezoelectric devices for high temperature or high frequency ap-
plications. Anisotropic thermal expansion during cooling from a high sintering
temperature creates large internal stresses in the material, which is destroyed by
microcracking. The expansion is caused by the phase transition from cubic parae-
lectric to tetragonal ferroelectric (with a relatively large c/a ratio of ~1.065).
Therefore, PT materials can be prepared via the conventional solid state reaction
only after modification with proper dopants.

Lead Zirconate Titanate (Pb(Zr,Ti;.)O; or PZT) ceramics [8], solid solutions
of PT and PbZrO; (PZ) possess high electromechanical coupling coefficients
(K,=0.70). They have higher T values than BaTiO3, which permit higher opera-
tion and processing temperatures. They can be easily poled. They possess a wide
range of dielectric constants. They are relatively easy to sinter. And, most im-
portant, they form solid-solution compositions with many different constituents.
This allows a wide range of achievable properties. Although PZT ceramics of
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different compositions have various functions, a salient feature of the phase dia-
gram for this solid solution system is the existence of the almost temperature-
independent phase boundary around x = 0.52-0.53. This separates a rhombo-
hedral Zr-rich phase from a tetragonal Ti-rich phase. The dielectric constant,
piezoelectric constant and electromechanical coupling coefficient exhibit a pro-
nounced maximum value for the composition corresponding to this phase boun-
dary. This is generally referred to as the morphotropic phase boundary (MPB).
The position of the MPB is not exactly defined as it is associated to a phase
coexistence region for which different models have been proposed: coexistence
of the two phases, metastability of one of two phases, and unwanted
compositional fluctuations [9]. An inversely proportional dependence of the
width of the coexistence phase was proposed on the grain size [10] as the result
of the thermal fluctuations during cooling. Recently, for compositions close to
the MPB, the existence of a low symmetry monoclinic (M) phase bridging the
tetragonal (T) and rhombohedral (R) ones was revealed in the temperature range
20-300K [11]. The T-M transition gradually changes from first to second order
increasing the Ti content from the boundary with the R phase to x = 0.48. This
confirms that the coexistence of T and M phases is intrinsic and not due to com-
positional fluctuations [12]. The PZT materials are almost always used with a
dopant, a modifier, or other chemical constituents to tailor their basic properties
to specific applications. Donor doping (Nb" replacing Zr*" or La’" replacing
Pb*") increases the electrical resistivity of the materials by at least three orders
of magnitude. The donors are usually compensated by A-site vacancies. These
additives (and vacancies) enhance domain reorientation. Ceramics produced
with these additives are characterised by high dielectric constants, maximum
coupling factors, square hysteresis loops, low coercive fields, high remnant po-
larisation, higher dielectric loss, high mechanical compliance, and reduced ag-
ing. Acceptor doping (Fe*" replacing Zr*" or Ti*") is compensated by oxygen
vacancies and usually has limited solubility in the lattice. Domain reorientation
is limited. Hence, ceramics with acceptor additives are characterised by poorly
developed hysteresis loops, lower dielectric constants, low dielectric losses, low
compliances, and higher aging rates. Further, the substituting ions can be of the
same valency and approximately the same size as the replaced ion. Isovalent
substitution such as Ba*" or Sr** replacing Pb>" or Sn** replacing Zr*" or Ti*",
usually produce inhibited domain reorientation and poorly developed hysteresis
loops, lower dielectric loss, low compliance, and higher aging rates.

Lead Lanthanum Zirconate Titanate (PLZT) ceramics, with variable lanthanum
concentrations and different Zr/Ti ratios, exhibit a variety of ferroic phases and
embrace all compositional aspects of the dielectric, piezoelectric, pyroelectric,
ferroelectric, and electro-optic ceramics. The addition of lanthanum lets the sys-
tem maintain extensive solid solution. It also decreases the stability of the ferro-
electric phases in favour of the paraelectric and anti-ferroelectric phases. T¢ re-
duces with increasing lanthanum. At a 65/35 ratio of Zr/Ti, a concentration of 9%
lanthanum (designated as 9/65/35) is sufficient to reduce the temperature of the
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stable ferroelectric polarisation to slightly below room temperature. This results in
a material that is non-ferroelectric and cubic in its virgin state. The cross-hatched
area existing along the FE-PE phase boundary denotes a region of diffuse, metast-
able relaxor phases that can be electrically induced to a ferroelectric phase. Mate-
rials within this region exhibit electro-optic behaviour.

1.2.1.3 Relaxor Ferroelectrics

Some ferroelectric ceramics exhibit significantly large electrostrictive effect
mostly just above their Tc. This effect is where an electric field can enforce the
energetically unstable ferroelectric phase related to the presence of nanoscale or-
dered regions in a disordered matrix [13]. This effect is utilised in relaxor ferro-
electrics (RFE) that show extraordinarily high dielectric constants and a diffuse Tc
in a moderate temperature range. Among those materials, lead magnesium niobate
Pb(Mg;sNb,;3)0; (PMN) based relaxor ceramics have been thoroughly investi-
gated. They have been successfully applied as high-strain (0.1%) electrostrictive
actuators and high dielectric constant (>25 000) capacitors. The most popular spe-
cific composition in this system is PMN—0.1PT. This increases the T;, (the tem-
perature of maximum dielectric constant for relaxors, equivalent to 7¢ for normal
ferroelectrics) of PMN to ~40°C. For this composition, the temperature of polari-
sation loss (7Ty) is ~10°C. Hence, the material is a relaxor at room temperature
(25°C). An addition of ~28% PT causes the material to revert to a normal ferro-
electric tetragonal phase with 7 ~130°C.

1.2.1.4 Alkaline Niobates

Alkaline niobates are one of the families of materials under investigation as a pos-
sible alternative to lead-based piezoelectric materials [14]. In Fig. 1.2, the Tc
against the piezoelectric constant is reported for comparison with PZT and other
lead-free materials.

Potassium niobate (KNbO3) (KN) exhibits the same sequence of phase transitions
as BaTiO;. These transitions are from the cubic paraelectric to the tetragonal phase
at 435°C, from the tetragonal to the orthorhombic phase at 225°C, and from the or-
thorhombic to the rhombohedral phase at —10°C. The tetragonal, orthorhombic and
rhombohedral phases are all ferroelectric. Potassium niobate ceramics exhibit weak
piezoelectric properties. Solid solutions of KNbO; with NaNbO; (NN) lead to a sys-
tem with many MPBs, showing ferroelectricity up to about 90% NaNbO;.
KosNaysNbO; (KNN) [15] ceramics, fabricated by conventional sintering, show
relatively good piezoelectric properties (Table 1.1). Further improvement of the
properties is being made by continuous improvement of processing routes for pow-
der preparation, doping, shaping and sintering methods.
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Fig. 1.2 Room temperature values of dis; as a function of T¢ for various Piezoceramics
(from [14]).

1.2.1.5 Bismuth-Based Materials

Bi-based compounds have similar or larger levels of ion off-centering than Pb-
based compounds, leading to large ferroelectric polarisations [16]. In addition,
they have considerably higher transition temperatures to the paraelectric phase.
This results in reduced temperature dependence of the properties under room-
temperature operating conditions [17]. (BigsNays)TiO; (BNT) is the most impor-
tant among the bismuth containing ferroelectric perovskites. The BNT ceramic
exhibits a large remnant polarisation, a Curie temperature Tc=320°C and a phase
transition point from ferroelectric to anti-ferroelectric Tp=200°C. However, data
on piezoelectric properties of the BNT ceramic are scarce because it is difficult to
pole this ceramic with its large coercive field, (Ec=73 kV/cm). Therefore, BNT-
based solid solutions that can be poled easily have recently been studied. Particu-
larly, a large piezoelectricity is expected for the BNT-based solid solutions with a
morphotropic phase boundary (MPB). A morphotropic phase boundary separating
ferroelectric tetragonal and rhombohedral phases exists in the NagsBigsTiOs-
BaTiO; and related ternary system with Ko sBiysTiO; [18 19]. In Table 1.1, the
main piezoelectric properties of some representative PZT materials are reported
for comparison with lead-free materials.
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Table 1.1 Comparison of the properties of some lead-based and lead-free materials (elaborated
from [14]).

. Tc d3 33 Ec
Material C) & Loss ks (pC/N) (gl 03V m/N) (kV/em) Q
PZT4 328 1300 0.004 0.70 290 25 ~18 >500
PZT5A 365 1700 0.02 0.71 375 25 ~15 75
PZT8 300 1000 0.004 0.64 225 25 ~22 >1000
PZT5H 190 3400 0.02 0.75 590 20 6-8 65
KNN 420 290 0.04 051 80 130
BaTiO3 135 1420 049 191
BNBT6 288 580 0.55 125 81

1.2.2 Aurivillius Ceramics

Aurivillius phases are generally described by the general formula (Bi,0,)*" —
(An1B,03,:1)". A, is a mono, divalent or trivalent cation 12-coordinated. B is a
quadri, penta, or hexavalent metal ion octahedrally coordinated. » is an integer
representing the number of perovskite layers and can range from 1 to 8 [20].
These bismuth layer-structured ferroelectric (BLSF) compounds, first studied by
Aurivillius, belong to the family of bismuth titanate (Bi4Ti;0,, or BiT) [21]. Ex-
cept for BiT that is monoclinic, they possess pseudoperovskite layers (A,
B.Osni1) = stacked between (Bi,O,)*" layers (Fig. 1.1). They are of great interest
due to their high Curie temperatures (up to 980°C) and good piezoelectric proper-
ties. Several critical issues concern the processing, like reproducibility of the
properties, narrow range of sintering temperature. Due to the layer structure, the
compositions exhibit a very high anisotropy of properties [15]. The microstructure
of such ceramic materials consists of plate-like shaped grains. From the point of
view of piezoelectric properties, SrBisTi;015 (SBiT) is of special interest because
of its high Curie temperature (~530°C) and its remarkably stable properties on the
driving field amplitude and frequency [22]. Wang ef al. [23] recently succeeded in
producing Potassium Bismuth Titanate (KqsBis5Ti4015) ~95% dense with Tc=
555°C, Qm 1602 and d3;=21.2 pC/N. Mixed Aurivillius phases are of interest for
their potentially enhanced properties [24].

1.2.3 Tungsten Bronze Ceramics

Tungsten bronze (TB) type ferroelectric materials exhibit interesting electro-optic,
non-linear optic, piezoelectric and pyroelectric properties. TB structure has a gen-
eral formula of (A1)4(A2),(C)4(B1),(B2)303y. B-type cations occupy Al, A2 and
C sites. B-type cations occupy the B1 and B2 octahedral sites [25]. In the formula,
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Al, A2, C, and B are 15-, 12-, 9- and 6-fold coordinated sites in the crystal lattice
structure (Fig. 1.1). Generally, Al and A2 sites can be filled by Na, Li, K, Ca, Sr,
Ba, Pb, Bi and some rare earth (Sm, Nd, Dy, Ce) cations. B1 and B2 sites can be
filled by W, Nb, Ta. The smallest interstice C is often empty, and hence a formula
is AgB19O3 for the filled TB structure. The metal cations distribution in the differ-
ent sites of the TB structure plays a crucial role in tailoring physical and functional
properties. Moreover, the properties of the TB structure could be modified in a
wide scale, by coupling the most important members of the TB family. These
members are barium sodium niobates (BNN), potassium lanthanum niobates
(KLN), strontium barium niobates (SBN), strontium sodium niobates (SNN), etc.
PbNb,Og (PN) with a Curie temperature close to 570°C is ferroelectric ortho-
rhombic for sintering temperature above 1250°C. It can be obtained in a single
phase only upon appropriate thermal treatments [26].

1.2.4 Pyrochlore

The pyrochlore structure is shown by materials of the stoichiometry A,B,0;. B is
a tetravalent or pentavalent species and A trivalent or divalent, respectively [27].
Cadmium pyroniobate, Cd,Nb,O; (CNO) is ferroelectric at low temperatures. It
exhibits three dielectric anomalies in the narrow temperature range from 195 to
205K, above which it is cubic [28]. The ferroelectric behaviour disappears above
185K, and at the same temperature there are anomalies in the dielectric constant
and specific heat [29]. The pyrochlore structure is commonly described as com-
posed of two interpenetrating networks without common constituents. The fre-
quency dependence of the dielectric constant in this temperature regime is similar
to that seen in typical relaxor materials. This indicates the presence of polar clus-
ters in CNO.

1.2.5 Multiferroics

Recently, materials that combine ferroelectric and magnetic properties are trigger-
ing scientific and technological interest for application in novel multifunctional
devices [30]. Multiferroics and magnetoelectric materials can be single phase or
two phase materials where magnetisation can be induced by an electric field and
electrical polarisation can be induced by a magnetic field. Single phase materials
include the anti-ferromagnetic relaxor ferroelectrics like Pb(Fe;,Nb;,)O3; (PFN)
and Pb(Fe;,W;3)0; (PFW). They are also orthorhombic manganites, REMnO; or
REMn,0s, where RE is a rare earth element, LiCoPQO, and BiFeOs;, and its solid
solutions with BaTiO; [31]. Indirect coupling, via strain, between two materials
such as a ferromagnet and a ferroelectric can be introduced because of the low
value of the magnetoelectric coefficient or the low temperature range of the mag-
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netoelectric effect. Intimate contact between a piezomagnetic (or magnetostric-
tive) material and a piezoelectric (or electrostrictive) material can be achieved in
the form of composites [32]. Particulate ceramic composites have been studied by
combining BT and ferrites like (Ni(Co,Mn,Zn)Fe,0,—BaTiO; [33], CoFe,O4—
BaTiO; [34] NiFe,0,—BaTiO;, LiFesOg—BaTiO;, or PZT and ferrites like
NiFe,0,~PZT, (Ni,Zn)Fe,0,—PZT, CuFeCrO,—BaPbTiOj;, or CoFe,04—BisTi30,,
or laminates (as PZT or PMN-PT) with high magnetostrictive materials, such as
Ni—Co—Mn ferrite (NCMF) [35].

1.3 Powder Synthesis

1.3.1 Solid State Reaction (SSR)

The most commonly used process for the powder synthesis is based on the thor-
ough mixing of the starting oxides or carbonates. This is followed by solid-state
reaction at high temperatures. The successful production of powders for advanced
electronic ceramics depends on the control of the synthesis parameters and purity
and morphology of the raw materials.

1.3.1.1 Barium Titanate

Barium titanate (BT) is produced from the reaction between TiO, and BaCO;
[36]. The reactants are mixed in order to reduce agglomerates, to increase the ho-
mogeneity and to reduce the particle size. After mixing, the raw materials are
treated at high temperatures and then, the BaTiO; is produced. According to
Beauger et al. [37], the reaction between BaCO; and TiO, proceeds through the
following stages:

1. Formation of BaTiOj at the expense of TiO,:

BaCO; — BaO + CO, (1)

BaO + TiO, — BaTiO; 2)

The reaction proceeds rapidly at the surface of contact between the reactants.

2. When BaTiO; is formed at the surface, the reactants are separated by a product
layer; then the course of the reaction becomes diffusion-controlled. Barium
ions must diffuse through BaTiO; and penetrate into TiO, grains. However,
when reaching the BaTiO; interface, barium can react according to:
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BaTiO; + BaO — Ba,TiO, 3)

Hence, the formation of Ba,TiO, proceeds by the reaction between BaO and the
prior-formed BaTiO;.

3. Finally, TiO, and Ba,TiO, react to produce BaTiO;, which is the final phase:

Ba,TiO; — BaTiO;+ BaO 4)

TiO, +BaO — BaTiO; )

To obtain single-phase BaTiO; temperatures above 900°C are required and the
powders are often aggregated. This affects the grain growth during sintering. In
order to avoid or minimise this problem, it is important to select an appropriate
milling method and control the chemical impurities introduced into the powders
from the grinding medium (Al,O3, ZrO,, etc.). Moreover, it is difficult to mix and
to maintain chemical homogeneity in the final product, especially when one of the
reactants is present in a minor proportion. Small-grained and well-crystallised
pure ferroelectric materials are often required as a consequence of the evolution
towards miniaturisation, while keeping the highest dielectric constant and low
production costs. Therefore, a renewed interest into the formation of BT nanopar-
ticles by a solid state reaction has grown recently [38]. By a solid-state reaction at
700°-800°C of mixtures of nanocrystalline raw materials, Buscaglia et al. [39]
obtained single-phase BaTiO; powders with a specific surface area up to 15 m?/g
(particle size: 70 nm). This resulted in highly dense materials after sintering.
When nanocrystalline BaCO; and TiO, are chosen as starting powders, they react
directly at a temperature lower than the air decomposition of BaCO;. This pre-
vents the formation of the side product Ba,TiO,. The same group developed a
two-step method for the fabrication of hollow BaTiOj; ferroelectric particles [40].
It involves the suspension of barium carbonate powder in the aqueous solution of
peroxy titanium. Amorphous titania precipitates on the barium carbonate crystals
by slowly heating the suspension up to 95°C and keeping the temperature constant
for five hours. The resulting BaCO;@TiO, core—shell particles are then converted
into BaTiO; hollow particles by calcination at 700°C. The out-diffusion of the
core phase is faster than in-diffusion of the shell. This leads to the formation of
the cavity in the material. Initially, the strong imbalance of the diffusion fluxes
determines the formation of Kirkendall porosity close to the original BaCO5/Ti0,
interface without intermediate decomposition. Here, the BaCOj; crystals behave as
sacrificial templates. The starting BaCO; elongated crystals produced empty shells
with an average thickness of about 70 nm composed of equiaxed nanocrystals.
The size of the core crystals and the reaction temperature are critical in the solid-
state fabrication of hollow structures. Calcination at 900—1000°C results in the
collapse of the empty shell, with the formation of aggregates of small BaTiO;
particles.
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Fig. 1.3 TEM image of the cross-section of BaTiOs hollow particles obtained after 24 h calcina-
tion at 700°C of the BaCO3;@TiO, powder (from [40]).

BaTiO; is a stable perovskite end member and is a good candidate to produce
lead-free materials. This is because of its high degree of solubility into other
perovskite phases forming solid solution [41], and its stable tetragonal crystal
structure at room temperature. A few examples are Bi(Zn;,Ti;,)O;—BaTiO; [42],
CaTiO;-BaTiO; [43], BaTiO;— BasNb,O,5 [44].

1.3.1.2 Lead-Based Perovskites

PZT powders are still mostly produced by the conventional mixed-oxide route [8].
This has been extensively investigated for compositions close to the MPB. The inves-
tigations were to enable an understanding of how the processing parameters and the
dopants added affect the compositional fluctuations and phase coexistence. As in the
binary mixtures, PT is formed firstly (450°-600°C) with an exothermic reaction and a
large volume expansion. PZ is formed at 700°-800°C with endothermic reaction and
large volume increase. The formation of the PZT solid solution [45] proceeds with
expansion of more that 12% depending on the particle size [46,47]. Therefore, direct
reaction sintering is not a means to obtain dense materials. Owing to the enlarged
phase coexistence region [48], the equilibrium state is not reached in the calcined
powders, even for long heat treatments. This results in poor reproducibility of the
process. Moreover, even if the as-reacted powders consist of a mixture of phases,
where the degree of homogenisation of the starting oxides depends on the milling
conditions [49], reactivity and dispersion of the raw materials [50, 51], they homoge-
nise at the sintering temperature and form monophase materials. A recent study [52],
in terms of mutual interaction of the phases in the composition PZT53/47 calcined at
1000°C, confirms the presence of the rhombohedral phase in the calcined powders.
The materials are generally prepared by homogenisation and milling of the starting
oxides in a liquid media, drying and calcination at temperatures between 600°C and
900°C. A two-stage solid state reaction (reactive calcination) has been developed for
PZT ceramics to achieve finer-grained starting powder. The method is based on a
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pre-reaction of ZrO, and TiO, at high temperature (1400°C) to form a rutile structure.
This exploits the molar volume expansion of the B-site precursor phase. PbO is then
added to form the perovskite [53,54]. Being mechanically weak calcined agglomer-
ates, as a consequence of the volume expansion, they are fractured in nano-sized par-
ticles (70 nm) by high energy milling. The powder can be densified at 950-1000°C to
obtain grain size in the range 0.1 to 10 um [55]. The milling step becomes more criti-
cal when dopants are added or multicomponent compositions are produced. Galassi et
al. investigated the influence of milling introduced at different steps of the powder
treatments (Table 1.2), on the microstructure and dielectric and piezoelectric proper-
ties of a multicomponent complex PZT system ([Pb(Lig25Nbg75)]0.06 O3-PMNg o6
PZTss) [56]. Simple milling in agata mortar or long ball milling of the raw materials
altogether, or pre-grinding of the coarser oxide, resulted in sintered materials with
comparable density but different microstructure and quality factor (Q,,) ranging from
380 to more than 2000.

Table 1.2 Density and piezoelectric properties of the PZT samples (elaborated from [56]).

Green Sintered ds;
Sample Grinding procedure Density Density ky Qm
(%) (%) (10"°m/V)
A Agate mortar, after ¢, 99.7 032 -50.0 380
calcination
B Wet milling for 100h, - ¢, 4 100.0 054 647 2132
after calcination
C Sample A, withpre- ¢, 4 99.5 0.54 -69.0 994

ground MnO,

In the solid state synthesis of PMN powders, the formation of lead niobate
based pyrochlore is a critical issue. Among the several methods of powder prepa-
ration developed to reduce the undesirable pyrochlore phase, the process that has
been more successful is the so-called columbite precursor method [57]. In this
technique, MgO and Nb,Os are first reacted to form the columbite structure
(MgNb,0Og), with high volume expansion. This is then reacted with PbO and even-
tually TiO, to form the PMN or PMN-PT compositions. Recently, Kwon et al.
[58] produced 0.65PMN-0.35PT by reactive calcination of precursor mixture of
fine and coarse raw materials after prolonged milling.

Lead Metaniobate (PbNb,O¢) has been produced by SSR [26] by adding excess
PbO to the nominal formula as the required calcining temperature is 1050°C and
the sintering one is higher than 1250°C, to avoid the formation of the low tem-
perature rhombohedral structure. For polycrystalline PN materials, obtaining a
single orthorhombic phase is a difficult task. Generally, these materials are formed
from a mixture of rhombohedral and orthorhombic phases. Nevertheless, an ap-
propriate thermal treatment followed by rapid cooling can yield a PN material
with a single orthorhombic phase.
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Microwave irradiation of reactants is a means of accelerating a variety of chemi-
cal reactions and to lower the reaction temperature [59, 60]. Microwave heating is
affected by mainly two factors; permittivity (dielectric constant) (¢'), and dielec-
tric loss (&¢") [61]. The dependence of the heating rate is given by (¢'/¢"), defined
as loss tangent (tan J). The dielectric loss tangent (tan ¢) depends on the tempera-
ture, composition, and physical state of the reactants and the frequency of the elec-
tromagnetic waves. Single phase PZT at temperature as low as 600°C can be ob-
tained by microwave-assisted SSR procedure with enhancement of the reaction
rates if one of the constituent precursors is a non-stoichiometric oxide [62].

1.3.2 Mechanochemical Synthesis

It consists of the activation of the reactions of the oxide precursors by mechanical
energy rather than heat energy, like in the conventional SSR. The main issue is
that it skips the calcination step leading to nano-sized powders with better sin-
terability. Kong et al. recently published a comprehensive review on this tech-
nique [63] where they show many successful examples of the production of ferro-
electric powders via the high energy mechanical milling. They did this by direct
synthesis of compounds, mainly in the PT, PZT, PLZT, PMN, and PZN, PFW and
BiT systems, or by improved reaction, to form BT, or by amorphisation of pre-
cursors for Aurivillius family compounds. Different equipments are used includ-
ing vibration shake mills, planetary mills or attritor mills. Important parameters
are the type of mill, the materials used for the milling vial and media, the milling
speed and time, ball to powder weight ratio (BPR), milling environment, process
additives, temperature control and the application of an electrical or magnetic field
during milling. The comparison of planetary mill and shaker mill for the activation
of PZT 53/47 powder in different conditions [64] showed that the BPR has a
marked influence on the phase formation. Under a certain value, even prolonged
(120 h) milling does not cause the formation of the single perovskitic phase. BPR
of 20 at 500 rpm were the necessary conditions for the planetary mill to produce
the single phase after 65 hours. This suggests that the milling intensity is related to
the shock power injected on the mass of powder trapped in the collision. This
could be related to localised temperature increase in the collision point that influ-
ences the rate of grain boundary and lattice diffusion processes. In the early stage
of milling, the starting oxide powders are refined in both particle and crystallite
size. A certain degree of amorphisation takes place that is lower at the higher BPR
and milling speed. The mechanical activation makes dynamic processes of the
diffusion and atomic rearrangements, enhanced by repeated fracturing and re-
binding. Rojac ef al. [65] proposed the use of a milling map as a tool for determin-
ing the critical or minimum cumulative kinetic energy for the formation of the
amorphous phase or the intermetallic compound. This was to compare different
milling equipments or process conditions. They designed and tested low energy
and high energy milling experiments and showed that a critical cumulative kinetic



Advances in Processing of Bulk Ferroelectric Materials 15

energy between 7 and 12 kJ/g is necessary to induce the formation of NaNbOs.
This milling energy strongly changes for different compositions up to values as
high as 150 kJ/g. By mechanochemical synthesis, Xue et al. synthesised the PZT
52/48 single phase at room temperature [66] after 20 hours shaking at 900 rpm
(SPEX shaker-mill) of the pre-ball milled mixture of the starting oxides. The fine
powders partially mechanically activated for 10 hours show high sinterability [67].
Single phase PMN-PT ceramics at different PT content were produced in batches
of 200 g each by mechanically activating the whole mixture of the starting oxides
or by pre-activating two of the starting powders. The different particle size distri-
bution influenced the final microstructure [68].

An amorphous mixture of Aurivillius compounds of the composition
(Bi3TiNbOy),(SrBi,Nb,Oy);_ with x=1.00, 0.65 and 0.35 was obtained upon me-
chanical activation for 336 hours in a vibrating mill Fritsch Pulverisette [69], of
the starting materials that are transformed in the Aurivillius structure at 600 °C.
This is a considerably lower temperature than the one needed in the conventional
process. The highly reactive powder can be sintered at 1000°C or even at 700°C
by hot pressing. Even Bi4Sr,.3T1,03,43 compounds at increasing n become amor-
phous after 168 hours mechanical activation in vibration mill [70].

1.3.3 Chemical Methods

Several wet chemical routes are investigated to produce ultrafine starting powders,
with improved chemical homogeneity, reduced agglomerate hardness and higher
reactivity. They are transformed in the single phase at lower temperature, and re-
sult in better control of the stoichiometry and of the final material microstructure.
Methods based on precipitation-filtration, such as co-precipitation and hydrother-
mal or sol-gel synthesis, were extensively applied.

1.3.3.1 Co-Precipitation

PZT and PZT-based powders and their composition modifications with one and
more dopants have been produced by co-precipitation routes. The lower calcina-
tion temperature of powders produced by hydroxide and oxalate co-precipitation
was shown to have strong effects on the sintered material [71]. Non-
stoichiometric PbTiO; perovskites were obtained when an initial equimolar mix-
ture of both oxides precursors was used [72]. Based on solubility calculations,
Choy [73] analysed the optimum co-precipitation conditions to obtain PZT
52/48 from metal hydroxides precipitation. He found consistent experimental
results (homogeneous precipitation at pH 9 and single perovskitic phase on heat-
ing at 900°C for two hours). Optimising the calcination temperature at 500°C,
PZT 52/48 powder pellets, isostatically pressed, were densified in one step at
1050°C [74]. A two-step method was investigated to produce (PbLa)(ZrSnTi)O;
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composition, by adding the solution of the (Pb,La) ions to the as-washed
(ZrSnTi) precipitates [75].

Residual alides when metal chlorides were used proved detrimental for the
final properties of the materials. The peroxide-based route was proposed as an
alternative method. Camargo [76] proposed the dissolution of Ti metal in the
hydrogen peroxide and aqueous ammonia solution to form the peroxotitanato
solution. Lead nitrate and zirconil nitrate solutions are added to this. PZT 53/47
coprecipitated starting from nitrites by using urea directly crystallises at 550°C
[77]. Fine-grained BaTijg;Sng 1305 (BTS13) powder was synthesised from an
oxalate precursor and used to prepare sintered ferroelectric BTS13 ceramics
[78]. The precipitate powders show the coexistence of the BTS13 and BaCO;
phases at heating till 1100°C, and the pure BTS13 phase at 1300°C. A small
dielectric loss and low frequency dispersion of dielectric characteristics were
found owing to high permittivity of the very fine particles. The BTS13 ceramic
showed a diffuse paraelectric—ferroelectric phase transition due to the Sn substi-
tution on Ti-sites and the fine grain size of the material. The advantages of this
technique used to prepare BTS13 solid solution powder are the mild sintering
conditions needed to densify.

1.3.3.2  Sol-Gel Synthesis

Sol-gel processing is widely used to synthesise multicomponent oxides with an
intermediate stage including a sol or a gel state. It is a colloidal route based on
the hydrolysis/condensation reaction of metal alcoxide salts or complexes (metal
carboxilate complexes). Despite the potential for cation mixing at the molecular
level, gels usually do not directly crystallise into the equilibrium oxide phase.
However, intermediate phases are formed that require high temperature solid
state reaction to form the pure phase systems [79]. From the analysis of the local
structure of partially heat treated gels [80], it was found that heterogeneity exists
at the molecular level. This is related to differences in the hydrolysis and con-
densation rates of alkoxides of different metals. Carboxylate gels involve the
reaction of metal cations with carboxylate ligands to form carboxylate com-
plexes, depending on the nature of the ligand, pH and temperature that form a
crosslinked network. The carboxylate complexes and their subsequent crosslink-
ing are formed as a result of deprotonation, complexation and polymerisation
sequence. The rise of viscosity during concentration of the solution prevents the
precipitation of the metal carboxylate complexes.

In order to keep as low as possible the amount of free metals in the solution, an
excess of chelating agent is necessary. Large constant complex formation is pref-
erable. Citric acid has been used as a chelating agent for barium and lead oxide
and their multicomponent systems. The citrato-metal complexes are commonly
used because they are stable to hydrolysis and ionically crosslink in concentrated
solution. This prevents precipitation during gelation. Excess ligand and pH control
are necessary to form homogenous gel. During the gel thermolysis, several reac-
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tions take place. These can be discerned in scission of the different bonds in the
amorphous gel at T<300°C and decomposition of the carboxylato-metal bonds at
higher temperature, which gives rise to the formation of the oxide. Phase separa-
tion [79] can arise owing to the different thermal stability of the bonds or to the
formation of carbonates with the decomposition products. During crystallisation,
an intermediate pyrochlore phase is often formed before the formation of the sta-
ble perovskitic phase. This is attributed to the pyrochlore’s higher nucleation site
density and is related to its much disordered structure in comparison with the
perovskite phase. The sol-gel chemistry, combined with the combustion process,
leads to homogeneous, fine and highly reactive powders in a shorter time and at
lower temperatures than traditional processes. Many nitrate citrate gels, when
heated on a hot plate, burn in a self-propagating reaction, thus converting the pre-
cursor mixture directly into the products.

1.3.3.3  Self-Combustion Synthesis

The self-combustion synthesis technique consists in the heating of a saturated
aqueous solution or gel of the desired metal salts or complexes, and a suitable or-
ganic fuel to boil. This is done until the mixture ignites and a self-sustaining and
rather fast combustion reaction takes off. This results in a dry, usually crystalline,
fine oxide powder. It exploits an exothermic, usually very rapid and self sustaining
redox-type chemical reaction. The heat required to drive the chemical reaction is
provided by the reaction itself. The combustion of metal nitrates-urea mixtures,
for example, usually occurs as a self-propagating and non-explosive exothermic
reaction. The large amounts of gases formed can result in the appearance of a
flame that can reach temperatures up to 1000°C [81]. It shows many advantages
(inexpensive precursors, short preparation time, modest heating, and simplicity).
The main parameters that affect the course of the reaction are composition of start-
ing mixture (fuel to oxidiser ratio), pH of the sol, modality of gel formation, and
starting combustion temperature. Aqueous-based citrate-nitrate sol-gel combustion
process can be adopted to reduce the reaction and sintering temperatures, and to
improve chemical homogeneity in PZT bulk materials. The presence of nitrate
ions is fundamental to the desired oxidation-reduction reaction. In this case, the
exothermic reaction between the citrate as organic fuel and the nitrates as oxidiser
can be initiated in a muffle furnace or on a hot plate at temperature lower than
500°C. Banerjee [82] synthesised free standing nanocrystalline PZT 52/48 parti-
cles using this method. He found that the increase of the citrate to nitrate ratio
(C/N) enhances the coagulation of particles and tends to form nanoporous parti-
cles. Niobium-doped lead zirconate titanate of the composition titanate (PZTN)
precursor solution was prepared starting from Zr-oxynitrate, Pb-citrate, Nb- and
Ti-peroxo-citrate precursors [83]. Citric acid monohydrate was the source of cit-
rate anion that was used as both a chelating agent for metal cations and a fuel for
combustion. The combustion reactions are highly exothermic (Fig. 1.4). They are
autocatalytic in nature and lead to the complete decomposition of the organic com-
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compounds. There is also a slow crystallization of PZTN from the amorphous gel
to the perovskite structure (Fig. 1.5), with a limited quantity of pyrochlore phase
that disappears upon heating at S00°C. The crystallite size was in the range of 20—
30 nm but the particles aggregated into hard agglomerates, which preserve the
lamellar structure deriving from the gel polymeric network. The influence of the
molar ratio of citrate to nitrate onto chemical composition, phase evolution and
morphology of (Pbyg.g3Lag07)[(Zro.c0Ti0.40)]0.9825Nbo.017503 (PZTLN) powders pro-
duced by the sol-gel combustion was investigated [84]. Stable sol was obtained by
adding nitric acid as oxidiser at C/N molar ratio varying from the stoichiometric
(1.30) to an increasing nitrate excess (0.36 and 0.09). PH of the sol was main-
tained at 7. The polymeric gels resulting from these sols were pyrolysed by an
exothermic reaction which becomes an “explosive” process for C/N = 0.09. Ac-
cording to the velocity of the decomposition reaction, the average size of PZTLN
powder decreased with lowering C/N ratio. Thus, the powder with the lower C/N
ratio presented a uniform microstructure with grain size of about 50 nm diameter
bonded in chains and randomly oriented.
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Fig. 1.4 Thermal analysis plots of gel and mixed metal nitrates solution (dot line) (composition
PZTN). DTA and TGA analysis of the citrate gel is compared with that of a Pb, Zr, Ti, Nb nitrate
mixture prepared by spray-drying the aqueous solution of salts mixed in the same stoichiometric
ratio (from [83]).

A significant lead loss was identified that required an excess amount of lead in
the starting lead solution. A residual amount of lead carbonate is found at the sinter-
ing temperature. Fine Ba-modified bismuth sodium titanate with composition
0.94[(BiysNag5)Ti0;]-0.06BaTiO; (BNBT) powders were prepared by optimising
C/N and the gel firing temperature. Decomposition of the precursors and the direct
formation of the pure BNBT perovskitic phase in a single step [85]. The best condi-
tions to obtain the desired phase are (C/N) = 0.2, and a combustion temperature of
500°C. Ball milled powders were densified at temperature 100°C lower than that
one used in the conventional mixed oxide route. The addition of urea (urea:metal
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cations = 1.4:1) prevents the precipitation of metal-citrate compounds as a conse-
quence of pH variations induced by the evaporation of NH; The stoichiometry is
maintained from gel formation to the sintered body.

~ Percvskite phase
* Pyrcchlore phase

Intensity (arbitrary units)

15 20 25 30 a5 40 45 50 55 80 65

29 (degrees)

Fig. 1.5 XRD spectra of gel combusted powders calcined at different temperatures (composition
PZTN) (from [83]).

1.3.3.4 Direct Synthesis from Solution

In the direct synthesis from solution (DSS) methods, the precipitation of compo-
nents, consequent to the solvent evaporation, takes place inside the droplets. This
ensures a control of stoichiometry at this level. Together with a better control of
stoichiometry, DSS methods produce finer particles ensuring a better powder sin-
terability. In spray-pyrolysis, an aerosol of the precursor solution is directly py-
rolised inside the reaction chamber [86]. The aerosol is generated by nozzle at-
omisation or by ultrasonic atomisation. In the nozzle atomisation, the droplet sizes
are relatively large, giving particle sizes of tens of microns. Ultrasonic atomisation
is capable of producing aerosols with much smaller droplet sizes, but is generally
a low-throughput process.

Recently, BaTiO; nanoparticles with tunable size (from about 23 to 71 nm)
were successfully prepared by flame-assisted spray pyrolysis (FASP) [87]. This
was from an aqueous solution of barium acetate and titanium-tetra-isopropoxide,
by varying the concentration of precursors and methane flow rate. The flame tem-
perature is a key factor in producing particles with a narrow size distribution.
When high methane flow rates are applied, the structure of BaTiO; nanoparticles
is cubic. Hexagonal phase is formed. Nimmo [88] investigated the processing
conditions to produce PZT 52/48 powders by twin-fluid nozzle atomisation of
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aqueous sol-gel precursor solutions of lead acetate, zirconium acetate, and tita-
nium isopropoxide modified by acetylacetone.

The initial drying and low-temperature decomposition are critical stages for
particle morphology. This results in a mixture of spherical and larger collapsed
particles with size up to 10 pm. In fact, the rapid solvent evaporation causes sur-
face precipitation as a consequence of solute concentration distribution during the
condensation. At reactor temperatures above 800°C, nano-sized elongated parti-
cles of lead carbonate are formed on the surface of the PZT particles. The spray
drying (SD) is considered a promising method of producing high quality powders
for the synthesis of multicomponent systems. The properties of such powders are
strongly dependent on chemical homogeneity. In comparison to other solution
techniques, the spray-drying process is quite simple. It permits a good theoretical
simulation of experimental parameters to optimise the process. PZTN powders can
be produced by spray drying [89] the solution of lead and zirconium nitrates, nio-
bium ammonium complex, and titanium isopropilate in a hot air stream. This re-
sults in minute spherical granules.

To break up the agglomerates, different milling procedures were tested, includ-
ing ball milling and ultrasonication. There is a high reactivity of the very fine
powder that leads to the formation of the perovskitic phase at 550°C. But the hol-
low sphere morphology of the agglomerates results in inhomogeneous microstruc-
ture even after sintering (Fig. 1.6). The efficiency of the synthesis by spray drying
a solution is strongly limited by the maximum concentration of the salts in the
precursor solutions. In this case, as the four salts show the maximum solubility in
different conditions, the concentration of the multi-component solution is gov-
erned by the solubility of lead and zirconium nitrates in nitric acid. The maximum
concentration reachable resulted 0.2M on lead basis at pH=1.

By carefully controlling the stoichiometry and the milling procedure, Bezzi
[90] obtained a homogeneous material with as good properties as the one pro-
duced by the solid state reaction. However, this was at a 100°C lower sintering
temperature. PMN powders were prepared [91] starting from an aqueous nitrate
solution containing Pb*", Mg®" and Nb’" cations. On heating at 450°C, the pyro-
chlore phase is formed. The perovskite phase coexists with pyrochlore and unre-
acted PbO in the temperature range 700—800°C. They are almost completely trans-
formed into the perovskite phase at 800°C. Above 800°C, the PbO partially ev-
aporates and the pyrochlore phase is formed again. The direct synthesis of the
perovskite phase is possible during densification when the amorphous starting
powder calcined at 350°C is used. The densification takes place simultaneously to
the formation of the perovskite phase, when the samples are sintered at 1050°C
through a reaction sintering mechanism.
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Fig. 1.6 SEM morphology of SD powders: powder As sprayed a after ball milling, b and after
sintering ¢; bar =5 um (from [89]).

1.3.3.5 Hydrothermal Synthesis

A solvothermal process can be defined “a chemical reaction in a closed system in
the presence of a solvent (aqueous and non aqueous solution) at a temperature
higher than that of the boiling point of such a solvent” [92]. Consequently, a sol-
vothermal process involves high pressures. Hydrothermal synthesis is a process
that utilises single or heterogeneous phase reactions in aqueous media at elevated
temperature (T>25°C). Pressure (P>100 kPa) is used to crystallise anhydrous ce-
ramic materials directly from solution [93]. The precursors can be solutions, gels,
and suspensions. Inorganic or organic additives are often used at high concentra-
tions to control pH or to promote solubility. Other additives are used to promote
particle dispersion or control crystal morphology. For large scale production of
materials, typical temperature and pressure fall around 350°C and 100 MPa (satu-
rated vapour pressure of water at this temperature is 16 MPa), while milder or
more severe reaction conditions are also considered. A thermodynamic model was
developed to determine the formation conditions of the lead titanate zirconate,
starting from the thermodynamic data of the solids and aqueous species [94]. This
led to the synthesis of phase pure PZT at minimum temperatures (150-200°C) and
optimum reagent conditions.

Also adjusted were KOH concentration and the amount of PbO [95], and the
size and the morphology of the PZT powder. PZT 52/48 nanocrystals were pre-
pared [96] with morphology changing from particle to rod and wire. For this,
the ratio of polyvinyl alcohol to polyacrylic acid used as surfactants and reaction
time was adjusted. Nano-sized BT powders have been produced by several low-
temperature methods and hundreds of paper have been published. Recently, Wei
et al. [97] successfully synthesised highly dispersed BaTiO; nanocrystals of
5-20 nm in size. This was done via a solvothermal method using the mixture of
ethylenediamine and ethanolamine as the solvent. Pure perovskite KTN particles
have been solvothermally synthesised under a milder condition, such as a lower
reaction time and [KOH] in comparison to the hydrothermal route [98]. The sol-
gel hydrothermal process was applied to produce NKBT nanowires at T below
200°C [99]. First, a dry gel is prepared by heating at 80°C the sol obtained. A
mixture of bismuth nitrate dissolved in acetic acid and potassium and sodium
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nitrates dissolved in water is added into the solution of tetrabutyl titanate in
ethanol. The gel is suspended in the 10 M solution of NaOH and hydrothermally
treated at T 100°-200°C under autogenerated pressure for 48 hours. At 160°C,
crystalline nanowire are formed and the NKBT is formed that show upon densi-
fication superior properties to that prepared by the conventional sol-gel or solid
state reaction.

The conventional hydrothermal method is a time-consuming process that could
take several days. It can be enhanced by introducing microwaves into the reaction
vessels (microwave hydrothermal process) to reduce synthesis times and tempera-
tures as shown for PZT 52/48 [100].

The influence of microwave frequency, bandwidth sweep time, and processing
time on the particle size, phase, microstructure, and porosity of barium titanate
prepared by microwave hydrothermal processing has been systematically investi-
gated [101]. These have been compared with results obtained with conventional
hydrothermal synthesis (170°C for 2 to 40 hours). The BaTiO; nanoparticles show
global cubic structure with local tetragonal clusters. Increasing the sweep time
results in hexagonal phase impurity. This indicates that the transient heating pat-
terns were not uniform, and that the particle growth was slower than for conven-
tional hydrothermal synthesis.

Well crystallised BST nanopowders have been synthesised under supercritical
conditions [102] through a single step continuous synthesis over the entire range
of composition. This is done in the temperature range of 150°C-380°C at 26 MPa
using a continuous process from a mixing of barium, strontium and titanium iso-
propoxides in ethanol (feed solution) [103]. The synthesis was carried out in an 8
m tubular coiled reactor fitted with an external heater. The first part of the reactor
was heated at 150°C and the last one at 380°C.

1.4 Colloidal Processing

1.4.1 Slurry Formulation

Submicrometer-sized (with a tendency towards nano-sized) powders are generally
employed in the processing of ferroelectric materials to reduce the densification
temperature. This is also to obtain fine grained microstructures with significant
improvements in properties. A major problem of fine particles is that they sponta-
neously agglomerate due to van der Waals attractive forces. This results in inho-
mogeneous particle packing and pore-size distribution in the green body. The in-
homogeneities, being introduced in a larger scale than the primary particles them-
selves, will control the microstructure evolution during sintering. Therefore, they
must be minimised during the cold consolidation treatments. Colloidal processing
[104] is a means to address the problem. It prevents the agglomerate formation by
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controlling and manipulating the interparticle forces. It eliminates by sedimenta-
tion the hard agglomerates formed by partial sintering of primary particles in pre-
vious calcining steps [105].

The green body properties are significantly influenced by controlling the state
of the powder dispersion (colloidally stable or flocculated). In general terms, col-
loidally stable suspensions result in more densely packed green bodies with more
narrow pore distribution that strongly flocculated suspensions. In contrast, weakly
flocculated suspensions have been shown to result in optimal green bodies with
some advantages [106]. Many studies have attempted to find the optimal disper-
sion conditions to maximise the properties of the sintered body. The powders are
preferably dispersed in aqueous media. However, one of the problems is the solu-
bility of the powder, which makes the interparticle interaction more complex. The
resulting stoichiometry alterations can be detrimental for the final properties of the
material. The dissolution of BaTiO; is favoured in acidified water and accounts
for the dependence of the electrokinetic behaviour on the solids concentration
[107]. Pb dissolution in aqueous PZT suspensions occurs both in acidic and in
strong basic conditions and is influenced for example by the dispersants [108].

Although less environmentally compatible, non-aqueous media are often pre-
ferred because the wider choice of organic additives makes easier the optimisation
of the formulations for several ceramic fabrication methods. The interparticle in-
teraction can be controlled by introducing electrostatic or steric repulsion or a
combination of the two. By adding electrolytes, short chain polymers or polyelec-
trolytes, long or short range repulsive interaction arises, which results in stable or
weakly flocculated suspensions. Nano-sized BaTiO; powder suspensions in
decane were cold consolidated by pressure casting and sintered. The final micro-
structure can be correlated with the dispersion state. The stable or weakly floccu-
lated ones result in good sinterability and better microstructure than those strongly
flocculated [109].

The colloidal processing of PZT powder added with Nb,Os in different organic
dispersants like toluene, heptane or methyl ethyl ketone (MEK) resulted in high
green and sintered densities. This was when suspensions stabilised by electrosteric
hindrance [110] were used. The study of the electrokinetic and rheological be-
haviour of aqueous PLZT suspensions showed the dependence on pH and amount
of ammonium polymethacrylate dispersant. However, lot-to-lot variations, the
order of dispersant addition, and pH adjustment [111] also influenced the out-
come. Polyacrilic acid (PAA) is a good dispersant for many ceramic powders in
water, including BaTiO; [112].

Green bodies of 62% theoretical density can be achieved by slip casting at high
pH and very high PAA coverage. Nevertheless, PAA exhibits both passivation and
sequestration effects at the BaTiOj; solution interface [113]. Sequestering occurs at
pH>8 and Ba®" dissolution increases linearly with PAA concentration, while a
relatively strong passivation was found for PAA in acidic solution. Recently, Yo-
shikawa et al. [114] showed that comb polymer architectures like poly methacrylic
acid) (PMAA), are less dependent on ionic strength in comparison to the pure
polyelectrolyte. This was when they were used as a backbone, combined with poly
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ethilene oxide (PEO) as a charge neutral teeth. Upon increasing the molecular
weight of the teeth, they are less susceptible to conformational changes induced by
counter-ions in the dispersion of BaTiO; fine particles in water. Further, comb
copolymers can associate the binding effect to the dispersing one [115].

Solvent pure ethanol or xylenes-rich pure xylenes
System ethanol-rich

Proposed | }

Model -
flocculation due to oor dispersed suspension due dispersed suspension due
solvent compatibility of to thick adsorbed layer with to thick adsorbed layer with
adsorbed dispersant and good solvent compatibility good solvent compatibility
thin adsorbed layer

Adsorbed high low high

dispersant

Packing low high high

Density

Viscosity high low low

Fig. 1.7 Models for dispersion state of particles in different solvent mixtures containing the same
amount of dispersant (from [118]).

1.4.2 Suspension-Based Shaping Techniques

Colloidal processing is the basic approach for the formulation of suspensions for
most of the wet cold consolidation routes. This is for routes such as tape casting,
screen printing, electrophoretic deposition, ink jet printing, and other direct writ-
ing methods.

1.4.2.1 Tape Casting

Tape casting is largely used [116] for the preparation of thin bulk sheets with
thickness in the range 50 — 800 um. These are the basic building blocks in many
electro-ceramic components including multilayer ceramic packages. The slurry is
deposited on a carrier surface via the doctor blade technique. The coating dries
and forms a flexible layer consisting of a polymeric matrix filled with the ceramic
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powder [117]. After a debonding treatment to eliminate the organic additives, the
material is directly sintered. Traditionally, the suspensions were based on organic
solvents due to their low latent heat of evaporation and low surface tension. Bi-
nary solvent systems are commonly used because of their increased ability to dis-
solve the organic additive and faster drying. Often, they are based on ethanol
(EtOH) (with methyl-ethyl-ketone, or toluene or xylene), and the mixing ratio can
be a critical parameter for the optimisation of the slurry performance (Fig. 1.7)
[118]. The dispersant can combine electrostatic or steric effects while binders and
plasticisers confer to the tape the necessary flexibility for the further handling.
Effective deflocculants in organic medium are glycerol tryoleate and phosphate
ester [119]. Polyvinylbutyral, eventually at different molecular weights, is typi-
cally used as the binder, combined with butylbenzylphtalate as the plasticiser.
Nano-sized PZT powders were dispersed in organic medium [120]. Various ferro-
electric materials (BST, PZT, etc.) have been successfully tape cast by adjusting
the combination of the same organic components [121]. Then, they were lami-
nated to produce co-fired multimaterial structures with well defined interfaces
without delamination.

More critical parameters for successful processing are the ratio between the
binder and the plasticiser, the order of the addition of the ingredients, and the mill-
ing procedure (that is typically prolonged for 24 hours). Recently, interest has
been focused on the production of aqueous suspensions [122] that result in far
more sensitive process perturbations. These are drying conditions, casting compo-
sition or film thickness, pH, and dissolution of the ceramic powder. Therefore, a
careful control of the compositional and process variables is required. Two differ-
ent types of binders can be selected: water soluble binders (like cellulose ethers,
polyvinyl alcohol), or water-emulsion binders (dispersions of non-soluble binder
particles in water) like acrylics, vinyls, or polyurethane. The deflocculants are
usually polyelectrolytes, as mentioned previously. A wetting agent is often added
as the wetting behaviour on the carrier film is a critical issue. The complexity of
the variables to be controlled is well represented in the work of Smay et al. [123].

Laminated PZT multilayers were produced by tape casting water-based slurry.
Aqueous dispersion of nano-sized BaTiO; dispersed with NH4,-PAA with PVA as
the binder, and glycerol as plasticiser, has produced homogeneous green body and
95% rel density upon sintering at 1200°C [124]. Feng et al. studied the effect of
molecular size and chemical structures of plasticisers and binders (PVA with vary-
ing molecular weights and hydrolysis percentages), on the mechanical properties
of the green tapes of PLZT powder [125]. During drying, a stress evolution occurs
because of constrained volume shrinkage. The latter stage of drying is linked
mainly to the polymer phase that undergoes coalescence and affects the residual
stresses depending on the polymer chain mobility or on the hydrolysis level of
PVA. The higher hydrolysis generates larger stresses in the green tapes. Water-
soluble PMAA-b-PEO polyelectrolyte was used to disperse PLZST powder, with
PVA as binder and PEG as plasticiser. The green tape resulted in very flexible and
almost fully dense sintered body [126]. Deliormanli et al. [127] showed that the
use of comb polymer PAA-PEO with a non-ionic acrylic latex emulsion, and hy-
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droxypropyl methylcellulose and the preparation by a multi-step process, led to
high solid loading PMN suspensions. The final microstructure is homogeneous as
a consequence of the careful control of the rheological properties and wetting and
drying behaviour of the slurry.

1.4.2.2 Electrophoretic Deposition

Electrophoretic deposition (EPD) is usually carried out in a two-electrode cell in
two steps [128]. In the first step, an electric field is applied between two electrodes
and charged particles suspended in a suitable liquid move toward the oppositely
charged electrode (electrophoresis). In the second step, the particles accumulate at
the deposition electrode and create a relatively compact and homogeneous film
(deposition). Therefore, it is necessary to produce a stable suspension containing
charged particles free to move when an electric field is applied. After the deposi-
tion, a heat-treatment step is normally needed to further densify the deposit. The
technique is mainly applied to produce coatings and films. Thick films of ferro-
electric materials have consequently been developed [129, 130]. Moreover, it is of
interest to produce monolithic ceramics, ceramic laminates, fibre reinforced com-
posites and functionally graded materials [131]. The powders can be dispersed in
organic medium (often ethanol) or water. PH, zeta potential, and conductivity are
critical parameters in the control of the deposit homogeneity [132]. Recently,
magnetic field-assisted EPD has been applied to obtain grain-oriented Bi;Ti;0,—
BaBiyTi;O;5 (BiT-BBTi) [133]. The powder dispersed in ethanol with phosphoric
ester and polyethylenimine is aligned along a specific crystallographic orientation
by applying a magnetic field among the facing electrodes and an electric voltage.
The dried compacts were sintered to 97% relative density. It showed that the
alignment of the particles induced by the magnetic field in the suspension, remains
in the green compacts and is further enhanced by densification followed by grain
growth. The piezoelectric properties are significantly improved in comparison to
the randomly oriented samples.

1.4.2.3 Inkjet Printing

Inkjet printing is a mean of fabricating 3D ceramics solid structures. It is a near
net shape, tool less manufacturing technique, consisting in the deposition of ce-
ramic ink micro-droplets ejected via nozzles to build the successive layers [134].
Drop-on demand printers are frequently used and very fluid inks are required that
rapidly solidify by evaporation of the carrier vehicle (EtOH or MEK/EtOH).
Sometimes, the jetting is done at high temperature. PZT parts were fabricated by
Noguera et al. [135] with a printing head by adjusting the fluid properties of the
ceramic suspension (size distribution in relation to the aperture of the nozzle, or-
ganic fraction composition — in order to avoid sedimentation) and control drying,
viscosity and surface tension. They also controlled the velocity, initial size and
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path of the droplets before spreading. Ceramic pillar arrays were fabricated with
pillar diameter 110 um starting from a 10 volume percentage suspension. Mini-
mising the dimensional change between the printed part and the sintered part re-
quires high solid loading suspensions. Only a limited range of viscosity (10-50
mPas) is compatible with this technology. One variant of inkjet printing is phase
change or hot melt printing that makes use of a particulate suspension in a low
melting point vehicle. The printing occurs at a temperature above its melting
point. PZT powder was dispersed by ball milling at 110°C at 40 volume percent-
age in paraffin wax (melting point 57°C) added with paraffin oil, to lower the vis-
cosity, with a combination of stearylamine and polyester [136]. The parts were
printed at the same temperature with a nozzle of 70 um diameter. The debonding
is a critical and time consuming step. The wax is removed by capillary action, by
keeping the samples in a powder bed for two days, instead of burning the residual
wax by a controlled heating followed by sintering.

1.4.2.4 Electro-hydrodynamic Deposition

Electro-hydrodynamic deposition is an alternative method to downsize the struc-
ture, for example for preparing micrometer and sub-micrometer scale composites.
It is a method of liquid atomisation. By means of electrical forces, the liquid flow-
ing out of a capillary nozzle, which is maintained at high electric potential, is
forced by the electric field to be dispersed into fine droplets [137]. The droplet
size can range from hundreds micrometer to tens of nanometer and can be nearly
monodisperse. They are electrically charged and are driven by means of an elec-
tric field. Electrospray is mostly used for micro- and nano-thin film deposition,
micro- or nano-particle production, and micro- or nano-capsule formation. PZT
columnar structures have been grown as thick as 35 um from the 0.6 M sol in 1-
propanol and glacial acetic acid, deposited at flow rate 2.5x10™"" m’s™ and applied
voltage 4.2 kV [138].

1.5 Templated Grain Growth

Microstructure control is a key issue in optimising the performance of the ferro-
electric materials. Microstructure evolution has been extensively investigated. The
sintering process involves both densification and grain growth. The densification
process is the replacement of solid and vapour interfaces either by solid and solid
interfaces (solid-state sintering), or by solid and liquid interfaces (liquid phase
sintering). Grain growth is related to the minimisation of total interfacial area by
interface migration. The driving force and kinetics of sintering are related to inter-
facial energy evolution. Capillarity effect drives grain coarsening or Ostwald rip-
ening of solid grains dispersed in a liquid matrix. Grains smaller than average dis-
solve and larger ones grow. In the solution-reprecipitation process, surface struc-
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ture strongly affects the growth of the new grains. Pore and grain size are closely
related because of geometrical constraints that impose a critical pore to size ratio
above which the pore is stable. In most ferroelectric materials, a liquid phase is
present during densification, at least as a thin intergranular film. Grain growth
occurs by the migration of the solid-liquid interface. Sintering in oxygen is a fur-
ther key step in obtaining fully dense ferroelectrics. Pores filled with oxygen can
close more easily due to the faster diffusion of oxygen in comparison to the slower
diffusion of nitrogen that is the major component of air.

The crystallographic texturing of polycrystalline ferroelectric ceramics has been
intensively investigated since the finding by Park and Shrout [139] that relaxor-
based ferroelectric single crystals show remarkably higher piezoelectric strains than
ceramics, primarily in the (001) crystal orientation. Similar increased properties
have been found even in BaTiO; and Zr-doped BaTiO;. The efforts to produce sin-
gle crystals have resulted in a significant progress in the production of larger single
crystals. But the difficulties in controlling the uniformity of the concentration, par-
ticularly for MPB crystals, and the intrinsically high costs still limit the diffusion of
the single crystal technology. Therefore, the scientific and commercial interest in the
processing and properties of textured ceramics has increased significantly. Tem-
plated Grain Growth (TGG) consists of the nucleation and growth of the desired
polycrystalline material on aligned single crystal template particles. This results in
an increased fraction of oriented material upon heating. The template particles must
be anisometric, to promote the alignment during cold consolidation. Single crystals
must act as preferred growth sites and chemically stable up to the densification tem-
perature. In a reactive matrix they can be the seed sites for the phase formation (Re-
active Templated Grain Growth RTGG) [140].

In a comprehensive review, Messing et al. [141] showed that more than one to
more than three times higher ds;; values are obtained for all the compositions in-
vestigated. Texturing degree as high as 90% can be obtained. TGG can be ho-
moepitaxial when the growing single crystal has the same composition and crystal
structure of the template material. It can be heteroepitaxial when the template has
a different composition but the same crystal structure, or when there is matching
between the lattice and the matrix. A small amount of larger template particles is
dispersed in a finer and equiaxed particles matrix. It is subsequently oriented, usu-
ally by shear forming processes like tape casting or extrusion. Anisometric parti-
cles can be induced to align under a gated doctor blade. During densification, once
the ceramic exceeds 95% density, texture evolves by growth of the template parti-
cle. They can act as nucleation sites and seed the phase transformation of the ma-
trix [142].

The growth process is sustained by a size ratio between the template particles
and the matrix grains larger than approximately 1.5. It is often enhanced by a lig-
uid phase. The template particles must have similar crystal structure and less than
15% lattice parameter mismatch with the phase to be templated. High aspect ratio
with axis matching the crystallographic expectation is preferable, like stability in
the presence of the liquid phase at the growth temperature. Therefore, the most
preferred are whisker or platelet shaped particles with a small grain size that after
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growth should not exceed the mean size of 40 um. They are produced by molten
flux or hydrothermal synthesis [143,144]. Perovskites like PbTiO;, BaTiOs, and
SrTiOj; are used as templates for complex peroskitic systems like PMN-based re-
laxors, because of the small lattice mismatch. Brosnan et al. recently used tabular
SrTiO; [145] to optimise the processing conditions for highly textured PMN-28PT
composition. 20 pm thick green tapes were stacked to 60-70 layers, laminated,
debonded and isostatically pressed to about 54% TD. After sintering at 1150°C,
(15 hours soaking) in lead atmosphere and flowing oxygen, an almost fully dense
material was obtained with templated grains with average size of 40 um. No re-
sidual SrTiOj; grains were found as they were rather fine. A soaking at 750°C was
necessary to stabilise the templates against dissolution in the PbO rich intergranu-
lar phase before the beginning of the TGG process. An increase of the piezo coef-
ficient by a factor of up to 1.8 was found [146] by templating PMN-32PT and
PMN-37PT-21PZ materials with BaTiO; platelets, following similar processing
conditions. Plate-like NaNbO; was used as reactive template to texture composi-
tions in the system (KNa)NbO;-LiTaO; [147] by RTGG method. This led to ob-
taining a Lotgering factor of orientation higher than 90% and excellent piezoelec-
tric properties. The NaNbOj particles were synthesised by a topochemical reaction
in which the particle morphology was preserved and a <001> plane of the
perovskite was developed by ion exchanging the Na for Bi ions on bismuth layer-
structured plate-like composition. Recently, materials in the BNT and BNBT sys-
tem were textured with templates of the composition Bi;Ti;O;, (BiT) by TGG
[148], and through RTGG by varying the Na content from 2 mol% excess to 2
mol% deficient [149].

The evolution of the microstructure of the sample with Na -excess shows tex-
turing already at temperature lower than 800°C. This was attributed to the forma-
tion of a liquid phase (that promotes the dissolution of the polycrystalline matrix
grains and deposition on the lowest energy surface that is the single crystal tem-
plate). A large degree of orientation remains at the densification temperature, but
some porosity remains in the final microstructure (final density about 93%). Gao
et al. [150] measured the piezoelectric properties of NKBT textured with BiT
template particles, in the perpendicular and parallel to the tape casting direction.
He found a significant improvement in comparison to the conventional process.

1.6 Conclusions

In recent years, the research on the processing of ferroelectric materials has been
extended to new compositions and routes to produce powders with controlled
morphology, mostly reduced size, and controlled size distribution towards the
nano scale. Some of the most investigated processes to produce fine powders were
reviewed in the present work, together with a few of the processing routes to pro-
duce cold consolidated bodies. Control of the powder agglomeration is a critical
issue both during the powder synthesis and in the shaping step. Wet forming
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methods are widely used to control the green body homogeneity. Further, tem-
plated grain growth has been focused as a means to enhance the properties of new
lead-free materials.
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Chapter 2
Processing of Ferroelectric Ceramic Thick Films

Marija Kosec, Danjela Kuscer, Janez Holc

2.1 Introduction

The rapid development of the electronics industry has created the need for high-
performance, high-reliability, miniaturised electronic components integrated into
various electronic devices. Additional requirements, such as the desired size and
weight, low cost, low power consumption, and portability, should be considered to
make the devices user friendly and widely accessible. Attempts to miniaturise
discrete elements have generally failed due to the difficulty in handling and
assembly. A lot of waste material and high costs are also involved. In this
approach, the ceramic parts are manufactured as a bulk ceramic, followed by a
reduction in size by cutting, polishing, etc., to specified dimensions. The final step
is the assembling of a thin layer of ceramic with the other components. This top-
down approach imposes limits on the minimum dimensions of the manufactured
parts. It constrains the geometry of the parts to simple shapes, like discs, plates,
rings, cylinders, etc.

The bottom-up approach, where a layer is built on the substrate, has been
shown to be an effective way to produce a thick-film component. The paste,
consisting of a fine powder mixed with an organic phase, is deposited on a
substrate and fired at a high temperature. The obtained layers, with thicknesses
from a few to a few tens of micrometres, are the basis for the thick-film
component. This technology enables the direct integration of layers onto the
substrates. It therefore eliminates the difficulty of handling the thin, bulk ceramic.
Thick-film technology was first successfully applied during the Second World
War when conductive silver and resistive carbon inks were deposited on a ceramic
substrate. This was to miniaturise an electronic part of a mortar’s proximity fuse.
The invention of the transistor in the late 1940s initiated an intensive development
of this technique. This resulted in more reliable and lower-priced electronic
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components. These subsequently became widely used in everyday products such
as radios and televisions.

Nowadays, thick-film technology is well established. The implementation of an
extra element in the form of films is a natural development. Ceramic ferroelectric
thick-film structures are incorporated in micro-electro-mechanical systems
(MEMS). These integrate the mechanical elements and the electronics on a
particular substrate. This integration results in the production of miniaturised,
high-power and highly sensitive sensors, actuators and transducers.

Ferroelectric thick films are planar structures that generally consist of a
substrate, a bottom electrode, a ferroelectric film and a top electrode (Fig. 2.1).
The thickness of the ferroelectric layer is typically between 1 and 100 um.

[ top electrode (1 um) |

ferroelectric ceramics (1 - 100um)

electrode (1 - 10 um)

substrate (1 mm)

Fig. 2.1. Structure of a ferroelectric thick film.

Ferroelectric thick films are based either on lead-containing or lead-free
perovskite materials. The intensive development of ferroelectric materials began
in the 1950s with the widespread use of ceramics based on barium titanate
(BaTiO3) for capacitors and piezoelectric transducer applications. Later, many
lead-based ferroelectric ceramics, including lead titanate (PbTiO;), lead zirconate
titanate (PZT), lead lanthanum zirconate titanate (PLZT), and relaxor
ferroelectrics such as compositions based on lead magnesium niobate (PMN),
were developed and used in a variety of applications. A number of lead-free
ferroelectric compositions received attention in the 1990s due to increased
environmental awareness. However, only selected compositions have been
realised in thick-film form.

Ferroelectric films have been prepared on various substrates like metals
(silicon, stainless steel, nickel) and ceramics (alumina, zirconia and, more
recently, low-temperature co-fired ceramic (LTCC)). Commonly used electrodes
include sputtered or screen-printed metals (platinum, gold, silver, their alloys),
oxide-based electrodes (manganites, cobaltites, ruthenates), or composite materials
(ruthenate-PZT electrode).
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The processing of a thick film involves the synthesis of the powder, the
formation of the ink, the deposition of the ink onto the substrate using suitable
deposition methods, and the sintering of the deposit to obtain a layer with a good
functional response. The processing steps of thick films and bulk ceramics are
compared and schematically shown in Fig. 2.2.

Bulk ceramics Thick films
Powder synthesis Powder synthesis
Shaping Shaping - coating
- pressing - screen printing
- extrusion - tape casting - lamination
- injection molding - dip coating
l - ink-jet printing
Sintering Sintering
Characterisation Characterisation

Differences

Constrained sintering
Interface reactions

Thermal stresses

-

Reflected in properties

Fig. 2.2. Schematic representation of the processing of thick films as compared to bulk ceramics.

The formation of the thick film involves numerous steps that are characteristic
not only for thick films, but also for the manufacturing of bulk ceramics. In both
cases, the process begins with the powder synthesis. To obtain a bulk ceramic, the
powder-forming processes are chosen on the basis of technical requirements.
These include the shape and the size of the product, its microstructure, its
properties, its cost, etc. The common forming processes for bulk ceramics include
pressing, extrusion, injection moulding and casting. The most common techniques
for patterning thick films on various substrates start from powder and include
screen printing, pad printing, ink jet, dip coating, electrophoretic deposition, tape
casting, and lamination. All these shaping methods require the preparation of
suitable suspensions or slurries. After the deposition, the drying and the removal
of the organic phases, the green film is fired at a temperature that is sufficient to
develop useful properties in the ceramic. In this processing step, referred to as
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sintering, the shrinkage of the material occurs. The sintering mechanism in a thick
film is different from that in a bulk ceramic. Since ceramic compacts shrink
approximately uniformly in the x, y and z directions, the thick films are clamped
to the substrate. As a consequence, the film shrinks exclusively in the direction
perpendicular to the substrate and is subjected to constrained conditions.

To obtain good functional properties, the ferroelectric layer has to be
chemically homogeneous without secondary phases and with a uniform, dense
microstructure. The main difficulty with thick-film processing is ensuring good
adhesion, avoiding chemical reactions between the layer and the substrate and
minimising the sublimation of volatile oxides. To achieve these requirements,
lowering the processing temperature is of great interest. Two approaches are
commonly used, i.e., to use sub-micron-sized or nano-sized powder and/or to
sinter in the presence of a liquid phase. By using fine powder, the densification
process can start at a lower temperature [1, 2]. As a result, the reactivity between
the thick film’s components can be hindered. To increase the density at low
temperatures, various compounds with low-melting points are added. However,
these additives may reduce the functional response of the layer [3]. It is clear that
the densification of the lead-containing perovskite film is improved significantly
in the presence of a PbO-based liquid phase [4, 5, 6, 7]. Due to the low melting
point, and the high vapour pressure of PbO, it forms a liquid phase that improves
the densification process. However, with careful control of the atmosphere during
the processing, it can be removed from the film [5].

2.2 Processing of Thick Films

The fabrication of a thick-film is a complex procedure that involves the following
basic steps: (1) processing of powders, (2) preparation of suspension, (3) shaping,
and (4) densification to produce the desired microstructure of the ceramic.

2.2.1 Processing of the Powder

The starting powder is a crucial factor for processing high-quality ferroelectric
thick films. The performance characteristics of a sintered thick film are
significantly influenced by the precursor powder’s characteristics. Among the
most important characteristics are the particle size, the particle size distribution,
the chemical composition, and the chemical homogeneity of the powder.
Agglomerate-free powders with a narrow size distribution can be compacted with
a high green density. When they are in the nano-sized region, these powders can
be sintered at reduced temperatures.

A powder that is used for processing a thick film is generally prepared by solid-
state synthesis. After the homogenisation, the powder mixture is annealed at
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elevated temperatures to ensure the formation of the desired compound. The
obtained powder consists of micron-sized particles. Ferroelectric materials have a
regularly complex chemical composition, and the processing of a single-phase
composition is challenging.

The solid-state processing of perovskite powders with a complex chemical
composition may result in a chemically non-homogeneous distribution of the
elements in a single-phase calcined powder. One such example is screen-printed
(Pb,La)(Zr,Ti)O; (denoted PLZT) thick films on an alumina substrate [8]. The
paste for screen printing was prepared from PLZT powder calcined at 900°C. The
chemically inhomogeneous distribution of all the elements was observed after
sintering at 1050°C. By increasing the sintering temperature to 1150°C, the
chemical homogeneity was generally improved. However, the loss of PbO was
observed as a result of the intensified sublimation of the PbO.

One possible approach to processing chemically homogeneous thick films, with
complex chemical compositions at temperatures as low as possible, is to use a
chemically homogeneous starting powder with nano-sized particles.

Mechano-Chemical Synthesis, also known as high-energy milling, may serve as
an alternative to solid-state synthesis. It enables the synthesis of nano-sized
powders with a complex chemical composition at close to room temperature by
introducing mechanical energy into the powder mixture.

A chemically homogeneous 0.65 Pb(Mg;;3Nb,3)O3; — 0.35 PbTiO; (denoted
PMN-PT) thick film screen printed on a platinised alumina substrate was prepared
at 950°C [9, 10]. The suspension was prepared from high-energy-milled powder
mixed with an organic phase. The obtained PMN-based powder was characterised
by a nano-sized particle and a high chemical homogeneity [11, 12, 13]. PMN-PT
thick films were sintered in the presence of a PbO-based liquid phase and this
resulted in a single-phase, dense thick film with a good functional response [13].
In addition, by using a low sintering temperature, the chemical reactivity between
the thick film and the substrate was minimised.

The Hydrothermal Method is of considerable interest for the synthesis of nano-
structured powders and thin- and thick-film layers on metal substrates. This is so
because it is a low-cost and environmentally friendly technique. The hydrothermal
method utilises the chemical reactions among different ions dissolved in solution and
exposed to high temperatures and elevated pressures. Nano-sized PZT powders with
spherical particles between 5 and 10 nm have been synthesised from inexpensive
metal salts at 160°C [14]. In addition, this method enables not only the synthesis of the
compounds from a precursor solution but also a simultaneous deposition on the
substrate. A deposit up to a few tens of micrometres thick on a complex shaped
substrate can be obtained. PZT- and PMN-based thick films have been grown in-situ
on a titanium substrate from oxide-based precursors [15, 16, 17, 18].

The Coprecipitation [19, 20, 21] and sol-gel [22] methods have been used for
processing ferroelectric thick films from powders.
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2.2.2 Shaping Methods

There are a number of suitable methods for making a film in the range of few to a
hundreds of pum. These methods can be divided into two groups: those methods
primarily designed for thick films (screen printing, tape casting), and those
developed for thin films and 3D structures.

2.2.2.1 Screen Printing

The most common method for processing thick films is screen printing. It is a
relatively simple process that makes it possible to deposit various materials on a
wide variety of substrates, such as ceramics, metals, glass, textile, organic flexible
substrates, etc. It is equally well suited to small-scale batches and to high-volume
production. This process makes it possible to produce films with thicknesses from
a few to several tens of pm with a reliable lateral resolution of above 100 um.

Screen printing is well suited to the production of electronic components. Its
great advantage is its ability to realise the whole structure, ranging from the
bottom electrode to the ferroelectric film and the upper electrode, with the same
technology and in some cases even with co-firing.

The method requires suspensions with a relatively high viscosity (ink, paste)
containing the powder and the “organic vehicle” that is prepared under shear-
mode mixing in a three-roll mill. The composition of the suspension should be
carefully designed to obtain pseudo-plastic properties in order to moderate the
thixotropic properties. In addition, a solvent with a relatively high boiling point is
required to avoid drying during the printing. For laboratory experiments the well-
known a-terpineol and butylcarbitole are used as the solvents and ethyl-cellulose
is used as a binder [23]. The suspension is squeezed through the screen onto the
substrate, either manually or automatically. After the deposition, the film is dried
to remove the solvents. The desired thickness of the structure is ensured by
multiple screen-printing and drying processes. Finally, the organic components,
such as polymers and modifiers, are removed from the layer using a thermal
treatment between 300°C and 600°C. This is subsequently densified by heating to
an appropriate temperature. The technical details of the equipment and the
technology can be found elsewhere [3, 24, 25]. The resulting film suffers from a
relatively low green density. However, it can be improved by additional isostatic
pressing of the green deposit [5, 26].

An adapted screen-printing method was used to prepare PZT films with a
thickness up to 3 um on stainless steel or silicon substrates. To increase the
density of the thick film, a sol-infiltration procedure was used [27]. After the
screen printing and the burning out of the organic phase, the films were coated
with a sol and then sintered [28, 29]. Another process involves the screen-printed
and subsequently sintered films being coated with a solution. They are then
thermally treated again, but at a lower temperature [30]. After the annealing of
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each deposit, the sol was infiltrated into a porous structure and thermally treated
[31]. In order to decrease the sintering temperature of the PZT thick films, low-
melting point additives were added to the basic dispersed phase [32]. The so-
called ComFi technology uses a slurry containing a sol, the powder and low-
melting-point additives deposited on a substrate, and the subsequent infiltration of
the sol into each deposited layer [1, 33, 34].

2.2.2.2 Tape Casting

Tape casting is a forming technique for producing thin, flat ceramics. The method
was originally developed for producing electronic ceramics, including substrates,
packages and multilayer capacitors. The tape thickness that can be achieved is
generally in the micrometre-to-millimetre range.

The process starts with the preparation of a concentrated suspension containing
the deflocculated powder in an organic solvent or water, mixed with several
additives, such as dispersing agents, a binder and a softener. The suspension is
subsequently cast by means of the tape-casting facility. During the process, the
suspension flows from a storage container onto a plastic foil, which is
continuously moved with a controlled velocity under the container. A deposit is
formed on the plastic foil. The height of this deposit is controlled by a doctor
blade, which determines the final thickness of the green tape. After casting the
suspension, the green ceramic foil passes into a drying chamber, in which the foil
is dried [35].

The green tapes can be used for various applications. They can be laminated
and consequently sintered to form ceramic substrates, which have been applicable
in thick-film technologies [36, 37, 38]. Lamination is widely used for producing
low-temperature, cofired-ceramic (LTCC) tapes. LTCC technology is a three-
dimensional ceramic technology utilising the third dimension (z) for the
interconnecting layers, the electronic components, and the different 3D structures,
such as cantilevers, bridges, diaphragms, channels and cavities. Thick-film
technology contributes the lateral and vertical electrical interconnections, and the
embedded and surface passive electronic components (resistors, thermistors,
inductors, capacitors).

2.2.2.3 Electrophoretic Deposition

Electrophoretic deposition (denoted EPD) is a processing method that enables the
shaping of various materials in a variety of shapes and dimensions. For example, it
can be used to produce coatings, films, and free-standing objects. EPD is a process
in which, in the first step, charged particles, suspended in a liquid medium,
migrate towards an electrode when applying an electric field. In the second step,
they deposit on an electrode. The suspension for EPD consists of the particles
suspended in a solvent with some additives [39].
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Aqueous and non-aqueous suspensions can be used for EPD [40]. The solvents
should be inert with respect to the powder. The main advantage of aqueous
suspensions is that high deposition rates can be obtained by the application of
relatively low electric field strengths. However, when applying DC voltages, the
electrolysis was found to induce the decomposition of the water and cause gas
formation. The deposit may contain pinholes in addition to a lack of adhesion with
the substrate. Organic solvents are commonly used for EPD, but they need severe
safety precautions, leading to increased processing costs. When compared to other
thick-film processing routes, the advantage of EPD is the possibility to process a
deposit in a wide range of thicknesses, from a few tens of nanometres to hundreds
of millimetres. There is also the possibility to deposit not only on flat but also on
curved substrates. In addition, the method is fast, inexpensive, requires simple
equipment, and is suitable for mass production.

A comprehensive overview of the electrophoretic deposition of ceramic
materials has been published [41]. The PZT deposits were prepared by EPD from
water-based suspensions using hydrothermally synthesised PZT powder [42, 43].
It is reported that after sintering at 1100°C, micro-cracks are formed in PZT layers
thicker than 5 um. At this temperature, the PZT chemically interacts with the
substrate. A range of non-aqueous colloids have been studied in order to deposit
the PZT onto various substrates. PZT films about 20 micrometres thick were
prepared from micron-sized PZT powder dispersed in acetyl-acetone with the
addition of iodine [44]. PZT particles dispersed in glacial acetic acid have been
deposited on an electroded alumina substrate [45], and on metal foils [46, 47]. It is
reported that when the sintering occurred in the presence of the liquid phase, by
the addition of both Li compounds and PbO, a 10-pum-thick film on Al,O;
exhibited a polarisation switching behaviour similar to bulk ceramics. When PZT
is deposited on a Cu foil, the formation of a Cu,Pb alloy and, consequently, the
deterioration of the functional properties of the PZT thick-film was reported [47].
PZT has been deposited on SiC fibres using a coprecipitated PZT powder
suspended in a mixture of water, ethanol, acetone and acetylacetone solvent [19].
High-quality crack-free layers with a thickness up to 40 um have been reported.

2.2.24 Inkjet Printing

Direct-write assembly techniques offer the possibility of fabricating ceramic
materials with complex 2D and 3D structures. Inkjet printing involves the direct
deposition of colloidal inks in a desired pattern via a layer-by-layer build sequence.
The printing information is created directly from a computer and stored digitally.
Inkjet printing has several key advantages. It is a simple, non-contact technique that
deposits the material in the desired pattern via a nozzle. It avoids the use of screens,
printing plates or photolithography. It has good resolution, being capable of
depositing tracks with a 50-um width, with the potential for future improvement.
The process is potentially compatible with many rigid and flexible substrates. It
enables rapid development and manufacture and is well suited to high-speed,
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multilayer processing. It offers the possibility of producing a range of electronic
components and three-dimensional structures. It is a low-waste, highly flexible
process, equally suited to mass production and small development batches.

The inkjet printing method relies on the formulation of suitable colloidal inks
with the desired degree of colloidal stability and rheological behaviour. Colloid
inks for direct ink-jet printing typically contain 5 to 40 vol. % of solids. They must
be agglomerate-free to avoid clogging of the print-head nozzle and they must form
a consistent droplet. This successful droplet formation requires careful control of
the surface tension and the rheological parameters of the fluid, such as viscosity,
yield stress under shear and compression, and viscoelastic properties. The
droplet’s spreading influences the lateral resolution and the thickness of the
deposit. To minimise it, a high drying rate for the fluid is desired, in addition to
the proper surface tension and viscosity.

Numerous successful inkjet printings of PZT have been demonstrated. For
example, an aqueous suspension of PZT particles has been successfully deposited on
paper [48], and a paraffin-oil/wax-based suspension of PMN-PT has been studied
for deposition [49]. A PZT self-standing 3D structure has also been demonstrated
[50], and a lot of attention has been given to the inkjet printing of PZT pillar
structures, used mainly for ultrasonic transducer applications. The successful
fabrication of PZT 1-3 composites has also been demonstrated [51, 52, 53].

2.2.2.5 High Density Deposition Methods

Screen printing, tape casting, inkjet printing, and electrophoretic deposition
produce green layers of low density as a result of the low stresses applied to
the powder particles during shaping. Deposits with a high density can be obtained
by using high energy deposition methods. These techniques rely on the
direct deposition of the powder on a certain substrate and are referred to as a
jet printing [22, 54], aerosol deposition [55, 56, 57], and airflow deposition [58].
A submicron-sized powder is used, and it is mixed with a high pressure carrier gas
to form an aerosol flow. It is then injected into the deposition chamber. The
accelerated particles collide with the substrate to form a dense ceramic film at
room temperature. These methods enable the low-temperature fabrication of high-
quality complex structures, such as mono-morphs, bimorphs, multilayer stacks,
and compositionally graded elements [59].

PZT-PMN-based thick films with thicknesses from 5 to 200 um have been
deposited on nickel substrates. A density of ~80 % of the theoretical value (TD)
for various thick films has been obtained after the deposition. The green density of
aerosol-deposited films is higher than the one obtained for isostatically pressed
films, i.e., 67 % TD. After the sintering between 800 and 1000°C, films with more
than 98 % of TD and good ferroelectric properties were reported [58]. Lebedev et
al. [57] reported that a PZT thick film, aerosol deposited on a platinised silicon
substrate at 550°C and post-annealed at 600°C, possessed a density higher than 95
% and good functional properties.
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2.2.2.6 Thin-Film Adapted Methods

Films with thicknesses of 1 to 10 um have been prepared using the chemical
solution deposition (CSD) method. Two approaches have been used. The first one
is multiple spin or dip coating and intermediate firing of the deposit. With this
method, PZT films with a thickness of 1 to 4 um have been prepared on a silicon
substrate [60]. It was also reported that 10-um-thick PZT films prepared by
numerous deposition methods exhibited ds;; values of 220 pm/V. This is
comparable to the values of PZT bulk ceramic [61]. Due to the necessity for
numerous deposition layers, and the time-consuming processing, the deposition
was run automatically. A 15-pm-thick PZT layer has been demonstrated using an
automatic dip-coating procedure [62].

The second approach is an adapted thin-film method. The CSD precursor for
the coatings is modified with the addition of nano-sized particles with the same
composition to increase the solids load in the slurry. Consequently, the viscosity
and the density of the slurry are increased. A higher viscosity leads to a thicker
deposited layer in a single step. A higher density reduces the subsequent shrinkage
and prevents the film from the cracking. When cracks are formed in the deposit,
the powder inhibits their propagation. After the deposition process, the film is
fired at a typical CSD-processing temperature. This approach is suitable for large-
area deposition processes and is compatible with silicon technology.

Deposits with thicknesses of a few tens of micrometers can be processed by the
interfacial polymerisation method and a composite precursor. This one-step
method used an alkoxide precursor solution that is put into the reaction vessel
containing water and the substrate. At the interface of two immiscible liquids, a
gel layer is formed. After draining the water, the gel layer is placed on the
substrate. After the sintering, a PZT layer with a thickness of 23 um and a good
functional response was obtained [63].

2.2.2.7 Other Methods

Thick films can also be made using micropen writing [64, 65], robocasting [66,
67], the micro-stereo-lithographic process, gelcasting [68, 69], electrohydro-
dynamic deposition [70] and others.

2.2.3 Densification of Thick Films

To obtain a suitable functional response, the film has to be chemically
homogeneous without an undesirable phase and with a uniform microstructure.
The film deposited on a substrate has to be sintered. The film is clamped to the
substrate and therefore it densifies in constrained conditions. In contrast to a bulk
ceramic that shrinks isotropically, the thick-film structure shrinks exclusively in
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the direction perpendicular to the substrate. This behaviour results in different
microstructural characteristics of the film when compared to a bulk ceramic
processed under identical sintering conditions (temperature, time, and
atmosphere).

During the processing, the thick film is in direct contact with chemically
different materials. Therefore, the main difficulty with thick-film processing is
ensuring good adhesion as well as avoiding chemical reactions between the film
and the substrate. To achieve these requirements, lowering the processing
temperature is of great interest. The sintering temperature can be lowered by the
addition of low-melting-point compounds or glass frit. This allows sintering in the
presence of a liquid phase. The particle size of the powder also influences the
sinterability of the thick films. The higher surface/volume ratio of the fine
particles consequently leads to a higher density at lower sintering temperatures.
By using fine powder, the sintering temperature is lowered. Consequently, the
chemical reactivity between the components of the thick-film structure is
hindered.

The formation of undesirable reaction products is observed when the layer and
the substrate are not chemically compatible phases under particular sintering
conditions. The chemical reactivity of the substrate and the thick films may be
hindered by incorporating an additional layer between them. This acts as a
diffusion barrier that hinders the formation of undesired reaction products. This
may therefore improve the adhesion between the film and the substrate.

2.2.3.1 Constrained Sintering

The substrate and the as-deposited layer expand during the thermal treatment of a
ceramic thick-film structure deposited on a substrate. At a particular temperature,
the film tends to shrink in all directions due to the driving force for sintering. The
film is clamped to the rigid substrate and therefore cannot shrink in the plane, but
only in the direction perpendicular to the substrate. This results in a tensile stress
in the plane of the substrate because the sintering occurs in constrained conditions.
The constrained sintering of a thick-film structure on a rigid substrate is
schematically shown in Fig. 2.3.

The sintering behaviour of the thick-film structure under constrained sintering
conditions has been widely discussed [71, 72, 73]. Under constrained conditions, a
slower densification rate and the generation of processing defects have been
observed in thick-film structures. This may originate from the stresses that are
present in the thick-film structure during the sintering. The in-plane tensile
stresses reduce the driving force for sintering and promote the formation of cracks
in the structure. The magnitude of the tensile stress depends on the shear rates and
the densification rate of the film. When the thick-film structure responds in an
appropriate way to the stresses, the number of defects is reduced and the density is
improved.
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Fig. 2.3. Schematic representation of the constrained sintering of a thick film on a rigid substrate.

The presence of a liquid seems to be beneficial, since it helps release the shear
stress through a process of particle rearrangement. This may also be due to
enhanced transport via a stress-supported dissolution-precipitation mechanism.
The need for a liquid phase to obtain high-density films was confirmed by
sintering PLZT thick films [5]. The presence of a liquid phase (PbO based) was
ensured by a PbO-saturated atmosphere that prevented the sublimation of the lead
oxide, which was initially added to the PLZT in excess [74]. For a comparison, the
other samples were kept in an atmosphere that allowed switching from liquid- to
solid-phase sintering. The densification was retarded with the disappearance of the
liquid phase. The amount of liquid phase can, however, be kept low [5].

The shear stress can be released via particle rearrangement (sliding) and/or
enhanced transport processes involving a stress-supported dissolution-precipitation
mechanism. This leads to coarsening and reshaping of the grains. The densification
of the film is enhanced in comparison with the bulk [5]. Even a minor amount of
liquid phase, provided by the capillary condensation of PbO in the pellets with an
initially stoichiometric composition, supports densification [75, 76].
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2.2.3.2 Sintering in the Presence of a Liquid Phase

The densification of thick-film structures is enhanced in the presence of a liquid
phase. Several requirements should be taken into account when designing the
sintering in the presence of a liquid phase. First, the melting point of the additive
should be lower than the onset sintering temperature of the material. This
compound has to be thermodynamically stable in equilibrium with other thick-film
components under the processing conditions (temperature, atmosphere). The
additive is usually not a ferroelectric material and may reduce the ferroelectric
response of the layer. When the additive forms a solid solution with the
ferroelectric material, it can change the functional response due to doping. The
amount of liquid should be optimised to minimise its influence on the functional
properties. It can also be transient and disappear during the processing as a result
of evaporation and/or incorporation into the film.

PbO is often used for the processing of lead-based ferroelectric thick films. The
addition of a few weight percent of excess PbO to the PZT starting powder gives a
corresponding amount of PbO-based liquid phase at temperatures above the
melting point of the ternary eutectic in PbO-ZrO,-TiO, [77].

PbO liquid-phase-assisted sintering was exploited in several lead-based thick-
film structures [5, 6, 7, 13, 78, 79, 80, 81, 82, 83]. Typically, 1 to 5 mol % of PbO
is added to lead-based ferroelectric material to ensure sintering in the presence of
the liquid phase. However, due to the high vapour pressure of PbO under the
sintering conditions, it tends to sublimate from the film. It is necessary, therefore,
to ensure a PbO-rich atmosphere around the sample during the sintering course to
prevent the loss of PbO from the layer. It is highly desirable that the film does not
contain a secondary phase after the sintering. An attempt has been made to remove
the PbO-based liquid phase from the film during the final stage of the process.

It was shown that a range of microstructural properties and a very different
functional response can be obtained for a 0.65 Pb(Mg;;3Nb,;3)03;—0.35 PbTiO;
thick film sintered at an identical temperature and time. This needed a different
PbO-atmosphere, determined by the amount of packing powder [13]. When a
PMN-PT thick film was surrounded by a small amount of packing powder, all the
excess PbO sublimated from the PMN-PT in the initial stage of the sintering. The
period when the liquid PbO was present in the PMN-PT was not sufficiently long
to obtain a dense PMN-PT layer. The film was then characterised by poor
functional properties. When using a larger amount of packing powder around the
sample, the excess PbO remained in the PMN-PT for a longer period of the
thermal treatment. This resulted in liquid-phase sintering. The film sintered with
an optimal amount of packing powder was thinner and denser, with a significantly
better functional response. When using a large amount of packing powder, the
PbO remained in the sample. Even though the PMN-PT film is dense, its
functional response was lower due to the presence of a thin PbO dielectric layer at
the grain boundaries of the PMN-PT.

PbO and various compounds or glass frits with a low melting point have been
added to the starting powder, to lower the processing temperature of ferroelectric
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thick films. For lead-based ferroelectrics, the sintering temperature can be lowered
with binary and ternary mixtures of low-melting oxides such as PbsGe;04;[63, 84,
85], Cu,O-PbO [1, 32, 33], Li,CO3-Bi,0O3 [86, 87], Bi,0;-ZnO [30], Li,CO;-
Bi,03-CuO [88], PbsGe,SiO; [88], PbO-PbF, [89], Ba(CuysW,5)0s, BiFeO; [90]
and Li,COj; [91]. The additives for lead-free ferroelectric materials are CuO [92],
Ks.4Cuy3Ta;9049 [93], (Na,K)-germanate [94] and BiFeOs [95].

Glass frits are also used as additives for lowering the sintering temperature. The
borosilicate glass phases [96], B,0;-Bi,0;-CdO [89, 97] or a mixture of boron oxide
and silica [34, 98, 99, 100] have been added to lead-based ferroelectric thick films.

2.3 Processing of Ferroelectric Thick Films on Various
Substrates

2.3.1.1 Ferroelectric Thick Films on Silicon

The piezoelectric thick-film structures deposited on silicon substrates have been
intensively studied for various applications such as sensors, accelerometers and
transducers. The advantage of using a silicon substrate is that it is a well-
developed technology that offers the possibility of Si micromachining. It also
enables the integration of the thick-film material and the electronics within a
single chip.

To obtain a good functional response of the ferroelectric layer, lead-based
materials require thermal treatment at a temperature between 800°C and 900°C. At
these temperatures the volatility of the PbO and the interdiffusion of the lead
oxide and Si through the bottom electrode are significant. As a result, SiO,, which
is commonly used as a passivation layer for a Si wafer, chemically reacts with the
PbO and forms lead-silicate compounds at the substrate/electrode interface [101,
102]. Consequently, they lead to the delamination of the electrode from the silicon
[103].

Various approaches have been used to improve the adhesion of the lead-based
ferroelectric layer on the Si substrate. It was shown, for example, that the bottom
electrode may act as a buffer layer. The interdiffusion of Si and PbO has not been
observed through a continuous and dense gold electrode. Consequently, the
delamination of the PZT from the Si substrate was avoided [104]. A PZT thick
film with the addition of low-melting-point compounds was deposited on silicon,
and a bilayer Au/Pt structure was used as an electrode. Good dielectric properties
and a high ds; value of the thick-film structure were reported [97].

To improve the adhesion of the layer on the silicon substrate, and to minimise
the chemical reactivity between the thick-film components, various structures
have been reported. Si/SiO,/Cr/Pt [54], Si/SiOy/Ir/Pt [57, 63], Si/Si0,ZrO,/Pt
[105], Si/SiO,/YSZ/TiO,/Pt [28, 29], Si/SiOy/Ti/Pt [88], Si/SiO,/SizN4/TiO,/Pt
[103] and Si/Si0,/Al,05/Au [106] have been tested successfully.
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2.3.1.2 Ferroelectric Thick Films on Ceramic Substrates

There are several potential applications of ferroelectric thick films on ceramic
substrates, including gravimetric sensors [107] pyroelectric sensors [78, 83],
ultrasound medical transducers [6, 85, 108, 109], microbalances [80], pressure
sensors [36, 110] and electrophoretic printing [5, 30].

Alumina is a widely used material as a ceramic substrate because it is thermally
stable and chemically inert. However, the presence of a small amount of oxides
such as MgO, SiO,, CaO in the alumina substrate causes the formation of
secondary phases at the thick-film/substrate interface.

An example is a PLZT thick film on a platinised alumina substrate [111]. It was
observed that during the processing the PLZT together with the bottom Pt electrode
always peeled off the alumina substrate. The main reason was the formation of beta-
alumina crystals at the interface between the alumina and the platinum.

(a) PLZT

Pt electrode

alumina substrate

(b)

Fig. 2.4. a Schematic of the PLZT/Pt layer peeled of the alumina substrate; b PLZT barrier layer
placed in between the alumina substrate and the Pt bottom electrode improves the adhesion
between the PLZT layer and the substrate.
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To avoid the delamination of active PLZT/Pt from the alumina substrate, the
formation of undesirable large crystals at the Pt/alumina interface should be
eliminated. The incorporation of an additional PLZT barrier layer between the
alumina and the Pt electrode hinder the diffusion of Al,Oj; into the active PLZT. It
minimised the reaction products and, therefore, the undesirable reaction products
are not formed at the alumina/Pt interface (Fig. 2.4) [5].

The weak adhesion between the bottom Pt electrode and the alumina substrate
was applied for processing substrate-free PMN-PT bending-type actuators.
Composites were peeled off from the substrates [112] after screen printing and
firing the PMN-PT/Pt.

For some applications, such as micro-sensors or actuators, the ferroelectric
thick-film structures tend to be integrated into low-temperature co-fired ceramic
(LTCC). This is a key substrate material in micro-system technologies [104, 113].
LTCC exhibits a high chemically reactivity with ferroelectric materials at a typical
temperature of 850°C required for the processing. The considerable inter-diffusion
of ions from the PZT to the LTCC and vice-versa modifies the chemical
composition of the PZT layer. Consequently, a degradation of the PZT’s
functional response has been reported [114, 115].

PZT thick films on LTCC substrates with good functional responses have been
reported by Gebhart er al. [104]. They used a dense, continuous gold bottom
electrode that acts as a barrier layer.

Hrovat et al. [115] showed that an additional alumina layer imposed between
the LTCC substrate and the bottom electrode also acts as a barrier. The functional
response of a PZT thick film with a barrier layer is enhanced when compared to a
barrier-free thick-film structure [116].

PZT-based ferroelectric thick-film structures have been studied for medical
ultrasonic transducers. In order to integrate the PZT thick film and the backing,
the thick PZT film was deposited on porous alumina or a porous PZT substrate
[108, 117].

2.3.1.3 Ferroelectric Thick Films on Metals and Alloys

Metals and alloys have been used to replace silicon substrates due to their simple
tooling and good robustness. However, any integration with ceramic ferroelectric
thick-films is difficult.

PZT films have been processed on stainless steel using a modified sol-gel
method [27], and the aerosol deposition technique [118, 119]. Good functional
response of PZT films on stainless steel prepared at a temperature of around
600°C has been reported. PZT thick-films have also been made on Ni substrates
using screen printing. The excessive oxidation of Ni was partially suppressed by a
double screen-printed Au electrode, with the first one being fired in argon [120].
The deposition of high-permittivity ferroelectric materials on copper is promising
for embedded capacitor applications in printed circuit boards [46]. PZT has also
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been deposited by electrophoretic deposition on copper foil. After sintering, a
Cu,Pb alloy was formed, which deteriorated the properties of the PZT thick film.
A PZT ferroelectric thick film with an oxide bottom electrode has been
demonstrated. A composite lead-ruthenate-PZT electrode was screen printed and
fired on an alumina substrate, followed by screen-printed and sintered PZT [121].

2.4 Summary

A brief review of the processing features of ferroelectric thick films has been
presented here. It is clear that the processing of ferroelectric thick films has
advanced significantly in the past 15 years. This has been a typical application-
driven research that has resulted in a number of practical solutions. More effort is
needed in powder synthesis and in novel deposition methods. A better
understanding of phenomena like constrained sintering, the physics and chemistry
of interfaces, the general properties of thick films and, in particular, the
processing-properties relationship is required.
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Chapter 3
Tailored Liquid Alkoxides for the Chemical

Solution Processing of Pb-Free Ferroelectric
Thin Films

Kazumi Kato

3.1 Tailored Alkoxides

The chemical solution deposition method has been applied widely for multicompo-
nent thin films. Generally, its high potential is attributable to the homogeneity of
solutions. However, low affinity among conventional raw materials such as meta-
lorganic compounds and organic solvents sometimes remains problematic. Tailoring
the molecular structure of a liquid source and optimising its solubility and reactivity
for hydrolysis, condensation, and combustion would yield the following: a precisely
controlled composition, low-temperature crystallisation, high phase purity, and uni-
form microstructure in a thin film deposited using a liquid source [1, 2, 3]. In par-
ticular, low-temperature crystallisation is essential for integration of ferroelectric
thin films into semiconductors.

3.2 Sr[BiTa(OR)y], and Sr[BiNb(OR)y], for SrBi,Ta,0 and
Sl’BiszzO9

3.2.1 Chemistry in Solutions of Sr-Bi-Ta and Sr-Bi-Nb Complex
Alkoxides (3, 4]

Precursors for thin films of layer-structured perovskite SrBi,Ta,O9 and
SrBi,Nb,Oy were prepared by the reactions of a strontium-bismuth double meth-
oxyethoxide and tantalum or niobium methoxyethoxide in methoxyethanol,
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