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26. Ferroelectric Materials

Roger Whatmore

Ferroelectric materials offer a wide range of use-
ful properties. These include ferroelectric hysteresis
(used in nonvolatile memories), high permittivities
(used in capacitors), high piezoelectric effects (used
in sensors, actuators and resonant wave devices
such as radio-frequency filters), high pyroelectric
coefficients (used in infra-red detectors), strong
electro-optic effects (used in optical switches) and
anomalous temperature coefficients of resistivity
(used in electric-motor overload-protection cir-
cuits). In addition, ferroelectrics can be made in
a wide variety of forms, including ceramics, single
crystals, polymers and thin films – increasing their
exploitability. This chapter gives an account of the
basic theories behind the ferroelectric effect and
the main ferroelectric material classes, discussing
how their properties are related to their composi-
tion and the different ways they are made. Finally,
it reviews the major applications for this class of
materials, relating the ways in which their key
functional properties affect those of the devices in
which they are exploited.
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26.1 Definitions and Background

Ferroelectric materials offer a very wide range of use-
ful properties for the electronic engineer to exploit. As
we will see, they are also a class of materials that is
hard to define accurately in a single sentence. It is use-
ful to start from the class of insulating materials that
form dielectrics; in other words materials that will sus-
tain a dielectric polarisation under the application of
an electric field. There exists a set of these materi-
als for which the crystal structure lacks a centre of
symmetry. (If a crystal structure has a centre of sym-
metry, it means that for every atom in the structure
there is a point in the unit cell through which inver-
sion will bring one to the same type of atom.) A list
of the non-centrosymmetric, or acentric, point groups
is given in Table 26.1. All of the crystalline materi-
als whose structures possess these point groups (with
the exception of group 432) exhibit the phenomenon

of piezoelectricity, which means that stress will gen-
erate a charge separation on the faces of the crystal
(the direct piezoelectric effect) and will undergo me-
chanical strain when subjected to an electric field (the
converse piezoelectric effect). Both effects are widely
exploited in electronic devices. A well-known exam-
ple of a non-centrosymmetric material is the mineral
˛-quartz, which is used for the piezoelectric resonators
employed for frequency filtering and electronic clocks.

A sub-set of the non-centrosymmetric crystals also
possess a unique axis of symmetry. These crystals are
said to be polar. The polar point groups are also listed in
Table 26.1. Polar crystals are piezoelectric (as they are
acentric) and also exhibit pyroelectricity, which means
that a charge separation will appear on their surfaces
when their temperature is changed. Polar structures ef-
fectively have a dielectric polarisation built in to the unit
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Table 26.1 Polar and acentric (non-centrosymmetric)
point groups

Crystal system Polar
(acentric)

Nonpolar
(acentric)

Triclinic 1
Monoclinic 2, m
Orthorhombic mm2 222
Trigonal 3, 3m 32
Hexagonal 6, 6mm N6, N6m2
Tetragonal 4, 4mm N4, 422, N42m
Cubic None 23, N43m, 432

cell of the crystal structure. This is sometimes called
a spontaneous polarisation. The application of stress or
a change in temperature causes a change in this dipole
moment and it is this change that causes the separation
of charge on the surfaces of the crystal. The direction
and magnitude of the spontaneous polarisation in a po-
lar dielectric can be changed by the application of an
electric field, but on removal of the field it will return to
its zero-field value. A well-known example of a polar
dielectric is ZnO, which possesses the wurtzite crystal
structure in which Zn2C ions sit in the tetrahedrally co-
ordinated sites between hexagonal close-packed layers
of oxygen ions. Thin films of ZnO are widely used for
piezoelectric applications.

A sub-set of the set of polar dielectrics exists for
which the application of a field of sufficient magni-
tude will cause the spontaneous polarisation to switch
to a different, stable direction. Upon removal of the field
the polarisation will not spontaneously return to its orig-
inal direction and magnitude. These crystals are called
ferroelectric. We can view the relationships between
the sets of ferroelectric, polar, acentric and centrosym-
metric dielectrics as shown in the Venn diagram in
Fig. 26.1.

The history of ferroelectrics is long, as has been de-
scribed in the excellent review by Busch [26.1]. Many
very distinguished scientists were involved in its early
development, includingBrewster (who was one of those
who studied pyroelectricity), J. & P. Curie (who discov-

Ferroelectrics

Pyroelectrics

Piezoelectrics

Dielectrics

Fig. 26.1 Venn diagram showing how ferroelectrics fit into
the different classes of dielectric materials

ered piezoelectricity), Boltzmann, Pockels and Debye,
to name but a few. Indeed, the term ferroelectricity was
first coined by E. Schrodinger. However, credit for the
discovery of the effect goes to Joesph Valasek, who
found in 1920 that the polarisation of sodium potas-
sium tartrate (Rochelle salt) could be switched by the
application of an electric field, thus providing the first
demonstration of the process that is the hallmark of fer-
roelectricity.

A reasonable working definition of ferroelectricity
is a polar dielectric in which the polarisation can be
switched between two or more stable states by the ap-
plication of an electric field. However, as we will see
in the discussion which follows, there are exceptions to
this definition: some ferroelectrics are semiconducting
(and thus are not dielectrics because they cannot sustain
an electrical polarisation); the spontaneous polarisation
in some ferroelectrics cannot be switched because they
cannot sustain an electric field of sufficient magnitude
to effect the switching, either because they reach electri-
cal breakdown first, or because they are too conducting.

Since the initial discovery of ferroelectricity in
Rochelle salt, the effect has been demonstrated in
a wide range of materials, from water-soluble crystals
through oxides to polymers, ceramics and even liq-
uid crystals. Many of these will be discussed in this
chapter. The range of useful properties exhibited by fer-
roelectrics covers:

� Ferroelectric hysteresis is used in nonvolatile com-
puter information storage.� Ferroelectrics can exhibit very high relative permit-
tivities (several thousand) which means that they are
widely used in capacitors.� The direct piezoelectric effect (the generation of
charge in response to an applied stress) is widely
used in sensors such as accelerometers, micro-
phones, hydrophones etc.� The converse piezoelectric effect (the generation of
strain in response to an applied electric field) is
widely used in actuators, ultrasonic generators, res-
onators, filters etc.� The pyroelectric effect (the generation of charge in
response to a change in material temperature) is
widely used in uncooled infra-red detectors.� The electro-optic effect (a change in birefringence
in response to an applied electric field) is used in
laser Q-switches, optical shutters and integrated op-
tical (photonic) devices.� Ferroelectrics exhibit strong nonlinear optical ef-
fects that can be used for laser frequency doubling
and optical mixing.� Illumination of transparent ferroelectrics with light
of sufficient energy causes excitation of carriers into
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the conduction band. Their movement under the
internal bias field caused by the spontaneous polari-
sation causes a refractive-index modulation that can
be used for a variety of optical applications, includ-
ing four-wave mixing and holographic information
storage.� Ferroelectrics exhibit strong coupling between
stress and birefringence, which can be used to
couple acoustic waves to optical signals with appli-
cations in, for example, radar signal processing.� Doping certain ferroelectric ceramics with electron
donors (e.g., BaTiO3 with La3C) can render them
semiconducting. Heating these ceramics through
their Curie temperature causes a very large, re-
versible increase in resistivity (by several orders of
magnitude in some cases) over a narrow range of
temperature (ca. 10 ıC). This large positive tem-
perature coefficient of resistance (PTCR) is widely
exploited in electric-motor overload-protection de-
vices and self-stabilising ceramic heating elements.

26.1.1 Basic Ferroelectric Characteristics
and Models

The switchable spontaneous polarisation in ferro-
electrics gives rise to the first characteristic property
of the materials: ferroelectric hysteresis. Figure 26.2
shows a schematic plot of polarisation versus electric
field as would be observed on a typical ferroelectric. As
the field is increased from zero, the overall polarisation
in the crystal increases as the polarisations in differ-
ent dipolar regions are aligned. Eventually, it reaches
a saturation point where the only further increase in P
is that due to the relative permittivity of the material.
(The gradient of the P=E curve for a linear dielectric
is equal to its permittivity). Extrapolation of this line
back to the abscissa gives the saturation value of the

Spontaneous
Polarisation (PS)

Polarisation (P)

Electric
field (E)

Coercive
field (EC)

–PR

–PS

Permanent
Polarisation (PR)

–EC

Fig. 26.2 Ferroelectric hysteresis loop

spontaneous polarisation (Ps). Reduction of the field to
zero leaves a remanent polarisation (Pr), which is usu-
ally slightly less than Ps. A negative field will cause
the polarisation to reduce, until it reaches zero at the
coercive field (�Ec). A further negative increase in the
field will eventually cause a reverse saturation polarisa-
tion (�Ps) to develop. When the field returns to zero
the crystal is left with a negative remanent polarisa-
tion (�Pr). Increasing the field once more increases the
polarisation from �Pr to zero at Ec, and then to CPs,
completing the ferroelectric hysteresis loop. The ability
to switch the polarisation between two states gives rise
to the first application of ferroelectrics – as a nonvolatile
memory storage medium. It also permits polycrystalline
ferroelectrics (especially ceramics) to be polarised. The
fact that the polarisation can possess different directions
within different regions of the same crystal gives rise to
the existence of ferroelectric domains. These are given
names according to the angle between the polarisation
between adjacent regions. Hence, two adjacent regions
in which the polarisations are orientated at 180ı to each
other are, naturally, called 180ı domains. In many fer-
roelectrics, the polarisation can choose between many
different possible directions so that adjacent regions
can have polarisations at, for example, 90ı to one an-
other.

For most ferroelectrics, the polar state only exists
over a limited range of temperatures. As the tem-
perature is raised, a point is reached at which there
is a transition from the polar, ferroelectric phase to
a nonpolar, non-ferroelectric phase (called the para-
electric phase). In all cases, the paraelectric phase
possesses a higher crystal symmetry than the ferroelec-
tric phase into which it transforms. The temperature
at which this occurs is called the Curie temperature
(TC). This ferroelectric-to-paraelectric phase transition
is a characteristic of most ferroelectrics, but again there
are exceptions. Some ferroelectric materials melt or
decompose before TC is reached; the polymeric fer-
roelectric polyvinylidene fluoride (PVDF) is one such
example. For most ferroelectrics (called proper ferro-
electrics), as the Curie temperature is approached from
above, the relative permittivity is observed to increase,
reaching a peak at TC and decreasing below TC. (There
is a class of ferroelectrics, known as improper or ex-
trinsic ferroelectrics, for which there is no peak in
permittivity, just an anomaly. These are described fur-
ther below.) Very high values of relative permittivity
(many thousands) can be reached at TC, leading to an-
other use of ferroelectric materials – as dielectrics in
high-value capacitors. The phase transition at TC can
either be continuous (known as second-order) or dis-
continuous (known as first-order). In either case, the
dependence of permittivity (") on temperature above
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TC can be described by " D C=.T �T0/. T0 is called
the Curie Weiss temperature, and is only equal to TC
for a second-order phase transition. C is called the
Curie Weiss constant. Figure 26.3 shows typical plots
of Ps and " as functions of temperature for ferroelectrics
around TC. Figs. 26.3a and 26.3b show the behaviour
for a first-order phase transition. As can be seen, Ps

drops discontinuously to zero at the phase-transition
temperature. The permittivity rises as the temperature
decreases, peaking at the transition, where there is a dis-
continuous step down. First-order phase transitions tend
to show thermal hysteresis in the transitions, so that
the transition occurs at a higher temperature when ap-
proached from the low-temperature side than from the
high-temperature side. Frequently in practical observa-
tions there is actually a region of coexistence where
both phases exist together in the same sample at the
same temperature. In this case, the Curie temperature
is defined as the temperature at which the ferroelectric
and paraelectric phases have the same Gibbs free en-
ergies. In the case of a second-order phase transition
(Figs. 26.3c and 26.3d), Ps drops continuously to zero
at TC and the permittivity rises to a sharp peak. There is
no hysteresis in the transition.

There are two types of theoretical model that de-
scribe the ferroelectric phenomenon. The first is the
phenomenological or thermodynamic theory first pro-
posed by Devonshire [26.2]. Here, the Gibbs free en-
ergy of the ferroelectric system is described in terms of
a power series in the spontaneous polarisation. In this

PS

TC T
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TC T

b) ε
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TC T

c)

TC T

d) ε

Fig. 26.3a–d The variations of spontaneous polarisa-
tion ((a) and (c)) and permittivity ((b) and (d)) with temperature
for typical ferroelectric materials. (a) and (b) are for a first-
order (discontinuous) phase transition while (c) and (d) are for
a second-order (continuous) phase transition

case, Ps is termed the order parameter for the phase
transition and the theory is similar in form to the gen-
eralised phenomenological theory of phase transitions
known as Landau theory. It is not appropriate to go
into the details of the theory here, which has been
described very well by Lines and Glass [26.3]. The
theory successfully predicts many of the behavioural
characteristics of ferroelectric materials in terms of
the measurable macroscopic properties, including the
ferroelectric hysteresis and the behaviour of the per-
mittivity near TC. However, it tells us nothing about
the microscopic origins of ferroelectricity. This is the
province of the two types of microscopic models of
ferroelectric behaviour. The first of these is the order–
disorder model of ferroelectric behaviour. The second
is the displacive model.

According to the order–disorder model, the elec-
tric dipoles exist within the structure in the paraelectric
phase above TC, but are thermally disordered between
two or more states so that the average polarisation is
zero. There are several materials for which that is the
case, an example being potassium dihydrogen phos-
phate (KDP), which is paraelectric, tetragonal (42m)
above 123K and ferroelectric, orthorhombic (mm2)
below. The polarisation appears along the tetragonal
c-axis. In this crystal structure, the PO4 groups form
tetrahedra that are linked by hydrogen bonds at their
corners. The protons in these sit in double potential
wells. Above TC they are delocalised between the the
two minima in the wells. Below TC, they are localised
and the PO4 tetrahedra become distorted. The phospho-
rous and potassium ions become displaced relative to
the oxygen framework, forming the polarisation in the
lattice. Replacement of the hydrogen in the structure by
deuterium raises TC to about 220K because the heavier
deuteron delocalises between the two potential minima
at a much higher temperature. Another example of an
order–disorder ferroelectric is sodium nitrite (NaNO2)
in which the polar groups are NO�

2 ions, which become
ordered below TC (163 ıC) with their dipoles all point-
ing along the b-axis of the crystal structure.

In displacive ferroelectrics, there are considered to
be no dipoles in the structure above TC, but the dipoles
appear in the structure due to the cooperative motion of
ions. Typically this is seen as the softening of a zone-
centre optical phonon. What this means is that the fre-
quency of an optical phonon mode with zero wavevec-
tor goes to zero at TC. Such a phonon mode involves the
displacement in opposite directions of cations and an-
ions in the structure. When the frequency of this mode
goes to zero, a dipolar displacement results. Examples
of such ferroelectrics include the perovskite-structured
oxides such as BaTiO3, which will be discussed fur-
ther below. One of the successes of soft-mode theory
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is that it provides a convincing mechanism for the
peak in the dielectric permittivity at TC. According
to the Lyddane–Sachs–Teller relationship (see, for ex-
ample, [26.3] p. 216), the softening of a zone-centre
phonon will make the permittivity diverge at TC.

In practice, the distinction between order–dis-
order and displacive ferroelectrics becomes rather

blurred, as some ferroelectrics which may be con-
sidered to be purely displacive may exhibit signifi-
cant disordered cation displacement well above TC,
while some order–disorder ferroelectrics show soft-
mode behaviour. For a more detailed discussion of
these theories, the reader is referred to Lines and Glass
[26.3].

26.2 Ferroelectric Materials

26.2.1 Ferroelectric Oxides

This is by far the most technologically important class
of ferroelectric materials. They will be discussed ac-
cording to the most important crystal classes.

Perovskite Ferroelectrics
These materials possess crystal structures isomorphous
with the mineral perovskite (CaTiO3). They all have
the general chemical formula ABO3, where A and B
are cations. Typically the A cation will be around
1:2�1:6Å in radius (similar to the oxygen ions) while
the B cations will be around 0:6�0:7Å in radius. The
crystal structure is illustrated in Fig. 26.4. It consists
of a network of corner-linked BO6 octahedra, within
which is enclosed the large A cation. Another way to
look at the structure is as cubic-close-packed AO3 lay-
ers, with the small B cations sitting in the octahedral
sites between these close-packed layers. A pair of layers
are shown in Fig. 26.5. The structure is a very tolerant
one and will accommodate many different ions. Be-

A

B

O

Fig. 26.4 The perovskite crystal structure

cause of this, it is exhibited by a large number of oxides.
The basic criteria for the structure to be stable is that the
valencies of the ions should balance and that the ionic
radii meet the Goldschmidt criteria [26.4]. A tolerance
factor t is defined as

t D rA C rOp
2.rB C rO/

;

where rX is the ionic radius of the X cation. The ideal
cubic perovskite structure, where the ionstable are just
touching each other, will possess t D 1. However, the
structure will be stable with 0:85< t < 1:05. A list of
ions that commonly form perovskites, together with
their ionic radii, is given in Table 26.2. The closer t
is to unity, the more likely the structure will be to
be cubic. Conversely, perovskites which have values
of t < 1 show distorted structures that are frequently
ferroelectric. Examples of some perovskites and their
tolerance factors are listed in Table 26.3. This table
also lists the structures formed by these compounds at

B above
AO3 layer 2

B between
AO3 layer
1 & 2

AO3 layer 2

AO3 layer 1

A B O

Fig. 26.5 Showing two AO3 close-packed layers of the
perovskite structure, with the B cations sitting in the six-
fold coordinated sites between the layers. The second layer
has been made semitransparent for clarity
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Table 26.2 List of cations frequently found to form
perovskite-structured oxides and their ionic radii. (Ionic
radii taken from [26.5])

A-site
cation

Ionic radius
when [12]a by O2�

(Å)

B-site
cation

Ionic radius
when [6]b by O2�

(Å)
NaC 1:32 Nb5C 0:64
KC 1:6 Ta5C 0:68
Ba2C 1:6 Zr4C 0:72
Sr2C 1:44 Ti4C 0:605
Pb2C 1:49 Pb4C 0:775
Bi3C 1:11 Sc3C 0:73
Ca2C 1:35 Fe3C 0:645

a 12-fold coordinated; b 6-fold coordinated

room temperature, and whether or not they are ferro-
electric. Some of the most interesting perovskites from
the point of view of applications are BaTiO3, PbTiO3

and KNbO3. BaTiO3 is cubic above 135 ıC, but trans-
forms to a tetragonal ferroelectric structure below this
temperature. In this case, the Ba and Ti ions are dis-
placed relative to the anion framework along one of the
cubic h001i directions. This means that the polar axis
has six choices for direction in the tetragonal phase.
At 5 ıC there is a second-phase transition from the
tetragonal to an orthorhombic phase, where the polar-
isation now appears due to cation displacements along
one of the cubic h110i directions, for which there are
12 choices. Finally, at �90 ıC there is a transition to
a rhombohedral phase with the cations being displaced
along one of the cubic h111i directions, for which there
are eight choices. In the case of PbTiO3 there is a sin-
gle transition to a tetragonal phase at 490 ıC, again by
cationic displacements along h100i. Some perovskites
show phase transitions that are not ferroelectric. For ex-
ample, SrTiO3 shows a transition to a tetragonal phase
at 110K which involves linked rotations, or tilts, of the
TiO6 octahedra about the cubic [100] direction. Tilting
of the octahedra is a common feature of the phase tran-
sitions that occur in perovskites and can lead to very

Table 26.3 Some end-member perovskites and their properties

Perovskite oxide Tolerance factor Structure at 20 ıC Type TC (ıC)
BaTiO3 1:06 Tetragonal Ferroelectric 135
SrTiO3 1:00 Cubic Paraelectric
CaTiO3 0:97 Tetragonal Paraelectric
PbTiO3 1:02 Tetragonal Ferroelectric 490
PbZrO3 0:96 Orthorhombic Antiferroelectric 235
NaNbO3 0:94 Monoclinic Ferroelectric �200
KNbO3 1:04 Tetragonal Ferroelectric 412
KTaO3 1:02 Cubic Ferroelectric �260
BiScO3 0:83 Rhombohedral Ferroelectric 370
BiFeO3 0:87 Tetragonal Ferroelectric 850

Dieelectric constant (103)

Temperature (C)
–120 120

8

6

4

2

80400–40–80

a-axis

c-axis

Fig. 26.6 Temperature dependence of the relative permit-
tivity of BaTiO3 measured along [001] and [100] (Af-
ter [26.7])

complex series of phase transitions, as has been ob-
served for NaNbO3. This type of structural modification
and a commonly-used notation for it has been described
in detail by Glazer [26.6].

It is very easy to make solid solutions of the end-
member perovskites, such as those listed in Table 26.3,
and this has been used to great effect to provide ma-
terials with a wide range of properties. For example,
Fig. 26.6 shows the temperature dependence of the rel-
ative permittivity of a BaTiO3 single crystal [26.7].
There is a peak at each transition where the value per-
pendicular to the polar axis reaches several thousand,
making the material interesting for use in capacitor di-
electrics. However, the temperature variation in such
a material would make it useless. The formation of ce-
ramic solid solutions of BaTiO3 with SrTiO3, CaTiO3

or PbTiO3 allows the temperature dependence of per-
mittivity to be controlled so that useful specifications
can be met with average permittivities of 2000 or more
over a wide range of temperatures. Herbert [26.8] has
discussed the details of these modifications and their
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effects on the BaTiO3 transition temperatures. BaTiO3-
based ceramics are widely used in ceramic capacitors
and form the basis of an industry worth billions of
dollars annually. They have also been used for piezo-
electric ceramics, but are no longer so important in that
field, as they have largely been displaced by ceramics in
the PbZrO3–PbTiO3 system. Nevertheless, there is a re-
newed interest in BaTiO3-based ceramics for lead-free
piezoelectrics in response to the legislative drive to re-
duce lead in the environment.

The perovskite solid solution system between
PbZrO3 and PbTiO3 is of great technological impor-
tance and is thus worth discussing in some detail.
The phase diagram given in Fig. 26.7 shows several
phases. Starting at PbTiO3, the ferroelectric tetrago-
nal (FT/ phase persists well across the diagram, until
the composition Pb.Zr0:53Ti0:47/O3 is reached, where
there is a transition to a ferroelectric, rhombohedral
phase. The composition where this occurs is called
the morphotropic phase boundary (MPB). The rhom-
bohedral phase region splits into two. There is a high-
temperature phase (FR(HT)) in which the cations are
displaced along the cubic [111] direction. There is also
a low-temperature ferroelectric rhombohedral (FR(LT))
phase in which the .Zr;Ti/O6 octahedra are rotated
about the [111] axis. This doubles the unit cell. Close
to PbZrO3 (Fig. 26.7b) the room-temperature struc-
ture transforms to the antiferroelectric, orthorhombic
(AO) structure. This is a complex structure in which
the cations are displaced in double antiparallel rows
along the cubic h110i directions, coupled with octa-
hedral tilts. A higher-temperature AT phase, which is
frequently shown when this phase diagram is cited in
the literature, has been shown not to exist in pure solid
solutions [26.9]. There is another, more modern, mod-
ification to this phase diagram. It has been shown by
Noheda et al. [26.10] that a monoclinic phase exists at
the MPB (Fig. 26.7c). The enormous technological and
commercial importance of this system derives from the
very high piezoelectric, pyroelectric and electro-optic
coefficients that can be obtained from ceramic composi-
tions in different parts of the phase diagram, particularly
when the base composition is doped with selected ions.
These are discussed in more detail below. This solid so-
lution system is frequently referred to generically as
PZT although, strictly, PZT was the brand name for
a set of piezoelectric ceramic compositions manufac-
tured by the Clevite Corporation.

There is another very important class of oxides,
termed complex perovskites, where the A or, more com-
monly B, sites in the structure are occupied by ions of
different valency in a fixed molar ratio. These are not
solid solutions as they possess a fixed composition. Ex-
amples are PbMg1=3Nb2=3O3 (PMN), PbSc1=2Ta1=2O3
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Fig. 26.7 (a) PbZrO3�PbTiO3 phase diagram. (Af-
ter [26.11]) (b) Region close to PbZrO3. (After [26.9, 12])
(c) Region close to the MPB. (After [26.10])
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(PST) and Bi1=2Na1=2TiO3. These are also technolog-
ically important and can form end members to solid
solutions in their own right, PbMg1=3Nb2=3O3�PbTiO3

(PMN-PT), for example. Many of the complex ferro-
electrics (PMN-PT is a classic example) exhibit fer-
roelectric relaxor behaviour. In these materials, the
Curie point is no longer a sharp transition but is actu-
ally observed over a very wide range of temperatures.
A broad permittivity peak is observed and the temper-
ature and height of the peak are strongly dependent
on the frequency of measurement. Figure 26.8 shows
a typical variation of permittivity with temperature and
frequency in PMN [26.13].

The broad tolerance of the perovskite structure to
different cations has led to a wide exploration of the
inclusion of different iso-valent dopants to obtain dif-
ferent electronic properties. It is also possible to include
alio-valent dopants over a wide range, which the struc-
ture tolerates through the introduction of cation or anion
vacancies, or free charge carriers. For example, it is
possible to incorporate Nb5C into the B site of the
BaTiO3 system [26.14], and charge balance is main-
tained through the presence of free electrons. Similarly,
Fe3C can be introduced into the B site of the system
and this substitution creates O vacancies [26.15].

The vast majority of perovskites are employed in
ceramic form, but thin- and thick-film materials are
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Fig. 26.8 Permittivity (solid lines) and dielectric loss
(dashed lines) versus temperature in PMN. The measure-
ments were made at: (1) 0:4, (2) 45 and (3) 4500 kHz.
(Adapted from [26.13])

becoming of increasing importance and single-crystal
materials are starting to emerge which have exception-
ally high piezoelectric coefficients.

Illmenite Ferroelectrics
The illmenite structure is related to the perovskite struc-
ture in that it is exhibited by materials with the general
formula ABO3, where the A cation is too small to fill
the [12] coordinated site of the perovskite structure.
The structure is made up of hexagonal close-packed
layers of oxygen ions, with the A and B ions occu-
pying the octahedrally coordinated sites between the
layers. Hence, this structure can also be considered to
be related to the perovskite structure in that both are
based on oxygen octahedra. The two best known ill-
menite ferroelectrics are LiNbO3 and LiTaO3, whose
structure is shown in Fig. 26.9. The materials have
high TC values (ca. 1200 and 620 ıC, respectively).
In the case of LiNbO3, the TC is only 50 ıC below
the melting point. Referring to Fig. 26.9, it can be
seen that the cations occupy octahedral sites progress-
ing along the c-axis in the order Nb, vacancy, Li,
Nb, vacancy, Li etc. The polarisation occurs through
displacement of the cations along the three-fold axis,
so the structure transforms from 3m to 3m symme-
try at TC. These are uniaxial ferroelectrics, in that
the polarisation can only be up or down, and only
180ı domains exist. The materials are mainly used in
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Fig. 26.9 Crys-
tal structure
of LiNbO3.
(After [26.16])
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single-crystal form for piezoelectric and electro-optic
devices.

Tungsten Bronze Ferroelectrics
This is another very large family of oxygen octa-
hedral ferroelectrics possessing the general formula
ŒA12A24C4�ŒB12B28�O30. The crystal structure is com-
plex, shown schematically in Fig. 26.10. The B1 and
B2 sites are octahedrally coordinated by oxygens and
have similar sizes and valencies to the B sites in the
perovskites. The A1 and A2 sites are surrounded by
four and five columns of BO6 octahedra respectively.
The three-fold coordinated C sites in the structure are
frequently empty, but can be occupied by small uni-
or divalent cations (e.g., LiC or Mg2C). There are
a wide range of ferroelectric tungsten bronzes, which
frequently show nonstoichiometry. All are tetragonal
in their paraelectric phase, and can transform to ei-
ther a tetragonal ferroelectric phase, in which the polar
axis appears along the tetrad axis of the paraelec-
tric phase, or (more commonly) into an orthorhombic
phase in which the polar axis appears perpendicular to
the original tetrad axis. Examples of tungsten bronzes
are PbNb2O6 (lead metaniobate) in which five out of
the available six A sites are occupied by Pb2C and
the B sites by Nb5C. This crystal and its Ta ana-
logue are metastable below about 1200 ıC. They can
be stabilised by rapid cooling, or more commonly
by doping. Lead metaniobate ceramics are difficult to
make, but are commercially available and are occasion-

A1 A2 B1 B2 C
a

b

Fig. 26.10 Tungsten bronze crystal structure. (Af-
ter [26.17])

ally used for piezoelectric devices by virtue of their
higher Curie temperatures than members of the PZT
system, combined with reduced lateral piezoelectric
coupling factors. Substitution of Pb2C by Ba2C can
also be used to produce a useful piezoelectric ceramic
material Pb1=2Ba1=2Nb2O6. Other tungsten bronze fer-
roelectrics such as SrxBa1�xNb2O6, Ba2NaNb5O15 and
K3LiNb5O15 have been investigated as single crystals
for use in electro-optic devices. However, the growth of
highly homogeneous single crystals is difficult because
of the formation of optical striations caused by compo-
sitional fluctuations.

Aurivillius Compounds
The Aurivillius compounds form another important
class of ferroelectrics based on oxygen octahedra. They
have a good deal in commonwith the perovskites in that
they consist of layers or slabs of perovskite blocks with
the general formula .Am�1BmO3mC1/

2� separated by
.M202/2C layers in which the M cation is in pyrami-
dal coordination with four oxygens, the M being at the
apex of the pyramid. The structure possesses the gen-
eral formula M2.Am�1BmO3mC3/. In the ferroelectric
phases, M is usually Bi and m is usually between one
and five. The A and B cations follow the usual ionic
radius and valency criteria of the perovskites, and we
see ferroelectric compounds in which A D Bi, La, Sr,
Ba, Na, K etc. and B D Fe, Ti, Nb, Ta, etc. Part of the
crystal structure is shown schematically in Fig. 26.11, il-
lustrating in this case a structure withm D 3. This is just
over half of the unit cell, showing one slab of perovskite
units and two of the .Bi2O2/

2� layers. The structures
are tetragonal in their paraelectric phases, with the tetrad
c-axis being perpendicular to the .Bi202/2C plane. In
the majority of cases they become orthorhombic in their
ferroelectric phase, with the spontaneous polarisation
appearing in the a� b plane, at 45ı to the tetrago-
nal a-axis. Bismuth titanate (Bi4Ti3O12) is an exam-
ple of an Aurivillius ferroelectric in which M D A D
Bi, B D Ti and m D 3, so that there are three blocks in
the perovskite slab. In this case, there is a small com-
ponent of the spontaneous polarisation (ca. 4�C=cm2)
out of the a–b plane, with the majority of the polari-
sation (ca. 50�C=cm2) being in the plane, so that the
ferroelectric structure is monoclinic. The TC is high
(675 ıC) and ceramics have been explored for use as
high-temperature piezoelectrics. The problem with the
compoundswhen used as ceramics is that the piezoelec-
tric coefficients are rather small. Single crystals have
been explored for optical light-valve applications but
have not received widespread use because of the prob-
lems of growth. Thin films of SrBi2Ta2O9 (SBT) are
receiving considerable attention for applications in fer-
roelectric nonvolatile memories. Recently, thin films of
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Fig. 26.11
Schematic
diagram of half of
the unit cell of the
crystal structure
of an Aurivil-
lius compound
with m D 3.
The cell axes
shown are those
corresponding
to the tetragonal
structure

Bi6Ti2:8Fe1:52M10:68O18 withm D 5 have been shown to
be single phase magnetoelectric multiferroics [26.18].

Other Oxide Ferroelectrics
There is a wide range of other oxide ferroelectric ma-
terials, although none have anywhere near the breadth
of application of the oxygen octahedral ferroelectrics
discussed above. There are two groups of phosphates
(in which the phosphorous ions are tetrahedrally coor-
dinated by oxygens) which have found applications in
optical systems. The potassium dihydrogen phosphate
(KDP) family was referred to above as an example of
an order–disorder ferroelectric. KDP, and its deuterated
analogue KD�P, can be grown from aqueous solution as
large, high-quality single crystals. These can be lapped
and polished into plates which are used for longitudinal
electro-optic modulators, in which the modulating elec-
tric field is applied parallel to the direction of light prop-
agation in the crystal. In this application, the crystals
are used at room temperature in the paraelectric phase.
One spectacular application for these crystals is as the
Q-switches in the large ultra-high-power lasers used for
nuclear fusion research, where extremely large (ca. 1m)
crystal slices are needed. Another class of phosphate
ferroelectrics is the potassium titanyl phosphate (KTP)
system. These crystals can be grown relatively easily
from the melt and are used for optical frequency dou-
bling applications, particularly using periodically poled
crystals [26.19, 20]. This is a large family in which the

potassium can be replaced by caesium or rubidium and
the phosphorous by arsenic. Lasers using KTP are find-
ing significant uses in surgical procedures [26.21].

There are other examples of oxygen tetrahedral
ferroelectrics. Lead germanate (Pb5Ge3O11) is an in-
teresting material which has been prepared as a single
crystal. It is a hexagonal uniaxial ferroelectric which is
also optically active. Ge can be substituted up to 50%
by Si, which reduces the Curie temperature from 177
to 60 ıC. The sense of the optical rotation switches
with the sign of the spontaneous polarisation. This has
been considered for optical devices and pyroelectric
infra-red detectors, but has not reached any commercial
applications. It has been prepared in ceramic and thin-
film form and is occasionally used as a sintering aid
in lead-containing ferroelectric ceramics. Gadolinium
molybdate, Gd2.MoO4/3 (GMO), possesses a structure
consisting of corner-linked MoO4 tetrahedra. It is an
example of an improper ferroelectric material in which
the phase transition from the paraelectric phase is con-
trolled by the softening of a zone boundary mode,
which would lead to a nonpolar low-temperature phase,
which is in fact ferroelastic. The high-temperature
phase is acentric, and the ferroelastic lattice distor-
tion couples via the piezoelectric coefficients to give
a spontaneous polarisation. The lattice distortion can
be reversed by electrically switching the spontaneous
polarisation and vice versa. GMO has no commercial
applications, although it was at one time considered for
optical switches.

26.2.2 Triglycine Sulphate (TGS)

The TGS family is a salt of the simplest amino acid,
glycine (NH2CH2COOH) with sulphuric acid. In the
crystal structure, the glycine groups are almost pla-
nar and pairs of them are connected by hydrogen
bonds. A ferroelectric transition at 49:4 ıC between
two monoclinic phases is driven by an ordering of the
protons in these hydrogen bonds. The replacement of
these protons by deuterons (which can be accomplished
by repeated crystallisation of TGS from heavy wa-
ter) to give DTGS results in a 10 ıC increase in TC.
There has been a great deal of academic interest in
TGS because it possesses a well-behaved second-order
order–disorder ferroelectric phase transition. In addi-
tion it has been of considerable technological interest
for uncooled pyroelectric infra-red detectors and ther-
mal imaging devices [26.22]. As a consequence, there
has been considerable work on the replacement of vari-
ous components with the objective of either improving
performance or increasing TC, such as can be achieved
by deuteration. The replacement of glycine by l-alanine
has been demonstrated to result in an internal bias field
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in the crystal, which means that the crystals will retain
their single-domain structure, even if heated well above
TC.

26.2.3 Polymeric Ferroelectrics

The first polymeric ferroelectric to be discovered was
polyvinylidene fluoride (PVDF). The monomer for this
possesses the formula CH2CF2. It was first shown to
be piezoelectric by Kawai [26.23] and later Bergman
et al. [26.24] speculated about the possibility of it be-
ing ferroelectric, although no Curie temperature could
be shown to exist, as the polymer melts first. The
structure of the polymer is complex, as the polymer
backbone can adopt a number of configurations de-
pending upon whether the neighbouring carbon-carbon
linkages adopt trans or gauche configurations. In a trans
(T) configuration, the groups bonded to the carbon
atoms sit on opposite sides of the carbon-carbon bond.
In a gauche (G) configuration, they sit on the same side.
In an all-trans configuration, the carbon backbone of the
polymer forms a simple zigzag. In the case of PVDF,
there are four different phases with different T and G
sequences, and with different ways the polymers stack
together in crystal structures. The polymer crystallises
from the melt into form II, also called the ˛-phase, in
which the bonds arrange themselves into the sequence
TGTG, see Fig. 26.12. The fluorine atoms are strongly
electronegative, which makes the C�F bond polar so
that the molecule has a net dipole moment perpendic-
ular to its length. However, the molecules of polymer
arrange themselves in the unit cell so that the dipoles
cancel each other out. Form II is neither ferroelectric
nor piezoelectric, but application of an electric field
will convert it into form IIP, also called the ı-phase,
in which the polymer molecules are arranged so that
the unit cell has a net dipole moment. High-temperature
annealing of either of these forms will produce form III
(the � -phase), which has a new TGTTTGTT configura-
tion which also has a net dipole moment perpendicular
to the long axis of the molecule and these arrange
in a crystal structure which is also polar. Subjecting
forms II or III to stretching or drawing will produce
form I (the ˇ-phase), which is an all-trans configuration
(Fig. 26.12). It can be seen from Fig. 26.12 that of the
three molecular configurations, the polar bonds all point
most-nearly in the same direction and this is retained
in the unit cell. Electrical poling makes this the most-
strongly piezoelectric phase of PVDF. The stretching

T = Trans
G = Gauche

Name
Alter-
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I II, IIp III

α, δ γ

F
C
H

Fig. 26.12 PVDF bond structures

can be in a single direction, called uniaxial and usually
achieved by drawing through rollers, or in two perpen-
dicular directions, called biaxial and usually achieved
by inflating a tube of polymer. Strong electric fields
are needed for poling and these are frequently applied
by placing the polymer under a corona discharge. The
formation of a copolymer of vinylidene fluoride with
between 10 and 46% trifluoroethylene (TrFE) leads to
a polymer which will crystallise directly into form I (the
ˇ-phase) from either melt or solution. This can be poled
to produce a material which is as active as pure PVDF.
The copolymers also show clear signs of a ferroelectric-
to-paraelectric transition, such as exhibiting peaks in
permittivity at TC, with a TC that depends on the amount
of TrFE in the copolymer. Extrapolation to 0% TrFE
implies a TC in PVDF of 196 ıC. PVDF is readily avail-
able and has achieved moderately widespread use as
a piezoelectric sensor material. It is particularly use-
ful where light weight and flexibility are important,
or where very large areas or long lengths are needed.
The P(VDF-TrFE) copolymers are not as readily avail-
able and are not widely used. Other polymers that have
been shown to exhibit ferroelectric behaviour include
the odd-numbered nylons, but these are only weakly
piezoelectric and have not achieved any technological
uses.
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26.3 Ferroelectric Materials Fabrication Technology

Ferroelectrics are used commercially in a very wide
range of forms, from single crystals through polycrys-
talline ceramics and thin films to polymers. Hence, only
a summary of the fabrication techniques can be pre-
sented here.

26.3.1 Single Crystals

As has been shown above, ferroelectrics often have
a wide range of complex compositions. This renders the
problems of single-crystal growth much more difficult
than for single-element crystals such as silicon. In many
cases, the most technologically useful compositions are
themselves solid solutions of complex ferroelectric end
members. Frequently these do not melt congruently and
sometimes one or more components of the melt will be
volatile. Some of the growth techniques which are used
are:

Czochralski Growth
Certain ferroelectric crystals melt congruently and can
be pulled from the melt using the Czochralski tech-
nique. Examples include LiNbO3 and LiTaO3. Both
materials are widely used technologically. LiNbO3 is
used in surface acoustic wave (SAW) and electro-optic
devices and LiTaO3 in pyroelectric infrared detectors,
piezoelectric resonators, SAW and electro-optic de-
vices. LiNbO3 melts congruently at 1240 ıC, but the
congruently melting composition is not at the stoi-
chiometric composition (Li W Ta D 1), but lies at around
49% Li2O. Crystals pulled from such melts in platinum
crucibles are perfectly adequate for piezoelectric and
most optical applications. However, it is known that
the stoichiometric composition possesses rather better
optical properties than the congruent composition and
there is now a premium-grade material available com-
mercially. LiTaO3 melts congruently at 1650 ıC. Again,
the composition is not at Li W Ta D 1, but is slightly Ta
deficient. The growth temperature is above the melting
point for platinum. The solution is to use crucibles made
from iridium, which is very expensive. Also, IrO2 is
volatile so the growth atmosphere must be N2, which
means that the crystals come out of the melt oxygen-
deficient and must be embedded in LiTaO3 powder and
annealed under O2 after growth to make them clear.
Pt/Rh crucibles have been used to grow LiTaO3 crys-
tals, but the Rh absorbed into the crystals makes them
brown. Such crystals are acceptable for piezoelectric
and pyroelectric, but not for optical, applications. Vir-
tually all ferroelectric materials need to be electrically
poled before use. In the case of LiTaO3, silver elec-
trodes are applied to faces perpendicular to the polar

(c) axis and a pulsed field of about 10V=cm (1ms with
a 50=50 duty cycle) applied while the crystal is cooled
slowly through TC (620 ıC). A similar process can be
applied to pole LiNbO3 crystals or, as the TC is very
close to the growth temperature, the field can be ap-
plied between the growing crystal and the crucible. This
process has also been used to grow periodically poled
crystals in which the field is reversed periodically dur-
ing the growth of the crystal. Such crystals have some
advantages in optical frequency-doubling in a process
known as quasi-phase matching [26.25].

Solution and Flux Growth
The growth of crystals from aqueous solution is a tech-
nology very readily applied to water-soluble materials
such as KDP and TGS. There are two processes that
have been used. The first consists of rotating crystal
seeds in a bath of saturated solution, which is slowly
cooled so that material that comes out of solution is
deposited on the seeds. The second consists of recir-
culating the bath solution over feed material, which is
held at a slightly higher temperature and then back over
the slightly cooler seeds, where the feed material is
deposited. In both techniques, very careful control of
temperature is essential (better than 0:002 ıC) and the
growth process can take many days.

The process of growing oxide single crystals from
solution or flux is closely related to the above process,
in that the crystals are grown from a saturated solution
of the required oxide in a molten flux as it is slowly
cooled. In the simplest version of this process, the ox-
ides are sealed in a platinum crucible, heated to a soak
temperature and slowly cooled to room temperature.
Small crystals (usually up to a few mm in size) can then
be recovered from the solidified melt. This has been
applied to growth of a wide variety of small single crys-
tals, such as PZT and PMN-PT solid solutions. PZT,
for example, can be grown from PbO�B2O3 flux mix-
tures, or even pure PbO [26.26]. BaTiO3 crystals can be
grown from KF or TiO2 fluxes. A major issue with the
growth of Pb-containing ferroelectrics from PbO rich
fluxes is the evaporation of PbO from the melt at the
crystallisation temperature over the long time periods
required to grow large crystals. This can be avoided to
some degree by the use of sealed crucibles. A varia-
tion on the flux growth process is top-seeded solution
growth, whereby a seed crystal is immersed from above
into a supersaturated solution of the material to be
grown. The crystal then grows as the solution is cooled
further. The process is difficult to control and it has the
major problem, especially when growing from a PbO
flux, that the melt is open and therefore very prone to
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flux evaporation. It has been successfully applied to the
growth of crystals of PMN-PT and PZN-PT solid so-
lutions. The Bridgman process seeks to get over this
problem by placing a dense compact of the flux/solute
mixture inside a sealed crucible with a conical end, as
shown in Fig. 26.13. A seed crystal is placed at the base
of the cone which is held cooler than the rest of the cru-
cible by a cooled rod. A molten zone is then allowed
to travel up the crucible and the crystal solidifies in-
side it. Good-quality crystals have been grown this way
and it is the preferred technique for the manufacture
of PMN-PT and PZN-PT solid solutions. One problem
with all flux-growth techniques is that the flux compo-
sition is constantly changing during the growth process
and therefore the crystals tend to be nonuniform in com-
position. This is a particular problem for larger crystals,
especially for solid solutions.

26.3.2 Ceramics

The vast majority of ferroelectric materials that are used
commercially are used in the form of polycrystalline
ceramics. These are used in many of the applications
listed above, including as dielectrics and in piezo-
electric, pyroelectric, PTCR and electro-optic devices.
Many different ferroelectric ceramic fabrication tech-
nologies have been developed over the years, but they
are all based around a similar fabrication sequence. The

Upper thermocouple

Ceramic lid

Pt crucible with lid

High temperature solution

Crystalline material

Ceramic powder

Pt insert to locally enhance
nucleation

Ceramic container with
opening in the bottom

Ceramic base to vertical
tube furnace

Lower thermocouple in 4 bore
ceramic tube

Air flow creating a cold
region near crucible bottom

Fig. 26.13 A modified Bridgman apparatus used for grow-
ing piezoelectric single crystals. (After [26.27])

key points are discussed below. Note that as the vast
majority of commercially exploited ferroelectrics are
oxides, the discussion will centre around these mate-
rials:

� Raw-material selection: The usual starting point for
a ceramic fabrication sequence is the selection of
the raw materials. For oxide ferroelectrics, the raw
materials are usually oxides or carbonates, but oc-
casionally other compounds (e.g nitrates, citrates
etc.) are used which will decompose when heated
to form the oxides required. High purity (usually
> 99:9% with respect to unwanted cations) is im-
portant for good reproducibility. Small quantities
of dopants can have a major effect on the final
electrical properties, as would be expected for any
electronic material, but can also seriously affect the
sintering characteristics and grain size of the final
ceramic body. Note that high purity does not usu-
ally imply the kind of purity that would be needed
for a semiconductor material. Indeed, ultra-high pu-
rity (> 99:99%) is often obtained by raw-material
manufacturers by applying processes which nega-
tively affect the reactivity of the oxide powders.
A high degree of solid-state reactivity in the pow-
ders is important for the processes which follow.
This is usually determined by a combination of
raw-material particle size and specific surface area,
although selecting the right crystallographic phase
can be important. When using TiO2, for example,
it is usually found that the anatase phase is more
reactive than rutile. These factors can be analysed
for quality control purposes by using laser parti-
cle size analysis (taking care to break up loosely
bound agglomerates by ultrasonic dispersion in wa-
ter, with a dispersing agent prior to measurement),
BET (Brunauer, Emmett and Teller)-specific gas ab-
sorption and x-ray powder diffraction respectively.
The majority of ceramics are made by mixing to-
gether powdered raw materials, but occasionally
solution mixing techniques are used and these will
be discussed further below.� Raw-material mixing: This is usually done in a ball
mill consisting of a cylinder containing a mixture
of small balls or cylinders made of steel, steatite,
zircon or yttria-stabilised zirconia (YSZ). The ox-
ide raw materials are accurately weighed into the
ball mill, together with a predetermined amount of
a milling fluid (usually deionised water, but oc-
casionally an organic fluid such as acetone). It is
usual to add a dispersant to aid the breakup of ag-
glomerates. The ball mill is then sealed and rotated
to mix the ingredients. Precise milling conditions
are determined by the materials being used, but
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the mixing time is usually of the order of a few
hours. It is advantageous to use milling balls that
are made of a material whose wear products will
be reasonably innocuous in the final ceramic. For
this reason, YSZ balls are preferred over steel or
steatite, as small amounts of iron and silica contam-
inants can have unwanted or deleterious effects on
the properties of many ferroelectric ceramics. For
similar reasons, the ball mills are frequently rub-
ber lined. Many variations on this process have been
explored. High-energy ball milling is receiving con-
siderable attention. In this process, the milling balls
are given very high energy by either aggressively
vibrating the ball mill or by stirring them at high
speed with a paddle. Rawmaterials trapped between
the balls are both comminuted and, if the energy
is sufficiently high, can be forced to react together.
Crystalline raw materials can be made amorphous
in this process. A significant amount of energy can
be stored in the powders after this process so that
subsequent sintering can be undertaken at lower
temperatures. In an adaptation of this process, it can
be done in a continuous flow-through mill, whereby
the slurry is pumped through the high-energy mill,
making it less of a batch process.� Drying: The slurry that results from the mixing pro-
cess is dried after the milling balls are removed.
On a small scale, this can be done in an oven or
by freeze drying, but on a commercial scale, this is
usually achieved by spray drying.� Calcination: The purpose of this process is to react
the raw materials into the required crystallographic
phase. The dried powders are placed into a sealed
crucible (usually high-purity alumina or zirconia),
which is baked in a furnace at a temperature high
enough to decompose any non-oxide precursors and
cause a solid-state reaction between the raw materi-
als, but not so high as to sinter the particles and form
hard agglomerates that will be difficult to break up
in subsequent processing. A simple example is the
reaction between BaCO3 and TiO2 to form BaTiO3

BaCO3 CTiO2 ! BaTiO3 CCO2 " :

This reaction will go to completion at about 600 ıC.
Note that a much higher temperature (> 1000 ıC) is
required for the decomposition of BaCO3 to BaO in
the absence of TiO2.� Milling: This is usually done in a similar manner to
the mixing process described above, but is done for
longer. The objective is to break up hard agglomer-
ates and reduce the powder to its primary particle
size. Again, high-energy milling techniques can be
used. Dispersants are usually added to aid the pro-

cess, and pH is controlled so that the powder does
not flocculate. Organic binders can be added at this
stage. The slurry from the milling process is usually
spray-dried or freeze-dried as a free-flowing aggre-
gated powder is required. The objective is to form
soft aggregates that will break up on subsequent die
pressing. Alternatively, the slurry (or slip) can be
taken straight to a slip- or tape-casting process.� Shape forming: After drying, the powders from the
above process can be uniaxially pressed into the
green shape required, typically using a steel punch
and die-set. It is important in this process to make
sure that the force is applied equally to top and
bottom punches. Usually, the die is designed with
a slight taper to ease removal of the workpiece af-
ter pressing. Faults that can occur at this stage of the
process include capping or radial cracks in the work
piece, which usually result from an uneven distri-
bution of pressure. One way to avoid this is to use
cold isostatic pressing. In this process the powder,
or more frequently a lightly uniaxially cold-pressed
green block, is vacuum-sealed into a rubber mould,
which is then immersed in a bath of oil. The oil
is taken up to a high pressure, which isostatically
compresses the block. The advantage of using this
process is that it avoids the nonuniform distribution
of pressure that is frequently a problem with uni-
axially cold pressing. The high pressure allows the
agglomerates to be broken up and the process usu-
ally results in a much higher green density, which
facilitates the sintering process. Anther process that
can be used to form the green item is slip-casting,
which involves pouring the ceramic slip into a plas-
ter mould, which is usually gently rotated. The
plaster absorbs moisture from the slip and the ce-
ramic particles are deposited as a layer. Surplus slip
is poured off and the deposited layer can be sep-
arated from the mould after it is dry. This process
has been used to make large cylinders of piezo-
electric ceramics. A third process that is frequently
used to make thin sheets of ceramic is tape-casting,
by which the slip is passed under a set of doc-
tor blades in the apparatus shown schematically in
Fig. 26.14. In this case, the slip is cast onto a con-
tinuous roll of plastic tape and a plastic binder is
added to the slip which, when dry, holds the powder
together and makes a flexible green tape. Some-
times the slip is cast directly onto a glass sheet.
The green tapes can be screen-printed with patterns
of metallic electrode inks and then laminated by
warm-pressing to make multilayer structures with
interleaved electrodes. This type of fabrication is
widely used for multilayer ceramic (MLC) capac-
itors and multilayer ceramic piezoelectric actuators.
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Fig. 26.14 Tape-casting apparatus

� Sintering: The green ceramic bodies are sintered in
furnaces at temperatures of 1150�1300 ıC, depend-
ing on the ceramic being manufactured. There is
a good deal of process know-how in the sintering
of the ceramic bodies. Key issues are:
– The heating profile, which must be carefully

controlled, especially over the lower range of
temperatures up to about 500 ıC where the or-
ganic matter (dispersants and binder) is burned
off. Too rapid heating will cause large pores, or
even cracks, to form.

– For lead-containing ceramics, it is important
that air be allowed free access to the vaporis-
ing organic material, or it will be carbonised and
this can lead to reduction of the PbO in the ce-
ramic to free Pb.

– Loss of PbO by volatilisation at higher tem-
peratures (>� 800 ıC) means that the ceramic
body needs to be sintered in a PbO-rich environ-
ment, which is often produced by packing the
ceramic body in a spacer powder of PbZrO3,
or PZT ceramic chips within well-sealed ce-
ramic crucibles or saggers. This tends to restrict
the access of air to the sintering ceramic body,
which conflicts with the previous requirement.

– The ceramic body must be free to move during
the sintering process, as there is significant lin-
ear shrinkage (about 15 to 18%). If the body is
unable to slide over the surface on which it sits,
this can lead to cracking, especially for large
components. One solution to this problem is to
sit the body on zirconia sand.

The sintering process has been very well described
elsewhere. It is possible to obtain very high den-
sities (> 98%) by careful control of the sintering
conditions. For Pb-containing ferroelectric ceram-
ics, a small excess of PbO is usually added to com-
pensate for PbO loss by evaporation. This also tends
to act as a liquid-phase-sintering aid, lubricating
the grains of ceramic as they slide over each other

in the sintering process, and providing a surface-
tension force that pulls the ceramic grains together.
The PbO also acts as a solvent, aiding the move-
ment of the ceramic components during sintering
and further densifying the ceramic. It is possible to
sinter such materials to transparency, which means
that there is virtually zero porosity. Very high densi-
ties can also be obtained by hot-pressing, in which
the green body is placed inside a ceramic punch and
die-set and raised to the sintering temperature under
a pressure of about 35MPa. Alternatively, hot iso-
static pressing (HIP) can be used. In this process the
pressure transmitting medium is a high-pressure gas
(usually argon, but if the ceramic is Pb-containing
it is important to include a few percent of oxy-
gen to prevent reduction of the ceramic). In this
case pressures of 100MPa or more can be used. If
the ceramic is pre-sintered so that there is no open
porosity, then this can be achieved without the need
for any container, but if there is open porosity, the
body must be encapsulated in a suitable metal con-
tainer, which will usually need to be a noble metal
such as Pt.� Electroding: Good-quality electroding is essential
for all ferroelectric devices for a variety of rea-
sons. Any low-permittivity layer between the elec-
trode and the ferroelectric material will manifest
itself in a fall-off in capacitance and an increase in
loss as the frequency of measurement is increased.
Poor-quality electrodes, or even the wrong type of
conductive material can lead to problems with de-
vice ageing, or even an inability for the device
to function as intended. Most piezoelectric mate-
rials are supplied with a fired-on silver electrode,
which is a mixture of silver powder, a finely di-
vided glass frit and a fluxing agent. Obtaining the
correct balance between metal and glass contents
is important, as too high a proportion of metal
will lead to poor electrode adhesion while too high
a proportion of glass will lead to poor electrode
conductivity. Such electrodes are solderable with
the use of appropriate fluxes. Sputtered or evap-
orated metal electrodes such as Ni or Cr/Au can
also be used, as can metal electrodes deposited by
electroless processes (e.g., Ni). The ohmic nature
of the electrode contact to the ceramic is not usu-
ally important for highly insulating materials, such
as piezoelectrics, but is important for semiconduct-
ing ceramics such as PTCR BaTiO3. In this case
it is usual to use Ni electrodes, which need to be
annealed after deposition to develop the ohmic con-
tact. In some cases it is necessary to fire on the
electrode at the same time as ceramic sintering
(cofired electrodes). This is particularly important
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where the electrodes are buried in the structure, as
with MLC capacitors and actuators. Clearly, there
are problems to solve here in terms of the poten-
tial oxidation or melting of the electrode material.
The conventional materials to use in such electrodes
have been noble metals such as palladium (some-
times alloyed with silver) or platinum, which are
very expensive. There have been serious efforts to
develop ferroelectric compositions that can be fired
with base metal electrodes such as Ni. In the case of
BaTiO3-based dielectrics, this has entailed the de-
velopment of heavily acceptor-doped compositions
that can stand being fired in a neutral or slightly re-
ducing atmosphere. In the case of MLC actuators,
there has recently been some success in developing
piezoelectric PZT compositions that can stand being
fired in such atmospheres, using Cu as the electrode
material.� Poling: Many devices made from ferroelectric ce-
ramics (all piezoelectric and pyroelectric devices)
require poling before they will develop useful prop-
erties. This entails applying a field that is signif-
icantly in excess of the coercive field (typically
3�), usually at an elevated temperature. It is not
usually necessary to exceed the Curie temperature.
For example, PZT ceramics with TC in the range
230�350 ıC can be poled by applying 3�5 kV=cm
(depending on the type of PZT – see below – soft
PZTs need lower poling fields than hard PZTs) at
about 150 ıC, with the field kept applied while the
workpiece is cooled to room temperature. It is usual
to immerse the ceramic in a heated bath of oil
(mineral or silicone) during the process. One dis-
advantage of this is that the ceramic then needs to
be carefully cleaned after poling. Silicone oil can
be very hard to remove completely and its presence
as a residue will compromise electrode solderabil-
ity. For this reason, some workers have developed
a process whereby the ceramic is poled under SF6
gas. There is a rapid decay of properties after poling.
This decay stabilises after a few hours, so it usual to
wait at least 24 hours before electrical properties are
measured.

There are many variations on the above basic pro-
cess route which have been researched. One of these is
the use of solution techniques to prepare the oxide pow-
ders. The basic principle here is that if the cations are
mixed in solution, then they will be mixed on the in-
teratomic scale without the need for milling processes
that can introduce impurities. (This is a matter of dis-
cussion, as the act of precipitation and decomposition
can lead to separation of the components.) Many routes
have been explored, including the use of inorganic pre-

cursors such as nitrates and metalorganic precursors
such as oxalates, citrates or alkoxides and acetates.
Some of these have achieved a degree of commercial
success, although the use of solution routes is more
complex and the raw materials much more expensive
than the mixed oxide routes. The use of mixed barium
titanium oxalates has been very successful in produc-
ing high-quality fine-grained barium titanate powder
for use in the capacitor industry. The use of metal cit-
rates (frequently called the Pechini process) has been
successfully used on a research scale to prepare many
different types of ferroelectric oxide, but this type of
process has not been applied on a commercial scale.
Metal alkoxides, such as titanium isopropoxide, are
readily soluble in alcohols and will react quickly with
water to precipitate a hydroxide gel. Workers have used
mixtures of titanium and zirconium alkoxides with lead
and lanthanum acetates to coprecipitate a mixed hy-
droxide gel that could be calcined and sintered to make
transparent lead lanthanum zirconate titanate ceramics
for electro-optical applications.

26.3.3 Thick Films

There has been considerable interest in the integration
of thick (10�50�m thick) films of ferroelectric mate-
rials with alumina and other types of substrates such as
silicon, to complement the wide range of other thick-
film processes that are available, covering conductors,
dielectrics, magnetic materials etc. There are many po-
tential advantages to thick film processing for making
certain types of sensor, especially the ability to use
screen-printing for depositing the patterns of the mate-
rials required. Screen-printing involves using a sheet of
wire mesh (the screen) that is coated with a photosensi-
tive polymer. Exposure and development of the polymer
allows selected areas to be removed, opening regions
through which a paste of the required material can be
pushed using a rubber blade or squeegee. The principle
is simple, but there is a considerable amount of know-
how in the formulation of the paste, which consists of
the active material (in this case a ferroelectric powder
such as PZT), an organic vehicle (a mixture of a solvent
and polymer) and a glass frit. The screen is stretched
over a former, and held close to, but not in contact
with, the surface onto which the print is required. The
paste is placed on the screen, and then spread over
the screen with the squeegee, which prints the paste
onto the substrate. Successive layers of different mate-
rials can be printed and cofired, provided there is good
compatibility between them. The process has been well
developed for piezoelectric films and adequate proper-
ties have been obtained from the films, although they
are still well below the values that could be expected
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from a bulk ceramic material. (See review byDorey and
Whatmore [26.28] for further details.)

26.3.4 Thin Films

The integration of high-quality thin films (< 0:1�5�m
thick) of ferroelectric materials onto substrates such
as silicon has excited considerable interest for poten-
tial applications ranging from nonvolatile information
storage to their use as active materials in micro-electro-
mechanical systems (MEMS), where they can poten-
tially be used for microsensors and actuators. Almost
all the interest has been in the use of oxide ferro-
electrics, but there has been some interest in the use
of P(VDF-TrFE) copolymer films. These can be spun
onto electroded substrates from methyl ethyl ketone so-
lution. They are dried at relatively low temperatures
(< 100 ıC) and crystallised by annealing at 180 ıC for
several hours [26.29]. Such films have been applied to
pyroelectric devices. However, the activity coefficients
which can be obtained from such films are much lower
than those that can be obtained from oxide materials.
A range of deposition techniques have been developed
for growing ferroelectric oxide films, which are sum-
marised below:

� Chemical solution deposition (CSD): This term is
applied to a wide range of processes that involve
taking the metal ions into metalorganic solution,
which is then deposited on the substrate by spin-
ning, followed by drying and annealing processes
to remove the volatile and organic components and
convert the layer into a crystalline oxide. There are
two broad classes of CSD process: metalorganic de-
position (MOD) and sol gel. The MOD processes
usually involve dissolving metal complexes with
long-chain carboxylic acids in relatively heavy sol-
vents such as toluene. The carbon content of the
precursors is quite high, so there is a good deal of
thickness shrinkage during firing. MOD solutions
tend to be quite stable with time and resistant to hy-
drolysis. Sol-gel processes use precursors such as
metal alkoxides, acetates and ˇ-diketonates in al-
cohol solution. (For example, a set of precursors
to deposit PZT would be Ti isopropoxide, Zr n-
propoxide and lead acetate). Alkoxide precursors
are very susceptible to hydrolysis, and so careful
control of moisture content during the sol synthesis
is essential and stabilisers such as ethylene glycol
are usually added to the solutions to extend the use-
able lifetimes of the sols. Whereas MOD solutions
are true solutions, the sols are actually stable disper-
sions of metal oxide/organic ligand particles with
a size of about 4�6 nm. Sols possess lower viscosi-

ties and tend to produce the oxide layer at a some-
what lower temperature than the MOD processes,
but the individual layer thicknesses produced by
a single spin tend to be lower. Single crack-free
layers tend to be in the range 100�200 nm thick.
CSD processes have the advantages that they are
low cost, the composition can be easily changed and
they produce very smooth layers. The processes are
planarising and will not follow underlying surface
topology, which can be a disadvantage. Also, the
processes are not industry standard in that they are
wet and tend to have many variations.� Metalorganic chemical vapour deposition
(MOCVD): This is a variation on the process
that has been very successfully applied to the
growth of group III–V semiconductor layers.
The principle is simple: volatile metalorganic
compounds are passed over a heated substrate,
where they decompose to form a layer of the
desired compound. The problem with the growth
of ferroelectric oxides is that most of the available
metal organic precursors are relatively nonvolatile
at room temperature. There has, therefore, been
a great deal of research into the available precursors
for the compounds that are required. Metal alkyls
(such as lead tetraethyl) are very volatile, but only
available for relatively few of the metal ions of
interest (Pb being the main one). They are also
pyrophoric and highly toxic. Some metal alkoxides,
such as Ti isopropoxide, are suitable MOCVD
precursors. Metal ˇ-diketonates and related com-
pounds such as tetramethyl heptane dionates
(THDs) have received considerable attention as
Ba and Sr precursors. All of these precursors need
to be heated to give them suitable volatility and
this means that the lines connecting the precursor
source to the growth chamber need to be heated as
well. Some of the precursors (especially THDs) are
solids, which means that they are not really suitable
for use in conventional bubbler-type sources. There
has been considerable success in using solutions
of these compounds in tetrahydrofuran (THF). The
solutions are sprayed into a vaporiser that consists
of a cylinder, containing wire wool or ball bearings,
heated to a temperature at which the solution will
flash-evaporate. A carrier gas is passed through
the cylinder and this carries the precursor vapour
into the growth chamber. The growth chamber
is usually held at reduced pressure and a certain
amount of oxygen is introduced to aid the oxide
deposition. Frequently a radio-frequency (RF)
or microwave plasma is also introduced to aid
the growth of a high density film and reduce the
required substrate temperature. The major problem
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with the MOCVD process for complex ferroelectric
oxides which have many cation components is
finding the right combination of precursors that will
all decompose at the same substrate temperature
(usually ca. 550�650 ıC) at a rate that will give
the desired composition in the film. The process
has been very successful in growing thin films
of materials such as .Ba;Sr/TiO3, with potential
applications in the dynamic random-access memory
(DRAM). The major advantage of MOCVD is that
it is a truly conformal growth technique, with major
advantages for semiconductor devices with com-
plex topologies, but is a very expensive technique
to set up because of the complex growth and control
systems needed. Also, precursor availability is still
a problem for many systems.� Sputtering: A range of sputtering processes have
been applied to the growth of ferroelectric thin
films, including RF magnetron sputtering, direct-
current (DC) sputtering and dual ion-beam sputter-
ing. The RF magnetron process is probably the most
popular. With all the processes, the major problem
is one of obtaining the correct balance of cations
in the growing film. Many different solutions have
been found to this problem. In reactive sputtering,
a composite metal target can be used. This can be
made of segments of the metals to be sputtered (for
example, Pb, Zr and Ti for PZT) and their relative
areas changed to obtain the right composition in
the film. Alternatively, multiple targets can be used
and the substrate exposed to each one for different
lengths of time, or the power applied to each one
can be varied. In reactive sputtering, it is necessary
to have an amount of oxygen in the sputtering gas
(usually Ar). It is possible to sputter ferroelectric
thin films from ceramic or mixed powder targets,
but it is necessary to adjust the target composition
to allow for different yields for each element. In
any sputtering process there are many variables to
adjust to optimise the process, including the sput-
tering power, and RF or DC substrate bias, which
will affect the ion bombardment of the growing
film, the sputtering atmosphere pressure and gas
mixture and the substrate temperature. All of these
can affect the film growth rate, composition, crys-
tallite size and crystalline phases that are deposited,
and the stress in the growing film. For this reason,
the development of a sputtering process for a com-
plex ferroelectric oxide can be a time-consuming
business, and once a set of conditions has been ar-
rived at for one particular composition, it cannot
quickly be changed to accommodate new compo-
sitions. Dual ion-beam sputtering differs from the
RF and DC processes in that a much lower back-

ground pressure is used, the material is sputtered
from the target using an ion beam and a second
lower-energy ion beam is used to stimulate and den-
sify the growing film. The sputtering processes have
the advantage of being well accepted industrially,
as they are dry and can readily coat large-area sub-
strates.� Laser ablation: This process involves bombarding
a ceramic target with a pulsed, focussed laser beam,
usually from an ArF excimer source. The target is
held under vacuum. A plasma plume is produced
and the products ablated from the target are al-
lowed to fall on a heated substrate. The advantages
of the process are that there is usually good cor-
respondence between the composition of the target
and the growing film. Relatively small ceramic tar-
gets are acceptable for the process, and it is thus
a good method for getting a rapid assessment of the
properties of thin films of a given material. The dis-
advantages of the process are that the plasma plume
will only coat a relatively small area of substrate,
although there are now systems which use substrate
translation to coat large areas, and particles can be
ablated from the target, causing defects in the grow-
ing film.

In all the techniques used for the growth of ferro-
electric oxide thin films, the key issues are control of
composition and the formation of the desired crystalline
phase (usually perovskite) with the desired crystallinity
(crystallite size, morphology and orientation). All of
the ferroelectric perovskites have a tendency to crys-
tallise into a non-ferroelectric fluorite-like pyrochlore
phase at low temperatures. In the case of the CSD
processes, this means that as the film is heated from
room temperature, after it loses the organic compo-
nents, it first forms an amorphous oxide which then
crystallises into a nanocrystalline pyrochlore phase,
finally forming the desired perovskite phase. The tem-
peratures at which this will occur depend very much
on the ferroelectric oxide that is being grown and the
precise composition. In the case of PZT, the pyrochlore
phase will form above about 300�350 ıC. The per-
ovskite phase will start to form above about 420 ıC,
depending upon the ratio of Zr W Ti in the solid solu-
tion. The compositions close to PbTiO3 will crystallise
into perovskite much more readily than those close to
PbZrO3. In the case of a complex perovskite, such as
Pb.Mg1=3Nb2=3/O3 or PbSc1=2Ta1=2O3, the pyrochlore
phase is much more stable and much higher tempera-
tures (> 550 ıC) are needed to convert it to perovskite.
Excesses of PbO will tend to favour the formation of
perovskite, and deficiencies favour pyrochlore. Higher
annealing temperatures will promote PbO loss and it is
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possible to get into a position, through PbO loss, where
the pyrochlore becomes the most stable phase, even
at high annealing temperatures. Residual pyrochlore
phase invariably compromises the electrical properties
of the films through reduced permittivity and piezoelec-
tric/pyroelectric coefficients. The other growth tech-
niques have the advantage that the films can be de-
posited onto heated substrates, at temperatures where
they will grow directly into the perovskite phase (at
least in principle), although there are many examples in
the literature of films being deposited (e.g., by sputter-
ing) at low substrate temperatures and converted to the
desired perovskite phase by post-deposition annealing,
in which case the same problems of pyrochlore forma-
tion apply. The control of film crystallinity (crystallite
orientation and size) is important as it has a direct ef-
fect on the electrical properties. This is usually achieved
through control of the crystallite nucleation. Sputtered
Pt is frequently used as a substrate onto which ferro-

electric thin films are grown. Like many metals, this
will naturally grow with a (111) preferred orientation.
It is face-centred cubic (fcc), with a lattice parameter of
about 3:92Å, which matches the lattice parameters of
many of the ferroelectric perovskites, which are about
4Å. This means that, with appropriate process control,
it is quite possible to get a highly orientated (111) fer-
roelectric film on Pt, with a crystallite size of about
100 nm. Changing the underlying nucleation layer can
allow other orientations to be grown. For example, the
use of thin films of TiO2 or PbO on top of the Pt elec-
trode can induce a (100) orientation. It is important to
control the nucleation density of the perovskite phase.
If this is allowed to become too low, than large circu-
lar grains several microns in diameter (called rosettes)
can form, which tend to induce defects at their bound-
aries. (Further details on thin-film ferroelectric growth
techniques can be found in the book by Pas de Araujo
et al. [26.30]).

26.4 Ferroelectric Applications

26.4.1 Dielectrics

As noted above, BaTiO3 possesses a very high permit-
tivity close to TC. The inclusion of selected dopants can
reduce TC and optimise the properties of the material
for capacitor applications. The substitution of Sr2C for
Ba2C, for example, will reduce it, so that at about 15%
substitution it will occur at about 20 ıC. Substitution of
Zr4C for Ti4C has a similar effect. The use of off-valent
substitutions will have an effect upon resistivity and
degradation characteristics, so that substituting La3C

on the A site will reduce resistivity at low concentra-
tions. Substituting Nb5C on the B site at the 5% level
has been shown to confer resistance to degradation. The
addition of Mn to the lattice has been shown to have
a positive effect on dielectric loss. Control of grain
size has also been shown to have a marked effect on
dielectric properties. Reducing the grain size has the
effect of increasing the concentration of domain walls
per unit volume of ceramic, and thus increasing the
domain-wall contribution to the permittivity. A reduc-
tion in grain size also brings about an increase in the
unrelieved stress on the grains, which further increases
the permittivity. Once the grain size falls below about
0:5�m, the stress on the grains reduces their tetrago-
nality and the permittivity falls. It is also possible to use
heterogeneity in the ceramic grains to flatten the curve
of dielectric constant versus temperature. A range of
Electronic Industries Alliance (EIA) codes have been
introduced to define the variation of capacitance with

temperature. The X7 temperature range, for example, is
�55 to C125 ıC, while following this with the letter R
would specify a capacitance change of no more than
˙15%. Other dielectrics have been developed based on
PMN that have higher peak permittivities, but worse
temperature characteristics, capable of meeting a Z5U
specification (C22 to �56% capacitance variation over
the range of 10�85 ıC) but not much better. There has
been huge progress in MLC technology, with capacitors
now available with > 100 layers of submicron thick-
ness and capacitances ranging from a few hundred pF to
100�F. The majority of these now have base-metal (Ni)
electrodes. The fabrication of the ceramic dielectrics for
these is a very complex area and a great deal of tech-
nology has been developed to service a very large MLC
capacitor market (615Bn units in 2002, worth an esti-
mated $ 8:4Bn).

26.4.2 Computer Memories

The storage of digital information is of great interest
and growing technological importance. The ability of
ferroelectrics to store information via the sense of the
spontaneous polarisation has made them candidates for
this application ever since the advent of the electronic
computer. However, it is only with the development
of the techniques for the growth of ferroelectric thin
films onto silicon at relatively low temperatures (see
above) that their use has become a reality. There are
two ways in which ferroelectrics can be used in com-
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puter memories. The first is the replacement of the
dielectric layer in dynamic random-access memories
(DRAMs). Here, the motivation is to exploit the high
permittivities exhibited by ferroelectric oxides to re-
duce the area of silicon required to store a single bit
of information. The favoured materials here are based
on .Ba;Sr/TiO3, while the favoured technique for thin-
film growth is plasma-enhanced MOCVD because of
its ability to deposit conformal coatings. No DRAM
devices using these thin films have yet reached the
market place. The use of the switchable polarisation
for the nonvolatile storage of information has received
a great deal of research. A good deal of this work has
been based upon the use of PZT thin films, grown by
a variety of techniques, including CSD, RF sputtering
and MOCVD. Initially, there were many problems to
solve, including the decay of the switchable polarisa-
tion (ca. 35�C=cm2) as the number of switching cycles
increased (fatigue), the tendency for the polarisation in
a bit to become less easily switched with time and the
number of times it is switched in the same sense (im-
print) and the tendency for the switchable polarisation
in any one bit to decay with time (retention). The fa-
tigue and imprint problems in PZT have been ascribed
to the motion of oxygen vacancies addressed by the use
of oxide, rather than metallic, electrodes and doping
to reduce the vacancy concentration. It has also been
demonstrated that Aurivillius compounds such as stron-
tium bismuth tantalate (SBT) and La-doped Bi4Ti3O12

do not show fatigue behaviour, although they do require
rather higher growth temperatures than the PZT family
and have a significantly smaller switchable polarisa-
tion (ca. 7�C=cm2). A number of companies are now
making chips with nonvolatile on-board embedded fer-
roelectric random-access memory (FRAM). These are
going into applications such as smart cards and com-
puter games.

26.4.3 Piezoelectrics

This represents the most diverse range of applications
for ferroelectric materials, as noted in the introductory
section, covering a wide range of sensors, actuators and
acoustic wave components for frequency control and
filtering applications. The key properties determining
the performance of a piezoelectric material in a particu-
lar application are the piezoelectric coefficients, elastic
and dielectric constants. These are all tensor properties
(see Nye [26.31]) and are combined through the consti-
tutive equations

Di D dijkXjk C "ilEl ;

xij D sEijklXkl C dmijEm ;

where Di D electric displacement, Ei D electric field,
Xij D stress, xij D strain, dijk D piezoelectric coeffi-
cients, "Xij D dielectric permittivity coefficients at con-
stant stress, and sEijkl D elastic compliance coefficients
at constant electric field.

The above equations use the Einstein repeated-
suffix tensor notation. Note that most piezoelectric
equations use the reduced-suffix notation for the piezo-
electric and elastic constants [26.31].

There are two basic modes of operation for piezo-
electric sensors and actuators. The first is well away
from any mechanical resonance – usually at low fre-
quency or quasi-DC. Here, the electric signals gener-
ated by an applied stress, or the strain generated by an
applied electric field can be easily calculated using the
constitutive equations of the type quoted above. The
commonly used modes for operating piezoelectric ce-
ramic actuators are longitudinal, where the electric field
is applied parallel to the direction in which strain is
required and the coupling is via the piezoelectric d33 co-
efficient, and transverse, where a field is applied along
the polar axis, but the exploited strain is perpendicu-
lar to this direction and coupling is via the d31 and d32
coefficients. Corresponding modes are frequently used
for piezoelectric sensors. The two most-commonly used
actuator structures are illustrated in Fig. 26.15. Fig-
ure 26.15a shows a piezoelectric bimorph, in which two
pieces of piezoelectric ceramic are bonded to a cen-
tral metal shim. Fields are applied parallel to the polar
axes of the ceramic elements so that their transverse
extensions are equal and opposite. Usually one end of
the bimorph is clamped so that the other end bends.
In a variation on this structure, a single piece of ce-
ramic is bonded to a piece of metal, making a unimorph.
Bimorph and unimorph devices can provide high dis-
placements (several tens to thousands of microns at up
to 200-V drive) but relatively low forces (typically up
to 1N), depending on the size of the bimorph. The
second widely used actuator structure is the multilayer

Metal
shim

Piezoceramic
plates

Bond

Electrodes

Internal
electrodes

External
electrodes

Fig. 26.15 (a) Piezoelectric bimorph and (b)MLC actuator
structures
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ceramic actuator (Fig. 26.15b). This device operates in
longitudinalmode, with applied field and extension par-
allel to the polar axis. The division of the structure into
many thin layers reduces the voltage required to obtain
a given extension. Typical devices can produce a few to
a few tens of microns extension at a few hundred Volts
(depending on dimensions) but high forces (in the kilo-
Newtons range). It is also possible to use a shear mode
of operation for both sensing and actuation. In this ac-
tuation mode, the field is applied perpendicular to the
polar axis and a shear strain is generated in the plane
containing the vectors parallel to the applied field and
the polar axis.

Many piezoelectric devices are operated under an
alternating electric field whose frequency is tuned to
match a mechanical resonance. A piezoelectric element
operated well away from resonance will exhibit a ca-
pacitative impedance characteristic, As a mechanical
resonance is approached, the electrical behaviour of the
element can be characterised using an equivalent circuit
as shown in Fig. 26.16a. C0 is the static capacitance.
The Lm, Rm, and Cm form the motional arm of the
circuit. If the admittance of such a circuit is plotted
as a function of frequency, a behaviour is obtained as
shown in Fig. 26.16b. The maximum in the admittance
is very close to the mechanical resonant frequency (fr),
while the minimum in the admittance is close to antires-
onance (fa); fr is determined by the elastic properties
of the piezoelectric, its density and the dimensions rel-
evant to the particular resonant mode. It is useful to
define an effective electromechanical coupling coeffi-
cient keff which is defined by

k2eff

Dmechanical energy converted to electrical energy

input mechanical energy

or

k2eff

D electrical energy converted to mechanical energy

input electrical energy
;

keff can be determined from fr and fa

k2eff � f 2a � f 2r
f 2a

:

It can be shown that, for a simple resonant mode of
a piezoelectric element, keff takes the form

k2eff D d2

sE"X

fa

Admittance

a)

b)

Frequencyfr

Cm Rm Lm

C0

Fig. 26.16 (a) Piezoelectric element equivalent circuit
(b) Admittance versus frequency for a typical piezoelec-
tric resonator

where the d, s and " coefficients in this equation are
combinations of the piezoelectric, elastic and dielec-
tric permittivity coefficients. The precise combination
of the coefficients will depend on the shape of the
piezoelectric element and the mode being excited into
resonance. A list of the more commonly used modes
and the dependence of keff on the relevant materials
constants is given in Table 26.4. For more complex
structures, such as those which involve a piezoelectric
element (or elements) bonded to a metal component, it
is still possible to define and measure a keff, but its value
will be a much more complex combination of the ma-
terials constants, and will also involve the properties of
the metal parts and the relative dimensions of the piezo-
electric and metal components. (For more details refer
to the IEEE standards on piezoelectricity).

By far the most widely exploited piezoelectric mate-
rials system is based on the PbZrxTi1�xO3 ceramic solid
solution series. Most of the compositions of-interest are
centred on the morphotropic phase boundary (MPB) re-
gion (Fig. 26.7) with x D 0:52. In the undoped series,
the piezoelectric coefficients and dielectric constants
peak at this composition. However, their properties can
be greatly enhanced by the inclusion of selected cation
dopants. These can be classified as follows:

� Isovalent: These are divalent cations that will substi-
tute for Pb2C on the A site (e.g., Sr2C) or tetravalent
ions (e.g., Sn4C) substituting for Ti/Zr4C on the B
site.� Donors: These are cations with a valency greater
than the site onto which they substitute (e.g., La3C

for Pb2C or Nb5C for Ti/Zr4C).
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Table 26.4 A list of the most commonly used piezoelectric resonances and the dependence of the keff for each on the
piezoelectric, elastic and dielectric constants. (After [26.32])

Mode type Mode shape Coupling factor

Length extensional mode of a bar
using transverse excitation
L > 5w , L > 10t

x3

x1

x2
t w L

kl31 D d31p
�T33S

E
11

Length extensional mode of a cylindrical rod
using logitudinal excitation
L > 10� diameter

x3

x1

x2

L

kl33 D d33p
�T33S

E
33

Radial mode of a round plate
using longitudinal excitation
D > 20� thickness

x3

x1

x2t

D
kp D k31

p

2=.1��p/

Grey areas denote the electroded surfaces

Table 26.5 The effects of substituents in the PZT system. (After [26.11])

Isovalent substituents,
e.g., Sr2C for Pb2C, Sn4C for Zr4C

Donor substituents,
e.g., La3C for Pb2C, Nb5C for Zr=Ti4C

Lower Curie point No change in Curie point
Increase permittivity Higher permittivity
Small improvement in linearity at high drive Higher electromechanical coupling
No change in coupling factor, aging, volume resistivity or
low amplitude mechanical or dielectric loss

Poorer high drive linearity

Lower aging
Increase resistivity
Reduced QE and QM

Acceptor substituents,
e.g., KC for Pb2C; Fe3C for Zr=Ti4C

Variable valence substituents,
e.g., Mn – can be 2C, 3C, 4C – for Zr4C

No change in Curie point No change in Curie point
Lower permittivity Range of permittivity
Lower electromechanical coupling Range of electromechanical coupling – usually lower
Improved drive linearity High drive/linearity not changed
Little change in aging Reduced aging
Volume resistivity reduced
Increased QE and QM

� Acceptors: These are cations with a valency lower
than the site onto which they substitute (e.g., KC

for Pb2C or Ni3C for Ti/Zr4C).� Multivalent: These are ions that take multiple va-
lency (e.g., Mn substituted on the B site).

The broad effects of each class of dopants are listed
in Table 26.5.

The resulting PZT ceramics are broadly classified
into hard or soft according to whether they are doped
with acceptors or donors, respectively. Each manufac-
turer has its own nomenclature scheme for its piezoce-

ramic products. However, the US Navy produced a set
of specifications underMIL-STD-1376B which are uni-
versally recognised. Hard ceramics (e.g., US Navy
type III) have relative permittivities in the range of 1000
with high Qs (> 500) and d33 of about 215 pC=N. Soft
ceramics (e.g., US Navy typeVI) have much higher per-
mittivities (3250) and piezoelectric coefficients (d33 D
575 pC=N) but lower Q’s (65). Hard ceramics have
much better drive-voltage stability and higher Curie
temperatures than soft ceramics. The soft compositions
tend to be used for actuator applications, where the
maximum piezoelectric displacement for a given drive
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Table 26.6 Typical values for the piezoelectric, dielectric and elastic properties of some selected piezoelectric ceramic
materials. (Taken from [26.33])

Material type I III V VI Units
Stress-free relative permittivity ("33) 1275 1025 2500 3250
Dielectric loss tangent (tan ı) � 0:006 � 0:004 � 0:025 � 0:025
d33 290 215 495 575 pC=N
kp 0:58 0:50 0:63 0:64
Mechanical quality factor Qm � 500 � 800 � 70 � 65
Curie temperature (TC) 325 325 240 180 ıC

voltage is sought, while soft ceramics tend to be used
for resonant and sound-generation applications. There
are, however, exceptions to this. Medical ultrasound
transducer arrays tend to use soft, high-permittivity ce-
ramics, because they need to have the maximum charge
sensitivity in the reception of the sound waves reflected
from tissues within the body, and high permittivities
because the small elements usually need to drive trans-
mission lines with significant capacitance.

There are other types of piezoelectric ceramics that
are used for specialist applications. Modified PbTiO3

ceramics possess very low values of d31 and tend to
be used for ultrasound array applications where small
cross-coupling between adjacent elements is important.
They also possess much higher response to hydrostatic
stress than MPB PZT ceramics. Because of this, ar-
rays of small blocks of this type of ceramic are used in
flank array sensors in submarines. As noted above, lead
metaniobate ceramics are used in high-temperature ap-
plications. Table 26.6 lists the piezoelectric and other
properties of some selected piezoelectric ceramics.

Single crystals of PZN-PT and PMN-PT have re-
ceived considerable attention because of the very high
piezoelectric d33 coefficients and k33 coupling factors
that can be obtained and single-crystal plates of these
are now commercially available. Table 26.7 lists some
of the properties that have been measured from these
materials, and compares them with a commercial soft
PZT ceramic.

Single crystals of LiNbO3 are widely used in sur-
face acoustic wave devices. In these, interdigitated

Table 26.7 Piezoelectric properties of PMN-PT single
crystal materials [26.34] compared with those of a com-
mercial soft-piezoelectric ceramic HD3203 [26.35]

Property Composition
PMN-PT X2B HD3203

"T33="o 5000�7500 3370
TRT (ıC) 85�98 NA
TC (ıC) > 142 195
kt (%) 55�59 0:536
k33 (%) 91�95 0:763
N33 (Hz:m) 599 2000
d33 (pC=N) 1500�2300 564

electrodes (IDEs) are applied to one polished face of
a crystal. Excitation of these with an RF field will cause
the generation of piezoelectrically excited Rayleigh
waves, which will propagate with very little attenuation.
These can be detected by further sets of IDE placed on
the same face of the crystal. Such devices are widely
used in signal processing and filtering applications in
mobile telecommunication applications.

Thin films of piezoelectric materials, excited into
thickness-mode resonance, are being explored for very-
high-frequency (> 1GHz) resonant filter applications.
Thin films of PZT are now widely used in inkjet print-
ers.

26.4.4 Pyroelectrics

The pyroelectric effect is now widely used in uncooled
detectors of long-wavelength infrared radiation (IR).
The principle behind the operation of these devices is
very simple. The radiation to be detected is allowed to
fall upon a thin chip of the pyroelectric material. The
energy absorbed causes a change in temperature and the
generation of a pyroelectric charge, which will cause
the flow of current in an external circuit. This can be
amplified and used, for example, to switch an alarm.
The basic circuit of a pyroelectric detector is shown

Incident radiation
((power W(t))

CE

Electrode
(area A,
emissivity η)

Polar axis
of element

d

Thermal
conductance

RG

ip

CA

RL

V0 VS0V

Fig. 26.17 Schematic diagram of a pyroelectric IR sensor
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schematically in Fig. 26.17. The field-effect transistor
(FET) amplifier needs to be close to the pyroelectric el-
ement, ideally in the same package. This is because the
latter has a very high output impedance and thus is very
noise sensitive. The pyroelectric signal is represented in
this circuit as a current source, ip. ip is proportional to
the rate of change of the element temperature with time.
Pyroelectric devices do not have a DC response. They
only see changes in the intensity of the radiation with
time. This is a major advantage in many applications,
where usually there is a requirement to detect changes
in the radiation coming from a scene, rather than the av-
erage or unchanging background intensity. An example
of this is the requirement to detect the radiation from
a person coming into the field of view of an IR detector.

Pyroelectric devices have several advantages over
other radiation detectors. Their response is independent
of the wavelength of the incident radiation, provided
there is some means to absorb the radiation. Hence,
pyroelectric radiation detectors have been used across
the full range of the electromagnetic spectrum, from
microwaves to x-rays. Basically a single pyroelectric
detector design can be used for different wavelengths of
radiation, simply by equipping the package with differ-
ent windows coated with filters according to the radia-
tion it is desired to sense. Such devices are widely used
in spectroscopic sensors for, e.g., automotive exhaust-
gas analysis. However, by far the widest application
of pyroelectric detectors is in the sensing of IR in the
wavelength range 8�14�m. The reasons for this are
that there is an atmospheric window of low absorption
and that objects with temperatures in the range of room
temperature (300K) emit most of their radiative energy
in that waveband. However, all of the semiconductor
detectors of �8�14�m IR need to be cooled to about
77K to work efficiently. On the other hand, pyroelectric
detectors work perfectly well uncooled. Cheap detec-
tors are readily available for under $ 1, and have thus
found their way into a host of applications, notably de-
tectors of people in such things as intruder alarms and
remote light switches. Pyroelectric arrays have been de-
veloped in which a plane of pyroelectric material is
interfaced to a silicon chip bearing a two-dimensional
array of FET amplifiers and a set of switches which
can be used to multiplex the pyroelectric signals onto
a single output. These arrays have been used for un-
cooled thermal imagers with performances comparable
to those that can be achieved with cooled semiconduc-
tor devices [26.36].

The requirements for the active materials in a py-
roelectric device has been described by, for exam-
ple, Whatmore [26.22], Whatmore and Watton [26.36].
There are two time constants that determine the fre-
quency response of a pyroelectric device: the elec-

trical time constant determined by RG.CE CCA/ (see
Fig. 26.17) and the thermal time constant determined
by H=G where H is the heat capacity of the pyro-
electric element and G the thermal conductance from
the pyroelectric element to the environment. The ca-
pacitance of the element (CE) is determined by the
permittivity (") of the pyroelectric material while the
heat capacity is determined by its specific heat per unit
volume (c0). The pyroelectric current is proportional
to the material’s pyroelectric coefficient (p D dPs=dT).
A full treatment of the physics of device operation
shows that detector performance (as determined by spe-
cific detectivity) is proportional to one of three basic
figures-of-merit (FOMs), which combine the pyroelec-
tric, dielectric and thermal properties of the pyroelectric
material together. If the pyroelectric element capaci-
tance is small in comparison with the amplifier capac-
itance (CA), then the appropriate FOM is FI D p=c0. If
CE � CA and the noise in the device is dominated by
the amplifier noise sources, then the appropriate FOM
is FV D p=c0". If the noise is dominated by alternating-
current (AC) Johnson noise in the pyroelectric element
then the appropriate FOM is FD D p=c0

p
" tan ı, where

tan ı is the dielectric loss tangent of the pyroelectric
material. Note that it is very important to measure
the dielectric constant and loss at a frequency rele-
vant to the device use. As most pyroelectric devices
are used in the frequency range 0:1�100Hz, and di-
electric loss is usually much greater at < 100Hz than
at 1 kHz, a low-frequency measurement is essential.
Table 26.8 lists the pyroelectric properties of several
ferroelectric materials. Note that many of the litera-
ture papers on the subject only quote 1 kHz dielectric
measurements. The differences between the FOM for
the materials where high- and low-frequency data are
available are clear. It can be seen that that the DTGS
(deuterated triglycerine sulfate) family gives the largest
figures of merit. However, these materials are water sol-
uble and have relatively low Curie temperatures and
so they are only still used in the high-performance
devices for instruments such as in Fourier-transform
infra-red (FTIR) spectrometers. LiTaO3 (LT) is a good
pyroelectric material with relatively low permittivity.
It is inert and relatively easy to handle. It is used in
many single-element detectors. Ceramic materials such
as those based on modified PbZrO3 (Mod PZ) or mod-
ified PbTiO3 (Mod PT) are widely used in low-cost
detectors. Note that, although their FOM are worse than
LT, they are low cost and their performance is perfectly
adequate for many applications. The PVDF family (rep-
resented here by a P(VDF/TrFE70/30 copolymer) have
good FV, but relatively low FD values compared with
the other materials listed. They tend to be used in
large-area detectors because of their low permittivi-
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Table 26.8 Pyroelectric properties of several ferroelectric materials (taken from Whatmore and Watton [26.36])

Material Meas. T p Dielectric properties Freq. c’ TC FV FD

(ıC) (10�4 Cm�2K�1) (") (tanı) (Hz) (106 Jm�3K�1) (ıC) (m2C�1) (10�5 Pa�1=2)
DTGS
(Crystal)

40 5.5 43 0.02 1000 2.6 61 0.53 8.3

LiTaO3

(Crystal)
25 2.3 47 10�3 1000 3.2 665 0.17 11.1

P(VDF/TrFE)
70/30
(Polymer)

25 0.33 7.4 0.017 1000 2.3 121 0.22 1.4

Mod. PZ
(Ceramic)

25 4.0 290
300

0.003
0.014

1000
33

2.8 230 0.054
0.054

5.2
2.3

Mod. PT
(Ceramic)

25 3.5 220
220

0.01
0.03

1000
33

2.8 > 250 0.063
0.063

2.9
1.6

ties, low cost and the fact that they are readily made
in very thin films with low thermal mass, which is
an advantage in some circumstances. They have been
demonstrated in linear arrays. It is advantageous for
very small-area detectors (say < 100�m square), such
as those used in arrays, for the pyroelectric material to
have a relatively high permittivity (a few hundred) so
that the detector can have a capacitance that matches
the input capacitance of the FET amplifier (usually ca.
1 pF). The ceramic materials are well suited to this
application for that reason. There has been consider-
able research into the use in thermal imaging arrays

of ferroelectrics with TC close to room temperature
under an applied bias field, which will provide an in-
duced pyroelectric effect well above the normal TC.
This has been called dielectric bolometer mode of op-
eration and the best materials researched for this have
been Pb.Sc0:5Ta0:5/O3 (PST) and .BaxSr1�x/TiO3 solid
solutions with x � 0:35. These materials have relative
permittivities of > 1000 under the operational condi-
tions and very high pyroelectric coefficients which can
give an effective FD some three times greater than
can be achieved using conventional pyroelectric ceram-
ics [26.37].
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