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Chapter 1:
Introduction

Abstract
This thesis describes the development of a new crystal form of an old ferroelectric material, 
barium titanate, BaTiO3. This material is made as a thin film on the surface of another crystal, 
called a substrate. This previously unused combination of film and substrate has generated 
physical responses to electric fields that are significantly improved with respect to the best 
known ferroelectric films. This chapter describes the basics of piezoelectric and ferroelectric 
materials. Ferroelectric materials are usually made up of domains and polarization switching 
(flipping between different orientations of polarization) usually takes place by the nucleation 
and growth of domains with differently oriented polarization. The largest piezoelectric effect is 
obtained in materials where this polarization does not flip, but can rotate along a low-symmetry 
direction during switching. One method to obtain such low-symmetry polarization rotation is by 
growing epitaxial thin films on a substrate to deform ( strain) the material and force it into a new 
(lower symmetry) crystal phase. Although this principle is not new and low symmetry phases 
have been reported before, the challenge is still to achieve large piezoelectric responses in such 
materials while maintaining the strain.



Chapter 1

2

1.1 Piezoelectricity

1.1.1 Introduction

Piezoelectricity is an effect that combines pressure and electricity. It was discovered by Jacques 
and Pierre Curie in 1880 and named after the Greek words πιέζειν (piezein: to press) and ήλεκτρον 
(electron: amber, an ancient source of electricity), which directly translated means “pressure 
electricity”. They found that certain materials produced electricity when subjected to pressure. 
This is what we now call the direct piezoelectric effect: the spontaneous appearance of an electric 
field under the application of a mechanical pressure.[1,2]

Next to the direct effect there is also the converse effect: the appearance of a mechanical 
deformation under the application of an electric field. This property was mathematically deduced 
by Lippmann in 1881 from thermodynamic principles. This converse effect was afterwards 
experimentally confirmed by the Curie brothers.[1]

A material is piezoelectric if a polarization is generated or changed under the application of 
mechanical stress, and conversely if it is deformed under the application of an electric field. The 
measurement of the direct piezoelectric effect is demonstrated in Figure 1.1. A piezoelectric 
material is compressed or tensed and the induced change in polarization changes the surface 
screening charges, which can be detected by an external circuit. The best class of piezoelectrics, 
ferroelectric materials, possess a permanent spontaneous polarization which can be changed by 
the piezoelectric effect (Figure 1.2).

1.1.2 Symmetry
The direct piezoelectric effect can be described by

(1.1)

where Pj (typically in μC/cm2) are the polarizations (a vector), djkl (typically in pC/N) are the direct 
piezoelectric coefficients (a third rank tensor) and Xkl (in Pa) are the stress components (a second 
rank tensor). The subscripts can take values 1,2,3 representing the three orthogonal directions. 
The polarization involves one direction (j, the polar axis) and the stress two directions (k is the 
direction of the force and l is the normal to the face it acts on). So the piezoelectric coefficient 
must involve three directions to relate those two quantities.[3]

The converse piezoelectric effect can be described by

(1.2)

where xij (dimensionless) are the strain components (second rank tensor), dijk (typically in pm/V) 
are the converse piezoelectric coefficients (third rank tensor) and Ek (typically in kV/cm) are the 
electric fields (a vector).[3]

The direct and converse piezoelectric coefficients must be equal by thermodynamic principles: 
both piezoelectric effects can be obtained by differentiation of the Gibbs free energy to both 
stress and energy, and depending on the order of differentiation, the direct or converse effect is 
obtained.[4] Typical values for the piezoelectric coefficients of useful materials range from 2 pm/V 
for quartz crystals[5] to 500 pm/V[2] for PZT (lead zirconate titanate) ceramics and up to 2500 pm/V 
in single crystals of PMN-PT, PZN-PT or PIN-PMN-PT[6]. The piezoelectric coefficients derived from 
the direct and converse effects have units of pC/N and pm/V, so they can be used interchangeably.
[3]

=   

=   
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The piezoelectric third rank tensor contains 27 piezoelectric coefficients, however, due to 
symmetry constraints, only 18 of those are independent. The convention is to use a reduced 6x3 
matrix form instead. Because stress and strain are symmetric tensors (Xij = Xji and xij = xji), those 
can be written in a 6 x 1 matrix form with X’I = Xij (i = 1-3), X’4 = X23, X’5 = X13, X’6 = X12 where X’ are 
the reduced stress components. The same can be done for a strain matrix. Then it is possible to 
rewrite the direct piezoelectric equation (or similarly for the converse one) to the matrix notation

(1.3)

with the i and the j from dij represent the direction of the polarization and the directions of the 
matrix representation of the stress, respectively.[3]

Another way to describe piezoelectric coefficients is by using the piezoelectric coefficient eip, 
related to dij by the elastic compliance spj

(1.4)

Figure 1.1 Graphical illustration of the direct piezoelectric effect. a) A piezoelectric material without an external 
stress. b) Under compression of the material, a polarization is induced. The surface screening charges are 
removed through the external circuit which can be measured as a negative current. c) Under a tension of the 
material, the induced polarization has opposite sign. In this case the opposite current can be measured. 

Figure 1.2 A typical ferroelectric material, BaTiO3. 
It has a perovskite ABO3 structure: oxygen in the 
corners of the unit cell, the A ions in the faces and 
the B ion in the center. Most perovskites have some 
distortion at room temperature which is a tetragonal 
distortion for this material: the unit cell is elongated 
along one of the crystallographic axes. The center ion 
is shifted from the middle position, which gives the 
material a permanent polarization. An applied stress 
on the material induces strain. For this material, that 
changes the relative position of the center atom with 
respect to the center position and, thus, it changes 
the polarization.
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while the elastic compliance is defined as the relation between the stress and strain

(1.5)

. The piezoelectric relations for the direct and converse effect can then be written as

(1.6) 

(1.7)

in the reduced notations.[3,7]

The advantages of the matrix representation is that it is easier to see the constraints of the 
crystal symmetry on the piezoelectric constant. The most common crystal symmetries found 
in piezoelectric perovskites are found in Figure 1.3. It can be seen that all point groups with an 
inversion center and the point group 432 cannot have any non-zero piezoelectric coefficient and 
are, thus, not piezoelectric.[4] The point groups that have one or more remaining non-zero dij 
can generally be split into two groups: ten groups with a permanent polarization (these are also 
pyroelectric) and ten groups where polarization can be induced by stress. Even in those crystal 
symmetries, some of the piezoelectric coefficients are zero because they are still centrosymmetric 
for those particular symmetry elements. Poled ceramics and tetragonal systems[8] have three non-
zero piezoelectric coefficients as

(1.8)

 

where the expressions are used that d31 = d32 and d15 = d24.[3]

Those piezoelectric coefficients for ceramics can be measured by the methods given in Figure 1.4. 
d33 is the piezoelectric coefficient where the force and polarization directions are along the same 
axis. d31 is the piezoelectric coefficient with the force perpendicular to the polarization. d15 is the 
shear piezoelectric coefficient with a shear force applied.[3]
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Figure 1.3 Taken from Ref.[9] Most common crystal symmetries for perovskite piezoelectrics, in this case all 
present in BaTiO3 at different temperatures, giving rise to different sets of allowed piezoelectric coefficients.  
a, b and c are the unit cell axes; α, β and γ the angles between the axes. A fully symmetric cubic unit cell with  
a = b = c and α = β = γ = 90 °; a tetragonal unit cell with a = b < c and α = β = γ = 90 °; an orthorhombic unit cell 
with a ≠ b ≠ c and α = β = γ = 90 °; and a rhombohedral unit cell with a = b = c, but α = β = γ ≠ 90 °. 
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1.1.3 Ferroics
1.1.3.1 Ferroelectricity

Some classes of piezoelectric materials are also pyroelectric, which means they have a permanent 
polarization (P). When this permanent dipole can be switched by an external fi eld, the material 
class is a ferroelectric, from its similarity to ferromagnets (classically containing iron).[10] The P-E 
curve characteristic for ferroelectrics looks like in Figure 1.5a. At high fi elds (A), the polarization 
is saturated with polarization pointing up. When the fi eld is decreased, the polarization does not 
go to zero at zero fi eld: most the polarization will stay up (remanent polarization). At a certain 
negative voltage (B), the coercive fi eld, the average polarization in the material will be zero. It 
has formed domains with equal volume fractions with polarization up and polarization down. As 
the voltage is further decreased, all polarization will saturate to a down polarized state (C). The 
current measured in an external circuit during the measurement is also given in Figure 1.5a. The 
peaks in current originate from the change of surface charges compensating the polarization, at 
the moment when the polarization is changing its magnitude or direction. In Figure 1.5b, a typical 
piezoelectric loop is measured. The piezoelectric coeffi  cient, as follows from Equation (1.2), is 
defi ned as the slope of the strain versus the electric fi eld. This piezoelectric constant is not the 
same at every place in the graph. The best approximation to the intrinsic piezoelectric constant is 
the slope at a fi eld of 0 kV/cm. The piezoelectric constant at high fi elds (A & C) is decreased due 
to elastic and electrostatic limitations, while it is large due to large domain changes around the 
coercive fi eld (B & D), but zero at exactly the coercive fi eld itself.

These loop shapes are possible because a ferroelectric has multiple stable polarization states, 
with the coercive fi eld being a measure of the energy barrier associated to the switching process. 
Ferroelectrics are also generally good dielectrics and piezoelectrics, because of the softness of 
the polarization due to the proximity to a phase transition, which makes it easy to manipulate.[10]

1.1.3.2 Antiferroelectricity

Ferroic materials are materials that have an order parameter (such as polarization) which has several 
stable states, as was seen for ferroelectric materials. Another class of ferroics are antiferroelectric 
materials, which have a stable antiparallel, or staggered, polarization, where the order parameter 
that is commonly used is one-half of this staggered polarization.[10] Only few materials are truly 
antiferroelectric, but there is a more common related phenomenon: pinched, or constricted, loops. 
Experimentally the loop looks quite similar to the antiferroelectric loop. The origin of pinched 
loops is the alignment of dipoles along either the positive or negative measurement direction, 
which create opposite built-in fi elds, shifting the two ferroelectrics loops to either the positive or 

Figure 1.4 Taken from Ref.[3] Measurement confi gurations for the diff erent piezoelectric coeffi  cients of a poled 
ceramic. The permanent polarization is by crystal symmetry along the Z3-axis (the small arrows). a) Measurement 
of d33. The polarization change is along the Z3-axis (perpendicular to the black electrodes) and the stress (thick 
arrows) is fully applied along the same axis. b) Measurement of d31. The polarization change is along the Z3-axis 
and the stress is fully applied along the orthogonal Z1-axis. c) Measurement of d15. The polarization change is 
measured along the Z1-axis. The force surface normal is the Z1-axis and the force direction is along the Z3-axis.

(a) (b) (c)
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negative direction. This effectively gives a macroscopic antiparallel alignment of the polarization. 
Pinched loops appear often in ceramics, and poling with high fields or heating above the phase 
transition can help to reduce the internal biases. The antiferroelectric and pinched ferroelectric 
loops look similar in the measurement.[11] A pinched loop is given in Figure 1.6a. Two ferroelectric 
loops can be identified in this “double loop”, with two sets of two switching currents. At low fields 
there is no net polarization. The antiparallel polarization is switched to a parallel ferroelectric-like 
(up- or down-)polarized state for high fields, again associated with a coercive field. In Figure 1.6b 
the strain-field loop is shown, which gives almost zero displacement for low fields. This is due to 
the antiparallel configuration of the polarization, in which the piezoelectric effect is cancelled out 
between the two polarization states. Only at higher fields, due to the parallel alignment of the 
polarization, piezoelectric activity is detected.

1.1.3.3 Ferroelasticity

A ferroelastic material, like a ferroelectric material, displays a hysteresis curve, which is in the 
stress-strain plane (Figure 1.7). Ferroelastic switching is the switching between stable atomic 
positions, for example between deformations corresponding to different twins. For the shown 
Pb3(PO4)2 material, the Pb atom inside an oxygen octahedron bonds more strongly to two of 
the six oxygen atoms, giving rise to a structural distortion. By applying stress, large amount of 
energy is lost by switching its bonding to another pair of oxygen atoms. As in previous cases, the 
switching is associated to an energy barrier, giving rise to a coercive stress field and hysteresis. 
Ferroelasticity is not only useful in its own, for example in the Earth Sciences where many minerals 
are ferroelastic, but also in its coupling to ferromagnetic and ferroelectric systems where external 

Figure 1.6 Measurements on a PbZr0.6Ti0.4O3 material, synthesized and characterized by Marcos Vinícius,. a) 
A typical antiferroelectric loop (black dots), together with its current response (red triangles) in the external 
circuit. b) Displacement associated to the antiferroelectric loop. 

Figure 1.5 Measurements on a PIC151 PZT sample, a PZT material with certain dopants (PI Ceramic GmbH, 
Lederhose, Germany) a) A typical ferroelectric polarization loop, plotted together with the current measured in 
the external circuit. b) Typical piezoelectric loop during the ferroelectric switching. 
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fields can influence the elastic properties of the system or where the coupling between the 
magnetic and electrical degrees of freedom happens via strain.[12]

1.1.4 High piezoelectricity
1.1.4.1 PZT

The best performing class of piezoelectric materials are lead-containing perovskite solid solutions, 
of which PbZr1-xTixO3 (PZT) was the first well-established member. This solid solution of PbZrO3 
and PbTiO3 has its interesting piezoelectric properties around the value of x = 0.48. The phase 
diagram in Figure 1.8a gives the different phases with a nearly temperature-independent phase 
change near x=0.48, called the Morphotropic Phase Boundary (MPB).[13] It was later discovered 
that the transformation between the tetragonal and rhombohedral phases of PZT was not a 
simple boundary but a monoclinic phase that acted as bridging phase.[14] The symmetry of the 
rhombohedral phase is an R3m space group and of the tetragonal phase a P4mm space group. 
The monoclinic Cm space group contains only a mirror plane, the only common symmetry element 
of the other two phases. A unit cell representation of this bridging group is drawn in Figure 1.8b, 
where the monoclinic phase can have its polar axis anywhere between the tetragonal (001) and the 
rhombohedral (111) direction, as long as it is contained within the (1-10) mirror plane. The energy to 
rotate the polar axis is thus very small, so external stimuli can very easily change the polarization, 
which is why the piezoelectric constants in Figure 1.8c are increased near this MPB.[15–17]

Pb

–4 –3 –2 –1 1 2 3 4

P
b

c
Stress (bars)

Strain (10–4) Figure 1.7 Taken from Ref.[12] A ferroelastic stress-
strain hysteresis loop of Pb3(PO4)2.The shape of a non-
ferroelastic material would be a linear curve described 
by Hooke’s law.

Figure 1.8 a) Taken from Ref.[15] The phase diagram of PbZr1-xTixO3 around the composition of x = 48. At high 
temperatures it is an undistorted cubic perovskite. At lower temperatures it has a rhombohedral phase at low 
x-values and a tetragonal phase at high x-values. The phase at the boundary between those phases is found to 
be a monoclinic phase as discovered by low temperature powder X-Ray Diffraction. b) Taken from Ref.[15] Sketch 
of the unit cell structure of PZT. The polarization is along the (001) axis for the tetragonal phase and along the 
(111) axis for the rhombohedral phase. The monoclinic phase has the polarization axis in between those two 
axes without much preference. c) Taken from Ref.[4] The piezoelectric constants d15, d33  and d31 for several 
compositions of PZT. They have their highest values at the MPB, while the d15 coefficient is the largest since it 
represents the shear displacement within the mirror plane.

(a) (b) (c)
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A method to change the response of PZT is to use dopants. One option is to introduce acceptors, like 
K1+ instead of Pb2+ or Fe3+ instead of Ti4+/Zr4+. Oxygen vacancies will be introduced to compensate 
for the charge. In this way ‘hard’ PZT is made: the oxygen vacancies can move easily and will 
stabilize the domains and thus increase the coercive field. The other option is to introduce donor 
ions like La3+ for Pb2+ or Nb5+ for Ti4+/Zr4+. Pb vacancies will be created for charge compensation 
and ‘soft’ PZT is made. Soft PZT has a low coercive field and has a high piezoelectric constant.[4]

According to D. Damjanovic et al.[8], piezoelectric materials can generally be divided into two 
categories: rotator and extender piezoelectrics. Extender piezoelectrics have, relatively, their 
highest piezoelectric coefficient d33 along the polar axis, and their piezoelectric activity can be 
described as an extension or contraction along the polar axis. Rotator piezoelectrics, on the other 
hand, have a higher d15 than d33. The definition of the effective d33* coefficient,

(1.9)

where θ is the angle relative to the polar axis[18], explains why the effective d33* is higher when it 
points away from the polar axis. It will, with the help of the shear d15 coefficient[18,19], rotate the 
polarization like in PZT and thus give higher piezoelectric activity away from the polar axis. It is 
found that all tetragonal materials are extender piezoelectrics, unless they are close to a phase 
transition to a rhombohedral or orthorhombic phase as given clearly in Figure 1.9. All rhombohedral 
and orthorhombic crystal structures are rotators.[8]

1.1.4.2 Thin films

Bulk piezoelectric materials have undergone a great development in the last fifteen years with 
new materials with better properties for certain applications like broader bandwidths and higher 
frequencies. But piezoelectric thin films have undergone an even faster development because 
both better piezoelectrics materials have been found and better ways to produce them into thin 
film form have been developed.[20]

Figure 1.9 Taken from Ref.[8] A plot of d33 values of BaTiO3, measured when the measurement is performed along 
certain crystallographic axes. a) At room temperature BaTiO3 is an rotator as the highest d33 values are found 
away from the polar axis. It is close to a phase transition at around 0 °C to a rhombohedral phase. b) At 380K 
BaTiO3 is an extender as the highest d33 values are found along the polar axis. 

33
∗ =  ∫ [( 31 + 15) sin2 + 33

/2

0
 cos2 ] sin cos  
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Piezoelectric thin films have made such a fast development because of technologically-driven 
advantageous properties that piezoelectric materials have in the thin film form. One reason is 
that it is possible to control the composition and structure of thin films really well, which means 
it is possible to design specific structures that would give the highest piezoelectric response. 
The growing process of thin films involves the deposition of many individual atomic layers which 
means it is easy to get specific thicknesses of one material or heterostructures of several materials. 
The use of epitaxial growth gives even more possibilities by introducing tunable strain into the 
thin film to transform the properties even further. Lithographic techniques combined with etching 
can even give in-plane control of the structure. All these techniques together give a lot of flexible 
parameters which can be used to optimize a system.

Utilizing piezoelectric elements in an electronics circuit is easier to do in thin film form than in bulk 
form. In good electronic devices the impedance of the source and load should be matched and it 
is possible to change the impedance of the piezoelectric element with film thickness – so a good 
impedance match can always be made. Even more important is that the resonance frequency 
of a piezoelectric also scales with thickness, so the thickness can be changed depending on the 
desired frequency. Many different thicknesses can be chosen for thin films, so the impedance and 
resonance range can be varied greatly. And by the combination of the thin film with different 
substrates it is possible to tune the resonance frequency. So the impedance and resonance 
frequency can be optimized independently which is a huge advantage over bulk materials where 
they are coupled parameters.[21]

A large disadvantage of piezoelectric thin films is clamping. Clamping is the effect by which the 
film is structurally fixed to the substrate, limiting the possibilities for deformation greatly and 
decreasing the piezoelectric effect. The clamping is both extrinsic, by decreasing domain wall 
mobility, and intrinsic, lowering of the effective d33 by

(1.10)

where the d33,meas is smaller than that of the free material (d33) because of the stress σ developed 
in the film as it cannot fully deform in response to the electric field E3 because of the substrate 
clamping. s13 is the elastic compliance.[4,22]

The surface of the material is free, so clamping in the out-of-plane direction is zero and all clamping 
is in the in-plane direction because there the substrate can hinder deformations. The best method 
to reduce the effect of clamping is to pattern small islands in the thin film so the films are free to 
deform in the in-plane direction as well. This approach has already proven successful in PZT thin 
films with a doubling of the piezoelectric response.[22]

1.2 Domains

1.2.1 Domain formation

A property of ferroic materials is the ability to form domains. A domain is a region of the crystal 
where the order parameter (polarization, magnetization, strain, etc.) has the same orientation. 
The boundary between domains, the domain wall, is the region where the orientation of the order 
parameter changes. Often regarded as nuisance in the past, new techniques have found interesting 
properties in domains and domain walls, previously not found in a single domain state.[23] 

Using the natural tendency of ferroic materials to form domains, it is possible to make regular 
nanostructures with high information density[24,25], while domain walls can exhibit completely new 
features as lower symmetries, higher (BiFeO3[26,27] or PZT[23]) or lower (YMnO3[28]) conductivity, 
chirality[23] or even completely new phases[29].

Domains are formed in materials in order to lower the systems energy. Two competing energies 

33, = 33 −  
2 13 

3
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determine if, which and how many domain walls are formed: the energy gain of the system by the 
formation of the domain, and the energy cost of forming a domain wall. Domain walls are formed 
when the former energy is greater than the latter.[23,30]

Different kind of domain walls can be formed in ferroelectrics depending on the symmetry. In 
rhombohedral (polar axis along [111]) systems like BiFeO3, it is possible to form 71 °, 109 ° and 
180 ° domain walls; while in tetragonal (polar axis along [001]) systems like PbTiO3 and (room 
temperature) BaTiO3, it is possible to form 90 ° and 180 ° domain walls. The angles mentioned here 
refer to the angles of rotation of the polar axis across the domain wall.[23]

The 180 ° domain walls are purely ferroelectric domain walls. The strain state of the system is 
not altered as a 180 ° rotation leaves all the lattice constants equal, only changing the sign of the 
polarization. These kind of domains are formed to decrease the depolarization field generated 
by the ferroelectric: the surface of a ferroelectric creates a field opposite to the ferroelectric 
polarization with a typical strength of 10-100 kV/cm, which is larger than the typical coercive field of 
ferroelectrics. So without domains (or alternatively, electrodes to screen these surface charges), 
this depolarization field will suppress the ferroelectricity. This depolarizing field gets stronger for 
thinner films, which leads to the famous Kittel law. That law describes the domain width w

(1.11)

where d describes the thickness of the materials. This equation is ultimately derived (originally 
in ferromagnetic systems) from the fact that the energy gained by forming domains scales with 
volume, while the domain wall energy cost scales with area.[23]

The typical geometry of the 180 ° domain walls formed in thin films is shown in Figure 1.10. This 
geometry removes, on average, the depolarization field of the material, with acceptable small 
levels of microscopic depolarization fields left.

A different type of ferroelectric domain walls are those that are also ferroelastic, for example the  
90 ° domain walls in tetragonal materials, or the 71 o and 109 o domain walls in rhombohedral 
materials. The driving force for these domains is typically the minimization of the elastic 
energy. These domains are often found in epitaxial thin films, where the film is strained to the 
lattice parameter of its substrate.[31] If in a tetragonal film (c > a) the unstrained film has larger 
a-parameters (a1 and a2) (the three domains given in Figure 1.11a) than the a-parameter of the 
substrate (as), then two multi-domain configurations, the a/c or a1/a2 patterns, are possible as 
given in Figure 1.11b,c. The film a1, a2 or c-domains give either a compressive or tensile stress with 
respect to the substrate (Figure 1.11d). It is then possible to release that stress on the macroscopic 
level by combining those compressive and tensile stresses (Figure 1.11e). By considering the lattice 
parameters of the film and substrate it is possible to develop a rule of thumb for which domain 
type will develop. If the as is smaller than all the film lattice parameters, no ferroelastic domains 
are formed but only a single c-domain. If as is larger than both film lattice parameters a and c, the 
system keeps the larger c-parameter in-plane to create the least tensile macroscopic stress. So  
a1-a2 domains are formed to release stress for both in-plane directions. The last special case is 
when as is in between the film a- and c-parameter, which will give a/c domains.[32]

The experimental realization of a/c domains can for example be found in PbTiO3 thin films grown 
on DyScO3. The lattice parameters of those materials are a = 3.90 Å, c = 4.15 Å and as = 3.95 Å, so 
it fulfills the requirement of a < as < c to form a/c domains.[25] These films are grown by PLD and a 
TEM image of those domains is shown in Figure 1.12a.[33] The 90 ° domain walls are 45 ° inclined to 
the substrate, so they are parallel to {101} planes. This 45 ° inclination is important because the (101) 
plane is a common plane to both the a-domain and the c-domain, to structurally match the two 
domains in the wall. A sketch of the domains and the wall is in Figure 1.12b.[25]

It is possible to determine a minimum domain size in such coherent epitaxial thin film.[34] The 

 ∝  √  
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average strain needs to cancel out in these films so that determines the ratio of a-domains 
versus c-domains by a Nc + c Na = as N where Nc, Na and N are the number of unit cells in the 
respectively c-domains, a-domains and in total. For PbTiO3 it means that Na/N = 20%. In the sketch of  
Figure 1.12b it can be seen that the unit cells of the c-domains are coherent, even across the 
a-domains. That means that the minimal length of the a-domain is determined by the equation 
wa = c / sin α so that the height gain during the a-domain is exactly one c-lattice parameter to 
fulfill the coherency. From these equations, and the definition wa = c Na, it can be calculated that 
the minimum size for a-domains is 6 nm, c-domains 21 nm and the total periodicity 27 nm, all in 
agreement with the experimentally observed values.[25]
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Figure 1.10 Taken from Ref.[23] Typical geometry of 
180° domain walls. The polarization in the domains 
alternates from up to down with for ferroelectrics a 
very thin domain wall between the domains.

Figure 1.11 Taken from Ref.[30,32] a) The different domains that can be formed for a tetragonal epitaxial thin 
film. b) An a/c pattern has the c-axis alternating in-plane and out-of-plane. c) An a1-a2 pattern has the c-axis 
alternating in both in-plane directions. d) Energy considerations of the domain formation for a/c domains. The 
c-domains are compressive and the a-domains are tensile which create opposite stresses. e) When the c- and 
a-domains are brought together, the stresses are combined to give vanishing stress an average. 

Figure 1.12 a) Taken from Ref.[33] High resolution images from HAADF-STEM. High resolution image showing 
the atomic positions from which the polarization can be determined. b) Taken from ref.[34] Epitaxial thin film 
of PbTiO3 on a substrate of DyScO3 as a cartoon drawing where the clamping to the substrate is ignored. The 
a-domains have a width of wa = c Na. The twin angle (3.8° for PbTiO3 thin films) is the result of the twinning of the 
a- and c-domains which share the (101) plane and is calculated by 90 ° - 2 tan(a/c). 

(d)

(e)

(a)

(b) (c)
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x
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1.2.2 Ferroelectric switching

The mechanism by which most ferroelectric materials switch is described in Figure 1.13. A nearly 
homogeneous polarized ferroelectric usually has a few small nuclei of oppositely polarized 
domains, typically at the surfaces or defects (Figure 1.13a). The fi rst step in switching is the forward 
growth of those domains towards the other electrode (Figure 1.13b) until thin vertical domains 
have formed between the electrodes (Figure 1.13c). Then horizontal growth of the domains takes 
place, switching the main part of the ferroelectric material. After the domains have switched 
nearly the full sample, only small originally polarized domains remain (Figure 1.13d). Those domains 
subsequently decrease in size, but will usually not fully disappear due to domain pinning, usually 
located at the interfaces (Figure 1.13e).[30]

In BaTiO3 single crystals, one study found that sideways motion of the ferroelectric domains was 
very limited to nearly non-existent. It costs a lot of energy to move the very thin ferroelectric 
domain wall sideways, compared to other systems such as ferromagnets where this energy is 
spread out over a large wall. So the switching in BaTiO3 single crystals occurs primarily through 180 °
wedge-shape domains where nucleation is very important in the total switching mechanism.[36]

Other studies have nonetheless found that nucleation of many new domains is not likely, and that 
horizontal domain growth is possible by forming new domains alongside the 180 ° domains.[37] 
It can be concluded that the exact mechanism of how the sideway domain growth takes place 
depends a lot of the exact details of the material investigated. For example defects (domain walls, 
grain boundaries, point defects, etc.), the previously mentioned domain wall width and thin fi lms 
or bulk materials play a large role.

Some studies have visualized domain switching using TEM studies in BiFeO3 thin fi lms 
(Figure 1.14). At 0.9 V, it starts nucleating domains, and this switching process continues up to 2.2 V, 
after which the domains merge and grow towards the surface. Afterwards increasing the voltage 
and dropping it back to zero hardly changes the amount of switching polarization. In this process, 
the coercive fi eld is mainly determined by the nucleation of new domains, while the growth of 
domains does not require much additional voltage.[38] Switching of 90 ° ferroelectric-ferroelastic 
domain walls is visualized using the same techniques in Figure 1.15. The 90 ° domain confi guration 
poses a barrier which prevents further growth of domains.[39] However, in such a system with 
elastically driven domains, not only an electric fi eld, but also external stress can be used to create 
or annihilate domains.[40]

There exists a wide variety of other studies on domain switching, all proposing diff erent 
switching mechanisms. Phase-fi eld simulations of 90 ° ferroelectric-ferroelastic domain patterns 
reveals switching by polarization rotation around the 90 ° wall and domain wall movement[41]; 
ferroelastic domain wall movement in suffi  ciently strain-free islands of a ferroelectric material 
causes an increase of piezoelectric activity from 100 to 250 pm/V[22]; electric-fi eld induced 
transition from a rhombohedral to a supertetragonal phase in BiFeO3 is associated with 1-2 % of 
strain diff erence[42]; multiple 90 ° domain nucleations to fully switch an a/c domain structure to 
the opposite polarization[43]; nucleation and growth of an a-domain inside a c-domain, without 
further switching of the c-domain[44]; growth of an a-domain inside a mostly c-domain matrix, but 
then switching of the polarization of the c-domain[45] or faster domain growth than the external 
circuit can handle[46]. Since every system behaves slightly diff erent from the basic switching model 
(applicable to free single crystals) and switching is strongly infl uenced by the particular elastic 
and electrical boundary conditions, as well as by the particular domain confi guration it remains 
important to determine the switching mechanism for each material.

Figure 1.13 Taken from Ref.[30] Switching mechanism 
for a typical ferroelectric sandwiched between two 
electrodes. The arrows show the directions of the 
polarization in the material, which is also given by the 
color shade of the ferroelectric material.

(a) (b)

(c) (d)

(e)



Introduction

13

1.3 BaTiO3

1.3.1 Introduction

The ferroelectric material BaTiO3 was discovered in the second world war, independently by 
three major powers Germany, Japan and the USA, to replace scarce dielectrics for their use in 
capacitors. It was initially found by doping TiO2 with BaO. Once fully established, it was found to 
have a ten times higher dielectric constant (1000 versus 100) than any other material known up to 
then. BaTiO3 was the fi rst ceramic ferroelectric material discovered and it is now the most widely 
used ferroelectric material[47] with applications in capacitors, energy storage devices, positive 
temperature coeffi  cient resistors and piezoelectric devices[48].

The basic structure of Ba2+Ti4+O2-3 is the perovskite structure. The room temperature structure is 
tetragonal with unit cell parameters of a = b = 3.9939 Å and c = 4.0343 Å[9] with the temperature 
evolution given in Figure 1.16a. The dielectric data is shown in Figure 1.16b and the piezoelectric 
data in Figure 1.17. The ferroelectric remanent polarization BaTiO3 in bulk single crystals is 
27 μC/cm2[49] with a coercive fi eld of 1-2 kV/cm[49,50]. Epitaxial strained thin fi lms can increase the 
polarization to 70 μC/cm2 by increased tetragonality of the fi lm.[49,51] The coercive fi eld in thin fi lms 
always increases, with values in the range of 25-300 kV/cm reported.[49,50]

1.3.2 Strain diagrams

The most important parameter of epitaxial thin fi lms growth, is the lattice parameter diff erence 
between the substrate and fi lm (or lattice mismatch), governed by

Figure 1.14 Taken from Ref.[38] A series of TEM images of a BiFeO3 ferroelectric-ferroelastic thin fi lm where 
domain switching is visualized in real space.

Figure 1.15 Take n from Ref.[39] TEM imaging of 
ferroelectric switching. a) Original state with a and 
c-domains. b) Application of +8 V on this fi lm creates a 
domain with opposite polarization, which grows until 
hindered by the 90 ° wall. c) Application of a very high 
voltage, +15 V, is enough to overcome the barrier, the 
a-domain, to continue growing the switched domain. 
The polarization for the a-domain is also switched, to 
prevent the creation of a charged wall.

(a) (b) (c)
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(1.12)

with εs being the epitaxial strain, as the substrate lattice parameter and a0 the fi lm lattice parameter.
[49] It is possible to predict by calculations what kind of structure the fi lm would assume, depending 
on the strain value and the temperature. The fi rst reports on this approach are by Pertsev et al.[54], 
and those phase diagrams are now called Pertsev diagrams[55]. A Ginzburg-Landau-Devonshire 
(GLD) thermodynamical approach is used with respect to polarization (with terms P2, P4, P6, or 
higher if low symmetry phases are taken into account). The stress (σ2) and the coupling between 
all these values are also included, minimizing this towards the most stable states at diff erent strain 
and temperature values[54]. The fi rst reports (Figure 1.18a) only considered single-domain states. 
Multi-domain confi gurations, which are sometimes found in experiment, were included later[56] 
in the calculations and refi ned[57] by the same authors to give the phase diagram in Figure 1.18b,c 
with domain confi gurations as in Figure 1.19. These calculations reveal a rich phase diagram with 
plenty of new phases which cannot be found in similar calculations in for example PbTiO3.[57] This 
can be understood because BaTiO3 can adopt more structural phases than PbTiO3 such as the 
orthorhombic or rhombohedral symmetry. So BaTiO3 has higher structural freedom. The epitaxial 
constraint of the substrate decreases the symmetry further, which gives even more new phases 
compared to the bulk material.

Figure 1.17 a) Tak  en from Ref.[53] Temperature dependence of the piezoelectric coeffi  cients in BaTiO3 obtained 
from experimental data. b) Taken from Ref.[8] Temperature dependence of the piezoelectric coeffi  cients in 
BaTiO3 in the tetragonal phase only obtained from phenomenological calculations.

Figure 1.16 a) Ta ken from Ref.[52] The phase evolution and corresponding lattice parameters of BaTiO3 vs. 
temperature. At 120 °C BaTiO3 has a phase transition from cubic to tetragonal symmetry, at 5 °C the transition 
is from tetragonal(P || <001>) to orthorhombic (P || <101>) symmetry and at -90 °C the transition is from 
orthorhombic to rhombohedral symmetry (P || <111>). b) Taken from Ref.[48] Dependence of the dielectric 
constant in BaTiO3 on temperature. The highest dielectric constants are found close to the phase transitions.
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Next to the GLD thermodynamical approach, theorists have developed ab initio DFT theories to 
calculate similar phase diagrams. The advantage of ab initio methods is that it does not require 
any fi tting to experimental results.[58] The fi rst ab initio-based approaches[55,59–61] could only fi nd 
single-domain states as shown in Figure 1.20a for small cell sizes. By expanding to larger cell sizes 
(32x32x32 unit cells), Grünebohm et al. found multi-domain phases in Figure 1.20b. They were 
previously not found because the energy penalty for the formation of domain walls is too high in 
smaller cell sizes.[58]

Phase-fi eld simulations can also give information on the BaTiO3 structures for diff erent strain 
and temperature, which does not require a priori assumptions about the type of domains and 
with much larger cell size and faster computational time than ab initio-based calculations, which 
allows to sample a very large parameter space being able to reproduce most experimentally 
domain confi gurations, even very complex ones with limited periodicity and multiple phases. It 
requires solving time-dependent Ginzburg–Landau equations and was commonly used to predict 
microstructures in materials.[41] Phase-fi eld simulations for BaTiO3 in Figure 1.21 give a rich phase 

Figure 1.18 a) Take n from Ref.[54] Pertsev strain-temperature phase diagram for BaTiO3 resulting from GLD 
phenomenological calculations. b,c) Taken from ref.[57] Pertsev strain-temperature phase diagram for BaTiO3 
including multi-domain states, resulting from GLD phenomenological calculations.

Figure 1.19 Taken fr om Ref.[57] Domain structures (represented by half unit cell of each domain separated by 
a domain wall) predicted in BaTiO3 epitaxial thin fi lms. a) a/c domain structure with tetragonal symmetry and 
polarization alternating along [100] and [001]. b) A structural instability of the a/c domain structure gives an 
aa*/ca* domain structure with monoclinic symmetry and small additional [010] polarization components in 
both domains. c) a1/a2 domain structure with tetragonal symmetry and the polarization alternating along [100] 
and [010]. d) A structural instability of the a1/a2 domain structure gives rise to a ca1/ca2 domain structure with 
monoclinic symmetry and small additional [001] polarization components in both domains. e) aa1/aa2 structure 
with an orthorhombic unit cell and polarization along [110] and [1-10]. f) A structural instability of the aa1/aa2 
domain structure gives an r1/r2 domain structure with monoclinic symmetry and polarization rotated towards 
[001].

(a) (b) (c)

[57] Domain structures (represented by half unit cell of each domain separated by 

(e)

(f)
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diagram with many diff erent phases.[62,63] Some of those phases are equal to the ones found in 
the Pertsev phase diagrams, others are completely new. The much larger cell size in phase-fi eld 
simulations allows for all these new phases to be found.

1.4 Piezoelectric energy harvesting
Since a very long time piezoelectric materials have found applications as sensors and actuators, 
which include, but are certainly not limited by, sonars, microphones and speakers, creating sparks 
for lighters, ultra-high frequency sound generators for sonars or echography scanners, inkjet 
printers, micromanipulators and shock detectors. A third class of applications, however, has so far 
hardly been used: energy harvesting. Progress in this fi eld has long been held back by the relatively 
low power densities that piezoelectric energy harvester can deliver but also by a lack of effi  cient 
piezoelectric materials and problems with designing a properly engineered system. In recent years 
the vision has changed considerably. There are more and more low-power applications and more 
energy-effi  cient devices than in the past[64], for example small microprocessors and LED lights 
instead or large computers and traditional light bulbs. Those developments are driving the interest 
for low-power energy harvesting, which is a perfect scope for piezoelectric materials, which in 

Figure 1.21 Taken from  Ref.[62] Strain-temperature diagram of phase-fi eld simulations for BaTiO3. T denote 
tetragonal symmetries (with possible domains a1, a2 and c), O are orthorhombic (with O1-5 domains), M are 
monoclinic (with R1 and R2 domains) and many mixed phases are possible.

Figure 1.20 a) Taken  from Ref.[55] Ab Initio DFT calculations for BaTiO3 misfi t strain vs temperature, when only 
mono-domain phases are considered. An r-phase is found as ground state at low strain values, instead of an 
ac-phase in single-domain GLD calculations. b) Taken from Ref.[58] Ab initio calculations where multi-domain 
confi gurations were found. Next to mono-domain phases, a/b phase (similar to a1/a2 from the Pertsev phase 
diagram) and ac/bc (similar to ca1/ca2) are found.

[55]
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turn have seen a tremendous increase in research activities to increase its power generation 
capabilities. Those two developments combined have now made piezoelectric energy harvesting 
a viable route to power small electronics.[20]

Most scientists in the piezoelectric community aim to get the highest piezoelectric response (dij 
value) to find the most efficient piezoelectric materials, but actually, from the engineering point of 
view, the parameter to be optimized is the piezoelectric coupling constant kij, which is defined as

(1.13)

where Pelectrical and Pmechanical are the output electrical energy and the input mechanical energy, 
respectively. So the coupling constant k is the measure of the efficiency of the piezoelectric 
material and is always smaller than 1.[2] The k value is not intuitive at all, and it becomes important 
to find intuitive parameters which can be used by scientists to increase the k value by designing 
new materials. k can be expressed as

(1.14)

where eij is called the piezoelectric charge coefficient and gij is the piezoelectric voltage coefficient.[65] 

Since power generation requires the joint optimization of charge and voltage, the maximum of 
the product of those two quantities naturally leads to the highest power densities. It can then be 
shown, using eij = dij / s[3] and gij = eij / ε[2], that kij can be expressed as a function of three important 
material properties as[66]

(1.15)

where dij is the piezoelectric constant, sE is the elastic compliance at constant electric field and 
εX is the dielectric constant at constant stress. For most scientists, on first sight it then seems 
logical to search for piezoelectric materials where the piezoelectric coefficient is maximum while 
simultaneously trying to keep the dielectric constant small. However, it is found that the coupling 
coefficient kij increases, not only for larger dij, but also for larger sE and εX coefficients. These three 
parameters are not independent in piezoelectric materials (for example around phase transitions 
both dij and εX increase), and it becomes important to find their relationships in order to express 
the coupling coefficient in independent material parameters.[66]

A simple harmonic oscillator model in Figure 1.22 can be used in order to try to find more intuitive 
material parameters. From this model, the application of a force or electric field changes the bond 
lengths, out of which one can derive the equations

 

(1.16)
 
with v, a, γ1, γ2 and q defined in Figure 1.22. It can be seen that the coupling coefficient depends 
on the relative asymmetry of force constants between the ions. So when searching for new 
piezoelectric materials, it is most important to design materials with maximum difference between 
the bond strength in its unit cell. With this simple model in mind, the relationship between kij, dij, sE 
and εX described in (1.17) is understood in terms of independent material parameters.[66]

Next to these intrinsic material parameters, extrinsic effects are equally, or even more important 
in energy harvesting. The output power (P) for piezoelectric energy harvesting is described by

(1.17)
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of which only kij and s are materials parameters, the piezoelectric coupling constant and the 
elastic compliance, respectively. v is the volume of the piezoelectric material, S the strain applied 
to the material and f the frequency of the vibration that needs to be harvested.[64] The strain S2 is 
proportional to the input vibration energy, and then the product S2 ∙ f is proportional to the input 
power of the vibrations. So the power that can be generated by piezoelectric materials (if ignoring 
the engineered structure in which it is embedded), is independent of frequency, contrary to what 
Equation (1.17) seems to suggest at first sight.

From the engineering point of view, from Equation (1.17)  the two most feasible controllable ways 
to increase the piezoelectric power output are by guiding the strain into the piezoelectric by using 
free vibrating microelectromechanical system MEMS cantilever structures (Figure 1.23)[20] and 
by increasing the thickness of the piezoelectric material. Increasing the piezoelectric thickness 
however doesn’t increase the output power monotonically, due to insufficient poling, high 
lateral clamping, cracking of the piezoelectric[67] and a decrease of electric breakdown strength, 
decreasing the energy storage capacity.[68,69]

MEMS structures will work most efficiently when they operate under resonance frequencies: 
the cantilever oscillating in its natural frequency and it can be understood that the strain in the 
cantilever is then enhanced greatly. The resonant frequency (ωn) of a piezoelectric cantilever is 
given by

(1.18)

where E is the Young’s modulus, L the length and w the width of the cantilever, m the mass per 
unit length of the cantilever and I the moment of inertia. Thus, the cantilever has to be designed 
such that its resonance frequency matches the expected ambient vibration frequency that is to be 
harvested.[70]

At resonance, the power extracted from a piezoelectric cantilever structure is determined by

(1.19)

where ζe is the electrical and ζm the mechanical damping factor, m the proof mass at the cantilever, 
a the acceleration of the vibration harvested and ω the natural frequency.[64,71] The only parameters 
that depend on the piezoelectric material are the electrical and mechanical damping factors. The 
output power is large when the mechanical damping factor is small.[72] From Equation (1.19) is 
follows then that the highest output power for a given mechanical damping factor is achieved 
when the electrical damping factor matches the mechanical damping factor.[64,71] So while for 
resonance applications, intrinsic piezoelectric power generation is independent of the coupling 
coefficient k, a high coupling coefficient does make it easier in the subsequent electrical circuit to 
extract the energy from the piezoelectric by increasing the generated voltage.[70] The mechanical 
quality factor Q determines the sharpness of the resonance peak[73], and this factor is inversely 

Figure 1.22 Taken from Ref.[66] Simple model for 
a piezoelectric unit cell of length . Three ions, the 
middle ion displaced from the center by δ, having a 
charge of +2q and the outer ions a charge of -q. Two 
force constants γ1 and γ2. 

Figure 1.23 Taken from Ref.[64] Piezoelectric MEMS 
cantilever structure. A piezoelectric material with 
electrodes is mounted on an elastic layer (typically 
silicon), fixed at one end and mounted with a proof 
mass at the other end to provide free oscillations. 

=  ( + )2
 2

4  

 =
3.5

2 2 √  
  



Introduction

19

related to the mechanical loss factor by Q = ζm-1.[72,74] So a trade-off must be sought for a broad 
frequency spectrum that can be used versus high power.

The mechanical loss factor does not only depend on the piezoelectric material, but also on the 
cantilever elastic support layer. A thicker elastic layer increases the mechanical loss, but will also 
increase the strain, so increase the power.[75–77] A tradeoff must be sought for an optimal elastic 
layer thickness.

The difference between resonance and off-resonance energy harvester for a typical PZT commercial 
system can be seen in Figure 1.24. Close to the resonance peak at 60 Hz, the maximum output is 
observed, while further away the output decreases until a value 10% of the resonance power.[71] 
The PZT material used has a coupling constant of 0.75 which is still quite high, which is why the 
off-resonance output power is still reasonable.

For conventional piezoelectric energy harvesting cantilevers it is important to consider the 
electromechanical properties of the piezoelectric material and the physical factors of the device 
(length, area, mass, thickness ratio, damping coefficient) because all these parameters are coupled 
to each other and together determine the resonance frequency and output power. Therefore, a 
piezoelectric device has to be designed and fabricated with the final application in mind. If the 
intrinsic and extrinsic properties of the piezoelectric device are well matched, the highest output 
efficiency will be expected.
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