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1.1 Introduction

Ferroelectricity is defined as the property of a material, with two characteristics,
i.e. (i) spontaneous polarization is present and (ii) it is reversible when subjected
to external electric fields [1]. The property was first observed in Rochelle salt
and is named so because of its analogy to ferromagnetism, which is a magnetic
property of a material that has a permanent magnetic moment [2, 3]. Other
similarities include hysteresis loop, Curie temperature (7-), domains, and so
on. The prefix, ferro, meaning iron (Fe), was used at that time because of the
presence of the element in the magnetic materials. However, ferroelectricity has
nothing to do with Fe. Even though some ferroelectric materials contain Fe, it is
not the originating factor.

Generally, as a material is polarized by an external electric field, the induced
polarization (P) is linearly proportional to the magnitude of the applied exter-
nal electric field (E), which is known as dielectric polarization. Above the Curie
temperature T, ferroelectric materials are at a paraelectric state. In this case,
a nonlinear polarization is present versus an external electric field. As a result,
electric permittivity, according to the slope of the polarization curve, is not a con-
stant. At the ferroelectric state, besides the nonlinearity, a spontaneous nonzero
polarization was present, as the applied field (E) is zero. Because the spontaneous
polarization can be reversed by a sufficiently strong electric field, it is dependent
on the currently applied electric field and the history as well, thus leading to the
presence of the hysteresis loop.

The electric dipoles in a ferroelectric material are coupled to the crystal lattice
of the material, so that the variation in lattice could change the strength of the
dipoles, i.e. the strength of the spontaneous polarization. The change in the spon-
taneous polarization, in turn, leads to a change in the surface charge, which causes
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current flow when a ferroelectric material is made into a capacitor without the
application of an external field across it. There are two stimuli that can be used to
change the lattice structure of a ferroelectric material, i.e. (i) mechanical force and
(ii) temperature. The generation of surface charge as a result of the application of
an external stress is known as piezoelectricity, while the change in spontaneous
polarization in response to the change in temperature is named as pyroelectricity.

To understand ferroelectricity, it is necessary to link with piezoelectricity
and pyroelectricity, because they have interesting interrelationships in terms of
crystal structures. All crystals can be categorized into 32 different classes. In the
theory of point groups, these classes are determined by using several symmetry
elements: (i) center of symmetry, (ii) axis of rotation, (iii) mirror planes, and (iv)
several combinations of them. The 32 point groups are subdivisions of seven basic
crystal systems that are, in order of ascending symmetry, triclinic, monoclinic,
orthorhombic, tetragonal, rhombohedral (trigonal), hexagonal, and cubic. Out
of the 32 point groups 21 classes are non-centrosymmetric, which is a necessary
condition for piezoelectricity to exist. Twenty of them are piezoelectric.

Among the 20 piezoelectric crystal classes, 10 crystals have pyroelectric
properties. Within a given temperature range, this group of materials is perma-
nently polarized. Compared to the general piezoelectric polarization produced
under stress, pyroelectric polarization develops spontaneously and remains
as permanent dipoles in the structure. Because this polarization varies with
temperature, the response is named as pyroelectricity. Within the pyroelectric
group, there is a subgroup that has spontaneous polarization, which is the
ferroelectric materials. On one hand, the polarization in a ferroelectric material
is similar to that in a pyroelectric one. On the other hand, these two polariza-
tions are different, because ferroelectric polarization is reversible by an external
applied electric field. Therefore, ferroelectricity is defined as the presence of
spontaneous polarization that is reversible by an external electric field [4, 5].
Figure 1.1 summarizes the interrelationship among piezoelectric, pyroelectric,
and ferroelectric materials, together with general dielectrics. This relationship

Figure 1.1 Interrelationship among
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and dielectric materials. Ferroelectric
materials have superior pyroelectric,
piezoelectric, and dielectric properties
than non-ferroelectric materials.
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1.1 Introduction

implies that ferroelectric materials have the highest piezoelectric performance
compared to non-ferroelectric materials.

According to Ginzburg—Landau theory, the free energy of a ferroelectric
material, without the application of an external electric field and stress, can be
expressed as a Taylor expansion in terms of the order parameter, polarization (P)
[6]. When a sixth order expansion is used, i.e. the eighth order and higher terms
are neglected, the free energy is given by

AG = Jay (T=T,) (P2 + P + ) + a, (P + P+ PY)
+ %au (PP} +PiP2 +P2PY) + éam (PS+P+1%)
a0y [PE (P2 P2) 4 PE (P24 P2) 4 P (P2 4 P2)] + S PRP2P2
(1.1)

where P, P, and P, are the components of the polarization vector in the x, y, and
z directions, respectively, while a;, @;, a;; are the coeflicients that are related to
the symmetry of the crystals. These coefficients could be either obtained through
experimental measurement or derived from ab initio calculation. Generally, in
ferroelectric materials, both @, and «,,, are positive. For ferroelectrics with a
first-order phase transition, a;; <0, while for those having a second-order phase
transition, a;; > 0.

During the phase transition from cubic to tetragonal phase, the spontaneous
polarization, P, of a ferroelectric can be derived in a relatively simple way, if the
free energy is described as a 1D expression, which is given by

AG = %ao (T-T,) P} + iaHPf; + éampj (1.2)

The solution of the free energy is characterized with a shape that has a double well
potential, with two free energy minima at P = +P,, where P, is the spontaneous
polarization. At these two minima, the derivative of the free energy is zero, i.e.

I(AG

% =y (T = T) P, + a PP + ayy P = 0 (1.3)
Then,

P, [ (T = Ty) + @y, P + a1, Py =0 (1.4)

Because P, =0 corresponds to a free energy maxima in the ferroelectric phase,
the spontaneous polarization, P, is obtained from the solution of the equation

ay (T = Ty) + ay P2+ oy Pi =0 (1.5)

which is

—ayy £ e, — Aoy, (T - T,)
P = (1.6)
204y
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Obviously, for either the first- or the second-order phase transitions, the negative
square root should be eliminated, thus leading to

—a;, + \/afl —daya, (T = T,)

20y,

P. =

S

(1.7)

If @;; =0, the spontaneous polarization is similarly given by

P, = [_ %I~ Ty (1.8)
ayy

The hysteresis loop, i.e. P, versus E,, can be readily derived from the free energy
expansion by adding an electrostatic term, E P, as follows:

Xt x?
AG = %ao (T -1T,) P2 + %LanP;‘: + éamPﬁ? - E.P, (1.9)
Therefore,
a(dif) = % (T_ To) Px+a11P3+a111P§—Ex =0 (1.10)
Accordingly,
E,=ay (T —Ty) P, +ay, P+ ay, P, =0 (1.11)

Plotting E, as a function of P and reflecting the graph about the 45° line will
result in a curve with “S” shape. The central part of the “S” corresponds to a
free energy local maximum, because there is 0*(AE)/dP? < 0. By eliminating this
region and connecting the top and bottom portions of the “S” curve by vertical
lines at the discontinuities, the hysteresis loop is obtained.

Since ferroelectric materials have the highest performances in terms of piezo-
electric and pyroelectric properties, they are promising candidates for related
applications of mechanical and thermal energy harvesting. At the same time,
ferroelectric materials also have very interesting electrocaloric effect (ECE),
which can be used for refrigeration applications, while their photovoltaic effect
has been paid new attention in recent years. Therefore, in the following sections,
these four types of applications of ferroelectric materials, closely related to
energy conversion and harvesting, will be discussed, with a focus on more
theoretical considerations.

1.2 Piezoelectric Mechanical Energy Harvesting

1.2.1 Piezoelectricity

The word “piezoelectricity” is derived from the Greek “piezein,” which means
to “squeeze” or “press” [4]. There are two piezoelectric effects: (i) direct effect
and (ii) converse effect. Direct effect (also known as generator) is identified as
the phenomenon where electrical charge (variation in polarization) is generated
due to the application of an external mechanical stress, while the converse effect
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(also known as motor) is defined as the mechanical deformation because of the
application of an electrical field. In this respect, piezoelectric energy harvesting
is the use of the direct effect (generator).

Properties of piezoelectric materials are generally characterized by k,, k33, d33,
d3;,and g33. The k factors (e.g. k33, k31, and k), which are also called piezoelectric
coupling factors, are convenient and direct measurements of the overall strength
of the electromechanical effects, i.e. the ability of the ceramic transducer to con-
vert one form of energy to another. They are defined as the square root of the
ratio of energy output in electrical form to the total mechanical energy input
(direct effect), or the square root of the ratio of the energy available in mechanical
form to the total electrical energy input (converse effect). Because the conver-
sion of electrical to mechanical energy (or vice versa) is always incomplete, & is
always less than unity. Commonly used as a figure-of-merit for piezoelectrics, the
higher k values are most desirable and constantly sought after in new materials.
For ceramics, k,, is a typical measure used to compare piezoelectric properties of
ferroelectric materials — values ranging from 0.35 for BaTiO; to as high as 0.72
for PLZT [4].

The d coefficients are called piezoelectric coefficients, having magnitudes of
x 102 CN™! (or pCN™?) for the direct effect and X 1072 m V=1 (or pm V1) for
the converse effect, respectively. The subscript is used to describe the relative
direction of inputs and outputs. For example, d;; means that this piezoelectric
coefficient relates to the generation of polarization (direct effect) in the electrodes
perpendicular to the vertical direction (3) and to the stress mechanically applied
in the lateral direction (1), while d;; indicates the polarization generated in the
vertical direction (3) when the stress is applied in the same direction. There are
also other similar symbols [4].

The g factors are called open-circuit coefficients, another parameter used to
evaluate piezoelectric ceramics for their ability to generate a large voltage per
unit of input stress. The g constant is related to the d constant: g =d/Ke, (K is
the relative dielectric constant and ¢, is the dielectric constant of free space that
equals unity). High-g-constant piezoelectric ceramics are usually ferroelectrically
hard materials whose polarizations are not readily switched and thus they possess
lower K values.

Ferroelectric materials can be grouped into four subcategories according to
their crystal structures: perovskite group, pyrochlore group, tungsten-bronze
group, and bismuth layer structure group, among which the perovskite group
is the most important and thus the most widely studied. Perovskite is usually
expressed as ABO;. A typical ABO; unit cell structure is shown in Figure 1.2,
taking PbTiO, as an example [4]. It consists of a corner-linked network of oxygen
octahedron, creating an octahedral cage (B-site) and the interstices (A-sites). Ti**
ions occupy the B-site while Pb*" ions occupy the A-site. Figure 1.2 also shows
the paraelectric and ferroelectric states of PbTiO;. Most ferroelectric materials
undergo a structural phase transition from a high temperature paraelectric phase
into a low-temperature ferroelectric phase. The paraelectric phase always has
a higher symmetry than the ferroelectric phase. The temperature of the phase
transition is called the Curie temperature (7). Different ferroelectric materials
have different values of T, which can be either lower than liquid nitrogen (LN)
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Figure 1.2 Schematic perovskite structure of PbTiO,, with cubic (C) structure in the
paraelectric state (P, = 0) and tetragonal (T) structure in the ferroelectric state (P, # 0).

temperature or higher than 1000 °C. For a given material (composition), the
T is closely related to the microstructure (grain size and distribution, density,
porosity and pore size and distribution, impurity, and so on). Generally, the T'-
of a given material decreases with decreasing grain size [7].

In the ferroelectric state, the ability of displacement of the central Ti** ion
causes reversibility of polarization. The switch of many adjacent unit cells is
referred to as domain reorientation or switching. The homogeneous areas of
the material with the same polarization orientation are referred to as domains,
with domain walls existing between areas of unlike polarization orientation [5].
For as-prepared piezoelectric ceramics, the domains are randomly oriented
and thus the net polarization of materials is zero because of their cancellation
effect. Therefore, the as-prepared piezoelectric ceramics have no piezoelectric
effect. To show piezoelectric properties, the newly obtained polycrystalline
piezoelectric ceramics must be poled at strong external DC electric fields
(10-100kV cm™1). Poling is to electrically align the orientation of the randomly
distributed domains within the grains and to make ferroelectric ceramics act
like a single crystal possessing both ferroelectric and piezoelectric properties.
Poling is usually conducted at elevated temperatures, because polarization
would be more compliant at high temperatures [5]. After poling during cooling,
the applied voltages should be retained until the temperature is sufficiently low.

1.2.2 Brief History of Modern Piezoelectric Ceramics

The history of modern piezoelectricity and piezoelectric ceramics is closely
related to the history of ferroelectricity and ferroelectric ceramics. The history
of ferroelectrics can be tracked back to Rochelle salt (sodium potassium tartrate
tetrahydrate, KNa(C,H,O,)-4H,0), which was synthesized more than 400 years
ago, initially for medicinal purpose. It is from this same crystalline material
that pyroelectric (thermal-polar), piezoelectric (stress-polar), and ferroelectric
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properties were discovered subsequently. Before this discovery, ferroelectricity
was only a hypothetical property of solid materials at the turn of the twentieth
century. However, the practical application of this material is largely limited
due to its water solubility. It was after the discovery of ferroelectric ceramics
(barium titanate, BaTiO,) that this class of materials became extremely useful
for a variety of applications.

The first ferroelectric ceramic material is BaTiO, (or BT), which was discovered
in the mid-1940s. Before the discovery of BaTiO,, the most widely used materials
for capacitors were steatite, mica, TiO,, MgTiO;, and CaTiO,, with the dielec-
tric constant not higher than 100. During the World War II, there was a pressing
need for high-dielectric-constant materials to fabricate high-capacitance capac-
itors. Before any publications were available in the literature, BaTiO, had already
been studied as a high-dielectric-constant material concurrently. In the later open
publications, it was concluded that the high dielectric constant in BaTiOj is due
to its ferroelectric properties [4].

The history of ferroelectric ceramics also includes the discovery of lead
zirconate titanate (PbZr,_,Ti,O;, or PZT) piezoelectric ceramics, the
development of transparent electro-optical lead lanthanum zirconate titanate
(Pb,_,La,Zr,_,Ti,O;, or PLZT), the research on lead magnesium niobate
(PbMg, 5Nb, 5O, or PMN) relaxor ferroelectric ceramics, and the discovery of
many other non-perovskite ferroelectric ceramics [4]. Among these, PZT has
been demonstrated to possess the best performance as piezoelectric ceramics.

Recently, there has been a concern with PZT due to the toxicity of Pb.
Regulations and legislations have been established globally to restrict the use
of lead-containing materials. For example, according to the directive for the
Restriction of the use of certain Hazardous Substances (RoHS) in electrical and
electronic equipment adopted by the European Parliament in the year 2006, the
maximum allowed concentration of lead is established to be 0.1 wt% in homo-
geneous materials for electrical and electronic equipment used in households
as well as industry. Therefore, lead-containing piezoelectric materials will be
prohibited eventually. Similar regulations have been established worldwide. As
a consequence, there is significantly increasing interest in developing lead-free
piezoelectric ceramics all around the world. Although major progress has been
made in materials research [8], there are still obstacles blocking the successful
industrial implementation of lead-free piezoelectric ceramics. Key problems are
their poor piezoelectric properties and fatigue degradation. Therefore, PZT will
still be a dominant material for piezoelectric applications in most areas.

1.2.3 Principle of Piezoelectric Effect for Mechanical Energy
Harvesting

The harvesting of mechanical energy is to convert it into electrical energy, which
requires a mechanical system that couples motion or vibration to a transduc-
tion mechanism. The mechanical system should be designed to be able to maxi-
mize the coupling between the mechanical energy sources and the transduction
mechanism, depending on the characteristics of the environmental motions. For
example, energy due to vibration can be converted by using inertial generators,
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with the mechanical component attached to an inertial frame that acts as a fixed
reference. The inertial frame transmits the vibrations to a suspended inertial mass
to produce a relative displacement between them. Systems such as this usually
have a resonant frequency, which can be designed to match the characteristic
frequency of the environmental motions. Detailed analysis on mechanisms of
mechanical energy harvesting can be found in the open literature [9, 10]. A brief
description is presented here.

These inertia-based generators can be well described as second-order
spring-mass systems. For a system with a seismic mass of 7 on a spring with
a stiffness of k, its energy loss, consisting of parasitic loss, c,, and electric
energy generated by the transduction mechanism, c,, can be represented by the
damping coefficient, c;. The system is excited by an external sinusoidal vibration,
y(¢) = Ysin(wt). At resonant frequency, there is a net displacement, z(t), between
the mass and the frame. If the mass of the vibration source is greatly larger than
that of the seismic mass, the latter can be ignored. If the external excitation is
harmonic, the differential equation of the motion is given by

mzZ(t) + cz(t) + kz(t) = —my(t) (1.12)
Standard solution for the mass displacement will be

(02

z(t) = y sin(wt — @) (1.13)
2 2
V(=) ()
where ¢ is the phase angle, given by

Energy conversion can be maximized when the excitation frequency matches the
natural frequency of the system, w,, given by

o, = \ﬁ (1.15)
m

The power dissipated with the system is

3
méy Y2<w3> ?
Py = n (1.16)

212 2
- ()] b (2)
where (| is the total damping ratio, which is { = ¢;/2mw,. Maximum power is
achieved when the system is operated at @,, while P, can be expressed as

mY*w?
P, = (1.17)
48y
2
P, = mA (1.18)
4w, {1

where A is the excitation acceleration level, with A = @?Y. Noting that these are
steady-state solutions, power will not tend to infinity when the damping ratio
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approaches zero. The maximum power generation can be evaluated by consider-
ing the parasitic and system damping ratio, which is given by

o mEA?
¢ 4w, + )

P, is maximized at {, = {,. When there is sufficient acceleration, increased damp-
ing effects will lead to a response with broadened bandwidth, so that the gener-
ator will be less sensitive to frequency. An excessive device amplitude can lead
to nonlinear behavior of the generator, which will make it difficult to keep the
generator working at resonance frequency. For specific applications, both the fre-
quency of the generator and the level of damping should be specifically designed
to maximize the power output. The power generation can also be maximized by
maximizing the mass of the mechanical structure.

The piezoelectric damping coefficient can be estimated by using the following
equation:

(1.19)

2maw’k?
c = (1.20)

¢ 2
1
21/ @? + ( )
n RloadCload

where k is the piezoelectric coupling factor of the materials, while R, 4 and Cy 4
are load resistance and capacitance. At maximum power generation, there is opti-
mal load, given by

2maw? k>
R .= 1 & (1'21)

opt
@nC /465 + K

Specifically, for piezoelectric materials, the mechanical and electrical behaviors
can be described by using the following linear constitutive equations:

L

D; =d, Ty + €, E; (1.23)

Each of the subscripts i, j, k, and / can take values of 1, 2, and 3. S and T are
strain and stress tensors, respectively. The stresses, represented by 7" with a unit
of Nm™2, are induced by the mechanical and electrical effects. D and E are the
electric displacement and electric field vectors, with units of Cm=2 and Vm™,
respectively. Also, s is the elastic compliance matrix evaluated at a constant elec-
tric field with a unit of m? N1, 4 is a matrix of piezoelectric strain coefficients
with a unit of m V7!, and €7 is a matrix of permittivity values that are evaluated
at a constant stress with a unit of N V=2, In Egs. (1.22) and (1.23), d represents
the charge created by an external force in the absence of an electric field (short
circuit electrical condition) or the displacement caused by an applied voltage in
the absence of an applied force (stress-free mechanical condition).

For piezoelectric composite materials, effective electromechanical coupling
factor is used, which is given by

2
ke =1/1- <1§> (1.24)

a
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where F| is the resonance frequency (Hz) and F, is the antiresonance frequency
(Hz) of a piezoelectric cantilever beam. The voltage coefficient, g (VmN™), is
given by
g=2 (1.25)
ér
The mechanical quality factor, Q,,, is defined as [11]

energy stored/cycle
Qu = — (1.26)
energy dissipated/cycle
The amount of energy stored in a piezoelectric device, E, is given by
E.= %cv2 (1.27)

where C is capacitance of the piezoelectric element and V is the voltage produced.
The maximum efficiency of the piezoelectric devices can also be estimated by
the following equation:

(e
_ 2 1-k2
1 1 k2
s (l_kz>

This equation indicates that the efficiency can be increased by increasing k and
Qu» which are properties of the piezoelectric materials. Therefore, selection of
materials is a very important step toward energy harvesters with high efficien-
cies. This is also the reason why PZT has been the most promising piezoelectric
material for mechanical energy harvesting applications.

(1.28)

1.3 Pyroelectric Thermal Energy Harvesting

1.3.1 Principle of Pyroelectric Effect

As stated earlier, pyroelectric effect is defined as the phenomenon of change in
polarization of a material induced by change in temperature [12, 13]. For a single
domain ferroelectric material, there are localized charges that are present on the
two end surfaces, due to the alignment of the polarization. At thermal equilibrium
state, these localized charges are shielded by the free charges with same quantity
but opposite signs, so that there is no net electricity produced in the ferroelectric
material. However, when there is a change in temperature, the polarization of the
material is changed. As a result, the free charges cannot completely shield the
localized charges and thus there will be free charges at the surfaces, which leads
to the formation of an electric field nearby. The presence of the electric field is
indicated by the fact that the material can attract or repel charged particles. If the
surfaces are connected with external circuit, there will be electric current flowing
through it. The directions of the electrical currents corresponding to heating and
cooling are opposite.

Similar to the piezoelectric of ferroelectric materials, the charge of current of
pyroelectric effects is closely related to the change in polarization, which thus
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breaks the equilibrium with free charges, so that the amount of surface charges is
increased and decreased corresponding to heating and cooling, respectively. The
difference is that the change in polarization of pyroelectric effect is caused by the
change in temperature, while that of piezoelectric effect is caused by mechani-
cal stress. The physics of pyroelectric effect has been well described in the open
literature [12-15]. A brief description of various physical quantities related to
pyroelectric effect and pyroelectric materials is presented in this subsection.

The pyroelectric effect of a pyroelectric material is characterized by the pyro-
electric coefficient, a parameter that measures the pyroelectric efficiency of the
material. With a small change in temperature, AT, the variation induced can be
given by

AP = pAT (1.29)

where p is the pyroelectric coefficient, which is a vector and has three nonzero
components, with unit of Cm=2 K%

oP,,
=57 M= 1,2,3 (1.30)
The sign of the pyroelectric coefficient is determined with respect to the
piezoelectric axis of the piezoelectric crystal. According to IRE standards, the
end of a crystal axis with positive charge under tension is defined as the positive
end. When a pyroelectric crystal is heated, if there is positive charge produced at
the positive side, the pyroelectric coefficient is defined to be positive; otherwise,
it is negative. Generally, because the spontaneous polarization of ferroelectric
materials decreases with increasing temperature, the pyroelectric coefficient is
usually negative. However, there are also exceptions; for example, the sponta-
neous polarization of Rochelle salt increases with increasing the temperature
slightly below its Curie point.

Because the best pyroelectric materials are piezoelectric materials, the defor-
mation of a pyroelectric material due to change in temperature can induce varia-
tion in polarization, which also contributes to pyroelectric effect. Therefore, it is
important to pay attention to mechanical boundary conditions and the ways of
change variation.

Under uniform heating or cooling, depending on mechanical boundary
conditions, there are two types of pyroelectric effects. Under constant strain
(sample is clapped), only the variation in polarization induced by temperature
change contributes to pyroelectric effect. It is called primary pyroelectric effect
or constant strain pyroelectric effect. Usually, it is difficult to maintain a constant
strain. In other words, samples are in free-strain state or constant stress state. In
this case, the variation in polarization induced by the mechanical deformation
of the sample due to thermal expansion will be added on top of the primary
pyroelectric effect. This additional pyroelectric effect at uniform temperature is
called secondary pyroelectric effect. Therefore, the pyroelectric coefficient of a
material under constant stress is the summation of the primary and secondary
coefficients, and is known as the total pyroelectric coefficient. However, in
practice, the pyroelectric element in a pyroelectric device is neither under
constant strain nor under constant stress [16]. For example, it is only strained in

P
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one specific direction and free in other directions. In this case, the pyroelectric
coefficient is called a partially strained coefficient.

If a pyroelectric sample is heated or cooled in a nonuniform manner, it will
experience a stress gradient, which also contributes to the pyroelectric effect,
through piezoelectric effect. This nonuniform heating- or cooling-induced pyro-
electric effect is called a tertiary effect or false effect. It is named false effect
because piezoelectric materials, including those outside the 10 polar point group,
have such an effect under nonuniform heating or cooling. Those piezoelectric
materials actually have no pyroelectric effect. As a result, the heating or cooling
should be uniform to exclude the false pyroelectric effect.

1.3.2 Pyroelectric Coefficient and Electrocaloric Coefficient

The thermodynamic states of elastic dielectrics can be described with tempera-
ture T, entropy S, electric field E, electric displacement D, strain X, and stress
x. With T, E, and X as independent variables, the differential form of electric
displacement can be expressed as

ao, = (L) ax+(Le) ag+(L2) ar
" aXl ET : aEVl X, T ! aT EX

=dildX, + e, dE, +p};* dT (1.31)

where the subscript m =1 — 3 and i = 1 — 6, while the superscript means that the
physical quantities are kept constant. On the right-hand side, the first and the
second terms are piezoelectric and dielectric characteristics, whereas the third
term is the pyroelectric property of a material.

When dX; =0and dE, =0,

dD,, = pi; dT (1.32)

With independent variables, T, E, and X, the characteristic functions of Gibbs
free energy become

G=U-TS-Xx,—-E,D,, (1.33)
According to thermodynamic first and second laws,
dG = —x;dX;, - D, dE, —SdT (1.34)

The differential form of the Gibbs free energy, with respect to 7, E, and X, can be
expressed as

0G 0G oG
dG= |- ) X+ ) dE,+{57) dT 1.35
<aXi>E,T l <aEm>x,T " <0T)E,X (1.35)
By comparing Egs. (1.34) and (1.35), we have
£) =-n, (1.36)
9E, ) r
(@) =S (1.37)
0T JEx
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2 [J)
G ) __(Lm) X (1.38)
OE,, oT / , T ),
G ) (95 (1.39)
0E,, oT ] , E,, ) xr '

The pyroelectric coefficient is thus defined in Eq. (1.38), whereas Eq. (1.39)
describes the change in entropy induced by an external electric field, which is
known as EC coefficient. Therefore, ECE is inverse pyroelectric effect, and thus

£X 0S
= —<—> (1.40)
oE,, XT

It means that the pyroelectric coefficient under constant electric field and stress
is equal to the ECE under constant stress and temperature.

With independent variables, T, E, and «, the differential form of electric dis-
placement can be expressed as

dD,, = Dy, dx; + Do dE, + Dy, dT
"\ o ET . OE, Jor 0T /.

= el du, + €5y dE, + phy AT (1.41)

Under constant strain and electric field,
dD,, = ptrdr (1.42)

Similarly, with independent variables, T, E, and x, the characteristic functions
of Gibbs free energy are written as

dG, = X;dx;, — D,, dE, —SdT (1.43)
Similar to Eq. (5.7),
4G, = (222 ax+ %) 4 + (22 ar (1.44)
2 0x; ET : oE,, xT " or Ex .
As a result,
oG
2 =-D, (1.45)
oE,, XT
G
2 =_-S (1.46)
oT Ex

According to partial derivatives,

E.x aS
P = —<—> (1.47)
OE,, ) .1

Therefore, the pyroelectric coefficient under constant electric field and strain is
equal to the ECE under constant strain and temperature.

The change in entropy of a ferroelectric material is due to the change in
ordering of polarization. The higher the degree of ordering, the lower the
value of entropy of the system will be. As a consequence, depolarization of a
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ferroelectric material leads to an increase in the value of entropy because the
degree of ordering of polarization is decreased. Under adiabatic conditions,
depolarization results in a decrease in temperature, which is the reason why
ECE can be used for refrigeration through depolarization.

1.3.3 Primary and Secondary Pyroelectric Coefficient

At zero electric field (constant electric field), electric displacement is only a
function of strain and temperature, while strain is only a function of stress and
temperature, i.e.

oD, oD,
aD, = <_> d, + <_> ar (1.48)
o, ), T ).
dr, = (25 ax + (25 ar (1.49)
= \ax ) VT \er ) '

With de =0, combining Egs. (5.20) and (5.21) leads to

oD ox, oD
dDm=[<—’”> (%) +<_m> ]dT (1.50
o, ) \oT ), \oT ),

Rearranging Eq. (5.22),

oD oD oD ox,
(7).~ (5).+ (%), (&) ass
of ), \or ), \ox, ), \0T),

where the left-hand side term is the total pyroelectric coefficient, while the first
term on the right-hand side is the primary pyroelectric coefficient and the second
term is the secondary coefficient.

In Eq. (1.51),
oD
<—’”> =e,, (1.52)
0x; ) 1
ox;
L = a. 1.
<aT>x “ (1539

where e,; and «; are the piezoelectric constant and thermal expansion coefficient,
respectively. Therefore, Eq. (1.51) becomes

Py =pL+e a¥ (1.54)

mi 1

where the second term on the right-hand side means that the secondary pyro-
electric coefficient is the product of the piezoelectric constant and the thermal
expansion coefficient.

If Eq. (1.51) is rewritten as

oD,, oD,, oD, \ [0X,\ (9%
—2) = (=) +(=Z) (=) (2 (1.55)
oT ), \or ), \ox, J;\ox; ) \oT ]

the following expression for total pyroelectric coefficient results:

Py =p,+dlcla’ (1.56)

miij
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where the second term on the right-hand side means that the secondary pyro-
electric coefficient is the product of piezoelectric constant, elastic stiffness, and
thermal expansion coefficient. In most cases, the primary coefficient is the main
contributor of pyroelectric materials.

1.3.4 Tertiary Pyroelectric Coefficient and Other Aspects

As stated before, under the condition of nonuniform heating or cooling with-
out mechanical stress, the total pyroelectric coefficient consists of primary,
secondary, and tertiary coefficients. The tertiary pyroelectric coefficient is
attributed to thermal stress, whose contribution to the change in polarization
isd,,,X,,(r, t), where d,,,, and X, are the piezoelectric constant and thermal
stress component, while r and ¢ are displacement and time, respectively [17].
Owing to the difficulty in characterization of thermal stress, which is a func-
tion of location and time, it is a challenge to accurately measure the tertiary
pyroelectric coefficient.

When elastic Gibbs free energy G, is used as a characteristic function, with
variables such as stress and electric field being one dimensional,

dG, =-SdT +xdX +EdD (1.57)
Taking the derivative of Eq. (1.57),
0G,
—1_F 1.58
D (1.58)
’G, 1
== 1.59
0D? I3 ( )
At temperatures near Curie point,
0G,
— =aD+ pD? +yD? 1.60
D = +pD’ +y (1.60)
which can be rewritten as
E = ay)(T - T,)D + ¢(D) (1.61)

where @(D) represents all higher order terms and a, = 1/(g,C), with C being the
Curie constant, which leads to

OE
3T = ayD (1.62)
Therefore, if E = 0 and D =P, at temperatures near the Curie point,
ao(T — Ty)P, + p(P,) = 0 (1.63)
ie.

0G,

- = ay(T — To)P, + ¢p(Py) =0 (1.64)
oD |ps,

dD+ %G,
pp 4T~ 0T 0D

=0 (1.65)

D=P,

d [9G, _0°G,
dr\ oD /,_, oD?
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Comparing Egs. (1.59) and (1.62),

PG,
oT oD

_OE
pep oT

s

Substituting Eq. (1.66) in Eq. (1.65),
L ap, =0 (1.67)

r

= a,P, (1.66)

D=P,

where p =dD/dT, which is the pyroelectric coefficient, thus leading to

PS
65 =2 (1.68)

r

which correlates the pyroelectric coefficient with Curie constant, spontaneous
polarization, and permittivity of a pyroelectric material. With this relationship,
the pyroelectric coefficient can be estimated by using the Curie constant, and
vice versa. It is necessary to mention that the temperature range of validity of the
formula should not be too wide.

It has been found that although there is a significant difference in the pyro-
electric coefficient and permittivity among various pyroelectric/ferroelectric
materials, the value of the ratio pe,~'/? is nearly constant for most ferro-
electric materials, with a temperature range across room temperature. This
phenomenon has been well explained by using ferroelectric phenomenological
theories. With Devonshire’s assumption, the elastic Gibbs free energy G, can be
expressed as

0G,

D= ao(T — T,)D + pD* + yD° = E (1.69)

Near the Curie point, with E =0 and D=2,
ao(T — Ty)P, + pP2 +yP; =0 (1.70)

The solutions of this equation are

B - /

P2 = % {1 + [1 = dagyp(T - TO)]1 2} (1.71)
i _

P = -5 {1 — [1 = 4agy 72T - T)) 1/2} (1.72)

where Eq. (1.71) is for < 0 and Eq. (1.72) is for > 0. For second-order phase
transition with > 0, Eq. (1.71) becomes

4y(T, - T)]?
pa-L_ L [1 20D )] (1.73)
Yy 2 £,CP
For first-order phase transition, it is
p_ BBl (T —T) " (1.74)
s 2y 2y £,Cp? ’
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The pyroelectric coefficient can be derived from their derivatives with respect
to temperature, given by

_ 1/2
w] (1.75)

cp?
With Eq. (1.68), on multiplying the two sides of Eq. (1.75) by p/e, and P,/C,
respectively,

p=(2Pg,C|5)™" [1 +

1/2

2 4p%y

l:_ = P2(26,CT,)™" ll + IﬂOI <1 - %)] (1.76)
r 0

where

P2=T, i =% (1.77)

s 0% " £,C|p| ’
T<T, 0

When T ~ T, Eq. (1.76) can be simplified as
pe? ~ Py(2CT )™ /> (1.78)

The equation can be used to understand the abovementioned phenomenon,
which has been taken as a reference to estimate the performance of pyroelectric
materials.

1.3.5 Pyroelectric Effect versus Phase Transition

For ferroelectric pyroelectric materials, there are two types of phase transition,
where a peak is observed in the pyroelectric coefficient curve with temperature
[18]. Ferroelectric—paraelectric transition is the most important phase occurring
in ferroelectric pyroelectric materials. During this phase transition, there is a
sharp change in spontaneous polarization.

For first-order ferroelectrics, at temperatures slightly higher than Curie point
T, an external electric field may induce the appearance of a ferroelectric phase,
where the temperature of the maximized variation in polarization, corresponding
to the peak of pyroelectric coefficient, increases with increasing magnitude of
external applied electric field [19]. This phenomenon can be readily explained
with Eq. (1.69). According to reduced electric displacement d, electric field e, and
temperature £,

d=—(2y/18)"*D (1.79)
e=—82y%/|p1>)"’E (1.80)
t =dayf (T - T,) (1.81)

Then, Eq. (1.69) can be simplified as
e=2d” —4d® + 2td (1.82)
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According to the definition of pyroelectric coefficient, we have reduced the
pyroelectric coefficient, given by

od s e \! d
ot (4”1 4d 2d2> ©6d2—5dt—t (1.83)

For second-order phase transition ferroelectrics, there is no electric-field-
induced phase transition [18]. The application of an external electric field only
suppresses the curve of dielectric constant versus temperature and thus the tem-
perature corresponding to the pyroelectric coefficient peak is kept unchanged.
However, the magnitude of pyroelectric coefficient decreases with increasing
magnitude of electric field. By omitting the higher order term, Eq. (1.69) is
simplified as

E = ay(T — T,)D + pD? (1.84)

where T =T.. Because the electric field is constant, the derivative of
Eq. (1.84) is

0 = [a(T — Ty) + 38D*| dD + a,D AT (1.85)

Therefore, the pyroelectric coefficient is given by

—a,D,
p= (@) - %o (1.86)
OT Jex  ao(T — T,) + 3pD>

where D, is the electric displacement induced by the electric field E at tempera-
ture T, which can be calculated by using Eq. (1.84). There are three special cases,
where we have

Dy~ E[ay(T=Tp| ", T T, (1.87)
Dy~ agp (T, - D] %, T<T, (1.88)
Dy~ (ay/P)3, T=T, (1.89)

Substituting Eqs. (1.87)—(1.89) in Eq. (1.86), with p, being the pyroelectric coef-
ficient at T'=T,, we have

p=Eaq; (T-Ty)>2 T>T, (1.90)
p= %(Xé/zﬂ_l/z(To _ T)—I/Z’ T <« T() (1.91)
po=sa/PPEE, T =T, (1.92)

Therefore, below Curie point, the pyroelectric coefficient increases with
temperature with (T, — T)~'/2, while above Curie point, the pyroelectric coef-
ficient decreases with (7 — T,,)~2. At Curie point, the pyroelectric coefficient is
maximized, which is affected by the electric field in terms of magnitude, but
without shift in temperature.

Another phase transition is ferroelectric—ferroelectric phase transition, where
both magnitude and direction of the spontaneous polarization do not change
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in most cases. There are seldom cases where the direction of the polariza-
tion does change. In this case, other phase transition related parameters will
experience only negligible variation, but pyroelectric effect still has a peak
value. Therefore, pyroelectric coefficient has been a sensitive indicator of
ferroelectric—ferroelectric phase transition of ferroelectric materials.

When a pyroelectric material is heated or cooled from one temperature to
another, it takes time for the polarization to reach a new equilibrium state.
Therefore, the response of pyroelectric charges to the variation in temperature
is not instantaneous, but with a certain degree of delay, depending on a number
of factors, including thermal conductivity and heat capacity of the material, as
well as sample dimension and shape. Generally, thermal relaxation time can be
expressed as

L*¢
T =

(1.93)
oT

where ¢’ is the heat capacitance per unit volume in JK™! m™3, L is the length in
the direction of heat conduction in meters (m), and o is thermal conductivity
in JK=! m~! s7!. Therefore, it is important to have an estimate on 7. before
discussing the pyroelectric response. It has been acknowledged that, during both
the ferroelectric—ferroelectric and ferroelectric—paraelectric phase transitions,
ferroelectric materials usually experience a peak in the value of their specific
heat, which will also lead to a significant increase in 7 [20].

1.4 Electrocaloric (EC) Effect of Ferroelectric Materials

When an electric field is applied to a dielectric material it will induce a change
in the polarization and consequently a change in the entropy and temperature in
the material. Such an electric-field-induced temperature and entropy change in
a dielectric material is known as the ECE [1-3].

The ECE is attractive because it may provide a very efficient means to real-
ize solid-state cooling devices for a broad range of applications such as on-chip
cooling and temperature regulation for sensors, electronic devices, and medical
specimens. Furthermore, refrigeration based on the ECE approach is more envi-
ronmentally friendly and hence may also provide an alternative to the existing
vapor-compression approach.

More recently, ECE of ferroelectric materials has received intensive attention,
due to its potential application in the area of energy saving and conversion, with
progress that has been well overviewed in the literature [21-24]. It is well known
that as a dielectric material is subjected to an external applied field, polarization
is induced in the material, thus leading to a variation in entropy and tempera-
ture, which is called the ECE [25]. Owing to its potential of achieving solid-state
cooling, the ECE has become a worldwide hot research topic. Solid-state cooling
could find a wide range of applications, including on-chip cooling and tempera-
ture management of electronic devices. Moreover, it can be used to realize refrig-
eration, with more environment friendliness, so as to replace the currently used
vapor-compression technique in the future.
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The study of ECE can be traced back to the 1930s when the ECE was first
measured experimentally [26]. However, the ECE was too weak to be used
for practical applications. It was after the discovery of ferroelectricity in the
1920s that ECE-derived applications started to draw more attention, due to
the large polarization required by real device design [27-29]. Besides large
polarization, ferroelectric materials for ECE applications should be workable
near room temperature, which requires them to have a suitable ferroelectric
(F)—paraelectric (P) transition point (Curie temperature or T'.), because ECE
is maximized just above T.. For example, a PbZr,y;Ti;,sO; thin film, at
temperatures above its F-P phase transition of about 222°C, exhibited an
adiabatic temperature change of as high as 12°C [30]. Such a large ECE, with
an adiabatic temperature change of 12°C, was also observed in the ferro-
electric polymer, poly(vinylidene fluoride—trifluoroethylene) [P(VDF-TrFE)]
copolymer [31].

Theoretically, ECE can be related to the pyroelectric effect of ferroelectric
materials, through the Maxwell relation, in terms of electric field (E) induced
adiabatic temperature change, given by [32]

<£) :ﬁ (1.94)
OE/s ¢

where T is the temperature, ¢, is the volumetric specific heat at a constant
electrical field, S is entropy, and p; is the pyroelectric coefficient at a constant
field, (0D/0T), with D being the electric displacement. According to Eq. (1.94),
the isothermal entropy change AS and adiabatic temperature change AT, as the
external applied field is changed from E, to E,, can be expressed as

AS = — /EIEZ (%)Sfdfs (1.95)

E
> T (0D

AT = — —|==) dE 1.96

/,51 cE(aT)s,E (1.96)

where D =¢,E + P, with P being the polarization and ¢, the vacuum dielectric
constant. To achieve large values of AS and AT, a sufficiently high pyroelectric
coefficient should be available over a wide range of both electric field and
temperature. Usually, ferroelectric materials exhibit high pyroelectric effect
at temperatures that are near the F-P transition point. Also, it is possible to
obtain a large AT, even though AS is not very high, as long as the material
has a sufficiently low value of c.. However, practical refrigeration applications
require a relatively high AS. Currently, ECE has been mostly studied accord-
ing to the Maxwell relationships, as described in Egs. (1.95) and (1.96), i.e.
electric displacement D as a function of temperature T at different electric
fields.

During the cycling of refrigeration, thermal entropy is absorbed by the work-
ing material or refrigerant from the cooling load, which is in thermal contact
with the load, i.e. isothermal entropy change AS. Then, the material is isolated
from the load, whereas the temperature is increased due to the application of
an external field, i.e. an adiabatic temperature change AT is present. Meanwhile,
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the material is in thermal contact with a heat sink, to which the entropy absorbed
from the cooling load is ejected. Because the working material is isolated from the
heat sink, the temperature is decreased to that of the cooling load, as the field is
reduced and the process is repeated. As a result, the isothermal electrical entropy
change AS and the adiabatic temperature change AT are the two key parameters
that are used to characterize the ECE.

The performances of different refrigerants can be characterized by using a
parameter known as refrigerant capacity (RC), which is expressed as AS AT,
[33]. Here, AS, is the isothermal entropy change at 7. and AT, =T, — T is the
temperature span of the refrigeration cycle, where T, and T, are the hot end
and cold end temperatures, respectively. Figure 1.3 shows a schematic diagram
demonstrating the refrigeration cycle [21]. For the ECE of a dielectric material
to be used as the refrigerant, AT, and AS_ can vary as a function of electric
field. Also, the largest value of AS AT, at a selected operation temperature
should be used as a measure to characterize the performance of a refrigerant.
Phenomenological theory has been used widely in the study of ferroelectric
materials, which is also useful in guiding the development of ferroelectrics to
achieve a large ECE.

T
- > E; = Emax
- >
— — /
Th S < B
Y A E =0
Te >

Sh Se S

Figure 1.3 Schematic diagram of a potential thermodynamic refrigeration cycle based on EC
effect that is similar to a Carnot cycle. From the path of (A)-(B) and then (B)-(C), an applied
electric field is raised from E, to E,, which induces a polar-ordered phase. From (A) to (B), the
EC effect material experiences an adiabatic temperature change AT, from T_to T,, and then
from (B) to (C) it ejects heat (entropy) to the heat sink at T, while the material entropy is
reduced from S_to S, (isothermal entropy change AS). From the path of (C) to (D) and then (D)
to (A), the applied electric field is reduced from E, to E; and the EC effect material loses polar
ordering. Accompanying this, the EC effect material experiences a decrease in temperature
from T, to T. from (C) to (D) (adiabatic temperature change) and then absorbs heat (entropy)
from the cold load (isothermal entropy change). Because the EC effect materials of interest are
insulators, the above electric field (refrigeration) cycle has the potential of very low electric
loss, and consequently, the cooling devices based on the EC effect have the potential to reach
very high efficiency. Source: Lu and Zhang 2009 [21]. Reproduced with permission of John
Wiley & Sons.
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According to the general form of the Gibbs free energy related to polariza-
tion as discussed earlier, the entropy and adiabatic temperature changes are
given by [32]

AS = —%ﬂDz (1.97)
AT = - L prp? (1.98)
2¢cg

As expected, as the material develops a polar phase its entropy will decrease,
and Eq. (1.97) indicates that this entropy change is proportional to the square
of the electric displacement change. Furthermore, Eq. (1.97) also indicates that a
dielectric material with a large b will exhibit a large AS.

It is expected that the change in entropy at an external electric field can be
treated as the alignment of dipoles. Therefore, below a critical point, the degree
of alignment is proportional to the electrical field. However, once approaching
the critical point, all the dipoles are aligned, so that saturation is reached. In this
case, there will be no change in entropy as the electric field is further increased
[22]. That critical point corresponds to a physical upper limit for a given material,
which is accompanied by an EC temperature change, known as the saturated
EC temperature change, AT . According to thermodynamic and statistical
mechanics, AT, can be expressed as [34]

AT _ kT'InQ
2 3,0C,

where Q is the number of discrete equilibrium orientations of dipolar entities,
Cp is the volume specific heat, © is the Curie constant, k is the Plank constant,
and T is the absolute temperature. However, most of the experimental values
of EC are lower than the calculated AT, while much higher values have
been observed in some oxide ferroelectric thin films. This observation has not
been well clarified, which could be attributed to either the inaccuracy of the
experimental measurement or prematurity of the theoretical estimation.

When comparing a 1-um thin film and a 1-mm-thick ceramic sheet, with AT
of 10 and 1K, respectively, the cooling capacity of the ceramic sample is 100
times that of the thin film. Therefore, from a practical application point of view,
thin films cannot be used for mid- and large-scale cooling applications. In this
regard, it is still necessary to explore ferroelectric ceramics or single crystals
for large-scale EC applications. Additionally, high dielectric strength is another
important requirement to achieve high-performance ECEs. This is the main rea-
son why relatively high EC temperature changes have been observed in ferro-
electric thin films, because the dielectric strength is inversely proportional to
thickness of the samples. The dependence of dielectric strength (E,) on the thick-
ness of a material has the following relationship [35]:

(1.99)

E, ot (1.100)

where ¢ is the thickness and # is a fitting parameter that is closely related to
microstructure and charge transfer of the material. Generally, in an E, — ¢ curve,
the dielectric strength abruptly decreases with increasing thickness initially
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and the decreasing rate slows down, which is attributed to the change in the
breakdown mechanism [36]. For instance, electron ionization avalanche mech-
anism is responsible for the breakdown for thin films, while electromechanical
breakdown becomes dominant as the thickness of the films is increased [37].
It is expected that if the microstructural features inside the bulk ceramics
could be eliminated, high dielectric strength and thus high EC temperature
changes could be achieved. Therefore, increasing the breakdown strength of
bulk ceramics should be a challenge in developing EC materials for practical
applications.

1.5 Ferroelectric Photovoltaic Solar Energy Harvesting

Recently, the coupling of polarization with optical properties in ferroelectric
materials with small bandgaps has drawn much attention, due to the potential
photovoltaic effects [38—40]. Because of their non-centrosymmetric crystal
structure, ferroelectric materials were found to exhibit an unconventional
photovoltaic behavior, which is known as bulk photovoltaic effect (BPVE)
[41]. A strikingly high power conversion efficiency (PCE) of 8.1% has been
achieved in multilayered Bi,FeCrOq thin film solar cells [42]. Because Si-based
solar cells work on the principle of p—n junction, they are governed by the
Shockley—Queisser limit [43]. In contrast, the BPVE does not encounter such
a problem. Besides the BPVE, there are other factors that can be considered
when using ferroelectric-based photovoltaics. For instance, according to a
semiconductor-based model, with a charge distribution in the ferroelectric,
which could be polarization surface charges, Schottky-induced space charges,
and screening charges in the electrodes, a high photovoltaic efficiency of 19.5%
has been predicted in thin films with a thickness of 1.2 nm [44].

Another important parameter is called fill factor (FF), which is defined as the
maximum power in the current—voltage curve that is divided by the product
of the short-circuit photovoltaic current and the open-circuit photovoltage. As
compared with the conventional semiconductor solar cells that have FF of up to
80%, the values of FF of photo-ferroelectrics are only in the range of 10-30%
[11, 45]. Such low FF values have been ascribed to the resistive losses of the
devices, due to the poor contact of electrodes and the presence of defects in the
materials. Other intrinsic resistances could be from grain boundaries and even
the domain walls. Therefore, there is still plenty of room to improve the perfor-
mances of ferroelectric photovoltaic materials.

The photovoltaic effect of ferroelectric materials was first observed in BaTiO,,
with a steady photovoltaic current, together with a weak pyroelectric current
above the Curie temperature [46]. It was ascribed to the presence of a surface
charged layer, which was trapped as the material was heated above the Curie
temperature. Following that, the effect was quantitatively analyzed, eventually
leading to the establishment of models for the photovoltaic effect of ferro-
electrics — for example, a steady photovoltaic current, i.e. electrical current
flowing in a short-circuited sample under illumination in BaTiO, [47] and
Fe**-doped LiNbOj, [48]. The photovoltaic current in Fe?*-doped LiNbO, was
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attributed to the asymmetric scattering of the excited electrons related to the
Fe impurities [49]. Because the Fe impurities in LiNbO, crystal occupied the
non-centrosymmetric sites, the potential barriers for electrons were different
in different directions. For instance, if one direction is more favorable than
others, there will be more electrons statistically in this direction with a definite
momentum vector, thus leading to the presence a nonvanishing photovoltaic
current. As a consequence, there are more photoexcited electrons, which in turn
increase the imbalance and thus the photovoltaic current.

Besides the asymmetric scattering of free electrons, Franck—Condon relax-
ation of excited ions is another fact that could be responsible for the generation
of the photovoltaic current. According to the asymmetric scattering model, the
short-circuit photovoltaic current (/) is proportional to the intensity (1) of the
monochromatic incident light, which is given by [49, 50]

]sc = Klal (1.101)

where « is the absorption coefficient and k, is a constant that is dependent on fac-
tors including the characteristics and concentration of the impurity center, mean
free path of the excited electron, and the energy level of the incident photons.

Although this model was further elaborated by using a fully quantum calcula-
tion to account for the scattering of excited electrons through the introduction
of an asymmetric quantum well [51], it could not be used to explain the sinu-
soidal variation in the photovoltaic current observed in the Fe:LiNbO; crystal,
as the linear polarization of the incident light was rotated [41]. To explain this
observation, a second-order optical response has to be employed to describe the
BPVE by using a third-rank tensor [52-54]. As a non-centrosymmetric material
is irradiated with an incident electromagnetic plane wave E, , with frequency o,
wavevector k, unit polarization vector e, and amplitude E,,, i.e.

Eo = eEge oD ¢ " [ emithr=n) (1.102)

the current density j is usually expressed as a Taylor expansion in terms of both
the applied electric field E,,, and the incident light electric field having intensity
I =E; ‘E,, as follows [55]:

inc

;s ext ext pext ext * * *
ji = ai]-E]. + al-ﬂE]. El + ai]-,mEj ee,, I + ;(Lﬂmq/eleml + ﬁiﬂejell + -

(1.103)

The first term is known as the basic Ohm’s response to an external applied elec-
tric field, which is given by the conductivity tensor o, The second one is the
nonlinear correction to Ohm’s law, corresponding to the tensor ;. The third
term stands for the photoconductivity effect, corresponding to the photoconduc-
tivity tensor o,,. The fourth term is called the light entrainment effect, which
generally can be neglected. The last term describes the BPVE. Since the current
density is a real quantity, while the photovoltaic tensor §; is a complex value, the
latter should be separated into real and imaginary parts. The real part f* describes
the linear photovoltaic effect (LPVE) caused by the linearly polarized incident
light, whereas the imaginary part f represents the circular photovoltaic effect
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(CPVE) due to the circularly polarized incident light. The short-circuit current,
jsr due to the BPVE, is given by
Ji€ = Bree I +ipylex el (1.104)

Because the BPVE is expressed as a third-rank tensor, it is only observed in
materials without inversion center. Therefore, materials belonging to the 21
piezoelectric crystal classes, as stated earlier, could potentially have BPVE effect,
which has been confirmed by experimental measurement results of various
materials.

The BPVE photovoltaic current can be expressed in terms of microscopic quan-
tities, given by [52]

jie = ea(o) (=) é@) (1.105)

where e is the elementary charge of the electron, w is the incident light pulsation,
and &(w) is the typical mean free path that the coherent carriers traveled in the
favored direction, which is a measure of the distance that the non-thermalized
or ballistic carriers would travel in a given anisotropy direction. In addition, a
shift current theory was developed to describe the BPVE of ferroelectric materials
[56]. Accordingly, the BPVE tensor is expressed as the product of two items: (i)
transition intensity that is proportional to the absorption between the ith and jth
directions of incident light, /;;, and (i) shift vector in the /th direction, R, i.e.
Piw)=e / dkly(n', 0" .k, @)R(n', 1", k) (1.106)
n'.n"
In this case, the summation over #’ and »n” is over the different bands, whereas
that over k is over the whole Brillouin zone. Equation (1.105) indicates that the
necessary asymmetry in k-space could be developed in different ways, in order to
achieve high photovoltaic currents. Meanwhile, the summation over the Brillouin
zone can be asymmetric, especially when the degrees of freedom of spin are
involved, because of the breaking of symmetry of time inversion. Furthermore,
the shift vector could be anisotropic in k-space, so that the scattering of the states
associated with an asymmetric potential well would be different with different
wavevectors.

The significant progress of photovoltaic effect in ferroelectrics was the observa-
tion of the switchable diode behavior in BiFeO, (BFO) single crystals [38]. At the
same time, another important discovery involves the periodic array of 71° domain
walls in BFO thin films, as shown in Figure 1.4 [57]. As the thin films samples were
illuminated with a white light of 28.5 mW c¢m™2, an above-bandgap open-circuit
photovoltage of 16 V and an in-plane photovoltaic current of 120 pA cm~2 were
obtained. Furthermore, the photovoltage had a linear relation to the spacing of
the electrode, which implied that it increased with increasing number of domain
walls. At the same time, it was found that single domain BFO samples exhib-
ited no photovoltaic effect. Moreover, photovoltaic effect was only observed as
the electrodes were parallel to the domain walls (PLDW), whereas there was
no photovoltaic effect if the electrodes were perpendicular to the domain walls
(PPDW).

25
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Figure 1.4 (a) Piezoresponse force microscopy (PFM) image of the ordered arrays of 71°
domain walls. Inset: Corresponding X-ray rocking curves, along two orthogonal crystal axes.
(b) Schematic diagram of the 71° domain wall arrays. The arrows indicate the different
components of polarization (in-plane and out-of-plane), as well as the net polarization
direction (large arrow) in the samples. Samples are found to have net polarization in the plane
of the film. (c) PFM image of the ordered arrays of 109° domain walls. Inset shows the
corresponding X-ray rocking curves, along two orthogonal crystal axes. (d) Schematic diagram
of the 109° domain wall arrays. Source: Yang et al. 2010 [57]. Reproduced with permission of
Springer Nature.

The domain wall photovoltaic effect (DWPVE) has been explained by consid-
ering the domain wall potential. Generally, there is a drop in potential across a
domain wall in BiFeOys, which is related to the rigid rotation of the polarization
[58]. The level of such a drop is in the order of 180° DWs > 109° DWs > 71° DWs
[59]. Accordingly, it was assumed that the potential drop could build up a high
electric field in the DWs, so that electrons would be effectively separated from
holes [60]. Meanwhile, recombination could also occur in the domains, since the
internal electric field might not be sufficiently strong. As a result, carriers would
be accumulated on different sides of the DWSs, thus making them behave in a
manner similar to a p—n junction.

More recently, the DWPVE model encountered serious challenges. For
instance, first-principle calculations indicated that the bandgap variations pre-
dicted at the walls of BFO could not be generated [61]. Also, the assumption in
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the model that there is a recombination in the domains, due to the insufficiently
strong electric field to dissociate the photogenerated electron—hole pairs, has not
been confirmed experimentally. In an attempt to probe the local photoelectric
effect of a single crystal of BiFeO, by using atomic force microscopy (AFM), the
I-V curves revealed no significant difference in responses between domains and
domain walls [62]. Instead, the origination of PV effect of ferroelectric materials
from BPVE was further confirmed [63].

However, a recent study of photovoltaic, photoconductive, and electrical
conductive properties of 109° and 71° DW arrays in BFO, as a function of
temperature, has clarified the roles of domain walls [64]. To avoid the effects of
asymmetric contacts, symmetric Pt electrodes were employed in the study, where
a photovoltage of as high as 7V was observed for the 71° DWs with PPDW and
PLDW configurations. Meanwhile, for 109° DWSs, a photovoltage of 5.4V was
achieved with the PLDW configuration, whereas the PPDW configuration had
no PV effect. Additionally, in all cases, the open-circuit voltage was decreased
exponentially with increasing temperature, while the electrical conductivity and
the photoconductivity were exponentially increased. If the photovoltaic current
is assumed to be constant, the photovoltage is related to both the electrical
conductivity ¢ and the photoconductivity o ,, which is given by

L

V, = 1.107
* o+ aph]SC ( )

where L is the spacing between the electrodes. It can be used to describe the
exponential decrease in the photovoltage with temperature. The domain walls
seemed only to modulate the global conductivity of the materials. In the PLDW
configuration, the domain walls increased the resistance by adding an additional
resistance to the bulk one, whereas in the PPDW configuration, the domain walls
behaved as a shunt, because the domain walls of BiFeO, have higher electrical
conductivity than the bulk [65-67]. It was experimentally demonstrated that
the photovoltaic current was varied as the direction of polarization of the light
was rotated [64], which is in good agreement with the tensor model of the
BPVE, as mentioned above [54]. In summary, the photovoltaic effect observed
in ferroelectric materials is intrinsic and has a tensorial nature, which is a bulk
property. Besides the contribution of domain walls, the photovoltaic effect in
ferroelectric materials can also be tailored by altering external parameters, such
as electric field, configuration of electrodes, and creation of defects.

1.6 Concluding Remarks

Ferroelectric materials form a special group of materials with various unique
properties that can be used for a wide range of applications in different areas.
With the recent global research focus on energy generation and harvesting, ferro-
electric materials have drawn renewed attention and interest worldwide, because
of their potential energy related applications. Piezoelectric properties of ferro-
electric materials enable the harvesting of waste mechanical energy in various
ways, with the key issues laying on design of devices based on the principles to
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have higher efficiencies. Various devices have been developed to harvest different
types of mechanical energy. More work is needed to further improve their perfor-
mances. Pyroelectric effect has been employed to harvest waste thermal energy,
but with similar problems as the piezoelectric ones. Developing new materials
with higher pyroelectric coefficients seems to be a difficult task, while there is
still plenty of room to improve the thermal energy harvesting efficiency through
device design. The study of ECE of ferroelectric materials should be focused on
the development of bulk ceramics with higher dielectric breakdown strengths,
whereas their photovoltaic effects still have unsolved issues.
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