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1. Introduction 

Engineers consistently demand new material systems, vital in emerging novel technological 

applications. Thus, this demand dictates that material scientists develop new material 

systems. The modern electronic devices and systems require diverse and specific functional 

properties in materials; which cannot be met in single-phase materials (Batra et al., 2008). 

Composite technology, where a novel functional material is fabricated by combining two or 

more chemically different materials or phases, for example, ceramics and polymers in an 

ordered manner or just mixing, is playing an important starring role. In recent decades, a 

large number of ceramic-polymer electronic composites have been introduced for medical, 

telecommunication and microelectronics applications, and devices ranging from micro-

mechanical systems (MEMS; Bio-MEMS) through sensors and actuators (Taya, 2008). The 

composites have a unique blend of polymeric properties such as mechanical flexibility, high 

strength, design flexibility and formability, and low cost, with the high electro-active 

functional properties of ceramic materials. In these materials, it is, thus, possible to tailor, 

physical, electronic and mechanical properties catering a variety of applications. As a result, 

the composite as a whole is described using a set of microstructural characteristics, for 

example, connectivity, volume fractions of each component, spatial distribution of the 

components, percolation threshold and other parameters. Thus, the response of an electronic 

composite (electroceramic-polymer) to an external excitation (electric field, temperature, 

stress, etc.) depends upon the response of individual phases, their interfaces as well as the 

type of connectivity. As a result, an Electronic Composite can be broadly be described as 

exhibiting electromagnetic, thermal, and/or mechanical behavior while maintaining 

structural integrity (Taya, 2008).  

With a recent progress in nano- science and technology, there is an increasing interest in 

polymer nano-composites both in scientific and in engineering applications (Kochary et al., 

2008; Guggilla et al., 2009; Sebastian et al., 2010), therefore, a brief account of their electronic 

properties and applications will discussed. In the light of many technologically important 

applications in this field, the proposed chapter will be exhaustive and complete in all 

respects for naive to seasoned scientists.  
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2. Composite materials with piezoelectric, ferroelectric and pyroelectric 
functionalities 

All crystals can be categorized into 32 different classes. These classes are point groups 

divided by using the following symmetry elements: (1) Center of symmetry, (2) axes of 

rotation, (3) mirror planes, and (4) several combinations of them. The 32 point groups are 

subdivisions of 7 basic crystal systems that are, in order of ascending symmetry, triclinic, 

monoclinic, orthorhombic, tetragonal, rhombohedral (trigonal), hexagonal, and cubic. Of the 

21 classes of the 32 point groups that are noncentrosymmetric, which is a necessary 

condition for piezoelectricity to exist, 20 of them are piezoelectric. Of the 20 piezoelectric 

crystal classes, 10 crystals have pyroelectric properties. Within a given temperature range, 

this group of materials is permanently polarized. Compared to the general piezoelectric 

polarization produced under stress, the pyroelectric polarization is developed 

spontaneously and kept as permanent dipoles in the structure. As this polarization varies 

with temperature, the response is termed as pyroelectricity. The ferroelectric group is a 

subgroup of the spontaneously polarized pyroelectric crystals. Though the polarization of 

ferroelectric is similar to the polarization of pyroelectric, there is a difference in the two 

polarizations because the ferroelectric polarization is reversible by an external applied 

electric field, provided that the applied field is less than the dielectric breakdown of the 

materials. Therefore, materials that can be defined as ferroelectrics must have two 

characteristics: (1) The presence of spontaneous polarization and (2) reversibility of the 

polarization under an electric field. A ferroelectric material is therefore pyroelectric, piezo-

electric, and noncentrosymmetric. It follows that, not all piezoelectric materials are 

pyroelectric, and not all pyroelectric materials are ferroelectric material as depicted in Figure 

1. The Table 1 lists the important ferroelectric/pyroelectric materials being investigated 

and/or are being used in the various devices (Lal et al., 1993). Figure 1 show some 

important ferroelectric materials and their uses in various devices based on their unique 

piezoelectric, pyroelectric, ferroelectric, electro-optic, acousto-optic, and dielectric 

properties. The most commonly used materials for pyroelectric applications include 

triglycine sulfate (TGS); lead (Pb) zirconate titanate, PbZrTiO3 (PZT); lead titanate, PbTiO3 

(PT); barium titanate, BaTiO3(BT);  lithium (Li) tantalate, LiTaO3 (LT); and polymers:  poly 

(vinylidene fluoride) (PVDF) and co-polymers including P (VDF-TrFE) and P (VDF-TFE).  

 

 

Ferroelectricity 

Piezoelectricity 

Pyroelectricity 
Infrared Sensors, Vidicons, 

Pyroelectric Devices, etc.             

Ex:TGS, LiTaO3, PZT, PbTiO3, LiNbO

Spatial Modulators, NLO Devices, 

Optical Modulators, Wave Guides, etc. 

Ex: BatiO3, PZT,SBN,PbTiO3, LiTaO3 

Sensors, Actuators, Filters, Vibrators, 

Transformers, Transducers etc.             

Ex: LiTaO3, PZT, PLZT,SBN 
 

 

Fig. 1. The relationship between pyro, piezo, and ferroelectricity  
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Ferroelectrics’ 
Family 

Ferroelectric Material Chemical Formula Abbrevi
ation 

Perovskite type 

Barium titanate BaTiO3 BT 

Lead  zirconate titanate  
ceramics) 

PbZrxTi1-xO3 PZT 

Barium Strontium titanate 
 

BaxSr1-xTiO3 BST 

Lithium niobate 

Lithium Niobate 
 

LiNbO3 LN 

Lithium Tantalate 
 

LiTaO3 LT 

Barium Type 
 

Barium Strontium Niobate Ba5xSr5(1-x)Nb10O30 BSN 

TGS type 
Triglycine Sulfate (NH2CH2COOH)3⋅H2SO4 TGS 

Polymer 
 

Poly (vinyldene Fluoride )                   - PVDF 

Poly (vinylidene  
Fluoride-trifluoroethylene) 

                  - P(VDF-
TrFE) 

Table 1. List of important pyroelectric materials Investigated/being Investigated for use in 
various devices  

2.1 Physics and chemistry of composite materials 
There are thousands of materials available for use in engineering applications. Most 

materials fall into one of three classes that are based on the atomic bonding forces such as 

metallic, ionic, covalent, and Van der walls etc. of a particular material; these three 

classifications are metallic, ceramic and polymeric. Additionally, different materials can be 

combined to create a composite material. Within each of these classifications, materials are 

often further organized into groups based on their chemical composition or certain physical 

or mechanical properties. Composite materials are often grouped by the types of materials 

combined or the way the materials are arranged together. Figure 2 clearly demonstrates a 

list of some of the commonly classification of materials within these four general groups of 

materials (Taya, 2008). 

2.2 Constituents of composite materials 
Composite materials are the materials made up of two or more materials combined 

together in such a way that the constituent materials are easily distinguished. The 

composite materials consist of basically three phases as discussed below and presented in 

Figure 3.  
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Engineering Materials 

Metallic 
Bonding, 
Crystal Grain 
structure  
 

Chain 
Molecules 
structure  
 

Ionic-covalent 
Bonding, 
Crystal grains/ 
amorphous 
structure 

Various 
Bonding, 
Matrix & fiber 
etc. 
 

Advantages: 
Strong, stiff & 
ductile  

Advantages: 
Low cost, light 
weight resists 
corrosion  

Advantages: 
Strong, stiff, 
hard, resist 
temperature & 
corrosion  

Advantages: 
Strong, stiff & 
light weight  

Disadvantages: 
Fracture, 
fatigue 

Disadvantages: 
Low strength 
& stiffness 

Disadvantages: 
Brittleness  

Disadvantages: 
High cost, 
delamination 

Examples: Irons, 
carbon, alloy, & 
stainless steels, 
tool & die steels), 
(Al, Cu, Mg, Ni, Ti, 
precious metals, 
refractory metals, 
superalloys) 

Examples: 
Thermoplastics 
plastics, Thermoset 
plastics, 
Elastomers  

Examples: Glasses, 
Glass ceramics, 
Graphite, 
Diamond 
  

Examples: 
Reinforced 
plastics,  Metal-
matrix & Ceramic-
matrix composites, 
Sandwich 
Concrete 
structures 

Polymers Metals Composites Ceramics 

 

 

Fig. 2. General characteristics of the major classes of engineering materials 
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Composite Materials  

Matrices  Reinforcement  Inte rface  

Polymer Matrix 

Composites 

(PMC)  

Metal Matrix 

Composites 

(MMC)  

Ceramic Matrix 

Composites 

(CMC)  

Thermoset 

Thermoplastic 

Rubber  

Silicon carbide, 

Alumina & 

alumina - silica 

(mullite), 

Carbon-Carbon 

Composites  

P  Cf/SiC &  

SiCf/SiC , 

Cf/ZrC  

Particulate, 

Discontinuous 

fiber, and 
Continuous fiber 

Area that 
separates the -
fiber from the 
matrix and differs 
from them 
chemically, 
physically and 
mechanically. 
articulate, 
Discontinuous 
fiber and 
Continuous fiber 

 
 

 

Fig. 3. Composite materials and types of constituents 

2.2.1 Matrix phase 
It is a continuous phase or the primary phase. It holds the dispersed phase and shares a load 
with it. It is made up of metals, ceramics or polymers depending on the tuple of composite 
in investigation. 

2.2.2 Dispersed (reinforcing) phase 
It is the second phase (or phases) which is imbedded in the matrix in a continuous/ 
discontinuous form. Dispersed phase is usually stronger than the matrix, therefore it is 
sometimes called reinforcing phase in case of structural composites.  This reinforcement is a 
strong, stiff (functional) integral component which is incorporated into matrix to achieve 
desired properties or functionalities, basically it means desired property enhancement. It 
can be fiber or particles of any shape and size including nanoparticles as well.  

2.2.3 Interface 
This is the zone across which the matrix phase and reinforcing phases interact (chemical, 
physical, mechanical, electrical and others). This region in most composite materials has a 
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finite thickness because of diffusion and/or chemical reactions between the fiber and the 
matrix. 
A multiphase material formed from a combination of materials which differ in 

composition or form, remain bonded together, and retain their identities and properties. 

Composites maintain an interface between components and act in concert to provide 

improved specific or synergistic characteristics not obtainable by any of the original 

components acting alone. Composites include: (1) fibrous (composed of fibers, and 

usually in a matrix), (2) laminar (layers of materials), (3) particulate (composed of 

particles or flakes, usually in a matrix), and (4) hybrid (combinations of any of the above) 

(Mallick, 1997). 

A few common types of composites as listed above are presented in the following Figure 4. 
 

 

(a)                                            (b)                                           (c)                                     (d) 

Fig. 4. (a) Particulate and random (b) Discontinuous fibers and unidirectional (c) 

Discontinuous fibers and random (d) Continuous fibers and unidirectional 

3. Theory of pyroelectric detector 

A pyroelectric detector, based on conversion of photons to phonons to electrons, as shown 

in Figure 5, is a capacitor whose spontaneous polarization vector is oriented normal to the 

plane of the electrodes. Incident radiation absorbed by the pyroelectric material is converted 

into heat, resulting in a temperature variation (dT) and thus, the magnitude of the 

spontaneous polarization. Changes in polarization alter the surface charge of the electrodes, 

and to keep neutrality, charges are expelled from the surface which results in a pyroelectric 

current in the external circuit. The pyroelectric current depends on the temperature change 

with time. Therefore, pyroelectric devices are considered to be ‘AC’ coupled device.  

Pyroelectric current (Ip) is proportional to Area (A) and rate of change of temperature 

(dT/dt) of the detecting element, one can write:           

 
dT

Ip = p.A
dt  (1) 

where p is the pyroelectric coefficient. Determining the electrical response of a 

pyroelectric detector requires analysis of the thermal and electrical circuits and optical 

parameters. The processes that take place during radiation detection are illustrated in 

Figure 5. 
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Fig. 5. A Schematic diagram of a pyroelectric detector and detection processes 

4. Materials figure-of-merits for infrared detectors 

The important properties to look for in sensors are low dielectric constant and loss, high 

pyroelectric coefficient, and low specific heat. However, important figure-of- merits (F) 

(Sidney et al., 2000; Lal et al., 1993 and Whatmore et al., 2001) are, 

                            IF  p / c  ́                                for high current detectivity,=  (2) 

 VF  p / c΄  ́                          for high voltage responsivity,= ε  (3) 

                           ( )DF  p / c΄ ΄΄                     for high detectivity,= √ ε  (4) 

Where p is the pyroelectric coefficient, c΄ is the specific heat of the element, ε' is the dielectric 

constant and ε'' is the imaginary part of dielectric constant (dielectric loss).  

Bauer et al., 1991 has developed following the figure-of-merits, when the pyroelectric 

element is placed on a substrate that is acting as a heat sink i.e. whose thermal conductivity 

is infinite where k is the thermal conductivity of the pyroelectric element.  
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                            IF   p /k                                 for high current detectivity=  (5) 

 VF  p /k  ́                           for high voltage responsivity= ε   (6)  

                            ( )DF  p /  k ΄΄                    for high detectivity.= √ ε   (7) 

5. Novel ceramic: polymer matrix composites 

The search for new material systems for piezoelectric and pyroelectric infrared detecting 
device applications has led to the design of ‘ferroelectric: polymer’ composites. Recent studies 
on ceramic-polymer based pyroelectric composites show potential usefulness via large area, 
lightweight, enhanced strength, and flexible infrared sensing behavior. Thus, composites 
based on pyroelectric ceramic particles embedded in polymer possess hybrid properties 
derived from individual components. These hybrid properties include large pyroelectric 
coefficients of ceramic material and excellent mechanical strength, formability and robustness 
of the polymer, eventually useful for infrared detectors. Infrared radiation sensors can be 
generally divided into two classes: i) photon detectors, in which the radiation absorption 
process directly produces a measurable effect, e.g., generation of photoelectrons or charge 
carrier pairs in a photoconductor; and ii) thermal detectors, in which absorbed radiation is 
converted first to heat, which subsequently produces a measurable effect. Pyroelectrics, along 
with thermocouples, thermopiles, thermistors, and bolometers, belong to the later class. 
Pyroelectric infrared (PIR) detecting devices have the following advantages over the photon 
infrared sensors: sensitivity in very large spectral bandwidth limited only by the ability of the 
sensor to absorb the incident radiation;  sensitive in very wide temperature range without the 
need of cooling; low power requirements; relatively fast response; generally low cost 
materials; cannot be detected being a passive device; temperature range of operation can be 
changed by the variation of the amount of the constituents (such as Lead zirconate titanate, 
Potassium tantalate niobate and others); and suitable for space applications because of light 
weight consuming less power having no bulky cooling equipment. 
The diphasic polymer composites consist of ceramic particles embedded in the polymer 
matrix. The properties of these composites depend on the following factors: (i) properties of 
its constituents; (ii) volume fraction of each constituent; (iii) polarizability of particles; and 
(iv) nature of inter-connecting these particles. Composite materials comprising of 
ferroelectric material particles embedded in polymer materials with different connectivities 
have  generated great interest among known pyroelectric infrared detecting materials such 
as lead titanate (PT); lead zirconate titanate (PZT); barium titanate (BT) ; and  triglycine 
sulfate (TGS) having polymer matrix host poly-vinylidene fluoride (PVDF) or 
polyvinylidene fluoride-trifluoroethylene [P(VDF-TrFE)], and  virgin pyroelectric materials 
(Dias and Das-Gupta, 1996 and Aggarwal et al., 2010). It is worth mentioning that novel 
pyroelectric ceramics are defined as nano-ceramics as well. 

5.1 Pyroelectric composite materials for un-cooled infrared detectors 
5.1.1 Importance of pyroelectric composites  
Zook and Liu, 1976 proposed that pyroelectric material with a figure-of-merit, (p/√ε), 
significantly higher than presently known ferroelectric materials is unlikely to be found. 
This was based on the fact that relationship: 
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 ( )o o cP k C / v= ε   (8)    

where Po is the polarization, εo is the permittivity of free space, Cc is the Curie constant, k is 

the Boltzmann’s constant, and v is the volume per unit dipole, which has been derived by 

using Devonshire’s two-level dipolar effective field model and the Aizu-Lines lattice 

dynamic effective field model. Cc and v are materials dependent, so in order to maximize 

polarization one has to maximize Cc or/and minimize the dipole volume v. As of now, the 

Curie constant of known ferroelectrics are in the range of 2x105 to 5x105K and minimum 

polarizable volume seems to have a minimum of approximately 50Aο3, therefore, finding 

materials with higher polarization seems unlikely. Increase in performance may be possible 

by working on 0-3 composites. The figure-of-merit (for high voltage responsivity) of the 

pyroelectric detector is proportional to pyroelectric coefficient and inversely proportional to 

dielectric constant of pyroelectric material. To decrease the dielectric constant, efforts have 

also been made by forming a matrix-void composite. In the forming process only particles 

are introduced in the matrix so as to decrease the dielectric constants and hence obtain an 

increase in the figure-of-merit is obtained. Similarly 0-3 connectivity polymer-ceramic 

composite shall give attractive results. 

5.2 Theoretical modeling of electronic composites 
A number of models have been proposed or used to predict the dielectric constants, 

piezoelectric and pyroelectric coefficients of mixture of two or more components (Dias and 

Das-Gupta, 1996; Sidney and Das-Gupta, 2000; Kohler et al., 1998; Tressler et al., 1999). A 

summary of dielectric constants and pyroelectric coefficients mixtures formulas is described 

below.  Most of the formulas for mixture give expression in terms of dielectric constants of 

phases, their volume fractions, and depolarization factors of inclusions. A simple case where 

the mixture rule for calculation of permittivity, using a model of a capacitance consisting of 

different homogenous dielectrics connected in series or parallel is shown in Figure 6a & 6b 

respectively along with formulas of permittivity (Newnham et al., 1978 and Tressler et al., 

1999). However, in case of one phase consisting of particles dispersed in other matrix phase, 

the calculations become more complicated because the field distortion caused by a polarized 

particle depends on its orientation and shape with respect to the applied field. Thus, 

different formulas have been proposed, and important ones are listed below. 
Maxwell-Garnett formula:  

                               
1 1 2 2 1

eff 1
1 1 2 1

ε v (1 - A) + ε (v + Av )ε = ε
ε + Av (ε - nε )

  (11) 

where v1 and v2 are the volume fractions of the matrix and inclusions respectively. The 
depolarization factor of the inclusions in the direction perpendicular to the capacitance 
plates is A. ε1 and ε2 are the dielectric constant of matrix and inclusions respectively. εeff is the 
dielectric constant of the composite. In equation (11), the dielectric properties are calculated 
from electric-field average taken over both the component of the mixture. Brugemann 
assumed that  in Maxwell-Garnett formula holds in a diluted limit when an infinitesimal 
amount of inclusions are added in the mixture, which leads to following equation (12), 
obtained by solving the differential equation solved with proper initial conditions.  
Brugemann formula: 
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A

eff 2 1
1

eff1 2

ε - ε ε
= v

ε - ε ε
⎛ ⎞
⎜ ⎟
⎝ ⎠

 (12) 

Bottcher introduced a model, in which particles of both the phases are dispersed in an 
effective medium with dielectric constant εeff. Assuming that the average dipole field due to 
particles vanishes, the Bottcher formula is obtained. Bottcher formula: 

                          eff
eff 1 2 1 2

eff 2 eff

εε = ε + (ε - ε )v
ε + (ε - ε )A

 (13) 

Looyenga formula: 

 -1 2A 1 2A 1 2A
eff 1 1 2 2v v− −ε = ε + ε   (14)  

In Loovenga’s model, it was assumed that the composite behaves similarly as a system 
containing the same overall composition, but composed of spheres that itself are 
heterogeneous and having a slight different composition.  
In the following formulas ϕ  is the volume fraction of phase 2, effε  is the dielectric constant 
of composite.  
Logarithmic formula: 

   
eff 1 2log (1 ) logε = − ϕ ε − ϕ ε   (15) 

Wagner formula:  

  1 2 2 1
eff 1

1 2 2 1

2 2 ( )

2 ( )

ε + ε + ϕ ε − ε
ε = ε

ε + ε − ϕ ε − ε
  (16)        

Landauer formula: 

 eff 1 eff 2

eff eff1 2

(1 ) 0
2 2

ε − ε ε − ε
− ϕ + ϕ =

ε − ε ε + ε
  (17) 

Banno formula:                                                                                              

 

2 2
21 2

eff 2
2 1

3

a (a (1 a)n)
(1 a (a ((1 a)n))

a (1 a)n

a

+ − ε ε
ε = + − + − ε

ε + − ε

ϕ =

 (18) 

Pletto Formula: 

 

22
1 2 1 2

eff 2 3

2

1 2

1

1 2

A (1 ) (1 ) B
(1 )

(1 (A 1)) ( (1 )B)

where

3
A

2

3
B

2

ϕε + − ϕ ε ϕε + − ϕ ε
ε = − ϕ + φ

+ ϕ − ϕ + − ϕ

ε
=

ε + ε

ε
=

ε + ε

 (19) 
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5.3 Design of composites - connectivity models 
For fabrication of a composite, properties of the components, amount of each phase present, 
and how they are interconnected viz connectivity, are important. Newnham et al., 1978 and 
Tressler et al., 1999 proposed the concept of connectivity. Any phase in a mixture can be 
self-connected in zero, one, two, and three dimensions. For example, inclusions dispersed in 
a polymer host material shall have connectivity 0 while host polymer shall have connectivity 
3. Thus, we can say composite with connectivity 0-3 or 0-3 composites. In a two phase 
composite system, there can be ten different connectivities, which are 0-0, 0-1, 0-2, 0-3, 1-1, 1-
2, 1-3, 2-2, 2-3, and 3-3. In this format, first digit denotes the connectivity of inclusions and 
second digit denotes the host. Generally, the host is a polymer in case of polymer 
composites. A few connectivities are presented in Figure 7 using a cube as a building block 
along with real examples. Based on the above concept, in 0-3 connectivity composite, there 
is random distribution of active particulates in a 3D host polymer matrix. 

6. Fabrication of polymer-ceramic composites 

The 0-3 connectivity composites are easy to fabricate, which allows for commercial 
production of these composites in a cost effective manner (Nalwa, 1995). The composites 
which have shown some promising results and are prepared by simple composite 
fabrication routes are described in this section. As a result, most composites are fabricated as 
an active pyroelectric and polymer based diphasic samples. Polymer component can be 
polar or non-polar polymers. The second more popular approach is using the sol gel  
 

 

Fig. 7. Connectivity Models (Newnham et al., 1978) 

synthesis route.  Though the glass-ceramics have also shown noticeable pyroelectric sensing 
elements, this section doesn’t include specific descriptions section on such materials. The 0-3 
connectivity composite may be prepared by mixing the ceramic particles in a hot rolling mill 
with softened thermoplastic polymer, and thin films of composites then be produced by 
high-pressure casting at softening temperature of the polymer. With a thermo-set polymer 
such as epoxy, the mixing can be made at room temperature with the right proportion of the 
resin, hardener and the ceramic powder (Nalwa, 1995 and Yamazaki and Tayama, 1981).  
In solvent casting, first a polymer is dissolved in a suitable solvent and then electro-active 
ceramic powder is added and mixed/dispersed. A mixture so obtained is kept in a suitable 
container for solvent to evaporate. The film so obtained is hot pressed at crystallization 
temperature of the polymer. The problems are faced during the mixing operation, which are 
linked to a poor distribution of the ceramic inclusions, poor adhesion of component phases 
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or air bubbles in the composites. An agglomeration of ceramic particles is also present in the 
solution, which may be overcome by lowering the polymer viscosity via heating during the 
ultrasonic mixing process. For the fabrication of 0-3 connectivity composites films using spin 
coating technique. A typical example for the preparation of P (VDF-TrFE): PZT composite, 
first of all, a suitable amount of polymer, P (VDF-TrFE) is dissolved in methyl-ethyl-ketone 
(MEK) to form a solution (PMix). A requisite amount of nano-ceramic (PZT) powder is then 
added and the mixture is ultrasonically agitated for several hours to break-up the 
agglomerates and to disperse the ceramic powder uniformly in the copolymer solution. 
With this composite solution (nPMix), a thin film can be deposited on conducting electroded 
substrate using a spin coating technique. The steps involved in fabricating films by spin 
coating are illustrated in Figure 9.  The film is then annealed for 2-3 hours in air at 130 ºC for 
the present case and top electrode is deposited for testing (Abdullah and Das-Gupta, 1988 & 
1990; Abdullah, 1989). The flow chart illustrating various steps involved in fabricating 
composite films are shown in Figure 8. 
 

 
 

P(VDF-TrFE) + MEK= PMix 
Nanoparticles + PMix = nPMix 

(Ultrasonic Dispersion) 

nPMix Film Spin Coating 
(or)  

Solution Casting 

Annealing Electroding 

Poling Testing 

 
 

Fig. 8. A Flow chart for fabrication of thin-film of composite 

 

 
 
 
 

Fig. 9. Spin Coating Technique Processing Steps 

Deposition Spin Up Spin Off Evaporation 
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7. Poling of composites 

To develop pyroelectric-/electro-activities, these composites are initially subjected to an 
external electric field. This process is called poling. The composites can be poled (i.e., 
polarized) by following methods namely: thermal, electric field, corona, electronic-beam 
poling; plasma, and hysteresis poling (Sessler, 1994). 
In thermal poling a high DC step voltage of appropriate magnitude (1–10 MV/m) is applied 
at an elevated temperature for an extended period of time (from a few minutes to a few 
days) in vacuum or silicon oil bath. The sample is then cooled down to room temperature 
with the polarizing DC voltage on. This way, polar alignment is stabilized. The ceramic 
content shall be polarized provided the applied field is greater than the coercive field of the 
ceramic. In some cases for poling polymers, film is stretched while the corona discharge is 
on. This produces uniform orientation of domains and large piezoelectric coefficients 
(Sessler, 1994; Das-Gupta and Doughty, 1986; Kaure et al., 1991). 
In field poling, an applied field is up to 10 MV/m and poling time is usually a few seconds. 
After poling, the sample is shorted to remove the charges. 
In corona poling (Sessler, 1994), a non-metalized face of the sample is exposed to Corona 
discharge between a needle (Dias and Das-Gupta, 1996), biased at 10 to 15kV, and the 
electroded rear face of the sample is grounded. This way one side electroded sample is 
charged on the unelectroded face by means of a corona current produced at a corona point 
(Dias and Das-Gupta, 1996; Sessler, 1994). The samples are exposed for about a few seconds 
to minutes at room temperature or elevated temperature. The charges deposited by corona 
discharge set up a field in the sample and cause alignment of the dipoles to occur. 
In electron beam poling, the field generated by injected electrons polarizes the sample. One 
side of the sample is electroded only. A non-metalized sample is irradiated with electrons.  
The injected electrons are trapped, after drift, in a thin layer. Thus, electric field between the 
electrons and their counter charges on the rear electrodes polarizes the sample. 
In hysteresis poling, an electric field of a low frequency (0.1Hz) is applied to the sample at 
room temperature.  
Ploss et al., 2000, Ploss et al., 2001 and Chan et al., 1999 have demonstrated a poling technique 
for ferroelectric composites of ceramic particles like lead titanate or lead zirconate titanate in 
poly (vinylidene fluoride-trifluoride) or poly (Vinylidene fluoride-trifluoroethylene). A 
copolymer, in the matrix can be poled parallel or in anti-parallel directions. When the matrix 
and inclusions are poled in opposite directions, the pyroelectric response will be reduced, but 
the piezoelectric response will be reinforced. On the other hand, if two phases are polarized in 
parallel, the pyroelectric response reinforces while piezoelectric activity partially cancels, 
thereby reducing vibration-induced electrical noise in pyroelectric sensors. The composite 
films cited above, a dc field of the order of 50 MV/m for 1 hour at 115°C (above Curie 
temperature of the polymer) is used to polarize the ceramic phase. When cooling to room 
temperature, the electric field is kept on, so that a polymer phase is polarized in the same 
direction as the ceramic phase. The composite is reheated to 95°C and poled under dc field of 
50MV/m for another two hours to polarize the polymer phase completely. 

8. Properties and infrared detector performance parameters of important 
pyroelectric: polymer composites 

8.1 Micro- and nano-pyroelectric polymer composites 
The dielectric and pyroelectric coefficient, on TGS-PVDF composites with different 
proportion of TGS have been investigated (Wang et al., 1991). It was found that the variation 
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of dielectric and pyroelectric coefficients with temperature for composites were as reported 
for TGS single crystals. Furthermore, it was reported that with 50 wt% of TGS particles in 
the composite, the figure of merit is the largest.  It was also  shown that D* value of detectors 
made out of TGS composite reaches up to (5-7)×107cm Hz1/2 W-1. Wang et al., (Wang et al., 
1993) investigated the 45 micron to 75 micron TGS particles of different volume fraction (up 
to 80 vol. fraction), dispersed in organic solvent for the preparation of films using solution-
casting technique. It was observed that the pyroelectric coefficient increased to 90 μC/m2K 
and figure of merit (p/ε) to 3.3 with 80 % volume of TGS particles. A novel technique has 
been used in the fabrication of ATGS-PVDF oriented film (Changshui et al., 1998). A high 
electric field was applied during preparation of the film. It was also reported that PVDF: 
ATGS (L-alanine doped TGS) that with highest field grains get oriented to b- axis when field 
is increased perpendicular to b-axis. With a field of 10 kV/cm, better results for dielectric 
constant ~10 and pyroelectric coefficient ~ 30 µC/m2K at about 30 ºC have been reported. 
Recently Yang et al., 2006 performed an extensive and noteworthy study on TGS: P (VDF-
TrFE) composites with various volume fractions (0.05 to 0.43) of TGS embedded in P (VDF-
TrFE). The pyroelectric coefficient varied from 32μC/m2K to 102μC/m2K. The dielectric 
constant increased from 9.66 to 12.27 while the dielectric loss decreased from 0.021 to 0.008. 
The two phases of samples were polled in same direction, in which pyroelectric coefficient 
reinforced while the piezoelectric contribution partially cancels out. The low piezoelectric 
activity in pyroelectric composite is an asset as it reduces the vibration induced noise. TGS: 
P (VDF-TrFE) is a good candidate for sensing element in pyroelectric infrared detecting 
devices. 
The detailed study on the pyroelectric and piezoelectric properties of PT-P (VDF-TrFE) 

composites gave the maximum value of pyroelectric coefficient, with 54 % volume fraction 

of the particles (Chan et al., 1998). Pyroelectric coefficient and dielectric constant were 40.7 

µC/m2K and 57.3 respectively which gives a value of 0.71 for figure-of-merit. However, 

maximum value of figure-of-merit (0.92) for composite having 49 % vol. fractions was 

obtained when only ceramic phase was poled. However, when both the phases were poled 

then pyroelectric coefficient and dielectric constant were 69.2 µC/m2K and 55 respectively 

which gives the value of figure-of-merit of 1.24.  The pyroelectric properties of PbTiO3-

P(VDF-Tree) 0-3 nano-composites films fabricated using with various volume fraction of 

ceramic of particles of about 70 nm size have been investigated by Chen et al., 1998. They 

could fabricate films with only up to volume fraction of 12% due to problem of 

agglomeration. The films were prepared by spin coating method on aluminum-coated glass. 

All the figure-of-merits (FI, FV and FD) reported by them showed an increase with increase of 

volume fraction of lead titanate ceramic particles. The results obtained for pyroelectric 

properties are shown in Figure 9. It was concluded that pyroelectric coefficient of the 

composite with 12% volume fraction of PT was 40% higher than that of the polymer. A D* = 

1.2×107 cm Hz-1/2W-1 has been achieved in composite films of [(Pb0.8Ca0.2) TiO3:P(VDF-

TrFE)] prepared using appropriate amount of ceramic particles having size less than 100 nm 

(Zhang et al., 2000). The values obtained for dielectric and pyroelectric coefficients by Zhang 

et al., 2001 for nano-crystalline calcium (0.11%), modified lead titanate (PCLT) are presented 

in Table 2. FV and FD exhibit maxima around 0.11 volume fraction of PCLT nanoparticles. 

The figure-of-merits were 35% higher than poled copolymer. A noteworthy study was 

performed on thin film deposited on silicon substrate, consisting of 12 vol. % of nano-sized 

lanthanum and calcium modified lead titanate embedded in P (VDF-TrFE) 70/30 matrix to 

www.intechopen.com



 
Novel Electroceramic: Polymer Composites - Preparation, Properties and Applications 

 

301 

form pyroelectric sensors with three different configurations. The maximum specific 

detectivity (D*) 1.3×10 7cm Hz1/2/W (at 1 kHz), 2.11×10 7cm Hz1/2/W (at about 300Hz) and 

2.8×10 7cm Hz1/2/W (between 5 and 100Hz) respectively, was reported. Authors suggested 

that sensors fabricated with PCLT/P (VDF-TrFE) nano-composites have potential to be use 

in silicon based pyroelectric sensors (Zhang et al., 1999). The characteristics of 8 x 1 array 

fabricated using modified lead titanate powder prepared by sol-gel method dispersed in 

polymer, P (VDF-TrFE) were studied by Zhang et al.1999, Loiacono and Dougherty, 1978. 

The amount of powder used was 12 vol. %. The film of thickness of 12 µm was prepared by 

spin-coating method on glass substrate. After poling the film, it was removed from the glass 

substrate and bonded of a silicon chip with readout electronic circuitry to form 8x1 

integrated linear arrays. The variation of specific detectivity (D*) with frequency is shown in 

Figure 9. The maximum value of D*obtained in this array was 1.45x107cm Hz1/2W-1. 

However this value is 1-2 orders lower than found in single crystalline materials. Lead 

magnesium niobate-lead titanate (abbreviated PMN-PT) with 30% mol PT: P (VDF-TrFE) 

70/30 composite has been investigated by Lam and Chan, 2005.  With increasing KTN 

content, the ferroelectric, piezoelectric and pyroelectric properties of the composite improve 

comparative to the PMNZT/P(VDF-TrFE) biphasic composite with the same PMNZT 

volume fraction due to increasing poling degree of the PMNZT particles (Xia et al. 2008). 

Hilczer et al., 2002 have performed an important study of pyroelectric and dielectric 
dispersion response of P (Z0.5T0.5)O3-P (VDF0.5-TrFE0.5) nanocomposite film samples of 100-
200µm thick having powder of P(Z0.5T0.5)O3 crystallite size ~30nm. Composites 
(PZT0.32PVDF0.68, PZT0.24[P(VDF0.5-TrFE0.5)0.76] displayed an excellent pyroelectricity. It was 
observed by dielectric dispersion studies that the role of polymer heterogeneity at 
crystalline level is important in PZT-PVDF nanocomposites in the temperature range from 
315K to 395K.  In PZT- P (VDF0.5-TrFE0.5) composites, this becomes important above ~350K 
due to effect of the ferroelectric-paraelectric phase transition. It was reported that the 
variation of dielectric constant is temperature and frequency independent between ~275K to 
310K. Due to excellent figure-of-merits values for these composite, it was proposed that the 
sensor operating temperature could be in the range of 290K to 310K. Recently authors of this 
article performed an extensive study on P (VDF-TrFE): modified PZT composites films 
prepared by solution casting technique and also with spin-coating method. The results are 
presented in Table 2 (Batra et al., 2003).  Recently thick films of 0-3 composites of lead 
zirconate titanate ceramic and polyvinylidene – trifluorethylene copolymers have been 
produced by spin-coating on gold coated silicon wafer (Dietze et al., 2007). A pyroelectric 
coefficient of 92 µC/m2K has been measured for composites with 20 % volume ceramic. For 
the composites with 10 and 20 vol. % ceramic, voltage and current figures-of-merit are 
higher than PZT thick films. A most important disadvantage with the use of PVDF as sensor 
material is the requirement of a high poling field. PVDF and lithium tantalate (LT) 
composites are investigated for their pyroelectric and dielectric properties as infrared 
detector. The choice of LT was decided by the fact that LT has much lower poling field 
requirement and larger pyroelectric coefficient, with comparable dielectric constant to 
PVDF.  Studies show that LT/PVDF nanocomposite can prove to be a better alternative to 
both single crystal LiTaO3 and pure PVDF for pyroelectric sensor applications. (Satapathy et 
al., 2009) 
Lithium tantalite [(LiTaO3), LT] ceramic particles have been incorporated into a 
polyvinylidene fluoride-trifluoroethylene [P (VDF-TrFE) 70/30 mol%] copolymer matrix to 
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form composite films. The films were prepared using solvent casting method with the LT 
powder homogeneously dispersed in the P (VDF-TrFE) copolymer matrix with various 
volume fractions. Electrical properties such as the dielectric constant, dielectric loss, and 
pyroelectric coefficient have been measured as a function of temperature as well as 
frequency. In addition, materials’ figures-of-merit have also been calculated to assess their 
use in infrared detectors. The results show that the fabricated lithium tantalite: 
polyvinylidene fluoride-trifluoroethylene composite films have a good potential for 
uncooled infrared sensor applications operating at moderate temperatures (Batra et al., 
2009). 
 

 

Fig. 9. Pyroelectric coefficients of the composite films with various volume fraction of 
ceramic (ф) lead titanate as function of temperature (Chen et al., 1998). 

 

 

Fig. 10. Specific detectivity of an element in an array (Zhang et al., 1999). 
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Sample Fi = p 
(µC m-2K-1) 

ε′ FV = p/ε′ 
(µC m-2K-1) 

References 

P(VDF-TrFE)             
(Commercial Sample) 

34 16.1 2.1 Chan et al., 
1998 

PVDF                          
(Commercial Sample) 

38 5.3 5.7 Dias and Das-
Gupta, 1996 

P(VDF-TrFE)70/30  
(Commercial Sample) 

41.2 11.0 3.7 Dias and Das-
Gupta, 1996 

PT(vol 62%):PVDF  
Used dispersoids 
ceramic grains and 
pressed into thin films  
of 30-70 µm  range 

130 54 2.4 Dias and Das-
Gupta, 1996 

PLZT(26..27wt%) 
:P(VDF-TrFE          
Used dispersoids 
ceramic grains and 
Solution Casting 
method for thick films 
of range 20 µm 

16.7 25 0.66 Guggilla, 2007 

PLZT (12..33wt%): 
nano P(VDF-TrFE) 
Used dispersoids 
ceramic grains and 
Solution Casting 
method for thick films 
of range 20 µm 

9.0 14.12 0.64 Guggilla, 2007 

PZT (vol. 50% ): PVDF 90 10 0.11 Dias and Das-
Gupta, 1996 

PZT (vol.50%): P(VDF-
TrFE) 

39 118 0.33 Lang and Das-
Gupta, 2000 

TGS:PVDF 30 10.0 3.0 Kobune, 1997 

BT: PVC 0.08 3.7 0.02 Dias and Das-
Gupta, 1996 

PLZT (10.57wt%) 
:P(VDF-TrFE)        
Used dispersoids 
ceramic grains and 
Solution Casting 
method for thick films 
of range 30 µm 

11.07 33.15 .33 Guggilla, 2007 

 

Table 2. Material characteristics and Figure-of-Merits of 0-3 Composites 
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8.2 Metal-nanoparticles reinforced pyroelectric polymer composites 
As both Lithium tantalite ((LiTaO3), LT) and polyvinylidene fluoride-trifluoroethylene (P 
(VDF-TrFE)) have excellent ferroelectric and pyroelectric properties, LT ceramic particles 
have been incorporated into P (VDF-TrFE) copolymer matrix with 70/30 mol% to form 0-3 
composite films. Due to the low relative permittivity of LT the pyro-activity and 
performance of infrared detector will be increased [4]. However, pyroelectric particles in the 
0-3 composites cannot be fully poled due to the screening effect of the polymer matrix i.e. 
important properties of the composite are reduced. Sakamoto et al [5] indicated that 
PZT/PU composite doped with graphite particles improved the poling behavior of PZT 
phase and intern improved pyroelectric and piezoelectric properties.  Oltean et al [6] studied 
some electrical properties of metallic iron reinforced polymeric composite materials 
subjected to stress state: electric field, and temperature variation and mechanical load. In 
order to increase the conductivity of these LT: P (VDF-TrFE) samples it is proposed to 
embed the silver nano particles into this system. 
Films of LT: P (VDF-TrFE) composites with 2% volume fraction of LT powder and with Ag 
nanoparticles particles have been fabricated using ‘solution cast’ method. This technique is a 
very useful and inexpensive technique for manufacturing composite pyroelectric sensor 
because composite films can be fabricated with less energy, time and effort as compared to 
ceramic and single crystal fabrication. To assess their use as pyroelectric infrared detectors, 
various figures-of-merit of composite films have been calculated and compared with pure P 
(VDF-TrFE) film fabricated with the described techniques in the previous section. 
 

 

Fig. 11. Temperature Dependence of Figure-of-Merit, FV , for Pure PVTF, PLT1 and     
PLT1Ag films 

The pyroelectric performance figures-of-merit, the voltage responsivity increases with the 
volume fraction of LT and with addition of silver nanoparticles in the polymer matrix as 
shown in figure 11. Preliminary data on Figures-of-Merit of composite films are higher than 
P (VDF-TrFE) film poled under similar conditions. Based on the preliminary results 
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obtained, LT: P (VDF-TrFE) and LT: P (VDF-TrFE) +Ag films are attractive for use in 
infrared sensing elements especially where low level applications and curved surface 
detectors are needed.  

9. Advantages of micro- and nano-pyroelectric composites 

Some of the advantages of the Micro and nano-pyroelectric composites are greater tensile 
and flexural strength for the same dimension of polymer part, reduced weight for the same 
performance increased dimensional stability, improved gas barrier properties for the same 
film thickness and higher chemical resistance. 

10. Applications of pyroelectric detectors 

These uncooled pyroelectric infrared detectors are used in many applications and few of 

them are: Air Quality Monitor; Atmospheric Temperature Measurement; Earth Position 

Sensor; Earth Resources; Engine Analysis; Fire Alarm; Gas Analyzer; Glass Processing; 

Horizon Sensor; Infrared Detection; Infrared Spectrometer; Interferometer; Interplanetary 

Probe; Intrusion Detector; Laser Detection; Laser Power Control; Liquid Fuel Analysis; 

Meteorology; Plasma Analysis; Plastic Processing; Pollution Detection; Position Sensor; 

Radiometer; Reflectance Measurements; Remote Sensing; Sky Radiance; Solar Cell Studies; 

Human Sensors; Forest Fire Detection; Pyroelectric Vidicons; Ear Thermometer; Terahertz 

Detection, Biomedical Imaging; Satellite-Based IR Detection at 90˚K; and Optical Wave 

Guide Studies; X-ray Detector; Microwave Detector; facial recognition; traffic control; vision 

testing; law enforcement and border patrol. Recent applications are their use in Waste 

Energy Harvesting for Micro-electric Generators. 

11. Conclusions 

Composites of polymers blended with ferroelectric ceramics have been well studied; design, 
processing and characterization (from viewpoint of their applications). Ferroelectric ceramic: 
polymer composites with 0-3 connectivity pattern owe their popularity to easy fabrication 
procedure that allows for mass production at a relatively low cost. Special reference has 
been made to composites made with modified lead titanate and lead zirconate titanate. 
These ceramics have relatively high pyroelectric properties, which gives composites 
substantial advantage with additional strength and flexibility of the polymer. One 
additional advantage of this class of ceramic–polymer composite is that when the ceramic 
and polymer (P (VDF-TrFE)) are poled in the same direction, the pyroelectricity of two 
phases reinforces while their piezoelectricity partially cancels. It minimizes the micro-phony 
effect arising from vibration-induced electrical noise. It is evident that higher current 
responsively (FI) and detectivity (FD) figure-of-merit can be obtained in composite materials 
fabricated with modified PT/PZT electro-ceramic and co-polymer (P (VDF-TrFE)) in right 
proportion.  
However, only fabrication of detector with these composites shall prove their worthiness in 
real world. The note-worthy results have been reported by Zhang et al., 2000; a maximum 
value of D* 1.45 X107 cm Hz-1/2W-1 at 280Hz. for an 8x1 integrated linear pyroelectric array 
using PCLT/P(VDF-TrFE) composite. The composite detectors are useful for low-level 
applications. These detectors can be used and most importantly, where parameters like 
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flexibility, high strength, and large area of the infrared detector are required, e.g. cavity-
shaped detector.  
According to Dias and Das-Gupta, 1996, the composites however have the advantage of 
being easier to polarize in thicker self-supporting samples, preventing thus the need for a 
substrate. It can be concluded that there is a strong potential of 0-3 composites use in for 
low-level applications, including integration with semiconductor processing. Other 
technique of enhancing the pyroelectric performance such as using bimorph structure 
(Alexe and Pintilie, 1995) for composites can give higher voltage responsivity. However, the 
pyroelectric elements used in general have to be thin for the reasons of low thermal mass 
(and hence the high ΔT change), most papers included in the current discussions have not 
been the basis of such selection or requirements. The aim of this chapter has been to 
overview the advantages of making composites and to study the gains in the pyroelectric 
figures of merit or the detectivity of the sensing elements. By having such guideline studies 
the further advances in designing and fabrication of composite sensing elements of desirable 
thickness or dimensions  can be made as the future composite fabrication goals.  
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