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Abstract

The properties of dielectric materials with
their origin were explained. The various types of
polarization mechanisms with their frequency
dependance were also described. The dielectric
measurement principles, the data representation
and basics of equivalent circuit analysis was
elaborated. Finally, the wvarious functional
dielectric materials such as piezoelectric,
pyroelectrics and ferroelectrics were briefly
discussed along with  their  appropriate
applications. Overall, the present chapter on
dielectrics gives the reader a basic understanding
of dielectrics, related measurements and their
applications.
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INTRODUCTION

The materials which oppose the flow of charge through them are known as electrical

insulators. Some of the insulators show an extra and important property known as
polarization. The insulating materials which can be polarized as a result of applied electric
fields are known as dielectric materials. The charges present in the dielectric materials get
separated and produce dipole moments. The net dipole moment measured for per unit volume
of the material is known as polarization. The dielectric materials show different types of
polarizations based on their constituent atoms/ions/molecules and their crystal structure.

1.

TYPES OF POLARIZATION

Electronic Polarization: The electronic cloud of an atom gets displaced relative to the
nucleus due to applied electric field. This results in the formation of the electric dipoles in
the atom. These electronic dipoles will be aligned in the direction of the applied field. The
net electronic dipole moment per unit volume is referred as electronic polarization.

lonic Polarization: The ionic solids exhibit the relative displacement of the positively
and negatively charged ions. The net dipole moment obtained per unit volume in the ionic
solids is known as ionic polarization.

Dipolar or Orientational Polarization: The materials with permanent molecular
dipoles or complex ions with permanent dipoles exhibit the dipolar polarization. Absence
of the electric field results the dipoles orient randomly, whereas they can be oriented in a
particular direction by applying electric field. However, the thermal energy randomizes
these dipoles. Hence, dipolar polarization is observed to be temperature dependent.

Space Charge Polarization: At the time of the materials synthesis, they may contain
additional charges formed due to various reasons such as dangling bonds or impurities or
defects in the solids. These charges can accumulate at the electrode interface or across the
grain boundary within the crystalline materials and produce a net dipole moment per unit
volume in an electric field. The resulting polarization is known as space charge
polarization.

The materials which have only electronic polarization are known as non-polar
dielectrics, whereas if the material has electronic and ionic polarization they are called as
polar dielectrics and if the material has electronic, ionic, and orientational polarization are
known as dipolar dielectric materials. In general, dielectric materials are amorphous or
polycrystalline solids, hence they always possess the space charge polarization.

The polarization is responsible for the dielectric behavior of the material. The
dielectric materials are characterized by the dielectric function e(w) and it is complex in
nature. The dielectric function can be written as e(w) = ¢'(w) — &"(w). The respective
contributions to the polarization can be understood from its frequency dependance [1-3].
The polarization contribution decreases as the frequency increases as the dipoles do not
follow the frequency as it increases. Hence, the same trend is seen in the dielectric
properties. The dielectric constant or relative permittivity e'(w) can be obtained from real
part whereas dielectric loss ¢"(w) can be understood from the imaginary part of the
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dielectric function. The frequency response of the real and imaginary parts of a given
dielectric material shown in Figure. 1. It is observed that the contribution from space
charge polarization decreases initially, then dipolar, followed by ionic polarization as we
increase the frequency to 10™° Hz.
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Figurel: Frequency dependance of dielectric properties.
I1l. CHARACTERIZATION OF DIELECTRIC MATERIALS

The measurement of dielectric constant of polycrystalline solids in the frequency
region of 1 Hz to 1 MHz uses a capacitor structure. In general, polycrystalline materials are
pressed into pellets and sintered to get the maximum density. Then, for better contact
between the sample and electrodes, the pellet is coated with metals like Au, Ag on both sides.
A sinusoidal voltage is applied across the sample and the resulting sinusoidal current through
the sample is measured [4-6]. It is expected that the applied voltage and measured currents
are not in phase, hence the respective phase difference is also measured. Generally, LCR
meters or impedance analyzers are built for the measurement of dielectric properties.

Consider the applied voltage is V =V, sin(wt) and the measured current is I =
I sin(wt + 0). By these input and response functions, the resulted impedance can be

derived as Z(w) =%, and the same for capacitance Z(w) =jw% and for inductance

Z(w) = jwL. Here, the impedance Z(w) is the complex function and is given by Z(w)=
Z'+jZ", where Z' = |z| cos 8 and Z" = |z| sin 8. The impedance data can be represented in
various functions such as Admittance (YY), impedance (Z), Modulus (M) and dielectric
function (¢) [7].
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Impedance Spectroscopy: The interpretation of the interfacial or space charge
polarization, electrode effects, grain boundary and grain contributions to the impedance
requires representation of data in terms of impedance and admittance as

Z7=27+jZ"
and
Y=Z1=Y"+jY"

Dielectric spectroscopy: Dielectric materials show different relaxation mechanisms
(Debye or non-Debye or Maxwell-Wagner relaxation), and their understanding requires
to represent the data in terms of dielectric constant and electric modulus as

M =jwCyZ =M+ jM’
and

=e —je [8].

However, for the complete understanding of the dielectric materials, it is
important to introduce an equivalent circuit analysis along with impedance and dielectric
spectroscopies. The equivalent circuit model helps in the deconvolution of the dielectric
properties with respect to the various contributions such as interface, grain and grain
boundary related responses. It also helps to understand the relaxation mechanisms related
to each contribution individually. The deconvolution of the data can be understood by
assigning each contribution to its respective equivalent electrical element. In general, the
polycrystalline material is considered by brick layer model as shown in Fig.2, and the
respective equivalent circuit is also shown in Fig.3.

Grain Grain boundary

/

Electrode-sample interface Electrode

Figure 2: Brick layer model of polycrystalline sample
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Figure 3: An equivalent circuit showing different electrical elements.

In the circuit, the capacitor (C) represents the sample-electrode interface, the
resistor (R) represents the electrode resistance, the inductor (L) represents the inductance
of the wires. The grain and grain boundary contributions can be modeled with a parallel
RC circuit or parallel R-CPE (constant phase element) to represent a distribution of the
relaxation times [9].

IV. FUNCTIONAL DIELECTRIC MATERIALS

The dielectric solids may be amorphous or crystalline in nature. Among the available
32-point groups of crystalline solids, only 21-point groups show non-centro symmetry and 11
show centro-symmetry. Among these non-centro symmetric crystalline structures, 20-point
groups show piezoelectric property. Out of 20 piezoelectric crystalline point groups, 10-point
groups show pyroelectric property (spontaneously polarized) and even some of these 10
pyroelectric point groups also exhibit ferroelectric property (reversible polarization) [10].
Hence, the dielectric materials are classified as piezoelectrics, pyroelectrics and
ferroelectrics, which are important classes of functional materials. The piezoelectric,
pyroelectric and ferroelectric materials respond to external stimuli such as mechanical stress,
temperature and electric field respectively. The example materials for each class of
functional dielectric materials along with the external stimuli are listed in Table.1.

Table 1: The classification of functional dielectrics with examples and respective
external stimuli.

Functional dielectric Examples External stimuli
material
1. Piezoelectric Materials | Quartz, BaTiOs, PbZr, 4TixOs, PVDF, | Mechanical stress
LiNbO;, etc.
2. Pyroelectric Materials Triglycine sulfate (TGS), LiTaOs, Temperature,
PbZr,4TiyO3, PVDF, etc. mechanical stress
3. Ferroelectric Materials BaTiOs, PbZri4TiyO3, PVDF, etc. Electric field,
Temperature,
mechanical stress
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Ferroelectric materials also show piezoelectric and pyroelectric properties whereas all
pyroelectric materials show piezoelectric properties, but all piezoelectric materials do not
show pyro and ferroelectric properties and the same is shown in the Figure 4.

Dielectric

Piezoelectric

Pyroelectric

Ferroelectric

Figure 4: Schematic representation of dielectric, piezoelectric, pyroelectric and
ferroelectric materials

1. Piezoelectric Materials: In direct piezoelectric effect, the non-centrosymmetric
crystalline solids produce an overall polarization and hence the voltage upon application
of mechanical stress. The converse of the piezoelectric effect is also possible, i.e.,
application of an appropriate electric field across the piezoelectric crystal will produce a
mechanical strain. The strain measured as function of electric field in a piezoelectric
material shows a butterfly loop as shown in Figure 5.

4

Strain (%)

\/ \/ Electric Field (kV/cm)

Figure 5: Schematic representation of strain versus electric field (butterfly loop) of a
piezoelectric material
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2. Pyroelectric Materials: The dielectric materials which have spontaneous polarization
show the pyroelectric effect. The change in temperature results in the alteration in the
spontaneous polarization. The polarization decreases with increase in temperature in
pyroelectric materials. The change polarization results in an internal field which drives
pyroelectric current in the material.

3. Ferroelectric Materials: The class of non-centrosymmetric polar dielectric materials,
with their spontaneous polarization can be switched reversely by application of the
appropriate electric field. The polarization (P) versus electric field (E) shows a hysteresis
loop as shown in Fig.6. The spontaneous polarization vanishes above a certain
temperature which is known as Curie temperature (T¢). Hence, the dielectric constant (e;)
versus temperature curve exhibits an anomaly at T and it is described by the Curie-Weiss

law as, ¢ = % , where C is the Curie constant and T, is the Curie—\Weiss temperature.
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Figure 6: Schematic representation of polarization versus electric field (hysteresis loop) of a
ferroelectric material.

V. APPLICATIONS OF FUNCTIONAL DIELECTRIC MATERIALS

1. The direct piezoelectric effect is used in mechanical sensor and energy harvesting devices
whereas, the converse piezoelectric effect is used in actuators and ultrasonicate
transducers etc. [11].

2. Due to the induced current with change in temperature, the pyroelectric materials are used
in IR sensing, IR imaging, power generation etc. [12].

3. The switchable polarization and its remanence of ferroelectric materials used in non-
volatile memory device applications [13]. The ferroelectric material with suitable
composition shows high dielectric constant with high break down voltage and hence they
are also used capacitor applications [14]. Some of the transparent ferroelectric materials
also realized their applications in electro-optic devices [15].

4. The dielectric ceramic materials are also used in multi-layer ceramic capacitors where
thin layers of ceramic dielectric materials are stacked to produce high values of
capacitance [16]
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Dielectric materials with large dielectric constant, minimal dielectric loss and low
temperature dependance are extensively used in microwave wireless communication
systems [17].

The schematic representation of applications of dielectric materials are shown in Figure 7.
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Figure 7: Applications of dielectric materials
CONCLUSIONS

The present chapter discusses the basic principles of dielectric materials such as origin

of polarization and their types. The frequency dependance of the dielectric constant is
discussed with respect to the polarization mechanisms. The dielectric measurement principles
were discussed for the frequency range of 1 Hz to 1 MHz. The various representations of the
dielectric data and their importance were also introduced. The basic principles of equivalent
circuit model are given with appropriate schematic diagrams. Finally, the various functional
dielectric materials such as piezoelectric, pyroelectric and ferroelectric materials along with
their appropriate applications were also discussed.
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