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Abstract
Technological development is permanently advancing in the direction of miniaturisation and energy
consumption reduction. One of the keys to this pathway lies in the integration of ferroelectric thin films
into Micro-Electro-Mechanical Systems (MEMS) applications. For this purpose, due to its large piezoelectric
response, lead zirconate titanate is the material of choice in industry. To broaden the range of applications,
substrates less brittle than the currently favoured silicon must be implemented into MEMS. In this work,
lead zirconate titanate thin films on stainless steel substrates were both experimentally investigated and
modelled.
Lead zirconate titanate thin films of composition PbZr0.52 Ti0.48 O3 were grown on AISI 304 stainless steel
substrates by pulsed laser deposition with {001} texture to improve their piezoelectric response. As
demonstrated using X-ray and electron backscatter diffraction, the texture engineering is achieved through
a selection of two buffer layers, Al2 O3 and LaNiO3 . The former buffer prevents the oxidation of the stainless
steel substrate during deposition of the subsequent layers. The latter serves as both a bottom electrode and
a growth template to promote the {001} texture of PbZr0.52 Ti0.48 O3 thin films. The lead zirconate titanate
thin films ferroelectric properties are improved through 2 mol.% Nb-doping, resulting in dielectric constants
and losses at 1 kHz for a 200 nm thick film of 350 and below 5 %, respectively, before measurement of
polarisation versus electrical field hysteresis. Following these measurements, the Nb-doped lead zirconate
titanate thin films permittivity increases up to 430. With a thickness of 400 nm, the films exhibit a remanent
polarisation of 16.5 µC·cm−2 and a coercive field of 92 kV·cm−1 .
In the modelling, based on a ferroelectric switching criterion and the Euler-Bernoulli beam theory, it was
investigated how the vertical deflection of ferroelectric bending tongues behaves with a load at their free
end. The model developed here bridges the gap existing in literature between the modelling of ferroelectric
switching and the mechanical description of linear piezoelectric structures. Furthermore, the ferroelectric
switching criterion model is improved by the inclusion of strain saturation at high fields, which is inherent
to ferroelectrics. The model includes parameters describing the geometry of the bending tongue, its
mechanical and material properties, the crystallographic state and built-in strain of the ferroelectric thin
film and the applied electrical field to determine the vertical deflection for MEMS applications based on
ferroelectric bending tongues.
In summary, the technically relevant {001} texture of lead zirconate titanate thin films on stainless steel
substrates has been successfully engineered. The thin films, especially with 2 mol.% Nb-doping, are
excellent candidates for MEMS applications on non-brittle substrates, in particular in sensor technology.
Furthermore, the model established in this work indicates that ferroelectric bending tongues made of
lead zirconate titanate on stainless steel substrates can develop sufficient vertical deflection for MEMS
applications.
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Zusammenfassung
Die technologische Entwicklung schreitet permanent in Richtung Miniaturisierung und Reduzierung des
Energieverbrauchs voran. Einer der Schlüssel zu diesem Weg liegt in der Integration von ferroelektrischen
Dünnschichten in die Mikrosystemtechnik (Englisch: Micro-Electro-Mechanical Systems (MEMS)). Zu
diesem Zweck ist Blei-Zirkonat-Titanat aufgrund seines großen piezoelektrischen Koeffizienten das Material
der Wahl. Um den Anwendungsbereich zu erweitern, müssen Substrate, die weniger spröde sind als das
derzeit favorisierte Silizium, in MEMS implementiert werden. In dieser Arbeit wurden Blei-Zirkonat-TitanatDünnschichten auf Edelstahlsubstraten sowohl experimentell untersucht als auch modelliert.
Die Blei-Zirkonat-Titanat-Dünnschichten der Zusammensetzung PbZr0.52 Ti0.48 O3 wurden auf AISI 304
Edelstahl-Substraten durch gepulster Laserabscheidung mit {001} Textur aufgewachsen, um ihr piezoelektrisches Verhalten zu verbessern. Wie mittels Röntgen- und Elektronenrückstreubeugung gezeigt werden
konnte, wird die Texturoptimierung durch die Auswahl von zwei Pufferschichten, Al2 O3 und LaNiO3 , erreicht. Die erste Pufferschicht verhindert die Oxidation des Edelstahlsubstrats während der Abscheidung der
nachfolgenden Schichten. Die zweite dient sowohl als Bodenelektrode als auch als Wachstumsschablone zur
Förderung der {001} Textur von PbZr0.52 Ti0.48 O3 -Dünnschichten. Die ferroelektrischen Eigenschaften der
Blei-Zirkonat-Titanat-Dünnschichten werden durch 2 mol.% Nb-Dotierung verbessert, was im Rohzustand
zu Dielektrizitätskonstanten und Verlusten bei 1 kHz für einen 200 nm dicken Film von 350 bzw. unter
5 % führt. Nach Messung der Hysteresekurve (elektrische Polarisation gegen das elektrische Feld) steigt
die Permittivität der Nb-dotierten Blei-Zirkonat-Titanat Dünnschichten auf bis zu 430. Bei einer Dicke von
400 nm zeigen die Schichten eine remanente Polarisation von 16, 5 µC·cm−2 und ein Koerzitivfeld von
92 kV·cm−1 .
In der Modellierung wurde basierend auf einem ferroelektrischen Schaltkriterium und der Euler-BernoulliStrahlentheorie untersucht, wie sich die vertikale Auslenkung von ferroelektrischen Biegezungen mit
einer Last an ihrem freien Ende verhält. Das hier entwickelte Modell überbrückt die in der Literatur
bestehende Lücke zwischen der Modellierung des ferroelektrischen Schaltens und der mechanischen
Beschreibung von linearen piezoelektrischen Strukturen. Darüberhinausgehend wird das Modell des
ferroelektrischen Schaltkriteriums durch den Einbezug der Dehnungssättigung bei hohen Feldern, die den
Ferroelektrika inhärent ist, verbessert. Das Modell enthält Parameter, die Geometrie der Biegezunge, ihre
mechanischen und Materialeigenschaften, den kristallographischen Zustand, die eingebaute Verspannung
der ferroelektrischen Dünnschicht sowie das angelegte elektrische Feld berücksichtigen, um die vertikale
Auslenkung für MEMS-Anwendungen zu bestimmen, die auf ferroelektrischen Biegezungen basieren.
Zusammenfassend wurde die technisch {001} Textur von Blei-Zirkonat-Titanat-Dünnschichten auf Edelstahlsubstraten erfolgreich eingestellt. Die dünnen Schichten, insbesondere mit 2 mol.% Nb-Dotierung,
sind hervorragende Kandidaten für MEMS-Anwendungen auf nicht-spröden Substraten, insbesondere in
der Sensorik. Darüber hinaus zeigt das in dieser Arbeit aufgestellte Modell, dass ferroelektrische Biegezungen aus Blei-Zirkonat-Titanat auf Edelstahlsubstraten eine ausreichende vertikale Auslenkung für MEMS
Anwendungen entwickeln können.
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1. Introduction and motivations

Discovered a century ago, the field of ferroelectrics underwent a substantial development since World
War II, when the need for capacitors arose. Today, ferroelectrics are omnipresent in modern society; their
main markets, as capacitors and for piezoelectric applications, represent an annual value of $6 billion and
$1 billion, respectively. While the capacitors market is fully mature with trillions of barium titanate-based
multilayer ceramic capacitors produced annually, piezoelectric applications still offer a wide range of
progress for new opportunities [1–3].
Ferroelectrics possess large dielectric coefficients granting them a high volumetric efficiency for dielectric
charge storage. Furthermore, their unique properties provide them with high piezoelectric coefficients,
opening the possibility for efficient low-voltage actuators, and switchable polarisation, which, through
poling, can produce net piezoelectric response [1].
The versatility of ferroelectric materials allows them to be employed in numerous fields for a wide-scope of
applications, ranging from ultrasound imaging (medical ultrasound imaging, sonar [1, 2, 4]) through nonvolatile memory (ferroelectric random access memory [5, 6]), energy harvesters (thermal and mechanical
[7–9]), optical components (wave-guides, modulators, adjustable optics [10–12]), electrical components
(resonators, filters [13]), pyroelectric devices (heat detectors, infrared-imagers [14–16]) to robotics
(piezoelectric Micro-Electro-Mechanical Systems (MEMS), ink-jet printing, ultrasonic motors [4, 17–19]).
Future technological developments, notably wearable sensors and the Internet of Things, are strongly
dependent on solving two issues: miniaturisation and energy consumption reduction [8, 20]. The
former entails the need to integrate functional materials into MEMS and the progressive transition towards
Nano-Electro-Mechanical Systems [4, 18]. The latter is a vital imperative, both environmentally and
economically, impacting societies and their legislation. Within the framework of the European Green Deal
and through the European Climate Law proposed in March 2020, the European Union aims to reduce
energy consumption to reach climate-neutrality by 2050, affecting for instance the direction of research for
decades to come [21].
Through their piezoelectric applications, ferroelectrics can contribute to energy consumption reduction as
key components for self-powered sensors, actuators with low driving voltage and energy harvesters [4, 17].
The continuous progress of ferroelectrics integration into MEMS applications is decisive for the
implementation of future technologies.
Particularly, the dimensions of ferroelectric thin films make them better suited than bulk ceramics for
integration as functional materials into MEMS. Not only do the dimensions promote miniaturisation but
thinner films lead to higher applied electrical field at a given voltage [17]. However, in industry, ferroelectric
thin films are generally deposited on silicon substrates, which have a limited toughness. To expand the
range of potential applications of ferroelectric thin films, the use of less brittle substrates, better suited for
demanding mechanical applications is necessary. With manufacturing and processing methods already
well established in industry, a relatively good resistance to corrosion and a comparatively high toughness,
stainless steel is an ideal substrate candidate [22].
Lead zirconate titanate, with its large piezoelectric coefficient, have long imposed itself as the choice
material for transducers, sensors, and actuators design [17]. Despite its lead content, shaped into the
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simplest piezoelectric MEMS device that is a bending tongue, it remains an excellent proof-of-concept
candidate for deposition on the unconventional substrate that is stainless steel.
Nonetheless, MEMS efficiency depends on several factors besides the choice of materials. Modelling is
an economical method to probe the influence of some parameters, such as MEMS geometry or applied
electrical field. Therefore, this thesis shall endeavour to both model and deposit lead zirconate titanate
thin films on stainless steel for MEMS applications.
This chapter aims to give an overview of the deposition methods of lead zirconate titanate thin films on
various substrates. Afterwards, it proposes a literature review of the modelling of both piezoelectric bending
tongues and ferroelectric behaviour. This chapter also states the purpose of this thesis and introduces the
thesis structure.

1.1. Literature review: state of the art
This section presents the state of the art regarding lead zirconate titanate thin films grown by different
methods on a variety of substrates with a particular focus on metallic substrates. Then, it introduces the
existing models describing piezoelectric bending tongues and those representing ferroelectric behaviour.

1.1.1. Overview of lead zirconate titanate thin films in literature
Since the first study on lead zirconate - lead titanate solid solutions seventy years ago, numerous investigations have been carried out on the compound nowadays known as lead zirconate titanate, both on
its bulk form and as thin films [23]. Lead zirconate titanate is a ferroelectric solid solution of formula
Pb(Zrγ Ti1−γ )O3 (PZT) whose perovskite structure and properties are described in sections 2.1.5 and 2.2.1,
respectively.
A wide array of deposition methods has been used to grow PZT thin films, historically starting with
physical vapour deposition methods in the early 1980s [24]. The first PZT depositions were performed
by sputtering, either ion beam sputtering [25, 26], Radio Frequency (RF) magnetron sputtering [27] or
Direct Current (DC) magnetron sputtering [28, 29]. Almost a decade later, the growth of PZT thin films by
chemical vapour deposition methods was investigated using chemical solution deposition, notably sol-gel
processes [30–32] and metal-organic-decomposition [33]. Additionally, metal-organic-chemical vapour
deposition also proved to be a reliable method for PZT films deposition [34–36]. Pulsed Laser Deposition
(PLD) of PZT thin films was also established around the same period [37, 38].
Forty years after the growth of the first PZT thin films, novel depositions methods are still investigated, such
as aerosol deposition [39]. Nowadays, chemical solution deposition and metal-organic-chemical vapour
deposition methods are largely used in sensor and integrated circuit industries, respectively. The former,
when aimed at small-scale production, is the less expensive method despite requiring post-annealing
to crystallise the film. The latter process offers a good conformal coverage, as needed for integrated
circuits [24].
The choice of substrates for PZT thin films is mostly dependent on applications, most of them requiring a
parallel-plate capacitor structure with top and bottom electrodes. In order to remain electrically conductive
and to avoid oxidation, the electrodes must be thermally and environmentally stable during PZT thin
films deposition. Besides electrodes oxidation, it is often necessary to prevent substrate oxidation by
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applying buffer layers between substrates and thin films. Furthermore, PZT thin films are susceptible
to interdiffusion from substrates which can also be prevented by appropriate buffer layers [24]. These
constraints limit the possibility of materials on which PZT thin films can be deposited.
As a result, while PZT can be grown on numerous substrates, e.g. silicon, single crystal oxides or glass,
the most common choices of electrodes are platinum and some metallic oxides, e.g. RuO2 or SrRuO3
[17, 40–44]. The electrode material often plays a part in the diffusion barrier, along with additional buffer
layers. For example, with a Si substrate, the most frequent combination of electrode and buffer layers is
PZT/Pt/Ti/SiO2 /Si [24]. However, the electrode by itself is rarely a sufficient diffusion barrier, e.g. oxygen
can migrate through a platinum electrode [45].
Regarding lead zirconate titanate thin films deposited on metallic substrates, the number of pertinent
reports is more limited. These investigations mainly focus on chemical solution deposition procedures
applied on various metallic substrates [46–50]. Recently, several reports on the growth of {001}-oriented
lead zirconate titanate thin films on Ni foils have been published [8, 51–54]. Growth of lead zirconate
titanate films on flexible Ni-Cr substrates have also been reported [55].
The case of stainless steel substrates has been approached by several authors reporting PZT thin films
of various textures deposited by sol-gel process [56–59], electron beam evaporation technique [60],
electrochemical reduction [61] or RF magnetron sputtering [22, 62–67]. A noteworthy report presents
{001}-oriented Nb-doped lead zirconate titanate thin films grown by RF magnetron sputtering on stainless
steel substrates [68].
This is of particular relevance as crystallographic orientation is another aspect of PZT thin films which
is crucial to MEMS applications. Indeed, an improvement of lead zirconate titanate films piezoelectric
response can be engineered by promoting a {001} texture [17]. There are, however, no compelling
reports demonstrating tetragonal {001}-textured lead zirconate titanate films grown directly on
stainless steel by pulsed laser deposition.

1.1.2. Modelling of piezoelectric bending tongues and ferroelectric behaviour, a review
When modelling ferroelectrics MEMS, two aspects have to be taken into consideration. The first is the
mechanical system itself, including its linear piezoelectric response when subjected to an applied electrical
field. The second is the ferroelectric behaviour, i.e. the possibility to switch the polarisation direction
between discrete crystallographically allowed orientations by applying an external electrical field [17].
As linear piezoelectric structures have been extensively studied, this review focuses on systems composed of
bending tongues (cantilevers or wider beams) based on piezoelectric ceramics. However, to date, bending
tongue-based devices have been modelled without simulating the ferroelectric switching occurring in
grains [69–72].
On the other hand, ferroelectric switching has been described through various micromechanical models. Particularly, polarisation switching in single or multicrystals has been studied through phase-field
models, which require no switching criteria [73–75]. Nonetheless, to model polycrystalline ferroelectrics,
micromechanical approaches are more efficient in view of the large amount of grains they encompass. A
number of micromechanical models are self-consistent estimates [76] while others, e.g. Hwang, Lynch and
McMeeking’s model, take hysteretic polarisation-field and strain-field behaviour into account [77].
The above-mentioned model by Hwang et al. estimates the response of a bulk ferroelectric ceramic subjected
to both mechanical and electrical external loads. The bulk ferroelectric response is calculated from the
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strain and polarisation for an individual grain, resulting from an applied electrical field and applied stress.
The model postulates that when the loading level is larger than a work energy criterion, polarisation
switching occurs. The individual grains being assumed to display a statistically random orientation, their
response is averaged to estimate the bulk response. Over time, to take more physical aspects into account,
Hwang’s model has been extended in various directions, including mean-field approach, and numerically
implemented with the finite-element method [78–84].
The modelling of piezoelectric/metal/piezoelectric actuators by the finite-element method and the laminated beam theory, taking into account static electromechanical displacement and polarisation switching,
is noteworthy, although it only concerns three-point-loaded actuators [85]. Therefore, to describe a
ferroelectric bending tongue, it remains necessary to bridge the gap between the mechanical and
ferroelectric approaches.

1.2. Statement of purpose
The issues of miniaturisation and energy consumption reduction are critical for the continuous advancement
of technology. Therefore, technological innovations are dependent on the integration of ferroelectrics into
MEMS applications. However, some fundamental questions arise:
1. How to incite the growth of tetragonal {001}-oriented or textured lead zirconate titanate thin films
on steel substrates by pulsed laser deposition to engineer a larger piezoelectric response?
2. Are the ferroelectric properties of lead zirconate titanate thin films on steel substrates suitable for
piezoelectric MEMS applications?
3. How to calculate the accessible vertical deflection of ferroelectric bending tongues, taking into account
both their linear piezoelectric structure and ferroelectric switching?
The first purpose of this work is to establish a procedure to grow {001}-textured lead zirconate titanate
thin films on stainless steel substrates by pulsed laser deposition. This method encompasses substrate
preparation, buffer layers selection and deposition. The chosen buffer layers aim to prevent oxidation of
the steel substrates during thin films deposition and to act as a growth template to direct the lead zirconate
titanate thin films into a {001} orientation. The phase and crystallographic orientation of the thin films
are both ascertained using notably X-ray diffraction.
The second aim of this work is to characterise the dielectric, piezoelectric and ferroelectric properties of
{001}-textured lead zirconate titanate thin films on stainless steel substrates to assess their potential for
piezoelectric MEMS applications. For this purpose, characterisation techniques previously not implemented
in the research group are set up. The effect of Nb-doping on lead zirconate titanate thin films is analysed
and the deposition parameters are tuned to optimise the films properties.
The third objective of this thesis is to develop a model which describes the vertical displacement of
ferroelectric bending tongues with a load at their free end to replicate MEMS applications. This model
relies on both the ferroelectric switching criterion established by Hwang et al. [77] and the Euler-Bernoulli
beam theory. The model intends to calculate bending tongues vertical deflection as a function of the applied
electrical field while taking into account the physical characteristics of bending tongues, e.g. geometry,
material properties, load at the free end, crystallographic state, etc. It provides insight into the relative
importance of the different contributions controlling the vertical deflection to allow an optimisation of
bending tongues characteristics.
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1.3. Thesis structure
Chapter 2 outlines the fundamentals that lay the foundations of this thesis, starting with the characteristics
of piezoelectrics and ferroelectrics. It also introduces lead zirconate titanate and other materials pertinent
to this work. Additionally, the chapter discusses thin film growth theory.
Chapter 3 introduces the different sample configurations involved in this work and the procedures to
prepare the samples, from substrate preparation and thin film deposition methods to electrodes patterning.
It also describes the methods to characterise the structure of thin films.
Chapter 4 presents the various experimental setups and procedures, previously not implemented in the
research group, which are used in this thesis to characterise the samples ferroelectric properties, including
dielectric permittivity and piezoelectric coefficient.
Chapter 5 describes and discusses the experimental results obtained with heterostructures produced and
characterised according to the methods and processes introduced in chapters 3 and 4. The texture and
ferroelectric properties of lead zirconate titanate thin films deposited on stainless steel substrates are
investigated along with the effect of Nb-doping on the properties of these thin films.
Chapter 6 describes the modelling of ferroelectric bending tongues loaded at their free end to understand
the influence of some parameters on the vertical deflection. Equations of the model are introduced and the
results are illustrated with examples.
Chapter 7 provides answers to the statement of purpose of this thesis and summarises the main conclusions
of this work. Its outlooks are outlined, along with and potential future work.
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2. Fundamentals

This chapter examines the literature pertinent to the work done in this thesis. Section 2.1 introduces
ferroelectric materials along with dielectricity, piezoelectricity and pyroelectricity. This section also discusses
the perovskite structure in relation to ferroelectricity. Afterwards, section 2.2 gives an overview of the
materials relevant to this thesis, including lead zirconate titanate as the selected ferroelectric material,
the various buffer layer materials and AISI 304 stainless steel as the substrate of choice for this work.
Subsequently, section 2.3 introduces thin film growth theory and crystallographic structure of thin films.

2.1. Ferroelectric materials: dielectrics, piezoelectrics and pyroelectrics
All ferroelectric materials are pyroelectrics which, themselves, are part of the piezoelectric class. Piezoelectric materials belong to the preeminent class of dielectrics [86]. Therefore, it is necessary to understand
ferroelectricity in relation with these other phenomena as shown in this section.
Through this section, the physical properties of crystals will be defined in a Cartesian coordinates system
with a point O for origin and three base vectors e1 , e2 and e3 . These base vectors are orthogonal in pairs
(ei ⊥ ej for i ̸= j with i, j = 1, 2, 3) and of unit length (∥e1 ∥ = ∥e2 ∥ = ∥e3 ∥ = 1). The scalar product of
any of these two base vectors is equal to [87]:
ei · ej = δij

with i, j = 1, 2, 3,

(2.1)

where δij is the Kronecker symbol defined by:
{︄
1,
δij =
0,

i=j
i ̸= j .

(2.2)

In this thesis, both the Einstein convention summation over repeated indices and the reduced matrix
notation for tensor properties, also known as Voigt notation, are employed [88, 89].

2.1.1. Dielectrics and electrostriction
Dielectric materials are insulators that can be polarised by the application of an external electrical field, E.
The dielectric polarisation is due to the electrical charges shifting slightly out of their equilibrium positions
under the influence of the electrical field. The ability of a dielectric to polarise under the applied field is
called electrical susceptibility, described by the dielectric susceptibility tensor χij , and is defined as the
constant of proportionality between the polarisation density vector, also called polarisation, P , and the
applied electrical field by [90, 91]:
Pi = ε0 χij Ej ,
(2.3)
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where ε0 is the electrical permittivity of free space with ε0 ≈ 8.854 · 10−12 F·m−1 . The permittivity tensor,
εij , and the relative permittivity or dielectric constant of a material, εr,ij , are defined by:

εij = εr,ij ε0 = (χij + δij ) ε0 .

(2.4)

The electrical displacement vector, D, is linked to the polarisation vector and to the applied electrical field
by [90, 91]:
Di = ε0 Ej + Pi = ε0 εr,ij Ej .
(2.5)
Under an alternating electrical field, a dielectric material tends to dissipate some energy due to the
movement of its electrical charges, generating heat. This lost energy is known as dielectric loss and is
quantified with the loss tangent, tan δ , defined as [92]:

tan δ =

ε′′
,
ε′

(2.6)

where ε′ and ε′′ are the real and imaginary components of the permittivity, respectively.
In any material, including dielectrics, electrostriction is the fundamental electromechanical coupling defined
as a mechanical deformation due to an applied electrical excitation [91]. Electrostriction is a quadratic
effect expressing the dependence, at zero stress values, of the induced strain tensor, κij , on the electrical
stimulation or on an induced dielectric displacement [93]. These relations are expressed respectively by:

κij = Mijkl Ek El ,

(2.7)

κij = Qijkl Dk Dl ,

(2.8)

where Mijkl and Qijkl are the fourth rank tensors electrostriction coefficients. It should be noticed that
electrostriction can be neglected at lower stress and strain values, with regard to the linear effect of
piezoelectricity described in the following section [93].

2.1.2. Piezoelectricity
Direct piezoelectric effect is displayed by a material when, being mechanically deformed, it generates a
change in electrical polarisation proportional to the deformation. Oppositely, the converse piezoelectric effect
corresponds to the application of an external electrical field on the material giving rise to strain in the
material [94, 95]. These two effects are illustrated in Figure 2.1.
In 1880, Jacques Curie and Pierre Curie were the first to experimentally demonstrate the existence of
piezoelectricity in several materials, e.g. tourmaline, quartz or topaz [96]. Piezoelectricity corresponds
to a linear relation between electrical and mechanical states in crystals which do not possess a centre of
symmetry [94, 95].
Piezoelectricity emerges in a material from its crystal structure: for electrical polarisation to appear when
an external mechanical force is applied, the crystal must have a symmetry sufficiently low [97]. As they
are polarisable, i.e. can develop charges on their surfaces, all piezoelectrics are also dielectrics [98]. While
32 crystal classes exist, only 21 are non-centrosymmetric, potentially allowing piezoelectricity. However,
the crystal class 432, while not possessing a centre of symmetry, does not display piezoelectricity due to
additional symmetry elements. Therefore, the 20 crystal classes producing the piezoelectric effect are the
following: 1, 2, m, 222, 2mm, 3, 32, 3m, 4, 4̄, 422, 4mm, 4̄2m, 6, 6̄, 622, 6mm, 6̄2m, 23, 4̄3m [99]. For
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Direct effect (Applied force)

+σ
−σ

− − − − − − −

+ + + + + + + + + +
P
− − − − − − − − − −

P
+ + + + + + +

+σ

−σ
Converse effect (Applied voltage)

+V
−V

− − − − − − −

+ + + + + + + + + +
P
− − − − − − − − − −

P
+ + + + + + +

+V
−V
Figure 2.1.: Schematic representation of the direct (top schematics) and converse (bottom schematics)
piezoelectric effects on a piezoelectric crystal. The dashed lines indicate the shape of the
crystals before stress, ±σ , or voltage, ±V , (generating a polarisation, P ) are applied. The blue
colour indicates applied quantities and the red colour highlights induced polarisation and
strain. The ⊕ and ⊖ symbols represent qualitatively positive and negative electrical charges,
respectively. Adapted from [95].
each of these space groups, the non-zero components of their piezoelectric coefficient tensors and their
relationship can be found in literature [89, 100].
It should be noted that the linearity of the piezoelectric response is only valid at low applied stress and
field levels. At higher levels, electrostriction becomes non-negligible (see section 2.1.1) and, in the case of
ferroelectrics, domain wall motion contributes to the non-linearity of the response (see section 2.1.4) [101].
Therefore, the relations given below (Equations (2.15) and (2.16)) are only valid in the linear range of the
piezoelectric response of the material under consideration.
The piezoelectric response of a material is described by a series of coefficients known as piezoelectric
coefficients. The coefficients d, g , e and h correspond to the direct effect while the coefficients d∗ , g ∗ ,
e∗ and h∗ correspond to the converse effect. The piezoelectric coefficients are defined by the following
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equations [102]:
(︃

d=+
(︃

g=−
(︃

e=+
(︃

h=−

∂D
∂σ

)︃

∂E
∂σ

)︃

∂D
∂κ

)︃

∂E
∂κ

)︃

,

d∗ = +

(︃

E,T

,

∗

(︃

g =+

D,T

,

∗

(︃

e =−

E,T

,
D,T

∗

h =−

(︃

∂κ
∂E

)︃

∂κ
∂D

)︃

∂σ
∂E

)︃

∂σ
∂D

)︃

,

(2.9)

,

(2.10)

,

(2.11)

,

(2.12)

σ,T

σ,T

κ,T

κ,T

where σ is the applied stress, κ is the induced strain and T is the temperature. The variables kept constant
are indicated by the subscripts.
Due to thermodynamics, the piezoelectric coefficients for the direct effect are equal to their respective
counterparts for the converse piezoelectric effect [102].
From the experimental approach, it should be noted that when the stress is kept constant, i.e. σ = cst, the
piezoelectric sample is said to be in a mechanically free state [90]. It is difficult to realise this condition
experimentally as the sample must be held without generating stress, e.g. in nodes of vibration [103].
Contrarily, when the strain is kept constant, i.e. κ = cst, the piezoelectric is in a mechanically clamped
state [90]. It can be achieved experimentally by maintaining the sample in an infinitely stiff neighbourhood
[103]. Analogue states can be expressed electrically: electrically free and electrically clamped states are
obtained by keeping the electrical field strength constant, i.e. E = cst, or by maintaining the electrical
flux density constant, i.e. D = cst, respectively [90]. Experimentally, the electrodes collecting the charges
must be shortened in the first case and must be kept in an insulating environment in the latter [103].
The coefficients d and e both refer to electrically free states and to mechanically free and clamped states,
respectively. The coefficient d is known as piezoelectric charge constant and describes the relation between
the dielectric displacement and the stress. It is expressed in C·N−1 . The coefficient e characterises the
relation between the dielectric displacement and the strain. Its unit is C·m−2 . Conversely, the coefficients
g and h apply to electrically clamped states with mechanically free and clamped states, respectively. The
coefficient g or piezoelectric voltage constant and the coefficient h describe the relation between the electrical
field and the stress or the strain, respectively. Their respective units are C−1 ·m2 and C−1 ·N [90, 103].
Piezoelectric coefficients are third rank tensors and therefore contain 27 components. However, as the
coefficients, e.g. dijk , are symmetrical in i and j , the number of independent components is limited at
18 [89, 103]. This allows the use of the Voigt notation to simplify piezoelectric coefficients into a matrix
notation. The coefficients dijk and eijk and their matrix notations diµ and eiµ follow, respectively, the
relations [103]:
⎛
⎞ ⎛
⎞
d111 d122 d133 2d123 2d113 2d112
d11 d12 d13 d14 d15 d16
⎝d211 d222 d233 2d223 2d213 2d212 ⎠ ∼
(2.13)
= ⎝d21 d22 d23 d24 d25 d26 ⎠ ,
d311 d322 d333 2d323 2d313 2d312
d31 d32 d33 d34 d35 d36
and
⎛
⎞ ⎛
⎞
e111 e122 e133 e123 e113 e112
e11 e12 e13 e14 e15 e16
⎝e211 e222 e233 e223 e213 e212 ⎠ ∼
= ⎝e21 e22 e23 e24 e25 e26 ⎠ .
e311 e322 e333 e323 e313 e312
e31 e32 e33 e34 e35 e36

10

(2.14)

The coefficients g and h follow the same rules as the coefficients d and e, respectively.
In practice, the conditions for mechanically and electrically free or clamped states are rarely met. Therefore,
the elastic and dielectric linear equations of state for piezoelectric are written as:

Di = diµ σµ + εik Ek (direct effect)

κλ = dkλ Ek + sλµ σµ (converse effect),

(2.15)

Di = eiλ κλ + εik Ek (direct effect)

σµ = −ekµ Ek + cλµ κλ (converse effect),

(2.16)

and

where sλµ is the elastic compliance and cλµ is the elastic stiffness [103]. Equations of state for the
coefficients g and h can also be written but are not relevant to this work.
It should be noted that the piezoelectric coefficients described above refer to bulk coefficients. In the
case of piezoelectric thin films, the boundary conditions to which the film is subjected needs to be taken
into account [104]. Indeed, for the majority of MEMS applications, piezoelectrics are integrated into a
composite structure. This imposes a mixed boundary condition as the piezoelectric layer is clamped to
another elastic body whose properties are often predominant in the composite [17, 24].
Therefore, the piezoelectric coefficients e31,f and d33,f relate to thin films clamped to rigid substrates in
the (e1 , e2 ) plane and with unconstrained off-plane motion in the e3 direction. e31,f and d33,f describe the
transverse effect, i.e. the in-plane stress as a function of the applied field, and the longitudinal effect, i.e.
the thickness change as a function of the applied field, respectively. The e31,f and d33,f coefficients for thin
films are defined as follow: [17, 24].

d31
,
s11 + s12 E
2s13 E
= d33 −
,
s11 E + s12 E

e31,f =
d33,f

E

(2.17)
(2.18)

where s11 E , s12 E and s13 E are the s11 , s12 and s13 elastic compliances at constant electrical field, respectively.

2.1.3. Pyroelectricity
Within the piezoelectric classes, ten point groups, presenting a unique polar axis, are characteristic of
pyroelectrics: 1, 2, m, 2mm, 3, 3m, 4, 4mm, 6 and 6mm. Known as the polar classes, they exhibit a spontaneous polarisation, i.e. non-zero electrical polarisation in zero applied electrical field, which is temperature
dependent [103]. The term polar axis refers to the direction of the spontaneous polarisation [105].
Similar to piezoelectricity, pyroelectricity displays direct and converse effects, referred to as pyroelectric
effect and electrocaloric effect, respectively. The pyroelectric effect corresponds to a change in spontaneous
polarisation due to a change in temperature. Conversely, the electrocaloric effect describes a change in
temperature originating from an applied electrical field [103].
The relation between the change in spontaneous polarisation vector, P s , and the change in temperature,
T , is described by the vector of pyroelectric coefficients, pi [98]:
pi =

∂ P s,i
.
∂T

(2.19)
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2.1.4. Ferroelectricity
A system is ferroelectric if it is insulating and possesses at least two stable or metastable states of different
spontaneous polarisation between which it is possible to switch under an applied electrical field. The
ability to switch from one state to another is due to the field-to-polarisation coupling through which an
applied electrical field varies the states relative energy [106].
Ferroelectricity was identified experimentally for the first time in Rochelle salt in 1920 by Valasek [107,108].
However, Rochelle salt or sodium potassium tartrate tetrahydrate of chemical formula NaKC4 H4 O6 · 4H2 O
was the only known ferroelectric material for more than a decade after being discovered, leading ferroelectricity to be known as Seignette-electricity from the name of the company preparing Rochelle salt until the
early 1940s [86].
Ferroelectric materials are pyroelectrics in which the polarisation switching is accessible through very small
lattice distortions. In case substantial lattice reconstruction is needed to change the orientation of the
spontaneous polarisation, the material is pyroelectric without being ferroelectric as the large energetic
requirements for polarisation switching are likely to result in dielectric breakdown [103].
Polarisation itself has long been challenging to define until the beginning of the 1990s. In the case of a
finite system, the Clausius-Mossotti model can be applied and the task is simple enough. Indeed, the dipole
moment corresponds to the polarisation and can be calculated as the volumic charge density. However,
difficulties arise when considering polarisation as the bulk property of an infinite crystal [109].
The first obstacle emerges when attempting to choose a dipole in a periodic continuous distribution. It
is not possible to separate such a distribution in localised contributions without ambivalence: a dipole
could either be composed by ⊕ − ⊖ (positive - negative) or ⊖ − ⊕ (negative - positive) electrical charges
combinations and selecting one of the options would arbitrarily define the polarisation direction [109, 110].
Another complication derives from the nature of the bonding inside the ferroelectric. In real materials, e.g.
in typical ferroelectric oxides, as opposed to a perfect modelled material, the bonding is a mixture of ionic
and covalent characters. As such, the ions are sharing the electronic charge which is delocalised, making
impossible the utilisation of the Clausius-Mossotti model [109].
The modern theory of polarisation, developed by Resta, King-Smith and Vanderbilt [111–113], arises from a
change of perspective on the problematic: it aims to define the change in polarisation and no longer reach
the absolute value of polarisation [109]. This theory relies on Berry phases and Wannier functions. For
more details, the reader is referred to [112–115].
Previous attempts to define polarisation based on a charge distribution proved to be flawed as they failed
to differentiate bulk contributions from surface ones. The modern theory of polarisation not only provides
a definition separating bulk from surface contributions, independently of both the shape and location of
the unit cell, but it also produces a unique solution for the polarisation. Assuming that any charge pumped
to the surface of the dielectric cannot be conducted away, the change in polarisation is defined by [109]:
∫︂
∫︂
1
∆P = dt
dr j (r , t),
(2.20)
Vcell cell
where ∆P is the change in internal polarisation, Vcell is the volume of the unit cell, t is the time, r is the
position vector and j is the current density vector.
Ferroelectrics ability to switch their spontaneous polarisation between discrete states at lower temperatures
is due to the instability of the transverse optical lattice vibration mode at high temperature. As the
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temperature decreases, the phonon frequency diminishes until it reaches zero at the Curie temperature,
TC . This vibration mode is called soft mode and leads to a crystal structure with lower symmetry when the
atomic position freezes at TC [103, 116, 117].
In terms of thermodynamics, the transition from the higher symmetry phase, called paraelectric phase, to the
lower symmetry ferroelectric phase is described by the Landau-Devonshire theory. The thermodynamic state
of a bulk ferroelectric system in equilibrium can be described by the temperature, polarisation, electrical
field, strain and stress variables. In practice, electrical fields and elastic stresses are the physical quantities
applied on ferroelectrics. Therefore, polarisation and strain are considered as “internal” variables [118].
It should be noted that the Landau-Devonshire theory is intended to handle poled bulk ferroelectrics and
that for unpoled ferroelectrics the Levanyuk-Ginzburg criterion should be used. For more details on the
latter, the reader is referred to [118].
Based on the fundamental postulate of thermodynamics, the Helmholtz free energy density, FP , of a
ferroelectric depends on ten variables: the temperature, the three components of polarisation and the six
components of stress. According to the Landau-Devonshire theory, assuming that for a free non-polarised
and non-strained crystal the origin of energy is zero, the free energy as a function of polarisation, truncated
at the sixth term, can be written as:

1
1
1
FP = a0 (T − T0 ) P 2 + bP 4 + cP 6 − EP ,
2
4
6

(2.21)

where T0 is the paraelectric-ferroelectric transition temperature at which aiso = a0 (T − T0 ) changes sign,
aiso is the reciprocal isothermal permittivity at constant stress in the non-polar phase and b and c are
coefficients that are assumed to be independent of temperature. The coefficient a0 is positive for all known
ferroelectrics and the coefficient c must be positive to ensure stability when P → ∞ [118, 119].
Therefore, the order of the transition between the paraelectric and the ferroelectric phases, whose free
energy densities are represented in Figure 2.2, is characterised by the sign of the coefficient b [118, 119].
(a)

Helmholtz free energy
density

(b)

Polarisation

Helmholtz free energy
density

Polarisation

Figure 2.2.: Helmholtz free energy density, FP , versus polarisation, P , for (a) paraelectric (T ≫ T0 ) and
for (b) ferroelectric (T ≪ T0 ) phases. Adapted from [118].
A second-order transition from the paraelectric to the ferroelectric phase occurs at the temperature T0 = TC
if the coefficient b is positive. In that case, the free energy density changes continuously between the two
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(a)

Spontaneaous polarisation

Spontaneaous polarisation

states represented in Figure 2.2 and the spontaneous polarisation also evolves continuously as shown in
Figure 2.3 (a). The electrical susceptibility presents a discontinuity at T0 [103, 118, 119].

P0

(b)

P0

T0
Temperature

cooling

heating

T0 TC
Temperature

Figure 2.3.: Spontaneous polarisation, Ps , as a function of temperature, T , for (a) a second-order phase
transition and (b) a first-order phase transition representing the thermal hysteresis associated
with finite heating and cooling rates. The spontaneous polarisation maximum, P0 , is indicated,
along with T0 and the Curie temperature, TC . Adapted from [118, 120].
In the case where the coefficient b is negative, a discontinuous first-order phase transition occurs at TC .
Indeed, as b is negative, the free energy density can reach two secondary minima at non-zero polarisation
along with the minimum at zero polarisation. At the Curie temperature, these two minima at non-zero
polarisation become configurations with lower energy than the paraelectric phase. It follows that the
spontaneous polarisation drops to zero at TC , as represented in Figure 2.3 (b). The susceptibility reaches a
finite value at TC with TC > T0 for first-order transitions [103, 118, 119].
Due to the free energy density presenting three energetically degenerate minima at TC , the first-order phase
transition between the paraelectric and ferroelectric phases varies depending on whether it is approached
during heating or during cooling, as shown in Figure 2.3 (b) [118, 120].
Close to the ferroelectric transition, when it is approached from the paraelectric phase, i.e. T > T0 , both
the electrical susceptibility and the dielectric permittivity follow the Curie-Weiss behaviour. The Curie-Weiss
law for the permittivity can be expressed as:

εr =

CW
,
T − T0

(2.22)

where CW is the material specific Curie-Weiss constant [103, 118]. It should be noted that a ferroelectric
might reach its melting point before reaching its transition temperature [106].
Another approach to describe the ferroelectric transition is to consider the lattice displacements due to the
electronic polarisation. The lattice displacements are finite below TC but can either vanish or remain above
TC . In the former case, the transition is called displacive and the dipole moments below TC are due to ions
spontaneous displacement, while in the latter case, where the symmetry-breaking distortions are randomly
oriented above TC , the transition is considered as order-disorder [103, 118]. The order of magnitude of
the Curie-Weiss constant differs for displacive and order-disorder transitions. A Curie-Weiss constant of
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the order of 105 K is characteristic of a displacive transition and can be found, for example, in perovskite
ferroelectrics. Conversely, order-disorder transitions, common in the presence of hydrogen bonds, present a
Curie-Weiss constant of the order of 102 to 103 K [103, 120].
As described above, ferroelectrics are able to switch between states of different spontaneous polarisation
under an applied electrical field. Following the Landau-Devonshire theory, this process implies a hysteresis
in the polarisation versus applied electrical field curve, also known as P-E loop [118]. Since ferroelectrics are
also piezoelectrics, a hysteresis is also present in the elastic strain versus applied electrical field curve, called
butterfly loop, due to its shape [121]. The typical P-E loop and butterfly loop for an ideal single-crystal when
the applied electrical field is parallel to the spontaneous polarisation are represented in Figure 2.4 (a) and
(c), respectively. The positive applied electrical field under which the polarisation is reversed from one state
to another, known as coercive field, Ec , is indicated [120]. The figure also shows the saturation polarisation,
Psat , corresponding to the linear extrapolation at zero applied field of the maximum polarisation which
can be reached at high field. Its counterpart is the saturation strain, κsat .
Polarisation

(a)

Psat
Pr

Ec

(c)

Polarisation

(b)

Psat

Electrical
field

Ec

(d)

Strain

κsat

Electrical
field

Strain

κsat

Ec

Electrical
field

Electrical
field

κr

Ec

Figure 2.4.: Typical hysteresis loops for ferroelectrics. Polarisation, P , and elastic strain, x, versus applied
electrical field, E , hysteresis loops for (a) and (c) an ideal single-crystal when the applied
electrical field is parallel to the spontaneous polarisation and (b) and (d) a polycrystalline
sample, respectively. The saturation polarisation, Psat , the remanent polarisation, Pr , the
coercive field, Ec , the saturation strain, κsat and the remanent strain, κr are indicated. Adapted
from [120].
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The shape of the ferroelectric hysteresis loops for polycrystalline samples, presented in Figure 2.4 (b) and
(d), as well as for non-ideal single-crystals, is due to the existence of ferroelectric domains. Domains are
regions within which the polarisation is oriented in a given direction. They are separated from each other
by domain walls. The apparition of domain structures in ferroelectrics aims to minimise the system free
energy by balancing the electrical field energy reduction and the domain walls energy [103, 120].
It should be noted that while the number of domains depends on several parameters, e.g. crystal size
and applied forces, the type of domains, i.e. the directions in which the polarisation can be oriented, are
limited by the crystal symmetry [120]. For example, in a tetragonal crystal, the polarisation can take six
distinct directions, as shown in Figure 2.5.

(100)

(010)

(001)

Figure 2.5.: Schematic representation of the accessible polarisation directions in a tetragonal crystal
along (100), (010) and (001) orientations.
Domain walls are named by the angle between the polarisation of their two neighbouring domains [120].
In the case of a tetragonal crystal, due to the six accessible directions of polarisation, two sorts of domain
wall exist: 180◦ and 90◦ domain walls, the latter also referred to as non-180◦ domain wall [118]. A
schematic representation of ferroelectric domains with either 180◦ or non-180◦ domain walls is shown
in Figure 2.6. The dielectric response is impacted by both 180◦ and non-180◦ domain walls, while the
piezoelectric response is dependent only on non-180◦ domain walls. This is due to all domain walls being
ferroelectrically active, while only non-180◦ domain walls are ferroelastically active [122].
(a)

(b)

Figure 2.6.: Two dimensional schematic representation of ferroelectric domains in a crystal with (a) 180◦
domain walls and (b) non-180◦ domain walls. Adapted from [123] and [124], respectively.
Due to their multiple-domains states, the net polarisation of ferroelectric crystals is generally zero or very
limited. The re-orientation, under a unipolar applied electrical field, of the domain polarisations to create
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a single-domain state leads to an increase in the net polarisation, as can be observed in Figure 2.4 (b).
During this ferroelectric switching process, above the coercive field, Ec , the domain polarisations align
themselves as closely as possible with the applied field direction. The process of applying an electrical field
on a ferroelectric to create a net polarisation is known as poling [120]. The poling axis, along which the
electrical field is applied, is conventionally called axis 3 [125].
Once the applied field is released, some domain polarisations might reverse to their original state due
to elastic interactions. This phenomenon, known as back-switching, reduces the net polarisation to the
remanent polarisation, Pr , a value below the saturation polarisation [120]. The remanent polarisation and
its counterpart, the remanent strain, κr , are indicated in Figure 2.4 (b) and (d).
It should be noted that the piezoelectric response of ferroelectrics is due to both intrinsic and extrinsic
contributions. The intrinsic contribution is due to the lattice contributions while the extrinsic contribution
arises from domain wall motion or from phase boundary motion [122,126]. It is the irreversibility of domain
wall motion that generates the hysteretic behaviour of P-E loops. The contribution to the piezoelectric
response of the irreversible domain wall motion can be quantified under low applied electrical fields by
the Rayleigh law [127]. As ferroelectrics undergo ageing, domain walls move towards more energetically
stable positions, leading to energy losses and to a decrease of permittivity [128].

2.1.5. Perovskite structure and ferroelectric materials
Numerous materials display ferroelectric properties ranging from oxides (compounds of LiNbO3 family,
boracites or hexagonal manganites, e.g. YMnO3 ), through layered oxides (Ruddlesden-Popper transitionmetal oxides or Aurivillius phases, e.g. Bi2 WO6 or SrBi2 Ta2 O9 ) to polymers (polyvinylidene fluoride) and
plastic crystals (tetramethylammonium bromotrichloroferrate(III)) [106, 129, 130].
However, a vast number of piezoelectric applications (see chapter 1) relies on ferroelectric materials with a
perovskite structure [8, 18, 63]. The benefits of using ferroelectrics for piezoelectric applications are their
large piezoelectric response and the possibility to pole these materials to create a net polarisation [106,131].
In particular, BaTiO3 and PZT, the most widely used ferroelectric materials, are perovskite ceramics [1, 3].
Additionally, some relaxor based ferroelectrics with perovskite structure demonstrate ultra-high piezoelectric
behaviour, e.g. Pb(Zn1/3 Nb2/3 (O)3 –PbTiO3 [132].
The perovskite structure is named after the mineral calcium titanate, CaTiO3 . Its general formula is AB O3
where both A and B represent cations, cationic mixtures or vacancies. As represented in Figure 2.7, the
ideal perovskite structure has a cubic lattice and belongs to the space group Pm3m. The B cation is at the
centre of an octahedron formed by 6 oxygen atoms. The first neighbours of the A cation are 12 oxygen
atoms. The oxygen octahedra are linked at their corners, forming a cubic network within which the
A cations are positioned. This particular atomic arrangement gives rise to interpenetrating B -O chains
running parallel to the three crystallographic axes of the cubic unit cell. Oxygen atoms are contiguous to 4
A cations and 2 B cations, giving them a coordination of lower symmetry [106, 133].
In part due to the cationic A and B sites ability to accommodate a large number of elements, perovskites can
form solid solutions, often displaying complete miscibility between two endpoint compounds. This leads
to a wide range of properties including metallic or insulating behaviour, ferroelectricity, ferromagnetism
and multiferroicity. The second cause for perovskites various properties is the possibility of cationic
ordering through energy-lowering structural distortions. For example, ferroelectric perovskites arise from
an off-centring of the B site cation with the ideal perovskite structure corresponding to the high-symmetry
paraelectric phase [106, 134, 135].
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(a)

(b)

Figure 2.7.: Equivalent representations of the AB O3 ideal cubic perovskite structure with the unit cell
centred around (a) the B site cation or (b) the A site cation. The A site atoms are represented
in black, the B site atoms are in green and the oxygen atoms are in red.
Perovskites are ionic solids and their proneness to distortions is due to structural frustration, encapsulated
empirically by the Goldschmidt tolerance factor, tG [136]:

tG = √

rA + rO
,
2 (rB + rO )

(2.23)

where rA , rB and rO are the ionic radii of the A cation, B cation and oxygen atom, respectively. The
tolerance factor describes the size requirements for the A and B cations to fit in the holes between and
within the oxygen octahedra, respectively. For an ideal cubic perovskite, tG ≃ 1. Otherwise, if tG is strongly
different from 1, the perovskite structure is not stable. However, small deviations around tG = 1 can be
tolerated by perovskites. If the A cation radius is smaller than the hole between the oxygen octahedra,
then tG < 1 and the A site is underbonded with the octahedra being prone to tilting and rotations, e.g.
in CaTiO3 . Contrarily, if the B cation radius is too small to fill the oxygen octahedron, then tG > 1 and a
small polar distortion occurs, e.g. in BaTiO3 [106, 134].
The vast majority of perovskites are subject to octahedral rotations, incompatible with the polar displacement
required by ferroelectricity which is generally due to second-order Jahn-Teller effect [134, 135]. Out of
the few ferroelectric perovskites, BaTiO3 has been intensively studied due to its technological importance
and as the first known ferroelectric perovskite [3]. As temperature decreases, BaTiO3 transitions from its
higher symmetry cubic paraelectric phase (space group Pm3m) to a tetragonal ferroelectric phase (space
group P4mm) at 393 K. A second and third transition to ferroelectric phases, which are expected to be
first order transitions, occur at 278 K to an orthorhombic phase (space group Amm2) and at 183 K to a
rhombohedral phase (space group R3m), respectively. The structures of several perovskites sharing with
BaTiO3 a formal valence states of +2 for the A cation and +4 for the B cation are closely related. For
example, PbTiO3 displays the same rhombohedral-orthorhombic-tetragonal-cubic phase sequence with
increasing temperatures. However, as phase transitions in ferroelectric perovskites are highly sensitive to the
strain states, the orthorhombic phase can disappear from the rhombohedral-orthorhombic-tetragonal-cubic
sequence under certain strain state [106, 133].
The ferroelectric perovskite lead zirconate titanate, including its phase diagram, is discussed in more details
in the following section.
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2.2. Materials relevant to this work
Through the course of this work, various materials have been considered, especially regarding the choice
of buffer layers between the ferroelectric layer and the metallic substrate. For the sake of brevity, this
work will only discuss the materials pertinent to the results hereby presented. Therefore, the following
subsections introduce lead zirconate titanate as the ferroelectric material along with lanthanum nickelate,
aluminium (III) oxide and platinum as buffer layers. AISI 304 stainless steel is also introduced as substrate
material. It should be noted that lanthanum nickelate and platinum are also used as electrode materials.

2.2.1. Ferroelectric layer: lead zirconate titanate
Lead zirconate titanate, the most widely used ceramic for industrial piezoelectric applications, is a ferroelectric solid solution first investigated by Shirane, Suzuki and Tadeka in 1952 [2, 17, 23]. One of its end point
compounds, PbZrO3 , is antiferroelectric. However, the substitution of less than 10 mol.% of Zr atoms by Ti
atoms through the incorporation of ferroelectric PbTiO3 is sufficient for PbZrO3 antiferroelectricity to yield
to a ferroelectric perovskite of formula Pb(Zrγ Ti1−γ )O3 (PZT, also noted PZT (γ × 100)/(1 − γ) × 100) [137].
PZT, whose phase diagram is represented in Figure 2.8, exhibits a paraelectric phase, two antiferroelectric
ones and three ferroelectric phases. The cubic paraelectric phase, with a lattice parameter of 4.085 Å,
exists above the Curie temperature over the whole compositional range while the antiferroelectric phases,
tetragonal and orthorhombic, are found at low PbTiO3 content. At intermediate PbTiO3 content, two
rhombohedral ferroelectric phases occur, depending on the temperature. The third ferroelectric phase
is tetragonal and prevails above 48 mol.% of PbTiO3 content. Its lattice parameters are a = 4.043 Å and
c = 4.132 Å [138–140].
Separating the rhombohedral and tetragonal phases in the PZT phase diagram is a morphotropic phase
boundary. The interest of this almost vertical phase boundary resides in the possibility to transition, mostly
insensitive to temperature, between the two phases by applying an electrical field on the system. This
transition leads to a large strain response [17, 106].
To date, the phase diagram of PZT is still investigated [142, 143]. Recently, the long-range average
rhombohedral phases have been found to coexist with two monoclinic structures over long- and short-range
regions, respectively [141]. These structures, whose regions of existence are indicated in Figure 2.8, bridge
the transition between rhombohedral and tetragonal phases [106].
Lead zirconate titanate is often employed with a composition of 48 mol.% of PbTiO3 (PZT 52/48) in order
to improve its piezoelectric response. Indeed, in bulk ceramics and often in thin films, the piezoelectric
coefficients d and e (see section 2.1.2) are maximal at the morphotropic phase boundary. The transition
temperature at the morphotropic phase boundary of bulk PZT, close to 360 ◦ C, is among the highest ones for
lead-based perovskites. This particularity limits the temperature dependence of its piezoelectric response,
increases the coercive fields and reduces the risk of depoling, i.e. losing the effects of the poling process
due to an electrical field applied in the opposite direction of the poling field. It should be noted that thin
films sufficiently thick for MEMS applications have transition temperatures often within approximately
50 ◦ C of those of single crystals and bulk ceramics [17].
Regarding the growth of PZT, understanding of the PbO–ZrO2 –TiO2 system is crucial [24, 144]. PbO
vapour pressure above PbO is of 1.1 Pa at 600 ◦ C, which is two orders of magnitude larger than above PZT.
Therefore, PbO molecules are highly volatile above 500 ◦ C and diffuse easily [24, 145]. This phenomenon
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Figure 2.8.: Pb(Zrγ Ti1−γ )O3 phase diagram. (a) PZT phase diagram with PbTiO3 , γ , content ranging from
0 mol.% to 100 mol.%, (b) Detailed view of (a), indicated by the red box, with PbTiO3 content
ranging from 0 mol.% to 4 mol.%. Full lines and data points correspond to the widely used
1971 diagram from [138]. The paraelectric phase with a cubic lattice is indicated by Pcubic .
Antiferroelectric phases with orthorhombic and tetragonal lattices are denoted by Aortho and
Atetra , respectively. Ferroelectric phases with tetragonal and rhombohedral, at high and low
temperature, are indicated by Ftetra , Frhombo(HT) and Frhombo(LT) , respectively. The morphotropic
phase boundary is indicated by MPB. The green coloured and orange coloured areas, data
from [141], represent two monoclinic structures coexisting in long- and short-range regions,
respectively, with the long-range average rhombohedral phases described by [138].
leads to important lead loss and the formation of a secondary phase with pyrochlore structure [24]. Yet,
phases with pyrochlore as well as fluorite structures should be avoided as they are competing with the
desired perovskite structure. In consequence, precise stoichiometric control is required for nucleation and
growth [146].
Additionally, the activation energy of 441 kJ·mol−1 required to nucleate the perovskite structure of PZT
is four times larger than the one of 112 kJ·mol−1 for its growth [147]. This indicates that PZT growth is
nucleation controlled and allows the thin film texture to be selected by choosing appropriate electrodes
as growth template [17, 24]. It should be noted that an increase in Zr content leads to higher activation
energies for both nucleation and growth [147].
Due to smaller dimensions, a homogeneous composition can be obtained in thin films through diffusion
on smaller distances than in bulk ceramics. Therefore, the growth temperatures for PZT thin films are
lower than the sintering temperatures for bulk PZT. Consequently, deviations from stoichiometry may not
be entirely redressed by local diffusion, leading to the formation of undesirable secondary phases. To
compensate lead loss, which leads to pyrochlore formation, deposition methods generally provide excess
lead. In cases where post-annealing is necessary for crystallisation, e.g. for chemical vapour deposition
methods, rapid thermal annealing can be employed to limit lead loss [24].
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The influence of the crystallographic orientation of PZT thin films on their piezoelectric properties can be
difficult to assess. Indeed, the deposition residual stress state of thin films, either compressive or tensile, is
dependent of their orientation and impacts the film ferroelectric domain state. In turn, the latter influences
the remanent polarisation whose magnitude can be correlated to the piezoelectric response [17, 148].
As a result of the complexity of these mechanisms, some literature indicates a strong correlation with
the texture [24] while some reviews point out that optimal piezoelectric properties have been reported
for various orientations as well as for randomly oriented PZT thin films near the morphotropic phase
boundary [17].
Nonetheless, texture engineering is important to optimise PZT thin film properties. Indeed, the anisotropy
of the piezoelectric response , i.e. in-plane or out-of-plane, is linked to the orientation of the thin film.
Therefore, texture engineering is of particular interest to improve piezoelectric response in thin films
where domain wall motion is heavily clamped. Notably, {100}-oriented films display significantly larger
piezoelectric responses than {111}-oriented films along with a high transition temperature of ∼ 460 ◦ C [17].
It should be noted that PZT ferroelectric properties are also dependent on composition, defects, grain size
and mechanical boundary conditions. For example, the effect of composition on PZT permittivity and e31,f
piezoelectric coefficient is shown in Figure 2.9 with the largest permittivity and e31,f coefficient being
displayed by PZT 52/48. Furthermore, the d33,f coefficient of PZT thin films can be increased by increasing
film thickness while it is not the case for the e31,f coefficient [17].
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Figure 2.9.: Influence of PZT composition around the morphotropic phase boundary on (a) relative dielectric permittivity, εr , and (b) e31,f piezoelectric coefficient. The dielectric permittivity values
shown in (a) correspond to bulk PZT ceramics sintered at 1, 250 ◦ C for 16 hours, data from [149].
The e31,f coefficients presented in (b) are measured at room temperature on 2 µm PZT thin
films, data from [150].
It is possible to tailor lead zirconate titanate for specific applications by altering its properties through
doping. For MEMS applications, where a high dielectric constant and a large piezoelectric response are
sought, donor-doped PZT, also known as soft PZT is often preferred over acceptor-doped or hard PZT. Since
Nb-donor-doping of PZT is well established industrially, it is particularly interesting to assess its impact on
the properties of PZT thin films on stainless steel substrates [53, 98, 146, 151–153].
Aliovalent Nb5+ doping substitutes for the B site cation in PZT perovskite structure. Compared to the 4+
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valence of both Zr and Ti atoms, an additional positive charge is present in the lattice. To compensate for this
charge created by donor-doping, one Pb2+ vacancy is created for every two Nb atoms introduced in the structure [98, 146, 151]. The general formula of Nb-doped PZT, noted PNZT, is Pb1−ι/2 □ι/2 (Zrγ Ti1−γ )1−ι Nbι O3
where □ represents Pb vacancies [53, 146].
It has been established that the effects of Nb doping are extrinsic, due to the stabilisation of a pyrochlore
phase and to structural changes, e.g. increased perovskite lateral grain size [146]. Notable properties
modifications due to Nb doping in PZT thin films are an increase in electrical resistivity and dielectric
constant [53, 98, 146, 151, 154]. The latter has notably been found to increase from 800 to 1,100 for
undoped PZT and PZT doped with 2 mol.% Nb, respectively [155]. However, at larger concentrations,
Nb-doping is detrimental to PZT properties, lowering the dielectric constant through the stabilisation of
the pyrochlore phase [154].
Additional effects of Nb-doping are improved piezoelectric response and increased domain wall mobility
though high dielectric loss has been reported [53, 98, 153–155]. Nb-doping up to 2 mol.% is reported
to improve PZT thin films e31,f piezoelectric coefficient while larger amount of Nb leads to a decrease in
the piezoelectric response [156]. The influence of Nb-doping on coercive field values for PZT thin films
with compositions close to the morphotropic phase boundary remains ambiguous. While decreases of
Ec values have been been reported with increasing Nb concentrations in PZT [98, 155, 157], there are
literature reports of similar Ec values between undoped and 2 mol.% Nb-doped PZT [154]. Further studies
on PZT 53/47 indicate an increase of Ec with 1 mol.% Nb-doping followed by a decrease of Ec at higher
Nb concentrations [151].

2.2.2. Buffer layers and electrodes: lanthanum nickelate, aluminium oxide and platinum
Lanthanum nickelate
Lanthanum nickelate (LNO) is a rare earth nickelate of formula LaNiO3 which crystallises with a rhombohedral structure in the space group R3̄c. Its unit cell can be assimilated to a rhombohedrally distorted
pseudocubic perovskite cell with a lattice parameter a = 3.84 Å. In this description, adjacent NiO6 octahedra
undergo an antiphase rotation around the [111] trigonal axis [158–160].
LNO is a metallic oxide with an isotropic resistivity at room temperature below 100 µΩ·cm. Hybridisation
between Ni3d and O2p bands is responsible for its metallic behaviour [158, 159]. The metallicity of LNO
and its origin is described in more details in [160].
Most of the time, when deposited on a perovskite single crystal substrate or electrode, PZT thin films grow
with the same orientation as the growth template [17]. Therefore, LNO being a pseudocubic perovskite with
a high chemical stability, it can be used as an efficient growth template for oriented PZT thin films [158].
Furthermore, its electrical conductivity also makes it a suitable bottom electrode in a parallel-plate capacitor
structure [51, 159, 161, 162].
Aluminium (III) oxide
With the formula Al2 O3 , the only thermodynamically stable structure of aluminium (III) oxide is α-Al2 O3 .
Its unit cell is hexagonal with lattice parameters a = 4.754 Å and c = 12.99 Å. Aluminium oxide is an
insulating material and, therefore, cannot be employed as a bottom electrode. However, it is mostly
insensitive to further oxidation and can act as a barrier layer for oxygen diffusion [163].
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Platinum
Platinum, Pt, is a transition metal with a resistivity of 10.6 µΩ·cm, making it a good conductor [43].
As processes to deposit Pt by DC sputtering are well developed, Pt is a choice material for electrodes
[18, 22, 46, 52, 54]. It is worthwhile to note that platinum might form intermetallic alloys, notably with
chromium [164].

2.2.3. Substrate material: AISI 304 stainless steel
Stainless steels are a category of steels containing at least 11.5 wt.% of Cr which increases their oxidation
resistance. Among these, austenitic steels contain between 17 wt.% and 25 wt.% of Cr and 8 wt.% to
20 wt.% of Ni. Austenitic steels have a face-centred cubic unit cell and may contain inclusions of magnetic
ferritic steel, which is body-centred cubic, depending on their processing [165, 166]. AISI 304 austenitic
stainless steel (SS304), also known as EN 1.4301 according to European norms, is the most commonly
used stainless steel. Its standard composition is given in Table 2.1.
Table 2.1.: Standard composition of AISI 304 stainless steel, data from [165].
Elements

C

Mn

P

S

Si

Cr

Ni

Minimum chemical composition (wt.%)

-

-

-

-

-

18.00

8.00

Maximum chemical composition (wt.%)

0.08

2.00

0.045

0.030

1.00

20.00

10.50

Due to a low carbon content, austenitic steels are low-strength steels [165,166]. For the ferroelectric bending
tongue applications envisioned in this work, this property of austenitic steels facilitate flexure. Indeed,
strength is proportional to axial stiffness and a low axial stiffness is required to promote bending [167].
Furthermore, austenitic steels have a good high-temperature oxidation resistance in air which makes
SS304 a substrate candidate likely to withstand the deposition conditions of the ferroelectric and buffer
layers [165, 166].
Austenitic steels are easily shaped, notably into sheets through cold-rolling procedures [165]. This process
leads to strain hardening of the steel due to the increase of the dislocation density [168]. However, it
should be noted that stress relief occurs when the austenitic steel sheet is annealed above 500 ◦ C [165].
Another side effect of annealing austenitic steel between 550 ◦ C and 800 ◦ C, is the formation of chromium
carbide, Cr23 C6 , predominantly at grain boundaries, as chromium is rejected from the steel solid solution [166].

2.3. Thin film growth theory
While lacking a formal definition, the terminology thin film, by general agreement, encompasses layers
whose thicknesses range from a few nanometres to one micrometre. It applies to films with one dimension
sufficiently small relative to the other two to generate a high surface to volume ratio. As a result, some
new properties, inexistent in the bulk, arise. The film can be considered as a thin film until the critical
thickness where these surface properties are no longer predominant relative to the bulk properties [169].
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Nowadays, the importance of thin films is increasing as large sectors of the economy are driven by
technology: not only computers can be found in countless fields from industry, health care, transportation
or even agriculture but numerous other technologies are also readily available ranging from coated glass to
bio-compatible prostheses. For these applications, thin films are crucial as they can provide new optic or
magnetic properties as well as exhibit conflicting properties. The reduced dimensions of thin films allow an
increase in both dielectric breakdown voltages and device packing density in the semiconductors industry.
Furthermore, different materials can be stacked in layers, creating heterostructures. For instance, the unique
properties of transistors originate from the interfaces between the thin films composing them [169, 170].
The desired properties of thin films are achieved not only by controlling the composition but also the
thermodynamic and kinetic conditions of the thin film growth [171]. Hence, the chosen growth method
has a substantial impact on thin films. The atoms can be provided to the film from a solid, liquid or vapour
phase; the latter being the most widely used approach. Indeed, solid-phase growth does not allow to
transport atoms over long ranges while liquid-phase growth provides only limited control of the growth
which must occur in conditions close to the thermodynamic equilibrium [172].
Within the growth methods providing the atoms from a vapour phase, two categories of processes can
be distinguished: chemical vapour deposition and physical vapour deposition. The former processes rely
on materials which are in a gaseous state under the reactor conditions. Conversely, the latter processes
generate the vapour phase through physical means, for example, by impacting high energy particles with a
target in a sputtering process or by heating a source in an evaporation process [172].
According to the kinetic theory of gases, the mean free path of a gas molecule between scattering events,
λgas , is given by:
kB T
λgas = √
,
(2.24)
2σcross−section Pgas
where kB is the Boltzmann constant, T is the absolute temperature, σcross−section is the collision crosssection and Pgas is the pressure. Therefore, the pressure inside the deposition chamber must be sufficiently
low to allow atoms to reach the substrate [172].

2.3.1. Thin film nucleation
The mechanisms described thereafter can apply to either atoms, ions or molecules. To facilitate understanding, the term particle will be employed in the current subsection.
Once particles reach the substrate, various processes might happen as schematically represented in Figure 2.10. The impinging particle might either reflect on, penetrate into or adsorb on the surface. In the
two last cases, some energetic conditions must be met by the particle. If these conditions are not fulfilled,
reflection occurs. For penetration to take place, the particle must impinge on the surface with a relatively
high energy, though sufficiently low to avoid sputtering. Typically, particles reaching the surface with
an energy of approximately 15 eV to 50 eV can penetrate into the surface [173]. The last possibility for
an impinging particle is to adsorb on the surface. It is this process that leads to thin film nucleation and
subsequent growth.
Based on the type of bonding between the impinging particle and the surface, two types of adsorption
processes can be identified. If the particle is only bonded to the surface by weak van der Walls interactions,
the mechanism is known as physisorption. Conversely, once ionic or covalent bonding are involved, the
process is referred to as chemisorption. The physisorption energy, Ephys , is typically around 0.25 eV while
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Figure 2.10.: Schematic representation of possible processes occurring in a thin film vapour-phase based
growth process from surface adsorption of a particle to nucleation and growth. The full line
arrows show the path towards growth, the dashed line arrows represent other possible paths.
Adapted from [172].
the chemisorption energy, Echem , larger, usually ranges between 1 eV and 10 eV [171]. A model, based on
the Lennard-Jones potential, representing the potential energy and the distance to the surface of both a
physisorbed and a chemisorbed particle is shown in Figure 2.11 [174].
Surface mobility is indispensable to obtain smooth films and is enhanced by providing heat to the substrate.
This energy can be employed by the adsorbed particle to undergo surface diffusion by hopping from one
bonding site to another. The surface diffusion coefficient, Ds , corresponding to the average distance an
adsorbed particle will travel, is defined by:

Ds = a2h ks ,

(2.25)

where ah is the effective hopping distance between two bonding sites and ks is the hopping rate from
site to site, ks ∝ exp (−Vs / (kB T )) with Vs the potential energy barrier between two bonding sites, kB the
Boltzmann constant and T the absolute temperature of the substrate. As nucleation proceeds, Ds decreases
until it reaches a stable value [171, 175].
Surface diffusion allows adsorbed particles to nucleate when meeting another particle or to join an existing
cluster of particles. It must be noted that surface diffusion is more likely to occur for a physisorbed particle
than for a chemisorbed one as the bonds between particle and surface, dominated by van der Walls
interactions, are weaker [172, 175]. Interdiffusion, represented in Figure 2.10, is less often present than
surface diffusion as it presents higher energy barriers.
Whether a physisorbed particle has diffused or not, it needs to become chemisorbed for nucleation and
growth to proceed. In this process, it is the heat provided to the substrate that allows the adsorbed particle
to go over the potential energy activation barrier, Ea , as shown in Figure 2.11 [171, 172].
However, due to the heat provided to the substrate, desorption might arise corresponding to the reevaporation of an adsorbed particle. It requires high energy to occur and can take place only if chemisorption
is less favourable, i.e. if the potential energy activation barrier is larger than the desorption energy [172].
For a thorough description of adsorption and desorption processes, readers are referred to [171, 172, 174].
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Figure 2.11.: Lennard-Jones potential based model of the interaction potential energy as a function of the
distance between the impinging particle and the surface. The physisorption and chemisorption energies, Ephys and Echem , respectively, are represented along with the energy barrier to
transition from physisorption to chemisorption, Ea . Adapted from [171].
As a particle chemisorbs with the substrate or with other particles, it starts the nucleation process. Thermodynamics are the driving force of nucleation and determine the stability of clusters already formed.
If the growth of a thin film island is solely driven by energetic considerations, its equilibrium shape is
determined by the contact angle, θcontact , formed between the film and the substrate surface, as represented
in Figure 2.12. The contact angle is linked to the change in free energy of the surface, ∆Gsurf , and the
change in the contact area between the film and the substrate, ∆A:

∆Gsurf = ∆A (γi − γs ) + ∆Aγf cos (θcontact − ∆θcontact ) ,

(2.26)

where γs and γf are the surface energies per area of the substrate and film, respectively, γi is the interface
energy per area and ∆θcontact is the change in the contact angle [172].

γf

θcontact

γs
γi

Figure 2.12.: Schematic representation of a film island growing on a substrate. The contact angle, θcontact ,
and the surface energies per area which are driving its growth are represented: for the
substrate, γs , for the film, γf and for the interface between substrate and film, γi . Adapted
from [171, 172].
If the change in the contact area is small, then the change in the contact angle is also small relative to
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θcontact and the equilibrium condition is [172]:
dG
= γi − γs + γf cos(θcontact ) = 0.
dA

(2.27)

The nucleation theory is described in more details in [171, 172, 174, 176].

2.3.2. Thin film growth
Depending on the surface and interface energies involved in Equation (2.27), thin films growth under
equilibrium conditions can follow three basic growth modes represented in Figure 2.13.

Frank-Van der Merve
(2D)

Volmer-Weber
(3D)

Stranski-Krastanov
(2D + 3D)

Figure 2.13.: Schematic representation of the three basic thin film growth modes. From left to right:
Frank-Van der Merve or layer-by-layer growth, Volmer-Weber or island growth and StranskiKrastanov growth. Adapted from [171].
In the first case, Frank-Van der Merve or layer-by-layer growth mode, it is energetically more favourable for
the adsorbed particles to chemisorb onto the substrate rather than the film, leading to a two-dimensional
(2D) growth mode with θcontact ≃ 0◦ . It corresponds to the growth of consecutive monolayers and fulfils
the condition [171]:
γs ≥ γi + γf .
(2.28)
In the second case, Volmer-Weber or island growth mode, the substrate surface energy is lower than the
film surface energy, leading adsorbed particles to chemisorb onto the film, creating islands. It is therefore
a three-dimensional (3D) growth mode with θcontact > 0◦ fulfilling the condition [171]:

γf > γ i + γs .

(2.29)

The third growth mode, called Stranski-Kratanov mode, is a combination of the two previous ones. Layerby-layer growth occurs for the first few monolayers until a critical thickness where the film begins to follow
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the island growth mode. This change from one growth mode to another may be due due to the misfit
energy between the substrate and the film increasing with the growth [171, 176].
Several other growth modes can be described from the three basic growth modes mentioned above, e.g.
stepflow growth or columnar growth [174, 176–179].

2.3.3. Crystallographic structure of thin film
Based on their atomic and microscopic order, thin films can be classified into four categories depending on
their atomic and microscopic ordering. Amorphous thin films present only short range atomic order without
any preferential orientation of grains. Long range atomic ordering in grains appears in polycrystalline thin
films, though no preferential orientation of grains is noticeable. The preferential orientation is present
in textured and epitaxial thin films. The orientation relation between grains and substrate, absent from
textured films, is characteristic of epitaxial thin films.
From a technological viewpoint, epitaxial thin films are the most interesting ones as the continuity
of their crystalline structure with the substrate makes them ideal candidates for planar devices and
heterostructures [177]. Epitaxial thin films offer the possibility to stabilise compounds which would not be
stable under other conditions. They can be classified into homoepitaxial or heteroepitaxial films depending
on whether material of the film is the same as of the substrate or a different one [176].
In order to characterise the texture of a thin film in a preferred orientation, the relative intensities of X-Ray
Diffraction (XRD) reflections from a 2θ-θ scan (see section 3.5.1.1) can be compared using the Lotgering
factor. For a ⟨00l⟩ orientation, as denoted with Miller indexes, the Lotgering factor, f(00l) , is expressed
as [180]:

f(00l)

∑︁
∑︁
P(00l) − Prandom
I(00l)
Irandom(00l)
=
with P(00l) = ∑︁
and Prandom = ∑︁
,
1 − Prandom
I(hkl)
Irandom(hkl)

(2.30)

∑︁
∑︁
where
I and Irandom correspond to the summation of the XRD reflections intensities in the measured
sample and in a randomly oriented XRD pattern, respectively. The reflections whose intensities are
considered are indicated by the subscripts (00l) and (hkl) for all the 00l reflections, i.e., 001, 002, etc.,
and for all the hkl reflections, respectively.
Despite not being directly correlated with the orientation distribution, the Lotgering factor represents
the orientation degree in a simple manner. It ranges from 0 for a randomly oriented thin film to 1 for a
perfectly textured film [181].
In this manuscript, heterostructures with multiple layers will be described using the notation material
of layer 2/material of layer 1/material of substrate, listing the layers from the topmost one (left) to the
substrate (right).
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3. Experimental procedures
This chapter aims to describe the experimental procedures used in this work to prepare the samples
and characterise thin films crystallographic structures. The different sample configurations developed
in this thesis are introduced in section 3.1. Afterwards, the processes to prepare samples are detailed
starting with substrate preparation in section 3.2. Sputtering and pulsed laser deposition, the thin film
deposition methods employed in this work, are presented in section 3.3. The following step, consisting
in electrodes patterning, is introduced in section 3.4 before the structure characterisation methods are
described in section 3.5.

3.1. Sample configurations and custom-built sample holder
In the work presented in this thesis, two different arrangements of sample layers were developed. Both
stackings are based on an AISI 304 stainless steel substrate and rely on ferroelectric PZT as the active layer.
The first sort of stacking to be produced uses non-doped PZT, PbZr0.52 Ti0.48 O3 , and is referred to as PZT
stack. The second sort of stacking, using Nb-doped PZT, Pb0.99 □0.01 (Zr0.52 Ti0.48 )0.98 Nb0.02 O3 , is referred
to as PNZT stack through this thesis.
In both cases, to act as a bottom electrode and a growth template for PZT or PNZT (see section 2.2), a
buffer layer of LaNiO3 is deposited by PLD underneath the PZT or PNZT layer. While AISI 304 stainless
steel has a good high-temperature corrosion resistance in air, the oxygen atmosphere necessary to the
deposition of oxide thin films of lead zirconate titanate and lanthanum nickelate impedes SS304 oxidation
resistance [165, 166]. Therefore, to prevent substrate oxidation during the deposition of the lanthanum
nickelate and lead zirconate titanate layers, intermediate buffer layers are deposited between the SS304
substrate and the LNO growth template. This choice of buffer layers differs from one stacking to the other.
In the case of PZT stacks, this function is fulfilled by a sputtered platinum buffer layer. Furthermore, as
indicated in section 2.2, under the deposition conditions of lanthanum nickelate thin films, described
in section 3.3.2, SS304 rejects chromium from the steel solid solution. The rejected chromium forms
intermetallic alloys with platinum [164, 166]. A consequence of this alloying process for PZT stacks is an
instability of the Pt layer surface which hinders the {100}-oriented growth of the LNO layer [17, 51]. Therefore, to enable the oriented growth of LNO when a platinum buffer layer is present in the heterostructures,
an amorphous layer of Al2 O3 is sputtered on top of the Pt layer.
In the case of PNZT stacks, to avoid the formation of intermetallic compounds between the substrate and
the platinum (see section 2.2), substrate oxidation is prevented by directly depositing a thicker amorphous
Al2 O3 buffer layer. Due to the relative deposition rates of Al2 O3 by sputtering and by PLD, this thicker layer
is deposited using the latter method.
In consequence, PZT stacks correspond to the arrangement PbZr0.52 Ti0.48 O3 /LaNiO3 /Al2 O3 /Pt/steel while
PNZT stacks are made of Pb0.99 □0.01 (Zr0.52 Ti0.48 )0.98 Nb0.02 O3 /LaNiO3 /Al2 O3 /steel. Both sample configurations are represented in Figure 3.1 along with an optical microscope image of a PNZT stack with Pt
electrodes and strain gauges on top. Another difference arising between these two sorts of stackings is
due to the characterisation methods they are subjected to. Indeed, measurement of the e31,f piezoelectric
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coefficient is performed only on PNZT stacks, requiring the back of the substrate to remain clean for e31,f
piezoelectric coefficient measurements (see section 4.4). It is therefore not possible to employ silver paste
to maintain thermal contact during PNZT stacks production.
(a)

(c)

(b)
Pt
PNZT
LNO

PZT
LNO
SS304

Al2 O3

SS304
2 mm

Figure 3.1.: Schematic representations of sample configurations for (a) PZT stacks and (b) PNZT stacks
with Pt electrodes and strain gauges on top. The access to the LNO bottom electrode is
indicated by the striped pattern. Dimensions of the schematics are not to scale. (c) Optical
microscope image of a PNZT stack with Pt electrodes and strain gauges on top. The bottom
electrode access is visible in the top right corner.
Due to the configurations of the thin film deposition systems described thereafter and the layers composing
PNZT stacks, silver paste cannot be employed in two processes where it was previously utilised for PZT
stacks. The first one is the deposition of the LNO layer and the second is the Ar ion milling of the PZT
layer to access the bottom electrode. Both processes involve the same holder configuration known as flag
style holder. Typically, a flag style holder presents a flat surface on which the substrate is glued using
silver paste. To avoid relying on it, this holder design has been adapted during this thesis as represented
schematically in Figure 3.2.

Sample holder
Sample groove
Sample
Holder mask
Screw

Figure 3.2.: Schematic representation of a modified flag style holder to be employed for metallic substrates
without using silver paste for thermal contact. Dimensions are to scale.
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The flag style holder is modified by manufacturing a groove to partially fit the sample within the holder.
The substrate being metallic, it is considered that this configuration should provide sufficient thermal
contact. The sample is maintained in contact with the modified holder by a mask reaching in front of
the substrate and screwed in the sample holder. The mask design aims to cover a minimal surface of the
sample to leave a sufficiently large area for the patterning of top electrodes. Furthermore, the mask design
does not cover the sample corners where the bottom electrodes must be contacted, requiring the LNO layer
to be deposited in the sample corners.
It should be noted that the absence of silver paste on the back of PNZT stacks lead to some oxidation of the
SS304 substrates during the deposition processes. Therefore, to prevent oxidation, 30 nm of platinum
are sputtered on the back of the substrates of PNZT stacks. This procedure has no impact on the polished
side of the substrate were the thin films are deposited. The sputtering is performed according to the same
process as described in section 3.3.1.

3.2. Substrate preparation
Substrates are produced from commercially available cold-rolled AISI 304 stainless steel sheets. A thickness
of 0.2 mm was arbitrarily chosen for proof-of-concept of the growth of tetragonal {001}-textured PZT
films on stainless steel while permitting some flexibility of the substrate for piezoelectric applications.
As a preliminary step, the metal sheets are laser cut into 30 × 30 mm2 pieces by the workshop of the
Department of Electrical Engineering and Information Technology of the Technische Universität Darmstadt.
To transform these metal pieces into substrates, they undergo dicing, lapping, polishing and cleaning, as
described in the following sections.

3.2.1. Substrate dicing
The dicing of AISI 304 stainless steel is performed using a Microace 3 dicing saw by Loadpoint (Swindon,
UK). The dicing saw is equipped with a resin bonded blade and operated at 10,000 rpm. The produced
5 × 5 mm2 SS304 pieces are hereby referred to as substrates.

3.2.2. Substrate lapping and polishing
The average roughness of as-bought SS304 is measured by a Dektak XT profilometer by Bruker (Billerica,
MA, USA) at 189 nm with a standard deviation of 236 nm. Such roughness, larger than or in the order of
magnitude of thin films thickness, must be reduced to permit the growth of textured thin films. Therefore,
diced substrates are lapped and subsequently mechanically polished using a PM5 Precision Lapping &
Polishing Machine by Logitech (Glasgow, UK).
For these processes, the metallic substrates are glued by batches of 9 samples on a circular glass carrier
plate using Crystalbond 509 by Aremco (Valley Cottage, NY, USA) adhesive. A minimal amount of adhesive
is used in order to maintain the substrates parallel to the glass carrier. To ensure optimal adhesion during
the lapping and polishing processes, the substrates are pressed onto the glass carrier before the adhesive
cools down.
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The substrates are lapped using a slurry of calcined Al2 O3 . The 3 µm particles are diluted into deionised
water with a ratio of 200 mL of Al2 O3 powder for 1.5 L of solvent. The lapping is carried out with an
average jig load of 2 kg applied over a batch of 9 samples of 5 × 5 mm2 at a speed of 5 rpm for about
100 minutes. The lapping time is adjusted by visual inspection of the sample through the process.
Once lapped, the substrates are polished using SF1 Polishing Fluid by Logitech (Glasgow, UK) containing
amorphous SiO2 particles with a size of 32 nm. The process is performed with an average jig load of 2 kg
applied over a batch of 9 samples of 5 × 5 mm2 at a speed of 30 rpm for 150 to 240 minutes. The polishing
time is adjusted by visual inspection of the sample through the process to ensure the whole surface of
each substrate is polished. In order to clean off the majority of the slurry, the substrates are rinsed with
deionised water before being removed from the glass carrier. Further cleaning procedures are described in
the following section.
After polishing, the substrate thicknesses are of 0.16 mm to 0.18 mm while their average roughnesses
and standard deviations are reduced to 3 nm and 4 nm, respectively. This lowered roughness compared
to as-bought SS304 is important to promote {100} texture of the LNO layer and, therefore, of the PZT
layer [17, 51].

3.2.3. Substrate cleaning
The first step of the substrate cleaning process consists in removing from the substrates any slurry left over
from the polishing. For this purpose, wearing latex gloves, the SS304 pieces are washed individually by
rubbing them between fingers with detergent. Substrates are then rinsed thoroughly with deionised water
and dried with nitrogen gas. The process is repeated until no traces of slurry remain on substrates.
Afterwards, in order to remove both polar and non-polar molecules from substrates, they are cleaned
successively in aceton (99.8 %, Roth) and isopropyl alcohol (99.5 %, Roth) for 30 minutes each with an
ultrasonic bath Transsonic Digital 3 by Elma (Singen, Germany). After each bath, substrates are dried with
nitrogen gas. The use of an ultrasonic bath allows for a better impurity removal from substrate surfaces
due to the cavitation phenomenon.
After storage, shortly before the thin film deposition process begins, substrate surfaces are cleaned again
using an ultrasonic bath with successively aceton (99.8 %, Roth) and isopropyl alcohol (99.5 %, Roth) for
10 minutes each. After each bath, substrates are dried with nitrogen gas.

3.3. Thin film deposition methods
Through this thesis, several thin film deposition methods are utilised, depending on the nature of the layer
to be grown. DC magnetron sputtering and RF magnetron sputtering are employed to deposit layers of
platinum and aluminium oxide, respectively. It should be noted that Al2 O3 was also grown by PLD along
with lanthanum nickelate and lead zirconate titanate thin films.

3.3.1. DC and RF magnetron sputtering
Sputtering is a technique suitable for industrial scale, large-area deposition of both elemental and compound
materials. Depending on the experimental setup, conducting or insulating materials can be deposited [182].
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3.3.1.1. Sputtering principle
Sputtering is a non-equilibrium process where energetic particles impact on and remove particles from the
surface of a target composed of the source material. Sputtering is performed inside a vacuum chamber
filled with a process gas, generally argon, under a pressure of around 0.1 Pa to 10 Pa. Substrates are
positioned at the anode, facing a target located at the cathode, a few centimetres in front of the substrates.
The vacuum chamber is electrically connected to the anode. Therefore, upon application of a voltage
between the cathode and the anode, the process gas is ionised and a plasma is ignited. The ionised ions
are accelerated towards the target where, upon collision, they eject target particles [182, 183].
Depending on whether the target is conducting or insulating, the plasma is generated either with a constant
current flowing through the cathode or with no net current flow. The experimental setup for the former
technique, known as DC sputtering, is represented in Figure 3.3 (a). The latter method, RF sputtering,
involves the excitation of the process gas at radiofrequency, usually 13.56 MHz, leading to negative charging
of both cathode and anode with regard to the plasma [182, 183]. Figure 3.3 (b) offers a schematic of a
RF sputtering setup.
In order to yield higher deposition rates, the process gas pressure is lowered and the number of collisions
increased using a magnetron cathode in order to maintain the discharge. The magnetron cathode is fitted
with permanent magnets to confine the electrons by magnetic field around the target, locally increasing
collisions between electrons and ionised process gas [182].

3.3.1.2. Sputtering experimental procedure
In the case of PZT stacks, platinum is sputtered using DC magnetron sputtering to prevent substrate
oxidation during the deposition of the subsequent layers. Additionally, sputtering is employed to deposit
platinum top electrodes on the samples for both PZT stacks and PNZT stacks. The detailed procedure to
pattern the Pt top electrodes is described in section 3.4.
Pt layers are sputtered from a target with 99.99 % purity (Umicore) at room temperature using a Q300T
DC magnetron sputter coater by Quorum Technologies (Lewes, UK) with a current of 30 mA in Ar
atmosphere under a pressure of 1 Pa. Both the Pt buffer layers and the Pt top electrodes are deposited
with a thickness of 30 nm. The deposition rate for Pt sputtering is calibrated on a silicon substrate as
18 nm·min−1 using X-Ray Reflectivity (XRR). This technique is described in section 3.5.1.2.
To enable the oriented growth of LNO in PZT stacks, an amorphous layer of Al2 O3 is sputtered on top of the
Pt layer. Aluminium oxide being insulating, Al2 O3 buffer layers are deposited by RF magnetron sputtering
from a target with 99.5 % purity (Kurt J. Lesker). The sputter unit, a HEX Modular Deposition System by
Mantis Deposition (Thame, UK), is equipped with a Fission Sputtering Source. The RF excitation is supplied
by a RFX-600 generator and a ATX-600 matching network by Advanced Energy Industries (Fort Collins,
CO, USA). The system is completed by a custom-made heating sample holder fitted with a ceramic heater
FLE 100 679 by Bach Resistor Ceramics (Seefeld, Germany). The heating holder maximum temperature
is 1, 000 ◦ C and the actual temperature is measured on the sample holder by a K-type thermocouple.
Amorphous Al2 O3 layers with a thickness of 5 nm are deposited at 40 W in Ar atmosphere under a pressure
of 0.64 Pa. Substrates are fixed to the holder using silver paste to ensure thermal contact and the deposition
temperature is maintained at 100 ◦ C. The deposition rate for Al2 O3 sputtering is calibrated on a glass
substrate as 0.13 nm·min−1 using XRR.
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Figure 3.3.: Schematic representation of a sputtering chamber for (a) DC magnetron sputtering and
(b) RF magnetron sputtering.
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3.3.2. Pulsed laser deposition
Interest for pulsed laser deposition (PLD) as a physical vapour deposition technique started in earnest in
the late 1980s after the successful deposition of epitaxial high temperature superconducting thin films.
PLD allows the deposition of thin films with several cations in stoichiometric conditions, notably metals,
semiconductors, polymers or biological materials [184, 185]. PLD offers the possibility to synthesise
metastable materials and can be combined with reflective high energy electron diffraction to monitor thin
film growth in situ, making it a widely used technique for research purposes, in particular to grow oxide
thin films [186–188].
3.3.2.1. PLD principle
Performed between 10−7 Pa and 100 Pa, the PLD process relies upon a pulsed laser ablating material from
a target and the material subsequent deposition on a substrate. Each laser pulse ablates a small amount
of material, creating a forward-directed plume, providing a material flux for thin film growth, in mostly
stoichiometric conditions with regard to the target [184, 185].
Upon incidence of a laser beam on a material, two concurrent processes might occur: thermal evaporation
and non-thermal ablation. The former is an equilibrium process which occurs when the laser energy
absorbed by the target is not sufficiently high. It leads to non-stoichiometric transfer of material to the
plume and should be avoided during PLD. The latter is an out-of-equilibrium process accessible at energy
above an ablation threshold when the optical penetration depth of the laser beam in the target material is
longer than the heat diffusion length [186–190].
The pulse energy density is quantified by the laser fluence, εlaser corresponding to the time integral of the
laser energy intensity per surface unit over the pulse duration and expressed by [190]:

εlaser =

Elaser
,
Aspot

(3.1)

where Elaser is the laser energy reaching the target and Aspot is the laser spot size. Both the target ablation
rate and the film growth rate, usually of 0.001 Å to 1 Å per laser pulse, are dependent on the fluence [184].
In order to control the fluence through the laser energy and spot size, a series of optics must be employed
between the laser and the deposition chamber. Typically, the setup is composed of an optical attenuator to
adjust the laser pulse energy and a telescope to change the beam cross-section from rectangular to square.
These devices are followed by a field lens to focus the laser beam towards the objective lens, an aperture,
several mirrors to guide the beam towards the PLD chamber, an objective lens to focus the laser beam on
the target, and an entrance window [184, 190, 191].
To obtain a homogeneous deposition, the ablation plume must be symmetric. It is the case on a flat target
surface where the plume follows a cosnlaser (θtarget ) distribution where nlaser depends on the laser spot size
and θtarget is the angle to the target normal. However, repetitive ablation creates a trench on the target
surface and plume inhomogeneity, modifying its stoichiometry. Trenching can be avoided by scanning the
laser on the target surface or by sweeping and rotating the target, which is often preferred [184, 185, 192].
Targets for PLD processes must have a high optical absorption coefficient at the chosen laser wavelength
for the ablation process to be efficient. The cations stoichiometry provided by one or several targets must
be identical to that of the film due to the mainly stoichiometric transfer of cations from the target to the
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plume through the ablation process [184, 185]. However, recent literature indicates the possibility of
off-stoichiometry cations transfer from target to thin film, notably in perovskite structures, which could
require to adjust target stoichiometry [193, 194]. To limit the amount of particles or droplets ejected from
the target during the ablation process and deposited on the substrate, target density must be high. In the
case of polycrystalline targets, made from bulk polycrystalline oxides, their density must be superior to at
least 80 % of the single crystal density [184, 185].
To promote nucleation and growth of homogeneous layers, surface diffusion of atomic species must be
enhanced through heating of the substrate. This is done from the substrate back side, notably by means
of resistive-type heaters or infrared (IR) laser diodes. Inexpensive, robust and reliable, resistive-type
heaters can be used for temperatures up to 950 ◦ C but require the utilisation of silver or platinum paste
to fix the substrate to the heating block, limiting uniform heating of large substrates. Fast and reliable,
IR laser diodes are limited to small area substrates due to the laser beam size but can be scanned on the
substrate back to make heating uniform. Deposition temperature can be monitored via a thermocouple or
a pyrometer. The former is less reliable than the latter, however, it can be used with substrates transparent
to IR [191].
As mentioned above, PLD can be performed at 10−7 Pa, in ultra-high vacuum. However, most of the time,
a background gas is required both as a reactive specie and to decrease the kinetic energy of the ablated
species which may damage the deposited film upon impingement with its surface. The most commonly
used background gases are oxygen, argon or nitrogen. When employed as reactive species, the required
quantity of gases depends on thermodynamics. Furthermore, it should be noted that post-deposition
desorption from the film at high temperatures can be limited by high pressures [184, 185, 195].
3.3.2.2. PLD experimental systems
In the course of this work, four different thin film materials have been deposited by PLD: Al2 O3 , LaNiO3 ,
PbZr0.52 Ti0.48 O3 and Pb0.99 □0.01 (Zr0.52 Ti0.48 )0.98 Nb0.02 O3 . At the exception of LNO, these materials are
deposited in a custom-built PLD system known as small PLD. Equipped with a quartz deposition chamber
that can be exchanged between different materials, it allows to deposit materials with volatile compounds,
e.g. PbO, without risking cross-contamination of other samples. However, due to the geometry of the laser
beam optical path, the accessible fluence is limited and hinders the deposition of LNO. To remedy to this
aspect, the LaNiO3 layer is deposited in another custom-made PLD system, part of the DAISY-BAT system
(DArmstadt Integrated SYstem for BATtery research) known as Daisy-Bat PLD.
A schematic representation of the small PLD system can be found in Figure 3.4. Due to the many similarities
between the two systems and the utilisation of the second one being limited to the deposition of LNO
layers, a schematic of the Daisy-Bat PLD is not provided. Instead, differences between the two PLD systems
are described thereafter.
The small PLD and the Daisy-Bat PLD are equipped, respectively, with COMPex 205 and LPXpro 210 F
KrF excimer lasers with a wavelength λ = 248 nm by Coherent (Santa Clara, CA, USA). The laser pulses
duration are shorter than 30 ns to minimise heat diffusion in the target. For both PLD systems, the laser
energy is measured using a FieldMaxII energy meter coupled to an Excimer Laser EnergyMax Sensor, both
by Coherent.
The small PLD deposition chamber is made of quartz and can be pumped down to approximately 10−3 Pa.
Its pressure is monitored by a hot ion vacuum gauge BPG400 by Inficon (Bad Ragaz, Switzerland). In
comparison, the Daisy-Bat PLD stainless steel spherical deposition chamber can be pumped down to
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Figure 3.4.: Schematic representation of the small PLD system.
ultra-high vacuum at approximately 10−6 Pa. It is equipped with a load-lock from which samples can be
transferred using a magnetic transfer arm. The pressure inside the deposition chamber is monitored by
several pressure sensors, including capacitance manometers and ion gauges.
The atmosphere in both deposition chambers can be adjusted through the supply of O2 , N2 and Ar gases.
At the time where the PZT stacks were grown, O2 was introduced in the small PLD chamber by a 100 sccm
full scale mass flow controller by MKS Instruments (Andover, MA, USA). By the time the PNZT stacks were
deposited, the O2 mass flow controller had been replaced with a 5 sccm full scale mass flow controller by
MKS Instruments to provide a more accurate control of limited gas flow. The Daisy-Bat PLD is equipped
with a 10 sccm full scale mass flow controller by MKS Instruments.
In the small PLD, the substrate and target positions can be manually adjusted in the vertical direction only.
The target is rotated during the deposition to limit trenching due to ablation on the target surface. In
the case of the Daisy-Bat PLD, substrate and target positions can be adjusted both vertically and in the
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horizontal plan by means of substrate and target manipulators. To ensure uniform ablation of the target
surface, the target manipulator is equipped with a carousel allowing target rotation and sweeping.
The small PLD system provides substrate heating up to 700 ◦ C by means of a 64664 HLX heating bulb
by Osram (Munich, Germany) located at the back of the substrate holder and surrounded by directional
heat shields. Additionally, to further limit heat diffusion in the small PLD chamber at higher temperatures
and O2 pressures, a heat shield can be installed on top of the substrate holder. Deposition temperature is
measured by a thermocouple fixed on the substrate holder. On the other hand, in the Daisy-Bat PLD, the
substrate is heated locally with an JOLD-x-CPXF-2PW infrared diode laser by Jenoptik (Jena, Germany)
with a wavelength of 938 nm and a maximum power of 140 W. The IR laser is focused on the back of the
substrate, providing localised heating above 1, 000 ◦ C. Substrate temperature is monitored by a METIS
MP25 IR pyrometer by SensorTherm (Sulzbach, Germany) focused on the back of the substrate.
3.3.2.3. PLD experimental procedure
As previously mentioned, Al2 O3 , LNO, PZT and PNZT thin films are grown by pulsed laser deposition. The
Al2 O3 PLD target is a commercially bought cylindrical α-Al2 O3 ceramic with a 15 mm diameter and a
purity superior to 99.5 % (Degussit AL23, Aliaxis). The PbZr0.52 Ti0.48 O3 target with 15 mm of diameter
was also commercially acquired (99.9 %, Testbourne). The target PZT 52/48 phase was confirmed by XRD
and the stoichiometry was verified to be within the measurement error margin by Energy-Dispersive X-ray
Spectroscopy (EDS). Both techniques are described in section 3.5. Its geometrical density corresponds to
88.0 % of the theoretical PZT 52/48 density [140].
Contrarily, the Pb0.99 □0.01 (Zr0.52 Ti0.48 )0.98 Nb0.02 O3 target was prepared by Silvo Drnovšek in collaboration
with Barbara Malič, both from the Electronic Ceramics Department of the Jožef Stefan Institute (Ljubljana,
Slovenia). The PNZT target with a diameter of 18.5 mm was produced through a solid state synthesis route
with 10 mol.% excess PbO. After two calcination steps at 850 ◦ C for 1 h each, the target was sintered in
the presence of inherent packing powder at 1, 200 ◦ C for 2 h with a heating rate of 5 K·min−1 . The target
phase was verified by XRD at the Jožef Stefan Institute. It shows a PZT 52/48 phase as well as a PbO phase
by XRD which is consistent with the PbO excess introduced in the target. Its stoichiometry was verified
to be within the measurement error margin by EDS. The PNZT target reaches a geometrical density of
7.55 g·cm−3 corresponding to 94.3 % of the theoretical PZT 52/48 density [140].
The LaNiO3 PLD target is produced from a stoichiometric mixture of La2 O3 (99.99 %, Alfa Aesar) and
NiO (99.995 %, Chempur). The individual powders are first dried at 1, 000 ◦ C for 12 h and at 400 ◦ C for
1.5 h, respectively, to remove absorbed moisture. Afterwards, the powders are mixed in stoichiometric
ratio, and made into a slurry with isopropyl alcohol (99.99 %). The slurry is ball-milled at 500 rpm for
30 min using ZrO2 milling media. The powder is dried in air before being calcinated at 1, 100 ◦ C for 20 h
with a heating rate of 5 K·min−1 . Subsequently, the obtained powder is ball-milled in the same conditions
as stated previously and then pressed uniaxially at ∼ 28 MPa and isostatically at ∼ 360 MPa into a pellet
with a diameter of 12.2 mm. In the last step, the green body is sintered at 1, 300 ◦ C for 24 h with a heating
rate of 5 K·min−1 to obtain a LNO target with a geometrical density of 95.9 % of the theoretical LNO
density [196]. The XRD analysis of the target does not indicate phase purity, however the stoichiometry
was verified to be within the measurement error margin by EDS which makes it suitable for a PLD process.
The 50 nm thick Al2 O3 films are deposited with the small PLD system with a substrate-target distance of
29 mm. The fluence is set at 1 J·cm−1 with a spot size of 2.26 mm2 and the KrF laser is operated with a
repetition rate of 2 Hz. The deposition of Al2 O3 is performed at 150 ◦ C, reached with a heating rate of
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50 K·min−1 , under 3 Pa of O2 and a flow of 1.6 sccm of O2 . The oxygen pressure is maintained during
the sample cooling down at 30 K·min−1 . The deposition rate for Al2 O3 by PLD is calibrated on a glass
substrate as 10 nm per 1,000 pulses using XRR (see section 3.5.1.2).
The LNO thin films are grown using the Daisy-Bat PLD with a substrate-target distance of 40 mm. As
mentioned in section 3.1, the samples for PZT stacks are fixed onto a flag style holder with silver paste while
the samples for PNZT stacks are held by a modified flag style holder. A fluence of 2 J·cm−1 is employed
with a spot size of 2.29 mm2 , the excimer laser repetition rate being set at 2 Hz. LaNiO3 is deposited at
500 ◦ C, reached with a heating rate of 50 K·min−1 , under 1.3 Pa of O2 and a flow of ∼ 3 sccm of O2 . The
oxygen pressure is maintained during the sample cooling down at 30 K·min−1 . The thickness of the LNO
layer in PZT stacks and in PNZT stacks is approximately 57 nm and 110 nm, respectively. The increased
thickness in PNZT stacks is justified in section 3.4.2. Using the Laue oscillations (see section 3.5.1.1) to
calculate the film thickness, the deposition rate for LNO by PLD is estimated on a NdGaO3 substrate as
47 nm per 1,000 pulses.
Both PZT and PNZT thin films are deposited using the small PLD setup with a substrate-target distance of
32 mm. For the two materials, the fluence is set at 1 J·cm−1 with a spot size of 2.26 mm2 . The O2 flow is
of 3.0 sccm for both materials with a heating rate fixed at 50 K·min−1 . To limit the evaporation of PbO
during the sample cooling down for PZT and PNZT thin films, the heater is turned off immediately at the
end of the deposition and the O2 pressure is increased to 1 · 103 Pa during the cooling down process [145].
Additionally, the repetition rate of the excimer laser is set at 10 Hz to deposit PZT thin films. The deposition
temperature is of 650 ◦ C under 6.5 Pa of O2 . The PZT films were grown with a thickness of either 200 nm
or 400 nm. The 400 nm thick film was grown to see the influence of potential leakage currents. The
deposition rate for PZT by PLD is estimated on a NdGaO3 substrate as 12 nm per 1,000 pulses using XRR.
Regarding the growth of PNZT, the impact of several parameters on the material ferroelectric properties is
studied during this work. The excimer laser repetition rate is set at 4 Hz and the deposition temperature
ranges between 600 ◦ C and 700 ◦ C. During this thesis, the O2 pressure during PNZT deposition is varied
between 5 Pa and 10 Pa. The PNZT film thicknesses range from 187 nm to 400 nm. The deposition rate
for PNZT by PLD is estimated using XRR on a NdGaO3 substrate as 12.5 nm to 15.6 nm per 1,000 pulses,
depending on the deposition conditions.

3.4. Electrodes preparation
To characterise the ferroelectric properties of PZT and PNZT thin films, it is necessary to complete the
parallel plate capacitor structure. This is performed by patterning sputtered platinum top electrodes by
photolithography before accessing the LNO bottom electrode for electrical contacting using Ar ion milling.
To avoid contributions from the Pt top electrodes, the samples are characterised by X-ray diffraction methods
prior to the processes described in this section. When required, surface characterisation methods, e.g.
Scanning Electron Microscopy (SEM), are also performed before top electrodes patterning.
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3.4.1. Photolithography: lift-off process
Photolithography is a process which requires precise environmental conditions and for which exterior
contaminants must be avoided. Therefore, the photolithography process is performed inside a cleanroom.
The steps of the lift-off process are represented in Figure 3.5 and are described thereafter.
(a)

(b)

ma-N 1420
PZT or PNZT
LNO
(Pt +) Al2 O3
SS304

(d)

UV exposure

(c)

ma-N 1420
PZT or PNZT
LNO
(Pt +) Al2 O3
SS304

Pt sputtering

PZT or PNZT
LNO
(Pt +) Al2 O3
SS304

PZT or PNZT
LNO
(Pt +) Al2 O3
SS304

(e)

PZT or PNZT
LNO
(Pt +) Al2 O3
SS304

Figure 3.5.: Schematic representation of the photolithography lift-off process to pattern Pt top electrodes:
(a) photoresist coating, (b) ultraviolet (UV) light exposure, (c) pattern development, (d) Pt
sputtering and (e) photoresist lift-off. Dimensions are not to scale.
It should be noted that, while flat after substrates preparation steps, SS304 substrates bend in an U-shape
concavely around the PZT or PNZT-deposited sample side during the deposition of buffer and ferroelectric
layers. The sample curvature, with a bending radius of a few millimetres, is sufficiently pronounced
to be observable by eye. While the cause of this phenomenon will be discussed in section 5.1.1, it has
consequences on the photolithography process.
Initially, negative photoresist ma-N 1420 (Microresist) is spin coated onto the sample surface, i.e. the
PZT or PNZT layer for PZT stacks or PNZT stacks, respectively (see Figure 3.5 (a)). The spin coating is
performed at 6,000 rpm for 34 s, creating a 1.4 µm thick photoresist layer. To allow complete sample
surface coverage by the photoresist despite the concave surface, the rotation speed is larger than required
with a flat surface. Afterwards, the negative photoresist is soft baked for two minutes at 105 ◦ C on a heating
plate to evaporate the photoresist solvent. The spinning process generates a centripetal force applied on
the photoresist which creates heaps at the sample edges. The pile-up is removed after baking with a razor
blade to allow accurate mask alignment.
The photoresist is hardened according to a given pattern using ultraviolet (UV) light and a mask. The mask,
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made of soda-lime glass and with chromium printed patterning, has been designed during this thesis to
allow both electrical and electromechanical characterisation of the samples. It is represented in Figure 3.6.

Figure 3.6.: Layout of the photolithography mask to pattern top electrodes and strain gauges onto 5 ×
5 mm2 samples. The electrode areas range from 0.0019 mm2 to 0.7842 mm2 . The strain
gauges are orthogonal and their straight sections are wide of 50 μm and have a total length
of 229 mm. The length of curved sections is negligible. The strain gauges contact pads are
400 × 400 µm2 . Dimensions are to scale.
The designed photolithography mask is composed of electrodes and strain gauges. The electrodes are
octagonal and their sizes vary from 0.0019 mm2 to 0.7842 mm2 . The smaller electrodes are meant to
facilitate samples electrical characterisation as it reduces the probability of inhomogeneities and defects in
the thin film region located under the electrode. The larger electrodes are intended for measurement of
the e31,f piezoelectric coefficient, as described in section 4.4 along with usage of the strain gauges.
The mask is precisely positioned onto the sample using a mask aligner MJB4 by Süss MicroTec (Garching,
Germany). Once the alignment accuracy is ensured using an integrated microscope, the mask is brought in
contact with the sample surface. It should be noted that the substrate curvature previously mentioned
prevents uniform contact over the entire sample surface which might lead to inaccurate electrodes patterning. However, the resulting pattern does not display defects when checked with an Axio Lab.A1 optical
microscope by Carl Zeiss (Oberkochen, Germany).
The UV light to harden the photoresist is generated by a mercury lamp emitting at Hg g-line (λ = 436 nm),
h-line (λ = 405 nm) and i-line (λ = 365 nm). The exposure time is adjusted depending on the UV
light intensity to obtain a dose of 0.81 mW·cm−2 ·s. The regions where the negative photoresist was not
protected by the mask during exposure to UV light harden (see Figure 3.5 (b)). Afterwards, the regions
which are not hardened are removed by immersing the sample in ma-D-533s developer (Microresist) for
80 s (see Figure 3.5 (c)). To rinse the developer and stop the development process, the sample is then
immersed in deionised water and dried with nitrogen gas. The quality of the pattern is verified with an
optical microscope.
The next step in the process to pattern top electrodes is to clean the sample surface using a Femto O2
plasma cleaner by Diener electronic (Ebhausen, Germany) for 1 min at 70 W. This cleaning procedure
improves adhesion of the Pt top electrodes which are then sputtered according to the process described in
section 3.3.1 (see Figure 3.5 (d)). Once the electrodes are deposited, the hardened photoresist is removed
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from the sample by immersing it into aceton (99.8 %, Roth). After the photoresist has been entirely striped
from the sample, the latter is dried with nitrogen gas and the electrodes and strain gauges quality is verified
with an optical microscope (see Figure 3.5 (e)).
In the case of PNZT stacks, the Pt electrodes are annealed post-deposition to improve adhesion with the
PNZT layer. Rapid thermal annealing would be the optimal technique for this process as it is sufficiently
fast to limit lead loss in the sample [24]. However, in the absence of a rapid thermal annealing furnace,
the electrodes and strain gauges are post-annealed at 400 ◦ C for 1 min on a hot plate. To enhance
temperature homogeneity at the sample surface during the annealing process, the sample is placed under
a 30 × 30 × 30 mm3 heat shield made of 0.5 mm thick stainless steel.

3.4.2. Argon ion milling
Argon ion milling, also known as Ion Beam Etching (IBE), is a dry plasma etching technique relying on
an ion bombardment from a plasma to anisotropically remove atoms from a material [197]. The IBE
system used during this work was built by Mantis Deposition (Thame, UK) and operates with a background
pressure of 1 · 10−2 Pa. Due to this low pressure, the Ar ions, excited by a RF generator and accelerated
with an energy of 500 eV, have a mean free path longer than the chamber dimensions. Equipped with
a quadrupole mass spectrometer by Hiden Analytical (Warrington, UK), the IBE system allows in situ
monitoring of the elements being etched. The mass spectrometer permits etch rate calibration and interface
detection during the etching of successive layers with different chemical compositions.
Samples are introduced in the IBE system using a flag style holder or, in the case of PNZT stacks, a modified
flag style holder, as mentioned in section 3.1. The Ar ion beam provides homogeneous etching of the
5 × 5 mm2 samples with its diameter of 40 mm. To protect the areas that shall not be etched, photoresist
is patterned on the sample surface. During the process, the sample heats up under the ion bombardment,
leading, notably, to a hardening of the photoresist. The sample stage is cooled down with liquid nitrogen
which limits the hardening of the photoresist and facilitates its lift-off at the end of the etching process.
The Ar ion milling process of the samples is represented schematically in Figure 3.7. In a similar manner
to the photolithography process, described in section 3.4.1, it starts with the spin coating of negative
photoresist ma-N 1420 (Microresist) onto the sample surface (see Figure 3.7 (a)). However, to facilitate
the removal of the photoresist at the end of the etching process, its hardening must be limited as much as
possible. For this purpose, the photoresist is not soft baked after spin coating, facilitating the removal of the
photoresist after Ar ion milling and limiting damage to the Pt top electrodes and strain gauges previously
deposited.
Due to the relatively large size of the combined top electrodes and strain gauges as compared to the sample
size, the positioning and size of the bottom electrodes must be decided individually for each sample. The
substrate bending described in section 3.4.1 and impeding sample alignment with the mask aligner also
contributes to the difficulty to position the bottom electrodes. Additionally, in the case of PNZT stacks,
there are areas of the sample lacking the LNO bottom electrode due to the modified flag style holder acting
as a shadow mask during its deposition (see section 3.1). For these combined reasons, the photoresist
patterning for the bottom electrodes must be done manually. The photoresist is removed in the sample
corners using an aceton (99.8 %, Roth) soaked cleanroom wipe (see Figure 3.7 (b)). To allow precise
photoresist removal, the wipe is wrapped around a razor blade.
Once the photoresist has been patterned, the sample is etched with Ar ion milling until the LNO layer is
reached in the areas not covered by photoresist (see Figure 3.7 (c)). The etching end point is determined by
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Figure 3.7.: Schematic representation of the Ar ion milling process to access LaNiO3 bottom electrodes:
(a) photoresist coating, (b) patterned photoresist lift-off, (c) Ar ion milling, (d) complete
photoresist lift-off. Dimensions are not to scale.
monitoring the quantity of Ti, Zr and La etched from the sample surface using the IBE system quadrupole
mass spectrometer. Due to the imprecision of manual patterning of the photoresist, the transition from
ferroelectric to LNO layer during etching is not necessarily sharp. To allow optimal etching of the ferroelectric
layer without risking milling the entire LaNiO3 layer, the latter thickness has been increased in PNZT stacks
compared to PZT stacks.
Afterwards, the photoresist is removed from the sample by immersing it into aceton (99.8 %, Roth). In
some instances, the photoresist might be removed only partially due to hardening during the Ar ion milling
process (see black spots on bottom right corner of Figure 3.1 (c)). Once the photoresist has been striped
from the sample, the latter is dried with nitrogen gas and the bottom electrodes quality is verified with an
optical microscope. The integrity of the electrodes and strain gauges quality is also checked in the process
(see Figure 3.7 (d)). If, during the sample electrical characterisation described in chapter 4, electrical
contact with the bottom electrodes is only partial or difficult to establish, a drop of silver paste can be
applied on top of the bottom electrodes.

3.5. Structure characterisation methods
Before preparing the electrodes for electrical and electromechanical characterisation, sample structures are
characterised with non-destructive methods. The phase and crystallographic orientation of the films are
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analysed by X-ray diffraction. The latter is further investigated by electron backscatter diffraction while
the microstructure is assessed by scanning electron microscopy. These techniques are also employed to
characterise PLD targets.

3.5.1. X-ray diffraction
X-rays are electromagnetic radiations with an energy of 100 eV to 10 MeV and a wavelength of 10 nm to
1 pm. These wavelengths, in the same order of magnitude as crystallographic interatomic distances, allow
X-rays to diffract on atoms, providing information on crystal structure [198]. X-Ray Diffraction (XRD) is a
versatile characterisation technique for thin films from which several crystal properties can be accessed
depending on the measurement method [199].
The thin films and targets produced in this work are characterised using a SmartLab diffractometer by
Rigaku (Tokyo, Japan). The diffractometer is equipped with a tungsten filament and a rotating 9 kW
Cu anode to generate a divergent X-ray beam. The measurements are performed in the parallel beam
geometry were the X-ray beam is monochromatised around the Cu Kα line (λ = 1.5406 Å) and collimated
on a paraboloidal synthetic multilayer mirror. The multilayer mirror reduces the divergence angle down to
approximately 0.04◦ . The irradiated sample area is restricted by a combination of vertical and horizontal
slits placed in the incident beam path which define the width and height of the X-ray beam. Additionally,
horizontal Soller slits consisting of evenly spaced metal foils are used to suppress the incident beam in-plane
divergence.
The sample stage can be translated vertically or in the horizontal plane, as represented in Figure 3.8. The
stage is incorporated in the Eulerian cradle of a four-circle goniometer, allowing the sample to be rotated
around the axes perpendicular and parallel to the sample surface, respectively. The X-ray source, sample
and detector are located in the measurement plane which they define. In this measurement plane, the
X-ray source angle with respect to the sample surface is defined as ω . The diffraction angle, corresponding
to the sum of the source angle and the angle between the detector and the sample surface, is known as 2θ.
On the receiving side of the diffractometer, slits can be employed to determine the 2θ resolution of the
measurement or to shield the X-rays scattered by the sample. The optics are completed by a Soller slit to set
the resolution and an attenuator to protect the scintillation counter measuring the diffracted X-ray intensity.
Due to the crystallinity of the samples produced in this work, the use of an incident channel-cut crystal
monochromator is not possible as the X-ray intensity would be too limited for accurate measurements.
Therefore, a flat graphite monochromator is employed before the detector. This configuration leads to a
collimation of 150 arcseconds.
The different measurement methods used in this work are described in the following sections.

3.5.1.1. X-ray diffraction: 2θ-ω scan
The 2θ-ω scan is an out-of-plane diffraction method giving notably access to the film phase, orientation
and thickness [200]. In the case of a symmetrical-reflection measurement, as performed in this thesis, the
angle between the detector and the sample surface is equal to the X-ray source angle ω and the diffraction
angle is set as 2θ = 2 × ω . The source and detector are varied simultaneously while the sample position is
fixed. In a symmetrical-reflection measurement, the collected X-rays are diffracted by crystal lattice planes
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Figure 3.8.: Schematic representation of the SmartLab X-ray diffractometer by Rigaku with its degrees of
freedom. The sample stage can be translated vertically (along the Z axis) or in the horizontal
plane (along the X and Y axes). The sample can be rotated around the Φ and χ axes, perpendicular and parallel to the sample surface, respectively. The X-ray source angle, ω , and the
diffraction angle, 2θ, are represented.
parallel to the sample surface [200]. The source angle is equal to the X-ray beam incidence angle with
respect to the crystal planes within the substrate, θ, and the measurement is known as a 2θ-θ scan.
X-rays are diffracted by lattice planes and constructive interferences between the scattered X-rays occur
when Bragg’s condition is fulfilled [201]:

2dhkl sin(θ) = nλ,

(3.2)

where dhkl is the interplanar distance in a crystal, θ is the incidence angle, n is a positive integer corresponding to the order of the reflection and λ is the wavelength of the incident wave. When Bragg’s
condition is met, a reflection appears in the detected spectrum at the corresponding diffraction angle,
creating a pattern characteristic of the sample. This reflection is named hkl based on the Miller indexes of
the diffracting crystallographic plane.
Prior to performing a measurement, it is necessary to align the sample with respect to the incident beam.
Due to the polycrystalline nature of the stainless steel substrates used in this work, it is not possible to
define a scattering angle to perform a surface normal alignment. Therefore, only a direct beam half-cut
alignment is performed to align the sample vertically into the incident beam. To perform the measurement,
2θ is varied in the selected range and ω is varied accordingly.
In the case of thin films, additional oscillations, named Laue oscillations, can be developed around the
reflections in the XRD pattern. These oscillations originate from the interference of the coherently diffracted
X-ray beam on the finite crystal lattice. The layer thickness, tLaue , can be estimated from the distance
between Laue oscillations according to the equation [202]:

tLaue =

λ
,
2 (sinθi − sinθi−1 )

(3.3)

where θi and θi−1 are the diffraction angles of the ith and the (i − 1)th oscillations, respectively.
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Furthermore, based on the Scherrer equation, it is possible to estimate the crystallite size, sc , from the
broadening of the breadth of the XRD reflections, β [203]. Various evaluation methods have been developed,
including the Hall method following the equation [204]:

βcosθ
sinθ
1
= 4sc
+
,
λ
λ
κlattice

(3.4)

where κlattice is the lattice strain. The Hall method can be applied by the software PDXL 2 v.2.8.4.0 by
Rigaku Corporation (Tokyo, Japan), yielding the crystallite size from the XRD pattern.
3.5.1.2. X-ray reflectivity
X-Ray Reflectivity (XRR) is a technique based on both specular reflection and X-rays refraction at an
interface between two media with different refractive indexes. From the analysis of the intensity of grazing
incidence X-rays refracted by a sample, information on the thicknesses and densities of the sample layer
as well as on interface roughnesses can be obtained [205]. The film thickness can be calculated more
accurately from XRR than from Laue oscillations. However, the maximum thickness of the films that can be
analysed by XRR is dependent on both the film properties and the diffractometer optics.
A XRR measurement corresponds to a 2θ-ω scan at low diffraction angles, typically with 0◦ < 2θ < 6◦ .
When reaching the sample under this grazing angle, inferior to the critical angle for total reflection θc , all
the incident X-rays are reflected. As ω the X-ray source angle increases and equals θc , the X-rays are only
partially reflected and propagate along the sample surface. When ω becomes larger than θc , the X-rays are
both reflected and penetrating inside the sample by refraction. Above θc , the ratio of reflected to refracted
X-rays decreases proportionally to θ4 [205].
Similar to a 2θ-ω scan, it is necessary to align the sample with respect to the incident beam before performing
a measurement. After a direct beam half-cut alignment, a surface normal alignment is executed for a
grazing incidence measurement at a scattering angle of 2θ = 0.5◦ . In these conditions, the polycrystalline
nature of the stainless steel substrates used in this work does not prevent the surface normal alignment.
To extract film characteristics from the reflectivity measurements, data are modelled using the software
Rocking Curve & Reflectivity Curve Simulation & Fitting (RCRefSiW) v.1.09 by IHP Solutions (Frankfurt
an der Oder, Germany).
The X-rays can be reflected on several interfaces in a sample including the atmosphere-film and the filmsubstrate interfaces. If the sample is composed of several layers, reflection can also occur on internal
film-film interfaces. The alternation of constructive and destructive interferences from the X-rays reflected
at these various interfaces creates oscillations in the intensity of the reflectivity profile named Kiessig fringes.
The oscillation curve extracted from Kiessig fringes is a function of the refracted index of the layer and of
its thickness which can be obtained by Fourier transformation. The period of these oscillations decreases
as the film thickness increases [205]. The impact of several parameters on the oscillations, including
thickness, is simulated using the software RCRefSiW for PZT 52/48 films deposited NdGaO3 substrates
and represented in Figure 3.9.
Additionally, the layer density can be extrapolated from the total reflection critical angle as indicated
in Figure 3.9. The Kiessig fringes amplitude is dependent on the difference between film and substrate
densities. Figure 3.9 also shows the effects of film surface and interface roughnesses. An increasing film
surface roughness leads to a decrease of the reflectivity curve slope while the Kiessig fringes amplitude
decreases when the interface roughness increases.
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Figure 3.9.: Simulation of reflectivity curves of PZT 52/48 thin films on NdGaO3 substrates with different
thicknesses, t, surface roughnesses, Rs and interface roughnesses, Ri , using the software
RCRefSiW.

3.5.2. Scanning electron microscopy and energy-dispersive X-ray spectroscopy
Scanning Electron Microscopy (SEM) is used to analyse the microstructure of PLD targets and of PZT thin
films deposited in PZT stacks. Coupled with Energy-Dispersive X-ray Spectroscopy (EDS), SEM is also
employed to assess the cations stoichiometry of the PLD targets. These non-destructive, ex situ techniques
are based on the interactions between the sample material and an electron beam scanned point by point
across the sample surface.
A scanning electron microscope relies on an ultra-high vacuum chamber in which an electron beam is
generated by applying a high voltage of 1 keV to 30 keV between a cathode and an anode. The electron
beam is focused on the sample using electromagnetic lenses. At each point where the beam is scanned
over the sample, the impacting or primary electrons are scattered both elastically and inelastically by the
material. Due to this electron bombardment, the sample emits characteristic X-rays and electrons which
are measured and quantified by several detectors located inside the ultra-high vacuum chamber. Both SEM
and EDS techniques are described in more details in [206].
During this work, unless otherwise mentioned, an SEM XL30 FEG from Phillips (Amsterdam, Netherlands)
is employed, coupled with an EDS-CDU LEAP detector with a silicon crystal drifted with lithium, Si(Li),
cooled with liquid N2 and with an energy resolution of 135 eV to perform EDS. Imaging of the surface
topography is performed with a secondary electrons detector to measure the low-energy secondary electrons
at approximately 50 eV interacting only with the first few nanometres of the sample material. To avoid
surface charging of the electrically insulating targets due to the electron beam, thin metallic layers are
sputtered on the target surface before measurement.
For cross-section images, the cross-section is accessed by cutting a trench in the sample with a focused ion
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beam after depositing a thick Pt capping layer. This process is performed by Ulrike Kunz from the Institute
of Materials Science of the Technische Universität Darmstadt (Darmstadt, Germany).

3.5.3. Electron Backscatter Diffraction
Electron Backscatter Diffraction (EBSD) is performed by Enrico Bruder from the Institute of Materials
Science of the Technische Universität Darmstadt (Darmstadt, Germany) to analyse the texture of PZT thin
films deposited in PZT stacks. The EBSD data are acquired using a Mira3-XMH high resolution SEM by
TESCAN (Brno, Czech Republic), equipped with a DigiView 5 EBSD Camera by EDAX (Mahwah, NJ, USA).
An acceleration voltage of 15 keV and a beam current of 500 pA are chosen to operate the system and
achieve a high spatial resolution.
The EBSD analysis, also performed by Enrico Bruder, is done with a 10 nm step size, which is below the
physical resolution of conventional EBSD, owing to the coarsening effect induced by the NPAR® (Neighbor
Pattern Averaging and Reindexing) post-processing routine that is used to improve the data quality without
further clean-up procedures. To calculate the crystallographic texture, the harmonic series expansion
method is used on an EBSD dataset with more than 7,000 indexed grains with a series rank of 24, a
Gaussian half width of 5◦ , and no enforced symmetry. The measured sample does not have Pt top electrodes
and, to avoid electrical charging, a thin layer of carbon is sputter-coated on the surface.

48

4. Ferroelectrics characterisation methods
This chapter describes the experimental setups and procedures employed in this thesis to characterise
the dielectric, piezoelectric and ferroelectric properties of the samples. In section 4.1, the methods to
characterise thin films dielectric permittivity and loss are introduced. The technique to measure P-E loops
and access thin films ferroelectric properties are presented in section 4.2. Afterwards, sections 4.3 and 4.4
introduce the hot poling process and the wafer flexure e31,f coefficient measurement to assess piezoelectric
properties of thin films. This chapter concludes on leakage measurements principles in section 4.5.
Contrarily to the experimental procedures previously introduced in chapter 3, the techniques and experimental setups here described were not implemented in the research group prior to this work. The selection
of experimental methods and necessary hardware as well as the implementation of the experiments are
an integral part of this thesis. Advice from the Susan Trolier-McKinstry group at the Materials Research
Institute of The Pennsylvania State University (State College, PA, USA) is gratefully acknowledged.

4.1. Dielectric characterisation
As described in section 2.1, ferroelectric materials are dielectrics. Therefore, the first step to characterise
ferroelectric thin films is to demonstrate that they are dielectric and to assess their quality by measuring
their dielectric constant and loss. Section 2.1.1 introduced the former as the relative permittivity of
a material, εr , thereafter referred to as permittivity, and the latter as tan δ . Usually, these frequency
dependent parameters are measured between 1 kHz and 10 kHz [17, 98].
The ferroelectric thin films deposited in this work are set in a parallel plate capacitor structure with top
and bottom electrodes, as described in section 3.4. Permittivity depends on the electrode area, Aelec , and
on the thickness of the dielectric layer, tdielec . It is related to the capacitance of the dielectric, C , by the
equation:
Ctdielec
εr =
,
(4.1)
Aelec ε0
where ε0 is the permittivity of free space.
Since dielectrics are imperfect capacitors with parasitic components, it is necessary to measure their complex
impedances to access their capacitance and dielectric loss [207, 208]. Impedance, Z , is defined as the
opposition, through resistance and reactance, brought up by a device to the flow of alternating current at a
given frequency, f [209].
It should be noted that the samples studied in this work have relatively small capacitance values, in the
order of magnitude of ∼ 100 pF to 10 nF. These low capacitances, when measured between 1 kHz and
10 kHz, lead to an impedance between ∼ 1 kΩ and 1 MΩ. Therefore, to measure the dielectric layer
capacitance accurately, it is necessary to consider an equivalent circuit with a resistance, Rp , in parallel to
the capacitor, Cp , as shown in Figure 4.1. In this configuration, complex impedance is expressed by [208]:

Z=

1
.
1/Rp + j2πf Cp

(4.2)

49

Rp

Cp

Figure 4.1.: Equivalent circuit model of a capacitor, Cp , with a parallel resistance, Rp , to measure the
capacitance of dielectric thin films.
Furthermore, the dissipation factor, equivalent to the dielectric loss tangent, tan δ , corresponds to the ratio
of the real to the imaginary part of the impedance. In a parallel equivalent circuit, it is defined as [208]:

tan δ =

1
.
2πf Rp Cp

(4.3)

Complex impedance measurements are performed with an Alternating Current (AC) impedance capacitance
meter, also known as LCR meter, measuring both the impedance amplitude and phase angle. For this
purpose, a LCR meter is equipped with four terminals called Hcurr, Hpot, Lcurr and Lpot corresponding to
the high current, high potential, low current and low potential terminals, respectively. An AC voltage is
supplied from the Hcurr terminal and the current through the dielectric layer is measured by the Lcurr
terminal. Simultaneously, the voltage across the dielectric is measured by the Hpot and Lpot terminals
while being phase-locked with the current. This allows to measure the phase angle between current and
voltage [207].
When measuring low capacitance values, stray capacitances are a large source of measurement error.
They can appear between the sample and a nearby conductor, e.g. a metallic sample stage. During the
measurement, a difference of voltage is created between sample and conductor, leading to the measurement
signal leaking towards the conductor. The leakage signal is then measured along with the sample signal,
generating measurement errors due to stray capacitances. To suppress the voltage difference, a shielding
plate, e.g. made of ceramic or quartz, is inserted between the sample and the sample stage [208].
In order to reduce the effects of lead impedances and contact resistances, the signal current path and
the voltage sensing leads must be independent. This is achieved with a four-terminal configuration by
connecting together the outer shields of the Hcurr and Hpot, Lcurr and Lpot terminals, respectively. The
connection must be made as close as possible to the sample. To further compensate stray admittance and
residual impedance due to the experimental setup, open and short compensations must be performed [208].
Since the dielectric layers characterised in this work are also ferroelectric, ferroelectric switching and poling
must be avoided. Therefore, the amplitude of the AC voltage applied to the sample is chosen to produce a
subswitching field, below the ferroelectric coercive field [98].

4.1.1. Parameters sweeps
Permittivity and dielectric loss depend on several parameters including the AC subswitching field frequency
and amplitude. If a DC bias voltage is applied, these properties are also dependent on the resulting applied
field. It is necessary to quantify these dependences through parameters sweeps.
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At subswitching fields, field frequency and amplitude dependence of the permittivity are mainly due to
extrinsic effects, e.g. domain wall motion and defect displacement. Besides the necessity for applications to
account for their impact on devices, analysis of these dependences can provide information on the extrinsic
mechanisms nature [98].
While the effect of subswitching field amplitude and frequency are measured at zero DC bias field, measuring
a permittivity versus electrical field curve, also known as εr -E curve, requires a DC bias field to be applied
simultaneously to the AC subswitching field. In this method, sometimes referred to as capacitance versus
voltage or C -V curve, the DC bias is varied as a step-like function while the AC field is employed to measure
the capacitance as described in the previous section [98]. As εr -E curves lead to ferroelectric switching
and, therefore, remanent polarisation, they must be performed after P-E loops are measured.
In the absence of a DC field, domain walls can be pinned by defects, e.g. oxygen vacancies, limiting their
mobility [6, 98]. Upon increase of the DC bias, domain walls are released from the defects which lead to an
increase in permittivity. Furthermore, some ferroelectric domains with relatively low coercive fields can be
switched by the combined AC and DC applied fields. The proportion of switching domains increases with
the applied DC bias until the sample coercive field is reached. For DC bias fields larger than the coercive
field, the permittivity decreases. This phenomenon is due both to the reduction of the number of domains
as they aligned themselves with the applied field and to the domain wall motion inhibition by the DC bias
field [98].

4.1.2. Dielectric characterisation experimental systems and parameters
At the exception of DC bias sweeps, permittivity and dielectric loss measurements are performed with a
custom-built probe station. The probe station is contained in a lidded enclosure made of film faced plywood
to dampen outside mechanical noise [210]. Its exterior is covered by metallic plates and electrically
grounded to ensure electrical insulation of the measurement setup. This electrical ground is common
to the probe tips positioners and, when required, sample. The probe station is equipped with S-725
micropositioners by Signatone (Gilroy, CA, USA) on which tungsten tips of 25 µm in diameter are mounted.
Permittivity and dielectric loss measurements are performed using an E4980A LCR meter by Agilent (Santa
Clara, CA, USA). In order to perform accurate permittivity calculations from the measured capacitance
value (see Equation (4.1)) the electrode area must be known. Therefore, the sample is driven by the
bottom electrode, i.e. the top electrode, patterned by photolithography, is grounded so measurements are
performed on an electrode whose exact area is known. The experimental setup is schematically represented
in Figure 4.2 without the plywood enclosure.
As the E4980A LCR meter does not permit DC bias sweeping, DC bias sweeps are performed using a
4200-SCS Semiconductor Characterization System by Keithley Instruments (Solon, OH, USA) equipped
with a 4210-CVU Multi-Frequency Capacitance Voltage Measure Unit card. This measurement system
is connected to a commercial TTPX probe station by Lake Shore Cryotronics (Westerville, OH, USA),
equipped with beryllium-copper tips of 25 µm in diameter. This particular experimental setup was already
implemented in the research group prior to this work.
In the absence of parameters sweeps, permittivity and dielectric loss are measured at zero DC bias with
an AC driving signal of VAC = 30 mV at 1 kHz or 10 kHz. This amplitude of the driving signal is lower
than half of the coercive field of the thin films. Sweeps of subswitching field frequency and amplitude
are performed between 100 Hz and 10 kHz and between 0 kV·cm−1 and 20 kV·cm−1 , respectively. εr -E
curves are measured between −200 kV·cm−1 and 200 kV·cm−1 .
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Figure 4.2.: Schematic representation of the combined experimental setups for dielectric and ferroelectric
characterisation of a parallel plate capacitor structure (buffer layers and substrate are not
represented). Permittivity and dielectric loss measurements are performed with the LCR
meter in the four-terminal configuration while P-E loops are measured with the P-E loop tracer.
A Double Pole Double Throw (DPDT) switch allows to switch between the two measurement
systems. Dimensions are not to scale.

4.2. Ferroelectric characterisation
The second step to characterise ferroelectric thin films is to demonstrate their ability to reverse their
polarisation and to measure their coercive field, saturation and remanent polarisation values. For this
purpose, ferroelectric hysteresis loops, i.e. P-E loops, must be acquired. As developed in section 2.1.4, the
absolute value of the polarisation cannot be accessed, therefore, it is the change in polarisation which is
quantified [118].
Several methods exist to measure the change in polarisation which is dependent on the ferroelectric
switching current density, as defined by Equation (2.20). The majority of these techniques relies on an
excitation voltage, applied across the sample to measure the switching current or the polarisation charge
response [211].
The first method to measure P-E loops was proposed by Sawyer and Tower in 1930 [212]. This method
necessitates a reference capacitor mounted in series with the ferroelectric sample. As an excitation voltage
is applied to the electrical circuit, a voltage drop occurs across the reference capacitor, proportionally to
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the polarisation charge. While this method is suitable for high speed measurements, its main drawbacks
are parasitic effects and the difficulty to find sufficiently precise reference capacitors [105, 106, 211, 212].
The second technique, known as the shunt method, is similar to the Sawyer Tower method while replacing the
reference capacitor of the latter by a reference resistance. In this configuration, the charge is obtained by
numerically integrating the measured switching current. This method can be accurate for large electrode
sizes but parasitic capacitances make it unreliable for small area electrodes. Furthermore, the value
of the reference resistance must be adapted to both the sample capacitance and the excitation voltage
frequency [211].
The virtual ground method, is the third technique based on an excitation voltage. More complex, its
electrical circuit comprises an operational amplifier and a feedback resistor, converting the measured
switching current to voltage. This technique is efficient for samples with small capacitances. Despite the
necessity to take into account several parameters linked to the operational amplifier, this method is the
most precise for ferroelectric measurements [211].
The fourth method to measure ferroelectric hysteresis loop is the current step method. In that case,
an excitation current is applied directly across the ferroelectric sample, creating a voltage drop over
it. Since it does not necessitate a reference component, this method has the advantage of avoiding
approximations [211].
Each of the methods described above presents advantages and drawbacks. The choice of a specific method
depends not only on the sample but also on several technical considerations, e.g. range of signal magnitude,
bandwidth or parasitic effects [211]. In consequence, ferroelectric hysteresis loops are often measured
with commercial setups [106].

4.2.1. Accessing ferroelectric characteristic values
Before measuring a ferroelectric hysteresis loop, the sample must be pre-polarised by measuring a hysteresis
loop with the same parameters and called pre-polarisation pulse. This creates a defined polarisation state,
usually set as the negative state of the remanent polarisation. It is important to note that P-E loops are
dependent on the sample electrical and mechanical history and also on the measurement method [211].
As described in section 2.1.4, P-E loops are obtained by measuring the sample polarisation versus the
applied electrical field. Commonly, the excitation voltage applied to the sample is a triangular symmetric
waveform. The shape of the ferroelectric hysteresis loop depends on the frequency of the excitation signal.
Indeed, it defines the time constant for the sample to undergo a full P-E loop and, therefore, impacts the
relaxation time between each data point [211, 213]. This measurement is known as a dynamic hysteresis
curve in opposition to a static hysteresis curve. The latter aims to remove the influence of the excitation signal
frequency on the P-E loop shape by measuring a quasi-static hysteresis loop. For this purpose, a defined
relaxation time is set between each measured point of the hysteresis curve. Static hysteresis measurements
allow the investigation of irreversible and reversible contributions to the sample polarisation [211, 214].
Saturation and remanent polarisation values can be obtained from the ferroelectric hysteresis loop, as
mentioned in section 2.1.4 (see Figure 2.4) [120]. However, as the polarisation reversal is progressive
for non-ideal single crystals and polycrystalline samples, measuring the coercive field from the P-E loop
yields inaccurate values. To circumvent this problem, coercive fields are determined from the switching
current versus voltage curve corresponding to the P-E loop and where the switching peaks are clearly
identifiable [106, 120].
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Another sample characteristic which can be obtained from ferroelectric hysteresis loops is the imprint,
corresponding to an internal bias field in the ferroelectric sample. Generally present in virgin ferroelectric
capacitors, imprint is manifested as a shift of the hysteresis loop along the electrical field axis. It corresponds
to a preferred polarisation state over the other and can be due to defect dipoles [120, 211].
Depending on the respective directions of the internal bias field and applied field, imprint can either hinder
or enhance the piezoelectric response for MEMS applications. Its consequences are a diminution or an
increase of the remanent polarisation value and an asymmetry of the P-E loop along the electrical field axis.
The internal bias field, Ec,shif t can be calculated by [211]:

Ec,shif t =

Ec − |Ec,− |
,
2

(4.4)

where Ec,− is the negative coercive field.
Additionally, qualitative information on the ferroelectric sample can be obtained from the shape of P-E
loops. More “square” ferroelectric hysteresis loops indicate an abrupt reversal of the polarisation direction
and the loop area is linked with the energy dissipated as heat within the sample. Avoiding heat generation
is the reason for which P-E loops are measured at low frequency, typically at 100 Hz or below [213].

4.2.2. Ferroelectric characterisation experimental system and parameters
Ferroelectric hysteresis loops are measured using a TF Analyzer 2000 P-E loop tracer by aixACCT Systems
(Aachen, Germany) equipped with a FE module. Electrical contacting of the samples is performed with the
custom-built probe station described in section 4.1.2. To avoid field spreading, the sample is driven by the
bottom electrode, as is done for permittivity and dielectric loss measurements. Connections between the
P-E loop tracer and the ferroelectric sample are schematically represented in Figure 4.2.
To measure the P-E loops, dynamic hysteresis measurements are performed using a single triangular
waveform with a frequency of 100 Hz. A pre-polarisation pulse loop is applied.

4.3. Hot poling process
As described in section 2.1.4, a poling process is necessary to generate a net polarisation by align the
polarisations of ferroelectric domains in the direction of an applied electrical field, larger than the sample
coercive field. As heating up a ferroelectric reduces its coercive field, poling is generally performed at
elevated temperatures. Afterwards, the sample is cooled down before the poling field is removed [120].
It has been demonstrated in literature that poling at elevated temperatures creates imprint in ferroelectrics,
leading to more stable polarisation states [215, 216]. This can notably be explain by the limited mobility
of non-180◦ domain walls in ferroelectric thin films, hindering modification of the ferroelastic domain
orientation at room temperature once it has been set [17].
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4.3.1. Key parameters of hot poling process
The efficiency of hot poling is dependent on the applied poling field, the poling temperature and the
duration for which the poling field is applied before the cooling down process.
Literature reports that, for Pb(Yb1/2 Nb1/2 )O3 -PbTiO3 perovskite thin films, the optimal applied poling field
is at least twice higher than the sample coercive field. Above this value, the e31,f coefficient absolute value
saturates, indicating the maximum piezoelectric response. It has also been shown for these films that a
poling duration longer than 10 minutes does not further improve the value of the e31,f coefficient [217].
An increase in the poling temperature of PNZT thin films from 25 ◦ C to 150 ◦ C leads to a sharper distribution
of switching fields and an increased degree of imprint which improves the films d33,f coefficient. It should
be noted that the internal bias field is further increased when poling is done at 200 ◦ C [216].
The parameters described above can be applied to PZT thin films and several authors report the poling of
PZT thin films at 150 ◦ C under an applied field 2 to 3 times higher than the coercive field during 10 min to
15 min [53, 218].

4.3.2. Hot poling experimental system and parameters
During hot poling, the sample electrodes are electrically contacted with the custom-built probe station
described in section 4.1.2. To avoid unnecessary heating of the film faced plywood, the interior of the probe
station enclosure is protected with 5 mm thick plates of high-temperature glass wool type 1300-IN-LD-02
by Kager Industrieprodukte (Dietzenbach, Germany).
The sample is heated at 150 ◦ C on a Fisherbrand™Isotemp™Hot Plate by fisher scientific (Pittsburgh, PA,
USA) with an electrically insulating top surface. A DC electrical field is applied from the top to the bottom
electrode with a Voltcraft Programmable Power Supply Unit DIGI 35 CPU by Conrad Electronic (Hirschau,
Germany). The applied field is chosen equal to 2.5 times the sample coercive field and is maintained
during 15 min before the sample is cooled down. Once the sample reaches room temperature the electrical
field is removed.

4.4. Piezoelectric characterisation
Some key parameters for piezoelectric applications are the material piezoelectric coefficients introduced
in section 2.1.2. In the case of thin films clamped to rigid substrates, the effective e31,f coefficient (see
Equation (2.17)) is particularly relevant as it links the d31 piezoelectric coefficient and the thin film elastic
compliances at constant electrical field [17, 24].
Several methods allow to measure the e31,f coefficient, either by measuring the substrate deflection when
applying an electrical field (converse piezoelectric effect) or by collecting the charges related to in-plane
strain developed when bending the substrate (direct piezoelectric effect) [17, 24]. The former possibility is
generally implemented with laser interferometry where sample dielectric displacement can be measured by
various interferometry techniques, including single-beam Michelson interferometer [219]. A comparison
between single and double beam methods can be found in [220]. Another technique to measure e31,f
coefficients when applying an electrical field on the sample is the impulse method [221, 222]. However,
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these methods require complicated sample preparation and, for interferometry, careful alignment, making
them difficult to implement.
The first attempts to measure the e31,f coefficient by collecting the developed charges when bending
the substrate can be traced back to Deschanvres et al. who implemented cantilever flexure by statically
straining and then releasing piezoelectric cantilever beams [223–225]. Further methods were developed
over the years, including a pneumatic loading technique using a pressure probe [226] and point-loading
methods [227]. Especially, the point-loading technique developed by Southin et al. makes use of a modified
conventional point-loading Berlincourt piezometer. While simpler than other existing methodologies,
this technique cannot be employed to characterise the samples produced in this work as it requires the
piezoelectric thin film to cover an entire wafer [228].
A noteworthy cantilever flexure method, elaborated by Dubois and Muralt, is based on the bending of
cantilevers using piezoelectric actuators and in-plane strain calculation from the applied force [229]. A
variant of this technique, measuring the in-plane strain with strain gauges perpendicular to each other and
glued on the sample, was developed by Garten and Trolier-McKinstry [53, 230]. However, this technique
necessitates samples with a significantly larger area than the samples produced in this thesis.
Developed by Shepard et al., the wafer flexure technique to measure the e31,f coefficient, is suitable for
small area samples and inexpensive [231–234]. It is introduced in the following section.

4.4.1. Wafer flexure technique principle
The wafer flexure technique aims to measure the e31,f coefficient of a thin film based on the direct
piezoelectric effect. For this purpose, in-plane mechanical stress is applied dynamically to the sample by
means of pneumatic excitation [231, 232].
The system is composed of four discrete components: a loudspeaker, a uniform pressure rig, a charge integrator and peripheral electronics. The loudspeaker, fitted on a cavity, is operated with a sinusoidal waveform,
generating a pressure oscillation on the air contained in the cavity. This pressure oscillation propagates
through a pipe towards the uniform pressure rig on which a silicon carrier wafer is fitted [231, 232].
The sample to characterise is glued on top of the carrier wafer. Both components are flexed by the pressure
oscillation in the uniform pressure rig, generating controlled in-plane stress on the piezoelectric thin film.
The strain in the sample is monitored with two strain gauges, oriented perpendicularly to each other. The
sample being piezoelectric, it also develops a surface charge which is measured on an electrode by means
of the charge integrator which converts the charge to voltage. A lock-in technique is employed to measure
the converted charge value and the voltage variation in the strain gauges [231, 232].
From the measured charge and strains values, the e31,f coefficient of the piezoelectric thin film is given by
the equation [24, 230]:
Qsurf
D3
e31,f =
=
,
(4.5)
κ1 + κ2
Aelec (κ1 + κ2 )
where D3 is the dielectric displacement perpendicular to the thin film surface, κ1 and κ2 are the thin film
in-plane strains, Qsurf is the surface electrical charge developed by the sample and Aelec is the electrode
area.
The components of the wafer flexure e31,f measurement system and the experimental process are described
in further details in the next section.
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4.4.2. Piezoelectric characterisation experimental system and parameters
The wafer flexure e31,f measurement system peripheral electronics comprise a computer, a SR830 DSP
Lock-In Amplifier by Stanford Research Systems (Sunnyvale, CA, USA) and a custom-built electronics box.
The computer hosts a LabVIEWTM program to control the experiment whose code was written by Alexey
Arzumanov from the Institute of Materials Science of the Technische Universität Darmstadt (Darmstadt,
Germany) according to given specifications. Communication with the lock-in amplifier is performed through
a RS232 connection while the electronics box is operated via a NI USB-6008 card by National Instruments
(Austin, TX, USA). The LabVIEWTM program takes the measurement parameters, controls the electronics
to drive the wafer flexure system, acquires the measurement data, calculates the e31,f coefficient and
generates an output file with the measurement results. A flowchart of the program is shown in Figure 4.3.
Parameters initialisation
Strain gauges
voltage dividers tuning
Start measurement
Until
stable
Operate loudspeaker

Charge measurement
Strain 1 measurement
Strain 2 measurement
Check stability conditions
Calculate e31,f coefficient

End measurement
Figure 4.3.: Flowchart of the e31,f measurement LabVIEWTM program.
The LabVIEWTM program includes two initialisation steps before the measurement is started. At first,
parameters set in the program are transmitted to the peripheral electronics. Afterwards, voltage dividers
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used to monitor the sample in-plane strain via strain gauges are tuned with regard to the latter. This point
will be developed below when strain measurements will be described. As the e31,f coefficient measurement
is started, two processes are run in parallel.
In the first process, a sinusoidal signal of amplitude 0.5 VRMS and frequency 4 Hz is generated by the lock-in
amplifier. This signal is taken as an internal reference for the charge and strain measurements. It also
drives continuously a Legend BP102-8 loudspeaker by Eminence Speaker (Eminence, KY, USA) via the
electronics box where it is amplified, as shown in Figure 4.4. The electrical schematic of the amplifier is
given in Appendix A.
RS232
Lock-in amplifier

Signal input

Sine out

USB
Electronics box

Lock-in Sine in Speaker
Strain 1 Charge Strain 2

RS232

Computer

USB

Probe tip
Strain gauge
Top electrode
Sample
Bottom electrode
Bolt
Si carrier wafer
Retention ring
Pressure rig

Plastic pipe
Speaker cavity
Loudspeaker

Figure 4.4.: Schematic representation of the wafer flexure e31,f measurement system, based on Shepard’s
work [231, 232], for a sample with a parallel plate capacitance structure (buffer layers and substrate are not represented). Green lines indicate grounded electrical connections. Dimensions
are not to scale.
A representation and the technical drawings of the aluminium cavity on which the loudspeaker is fitted
are given in Appendix B. To ensure that the cavity is airtight, the loudspeaker is glued on the cavity edge.
The pressure oscillation is transmitted through a plastic pipe towards the aluminium uniform pressure rig.
The rig, whose concept was developed by Shepard, is composed of several components: the rig housing, a
base plate, two bushings and a retention ring [232]. A representation of the assembled uniform pressure
rig and the technical drawings of its components are given in Appendix C. The uniform pressure rig is
dimensioned to accommodate a 3” carrier wafer (76.2 mm in diameter) between its two bushings. Optimal
positioning of the bushings is ensured by recesses on both the base plate and the retention ring. The latter
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is held by four screws and bolts, sufficiently tightened to prevent horizontal motion of the carrier wafer.
To improve the uniform pressure rig air tightness, paper rings at the bushings dimensions are inserted
between each bushing and the carrier wafer [232].
Piezoelectric samples are glued at the centre of the silicon carrier wafer with Loctite Super Glue Ultra Liquid
Control by Henkel (Düsseldorf, Germany). Once dry, this glue allows proper strain transmission between
carrier wafer and sample. As mentioned in section 3.1, to ensure homogeneous gluing the substrate back
must remain clean [232]. For more details on the mechanical equations describing strain in a sample fixed
on the uniform pressure rig, the reader is referred to [232].
In the second process running as the measurement starts, the sample developed surface charge and applied
in-plane strains in perpendicular directions are measured in succession until stability criteria are met
simultaneously for each physical quantity. Switching between the different measurements is performed
within the electronics box. The electrical schematic of the electronics box and the purpose of its components
are given in Appendix D.
To monitor its surface charge, the sample is electrically contacted using the custom-built probe station
described in section 4.1.2. Contrary to measurements previously introduced in this manuscript (see
sections 4.1 and 4.2), the charge is measured by the top electrode while the bottom electrode is grounded.
Indeed, in this mechanically oscillating configuration, the large area bottom electrode would generate a
high noise to signal ratio if it was not electrically grounded. To ensure constant electrical contact despite
the sample oscillation, a sufficiently large top electrode is chosen for contacting.
The surface charge developed by the sample as a function of mechanical stress is monitored by a charge
integrator which converts the AC current to voltage and amplifies it, leading to more stable and reliable
measurements [231, 232]. The electrical schematic of the charge integrator and the purpose of its
components are given in Appendix E. The charge input into the integrator, Qin , can be expressed as a
function of the output voltage, Vout , by:

Qin = −Vout Cref ,

(4.6)

where Cref = 10 nF is the reference capacitance on which the charge is developed.
Once the surface charge value is acquired, in-plane strains in perpendicular directions, κ1 and κ2 referred
to as strain 1 and strain 2 in Figures 4.3 and 4.4, are measured using strain gauges. Each in-plane strain is
measured using a voltage divider in which the strain gauge constitutes a resistor. The in-plane strain as a
function of the measured voltage crossing the voltage divider is given by:
[︄
]︄
(︃
)︃−1
Vapp
1 Rref
x=
−1
−1 ,
(4.7)
GF Rg
Vno_strain + Vmeas,RM S /0.707
where GF is the gauge factor, Rref = 1.2 kΩ is the reference resistance in the voltage divider and Rg is the
strain gauge nominal resistance. Vapp = 1.1 V corresponds to the voltage applied on the voltage divider by
the NI USB-6008 card, Vno_strain = 0.1 V is the output voltage when no strain is applied and Vmeas,RM S
is the output voltage as function of the strain measured by the lock-in amplifier. The 0.707 coefficient
converts the RMS voltage value into voltage.
The strain measurements can be performed with two sort of strain gauges [232]. Platinum sputtered strain
gauges give a more accurate value of strain as they are placed directly on the piezoelectric sample surface
during the photolithography process, as described in section 3.4.1. However, due to the non-standardised
resistance value of the sputtered strain gauges, the reference resistances in the voltage dividers are tuned
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with 5 kΩ potentiometers before the e31,f measurement starts to ensure that Vno_strain = 0.1 V (see
Appendix D). To be within the tunable range of the reference resistances in the voltage dividers, sputtered
strain gauges must have a nominal resistance of approximately 200 Ω. With their length of 229 mm and
their width of 50 µm, as indicated in Figure 3.6, it corresponds to an approximate thickness of 240 nm.
However, due to the large aspect ratio of the sputtered strain gauges, with a very high thickness as compared
to their width, the platinum adhesion to the sample surface is not sufficient and the strain gauges present
defects. These defects are missing areas where the sputtered platinum lifted-off from the sample and the
strain gauge pattern is incomplete. To remediate to this problem, 2 mm long 120 Ω commercial strain
gauges by RS PRO (Frankfurt am Main, Germany) are utilised. In aluminium, these strain gauges total
dimensions are 6 × 2.5 mm2 . They have a gauge factor of 2.0 and are equipped with lead wires on which
extension copper wires can be soldered. The commercial strain gauges are glued on the carrier wafer
next to the sample with Loctite Super Glue Ultra Liquid Control by Henkel (Düsseldorf, Germany). To
measure in-plane strain accurately, the strain gauges are glued as close as possible to the sample edges and
perpendicular to each other. When commercial strain gauges are utilised, the potentiometers allowing
tuning of the reference resistances in the voltage dividers are by-passed by switches in the electronics box
(see Appendix D).
The charge and strains measurements are iterated until two stability conditions are met. The first condition,
arising from the surface charge being developed in response to the in-plane strain, is for the charge signal
to be in-phase or exactly out-of-phase with the strain signals with a ±20◦ tolerance. The second condition
is for the standard deviation of each strain signal over the last 20 data points to be inferior to a termination
condition multiplied by the strain mean value. The termination condition is set at 0.05. If both stability
conditions are met over 20 sets of data points, the e31,f coefficient is calculated using Equation (4.5).

4.5. Leakage measurements
Leakage measurements aim to quantify leakage currents through a dielectric and to identify the mechanisms
involved in the process. Often complex, these mechanisms depend notably on the dielectric material itself
and the interfaces with its electrodes. Several leakage mechanisms can take place under different values of
applied field in a sample [235].

4.5.1. Key aspects of leakage measurements
Leakage measurements are performed on dielectric thin films by applying a constant voltage to the sample
and measuring the resulting current after a given period, the soak time. Indeed, under an applied DC
field, a transient current is present which decays exponentially with time. Therefore, it is necessary for the
leakage current to stabilise before being measured [236]. For ferroelectrics, the transient current originates
from dielectric relaxation and from polarisation [237, 238].
It should be noted that leakage measurements differ from switching current versus voltage measurements
(see section 4.2.1) by the applied voltage being DC instead of AC. Furthermore, switching current versus
voltage measurements do not involve soak time.
The source measure unit is a method to measure leakage in which the ammeter is connected to the voltage
source internally. Generally, leakage currents have very small amplitude, in the order of magnitude of
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the nanoampere. To protect the measurement devices in case of dielectric breakdown of the sample, a
compliance value is set to limit the measured current [236].

4.5.2. Leakage measurements experimental system and parameters
Leakage measurements are performed using the 4200-SCS Semiconductor Characterization System by
Keithley Instruments (Solon, OH, USA) employed for DC bias sweeps during dielectric characterisation.
However, in this case, it is equipped with two 4200-SMU source measure unit cards and a 4200-PA
preamplifier. The sample is contacted, using the TTPX probe station by Lake Shore Cryotronics (Westerville,
OH, USA), equipped with beryllium-copper tips of 25 µm in diameter. This particular experimental setup
was already implemented in the research group prior to this work. The bottom electrode is grounded,
while the DC bias is applied to the top electrode.
Before measuring each data point, a soak time of 75 s is observed. The selected soak time is sufficient for
the transient current to decrease to the order of magnitude of nanoamperes [237]. It is therefore negligible
with regard to the measured leakage currents. The compliance value is set at 0.1 A.
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5. Experimental results and discussion
In this chapter the experimental results of the characterisation of the PZT stacks and the PNZT stacks
are given and discussed. Sections 5.1 and 5.2 endeavour to characterise the PZT stacks and the PNZT
stacks, respectively, before the conclusions of the chapter are given in section 5.3.
In further details, a discussion on substrate curvature is included in section 5.1.1 and an analysis of the
PZT thin films texture and morphology is given in section 5.1.2. The ferroelectric properties and leakage
current through these samples are also examined in sections 5.1.3 and 5.1.4, respectively. Afterwards,
properties of the PNZT stacks are presented in section 5.2 with a study of the influence of the O2 deposition
pressure and the deposition temperature in sections 5.2.1 and 5.2.2, respectively. Furthermore, the effect
of the PNZT layer thickness and of measurement parameter sweeps on the PNZT stacks properties are
investigated in sections 5.2.3 and 5.2.4, respectively. Leakage current and piezoelectric e31,f coefficient
measurements are presented in sections 5.2.5 and 5.2.6, respectively.

5.1. {001}-textured PZT thin films: getting the orientation
Figures of this section have been adapted from:
J. Cardoletti, P. Komissinskiy, E. Bruder, C. Morandi, and L. Alff,
“{001}-textured Pb(Zr, Ti)O3 thin films on stainless steel by pulsed laser deposition”,
Journal of Applied Physics, vol. 128, no. 10, p. 104103, 2020. DOI: 10.1063/5.0019967

In literature, there are several reports of lead zirconate titanate thin films deposited on metallic substrates,
including on stainless steel substrates, as mentioned in section 1.1.1. However, there are no compelling
reports demonstrating direct growth on stainless steel of tetragonal {001}-textured lead zirconate titanate
thin films grown by pulsed laser deposition.
Yet, as crystallographic orientation is crucial to MEMS applications, engineering of {001} texture is required
to improve the piezoelectric response of PZT thin films [17, 53]. Therefore, this section investigates the
texture and ferroelectric properties of PZT thin films deposited by PLD in the PZT stack configuration
described in section 3.1.

5.1.1. Substrate curvature during thin films deposition
After the dicing and polishing steps of the experimental procedure described in section 3.2, it is observed
that the SS304 substrates are flat. However, during the deposition of buffer and PZT layers, substrates
bend in an U-shape concavely around the PZT-deposited side. The sample curvature, which is sufficiently
pronounced to be observable by eye, appears in the steel rolling direction with a bending radius of a few
millimetres. The bending here described also occurs when an uncoated substrate undergoes thermal
treatment equivalent to the successive depositions of buffer and PZT layers. This substrate curvature
phenomenon can be attributed to steel elongation during heating at deposition temperatures.
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The industrial processing of commercially available stainless steel into thin sheets includes cold rolling and
coiling/uncoiling procedures. These processes generate residual stresses in the material. The successive
depositions of LNO at 500 ◦ C and PZT at 650 ◦ C represent a stress relief annealing for the SS304 substrate,
which, in the presence of an asymmetric residual stress distribution, can lead to warpage [165].
It is important to note that the observed substrate curvature cannot be explained by thermal strain. Indeed,
AISI 304 stainless steel thermal expansion coefficient at 20 ◦ C is of 16.5 · 10−6 K−1 [239]. This is larger
than PZT thermal expansion coefficient, which ranges from 8 · 10−6 K−1 in the paraelectric phase to
28 · 10−6 K−1 in the ferroelectric phase with a discontinuity at the Curie temperature [53]. Therefore, if
thermal strain was acting as the driving force leading to substrate curvature, the samples should be convex
on the PZT-deposited side, the opposite of what is observed in this work.

5.1.2. PZT thin films texture and morphology analysis
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The pattern obtained by XRD analysis of a PZT stack is shown in Figure 5.1, detailing the different layers.
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Figure 5.1.: 2θ-θ XRD patterns of (a) an Al2 O3 /Pt/steel sample covered with (b) LNO and (c) PZT layers. The
reflections are denoted for the PZT [140] (tetragonal black hkl indexes), LNO [196] (cubic blue
hkl indexes) and Pt [240] (purple triangles) layers of the heterostructure, as well as for Pb2 Ti2 O6
[241] (red squares) and CrPt [242] (orange circles) additional phases. The SS304 substrate
[243, 244] reflections (green diamonds) are also indicated. The Al2 O3 layer is amorphous.
Adapted from [245].
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The PZT thin film presents a perovskite structure with visible reflections from multiple orientations in the
XRD pattern, e.g., 011, 101, 111, 102, and 112. The film orientation is predominantly {001} which is
confirmed by the calculated Lotgering factor for the PZT thin films [180], f(00l) PZT = 0.91. It is noteworthy
that, during the deposition of the PZT layer at 650 ◦ C, the chromium present in the SS304 substrate is
rejected from the stainless steel solid solution [166]. A consequence of this phenomenon is the formation
of an intermetallic compound, CrPt, as can be seen in Figure 5.1 (c). Additionally, low intensity Pb2 Ti2 O6
pyrochlore reflections are also visible in the XRD pattern.
The formation of these additional phases does not prevent the growth of {001}-textured PZT with f(00l) PZT
being larger than the Lotgering factor for the LNO layer, f(00l) LNO . The latter acts as a growth template
[51,55] which is itself {100}-textured, with f(00l) LNO = 0.68. In literature, a similar value of f(00l) LNO = 0.70
is reported for LNO films grown using a sol-gel method on stainless steel substrates [57].
To dispel any ambiguity regarding the texture of the PZT thin films in spite of the substrate curvature,
Electron Backscatter Diffraction (EBSD) and its analysis were performed by Enrico Bruder from the Institute
of Materials Science of the Technische Universität Darmstadt (Darmstadt, Germany) on a small area of
the sample. On this 3.8 µm by 10 µm area, substrate bending is small and can be neglected. Indeed, the
dimensions of the primary electron beam used for the EBSD measurements are much smaller than the
X-ray beam used to record the XRD pattern in Figure 5.1.
The resulting pole figure of the PZT thin film is given in Figure 5.2. The reflection with the highest intensity
is plotted in red, while the lower intensities are indicated in green and blue hues. Along the {001}-axis, a
single reflection can be seen which indicates a strong {001} texture of the PZT thin film, consistent with
the high f(00l) PZT = 0.91 calculated from the XRD data. As this crystallographic orientation induces a large
piezoelectric response in PZT thin films, it is an interesting characteristic for MEMS applications [246].

Figure 5.2.: Pole figure of the PZT layer of a PZT/LNO/Al2 O3 /Pt/steel sample by EBSD. A dataset with
more than 7,000 indexed grains covering a 3.8 µm by 10 µm area is used to calculate the
crystallographic texture using the harmonic series expansion method with a series rank of 24,
a Gaussian half width of 5◦ , and no enforced symmetry. The colour scale is logarithmic. Data
acquisition and analysis by Enrico Bruder. Adapted from [245].
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Within the resolution limit of the EBSD, other reflections along the {111}- and {110}-axes cannot be
observed, which indicates the absence of other orientations in the PZT thin films. However, it remains
possible for a limited number of grains with orientations other than {001} to occur in the investigated
samples. Nonetheless, a strong texture is achieved which is a key parameter to improve piezoelectric
response, as will be demonstrated in chapter 6.
The surface and cross-section of the sample analysed by EBSD were imaged by Enrico Bruder using the
Mira3-XMH high resolution SEM (see section 3.5.3). The SEM images of the PZT film surface and crosssection are depicted in Figure 5.3. Both images are taken in secondary electrons mode, using the in-beam
detector for the cross-section.
(a)

(b)

Figure 5.3.: SEM image of (a) the surface and (b) the cross-section of a PZT/LNO/Al2 O3 /Pt/steel sample.
The heterostructure layers are ordered from top to bottom in the SEM image. The images
are taken using secondary electrons mode and the in-beam detector for the cross-section.
Images by Enrico Bruder. Adapted from [245].
The PZT grain size is estimated to be ∼ 45.3 nm by the intercept method averaged over 30 measurements
from the surface image presented in Figure 5.3 (a). The grain size is mainly homogeneous over the
area covered by the SEM image. The grain size calculated from the SEM image is larger than the outof-plane crystallite size of 30 ± 5 nm. The latter is calculated using the Hall method with the software
PDXL 2 v.2.8.4.0 by Rigaku Corporation (Tokyo, Japan) on the 00l reflections of the XRD pattern shown in
Figure 5.1 [204]. The difference between these dimensions can be attributed to both the film strain and
the XRD instrumental error.
Surface pyrochlore phase generally forms small grains of few nanometres in size and located at the grain
boundaries [51]. Grains presenting these characteristics are not visible in the SEM image, indicating that
the pyrochlore phase observed in the XRD pattern in Figure 5.1 is located in the film depth.
In the cross-section SEM image shown in Figure 5.3 (b), a “veil” effect is visible on the surface which is
created by the focused ion beam cutting. Both this effect and the physical resolution limitations of the SEM
impede a clear view of the microstructure. Nonetheless, porosities can be observed at the Pt/steel interface.
This interface is sensitive to the diffusion of Cr, rejected from the stainless steel during the deposition
at 650 ◦ C of the PZT thin film, into the Pt layer, leading to the formation of a CrPt phase, observed in
Figure 5.1. It is not possible to observe porosities at the other interfaces.
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5.1.3. PZT thin films dielectric and ferroelectric properties
Before P–E loop measurements, the 200 nm and 400 nm thick PZT films exhibit a permittivity at 1 kHz of
350 and 349 and a dielectric loss of 4.1 % and 2.6 %, respectively. The instrumental error is of 0.15 %.
The predominantly {001} texture of the PZT films leads to the occurrence of ferroelectric domains with an
out-of-plane polarisation, referred to as c-domains, which can partially explain the low permittivity values.
It has indeed been demonstrated in literature that the permittivity of c-domains is lower than the one of
a-domains with an in-plane polarisation [51, 53].
The dielectric permittivity values of the PZT films, measured at 1 kHz before P–E loop measurements,
are lower than that reported in literature of ∼ 600 for 0.6 µm thick {001}-oriented Nb-doped PZT films
on Ni foils [53]. The higher values reported in literature, as compared to the non-doped PZT thin films
from PZT stacks, are consistent with the effects of Nb-doping. Indeed, domain wall mobility in PZT is
enhanced by Nb-doping, leading to increased permittivity [53]. The values reported in this thesis are also
significantly lower than these of ∼ 780 for 1 µm thick PZT films on Ni foils [51] and ∼ 790 for 500 nm
thick rhombohedral PZT films on ferritic steel deposited by the sol-gel method [57] which are reported in
literature. The difference can be attributed to the presence, even in limited quantities, of pyrochlore phase
in the thin films deposited in this work which would also contribute to lower their permittivity.
Nevertheless, the values of permittivity for the {001}-textured PZT thin films deposited in this work
are higher than the value of 192 reported in the literature for non-textured films on austenitic stainless
steel [64]. Furthermore, the dielectric losses of 4.1 % and 2.6 % for the PZT films in PZT stacks is lower
than that of 10.2 % reported for those films.
Moreover, it should be noted that the grain size calculated here is relatively small as compared to the
values of 63 nm to 192 nm reported in literature for PZT films grown by PLD on various substrates [247].
The density of both grain boundaries and domain walls is increased by small grain sizes which might
lower domain wall mobility, hence limiting ferroelectric properties [248]. The reduced thicknesses of the
produced PZT films as compared to that of about 1 µm, which is usually reported in the literature [51, 53],
might also be the cause of their lower permittivity [249].
For both the 200 nm and 400 nm thick samples, the P–E loops are measured at 100 kHz and with a
maximum applied field of 200 kV·cm−1 . They are presented in Figure 5.4 along with the corresponding
switching current versus electrical field hysteresis loops. For each sample, both curves, represented in
Figure 5.4 (a) and (b), originate from the same dataset. The 200 nm thick film displays a larger and more
rounded hysteresis than the 400 nm thick film for which the polarisation is nearly saturated. The difference
can be attributed to the 200 nm thick film reduced thickness, leading to larger leakage.
The positive and negative branches of the 200 nm thick sample P–E loop are shaped differently along the
polarisation axis; there is higher conduction on the upper branch. In the 400 nm thick PZT film, due to the
lower leakage, this phenomenon is less pronounced. Leakage current measurements on a PZT stack with a
400 nm thick PZT layer will be presented in the next section.
To improve accuracy, the values of the coercive fields for the 200 nm and 400 nm thick samples are
determined from the switching current versus field hysteresis loops in Figure 5.4 (b). The positive and
negative coercive fields are the fields corresponding to the switching current peaks. In the case of the
200 nm thick sample, the positive coercive field at 100 Hz is Ec = 135.9 kV·cm−1 and the displayed internal
bias field is Ec,shif t = 21.0 kV·cm−1 . The coercive field for the 400 nm thick sample is Ec = 93.9 kV·cm−1
and its internal bias field is Ec,shif t = 12.0 kV·cm−1 .
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Figure 5.4.: (a) Polarisation, P , versus electrical field, E , hysteresis loops and (b) corresponding switching
current versus electrical field hysteresis loops at 100 Hz of 200 nm (red curves) and 400 nm
(blue curves) thick PZT layers of PZT/LNO/Al2 O3 /Pt/steel samples, respectively. The dashed
and dotted lines indicate the position of the positive and negative coercive fields of 200 nm
and 400 nm thick PZT films, respectively. Adapted from [245].
The coercive fields reported in this work for PZT thin films are larger than those of ∼ 73 kV·cm−1 for 1 µm
thick PZT films deposited on Ni foils reported in literature [51]. The presence of an internal bias field
causes the asymmetry of the P-E loop along the electrical field axis and indicates a preferred polarisation
direction [120,211]. Therefore, an external field applied in the opposite direction would result in significant
changes in the polarisation [233].
The remanent polarisation, Pr , of the 200 nm and 400 nm thick PZT films after the applied electrical field
of 200 kV·cm−1 was released is obtained from the P–E loops in Figure 5.4 (a). It is of Pr = 16.7 µC·cm−2
and Pr = 16.4 µC·cm−2 , respectively.
In PZT stacks, both 200 nm and 400 nm thick PZT films show similar remanent polarisation and permittivity
values. The major difference between the behaviour of these thin films is the higher leakage in the thinner
film, leading to a less saturated P–E loop.

5.1.4. Leakage current measurements on PZT stacks
In order to identify the leakage current mechanism in the 400 nm thick PZT layer of PZT stacks from a
virgin top electrode with an area of 0.0327 mm2 , several representations of the DC leakage current density,
J , are plotted Figure 5.5. The first representation in Figure 5.5 (a), known as a J–E curve, plots the DC
leakage current density as a function of the positive and negative applied electrical field.
The J–E curve can be fitted with polynomial functions of the electrical field for the positive and negative
polarities, J ∝ E 3.15 and J ∝ E 3.12 , respectively. These functions are attributed to a Space-Charge Limited
Current (SCLC) mechanism with trap filling which is described by J ∝ E N with N > 2 [235, 250].
For both polarities, the leakage current density is similar. With regard to the rounded shape of the P–E
loops in Figure 5.4 (a), the presence of leakage in the PZT thin films is coherent, particularly for the thinner
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Figure 5.5.: Leakage current density, J , as a function of the applied electrical field, E , for the 400 nm
thick PZT layer of a PZT/LNO/Al2 O3 /Pt/steel sample (blue squares) (a) fitted within the spacecharge limited current scenario with the polynomial functions J ∝ E 3.15 for the positive polarity
and J ∝ E 3.12 for the negative polarity (red curves), (b) plotted for the Schottky emission
scenario with a linear fit (red lines) between 100 kV·cm−1 and 550 kV·cm−1 for the positive
polarity and between −400 kV·cm−1 and −25 kV·cm−1 for the negative polarity, (c) plotted
for the Poole-Frenkel emission scenario with a linear fit (red lines) between 100 kV·cm−1 and
550 kV·cm−1 for the positive polarity and between −250 kV·cm−1 and −10 kV·cm−1 for the
negative polarity. Adapted from [245].

200 nm thick film. However, as the SCLC fit of the J–E curve in Figure 5.5 (a) is not perfect, it indicates
the potential contributions of other physical mechanisms in the leakage transfer through the PZT film.
Therefore, in addition to the SCLC mechanism, the DC leakage current density is fitted according to
Schottky emission and to Poole-Frenkel emission in Figure 5.5 (b) and (c), respectively.
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Under the hypothesis of Schottky emission, the current density can be expressed as [235]:
[︄
√︁
(︁
)︁ ]︄
−q
φ
−
qE/4πε
ε
0
B
r,optical
J = A∗ T 2 exp
,
kB T

(5.1)

where A∗ is the effective Richardson constant, T is the absolute temperature, q is the electronic charge, qφB
is the Schottky barrier height, εr,optical is the optical dielectric constant, and kB is the Boltzmann constant.
(︁
)︁
In consequence, by plotting the J-E measurements as ln J/T 2 versus E 1/2 , the optical dielectric constant
under the hypothesis of Schottky emission can be calculated from the slope of the linear region. It is
expressed as:
q3
εr,optical =
,
(5.2)
4πε0 (slope · kB T )2
√
and the optical refractive index, noptical = εr,optical , can be estimated from this slope.
(︁
)︁
On the plot of ln J/T 2 versus E 1/2 presented in Figure 5.5 (b), linear fits are represented. Under the
hypothesis of Schottky emission, at room temperature (T = 298 K), for the positive polarity, the fitting
between 100 kV·cm−1 and 550 kV·cm−1 has a slope absolute value of 1.4 · 10−3 with a linear fit coefficient
R2 = 0.987. The corresponding refractive index is noptical,Schottky = 1.06. For the negative polarity, the
linear fit between −250 kV·cm−1 and −10 kV·cm−1 presents a slope absolute value of 1.7 · 10−3 with
R2 = 0.977. The corresponding refractive index is noptical,Schottky = 0.88.
The theoretical refractive index of PZT 52/48 is noptical,th = 2.2 − 2.7 [251]. Therefore, the Schottky
emission hypothesis cannot be validated for the PZT layer of PZT stacks as the refractive indexes obtained
in this work by applying this hypothesis are less than half the value of noptical,th .
Under the hypothesis of Poole-Frenkel emission, the current density is expressed by [235]:
[︄
√︁
(︁
)︁ ]︄
−q φT − qE/πεr,optical ε0
J = qµelec NC Eexp
,
kB T

(5.3)

with µelec the electronic drift mobility, NC the density of states in the conduction band and qφT the trap
energy level.
Therefore, the optical dielectric constant under the hypothesis of Poole-Frenkel emission can be calculated
from the slope of the linear region when plotting ln (J/E) versus E 1/2 with:

εr,optical =

q3
,
πε0 (slope · kB T )2

(5.4)

and the refractive index can be estimated.
On the plot of ln (J/E) versus E 1/2 given in Figure 5.5 (c), linear fits are indicated. Under the hypothesis
of Poole-Frenkel emission, for the positive polarity, the linear fit between 100 kV·cm−1 and 550 kV·cm−1
presents a slope absolute value of 1.0 · 10−3 with a linear fit coefficient R2 = 0.973. The corresponding
refractive index is noptical,P oole−F renkel = 2.92. For the negative polarity, the fitting between 10 kV·cm−1
and 250 kV·cm−1 has a slope absolute value of 8.9 · 10−4 with R2 = 0.945. The corresponding refractive
index is noptical,P oole−F renkel = 3.31.
The optical dielectric constants for the PZT layer under the hypothesis of Poole-Frenkel emission are slightly
larger than noptical,th and, therefore, the hypothesis can be neither validated nor dismissed.

70

While the conduction mechanism in the PZT thin films deposited in this work is not predominantly interface
driven, the interfaces between the PZT layer and the electrodes, influenced by the electrode materials,
impact on leakage current. This is particularly pronounced on the thinner 200 nm thick film. If the Schottky
emission hypothesis gives a refractive index incoherent with literature values for PbZr0.52 Ti0.48 O3 , the
Poole-Frenkel emission hypothesis, contrarily, remains a possibility. Nevertheless, the hypothesis of a SCLC
mechanism with trap filling is the most likely to occur of the conduction mechanisms studied in this work.

5.2. {001}-textured PNZT thin films: improving the properties
In the previous section, predominantly {001}-textured PbZr0.52 Ti0.48 O3 thin films have been deposited
on stainless steel substrates by PLD. The films low dielectric constant and high coercive fields indicate
their potential as transducer applications. In order to improve the ferroelectric properties achieved
with the PZT stacks, series of PNZT stacks are deposited to study the impact of several deposition
parameters, as well as film thickness influence. Increased dielectric constants and lower coercive fields
are expected from the 2 mol.% Nb-doping of PZT 52/48 (see section 2.2.1). As key parameters to control
the evaporation of PbO during the growth of PNZT by PLD, substrate temperature and O2 pressure are
varied between 600 ◦ C and 700 ◦ C and from 5.0 Pa to 10.0 Pa, respectively.
Preliminaries studies have shown that the laser repetition rate of 10 Hz previously employed for the PZT
stacks leads to the presence of a Pb phase in the films. Originating from the 10 mol.% excess PbO included
in the PNZT target to hinder the formation of a pyrochlore phase during deposition (see section 2.2.1), the
formation of the Pb phase can be avoided by lowering the laser repetition rate. However, this introduces
a strong reflection of the pyrochlore phase in the XRD patterns of the films. Additional preliminaries
studies established that the presence of pyrochlore phase in PZT thin films can be avoided if the deposition
temperature is superior or equal to 650 ◦ C. Below this temperature, PZT and pyrochlore phases coexist
in the films. It should be noted that Nb-doping of the PZT thin films, while improving the piezoelectric
response, might tends to stabilise the formation of a pyrochlore phase [146, 154].
Therefore, to both avoid the formation of a Pb phase and limit the presence of a pyrochlore phase, the
initial deposition parameters for PNZT stacks have been chosen at 700 ◦ C for the deposition temperature
and of 4 Hz for the laser repetition rate, respectively higher and lower than for PZT stacks.
As for the PZT stacks, dielectric and ferroelectric characterisations have been performed on PNZT stacks.
Additionally, e31,f piezoelectric coefficients, which could not be measured on the PZT stacks due to the
presence of silver paste on the back of the samples (see section 3.1), have been measured on the PNZT
stacks. The possibility to perform these measurements is enabled by the utilisation of a modified flag style
holder, designed specifically to hold samples during LNO deposition and argon ion milling processes (see
section 3.1).

5.2.1. Influence of O2 deposition pressure on ferroelectric properties
The patterns obtained by XRD analysis of PNZT/LNO/Al2 O3 /steel heterostructures with PNZT layers
deposited under 5.0 Pa, 6.5 Pa, 8.0 Pa and 10.0 Pa of O2 are shown in Figure 5.6 (a). The PNZT reflections,
assimilated to those of PZT, and the Pb2 Ti2 O6 reflections both appear during the deposition of the PNZT
layer.
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Figure 5.6.: Effect of PNZT O2 deposition pressure on PNZT stacks with ∼ 170 − 208 nm thick PNZT layers
on (a) 2θ-θ XRD patterns with reflections denoted for PZT [140] (tetragonal black hkl indexes),
LNO [196] (cubic blue hkl indexes) and SS304 [243, 244] (light blue diamonds) as well as
for Pb2 Ti2 O6 [241] (light green squares) additional phase, the Al2 O3 layer being amorphous,
(b) values of PNZT dielectric constant, εr , at 1 kHz (purple marks) and at 10 kHz (grey marks)
with VAC = 30 mV before (closed squares) and after (open circles) measuring P-E loops,
(c) PNZT polarisation, P , versus electrical field, E , hysteresis loops at 100 Hz. In (a) and (c),
PNZT O2 deposition pressures of 5.0 Pa, 6.5 Pa, 8.0 Pa and 10.0 Pa are represented by the
blue, red, green and orange curves, respectively.
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As for the PZT thin films discussed in section 5.1.2, the PNZT films present a perovskite structure and are
predominantly {001}-oriented despite visible reflections from multiple orientations in the XRD pattern.
Contrary to the PZT thin films, the 111 reflection is absent from the XRD pattern. The predominantly
{001} orientation is indicated by the Lotgering factors of the PNZT layers which, while slightly lower than
f(00l) PZT = 0.91 from section 5.1.2, remain high, ranging between f(00l) PNZT = 0.82 and f(00l) PNZT = 0.89.
It is suggested that the lower PNZT Lotgering factors originate not from a lower quality of the LNO seed
layer but from the PNZT layer itself, either due to the Nb doping or to non-optimised deposition parameters.
Indeed, the LNO Lotgering factor for PNZT stacks ranges from f(00l) LNO = 0.72 to f(00l) LNO = 0.84 which
is higher than the value of f(00l) LNO = 0.68 reported in this work for PZT stacks. The improvement is
attributed to the absence of the Pt buffer layer in PNZT stacks which was forming an intermetallic phase
with Cr from the stainless steel substrate in PZT stacks. It is considered that this CrPt phase was hindering
the oriented growth of the LNO layer. It should be noted that the LNO Lotgering factor achieved for PNZT
stacks is larger than the value of f(00l) LNO = 0.70 reported in literature on stainless steel substrates using a
sol-gel method [57].
Additionally, Pb2 Ti2 O6 reflections are visible in the XRD patterns of the PNZT films deposited under an O2
pressure of 5.0 Pa and 6.5 Pa. This is not the case for the thin films deposited under 8.0 Pa and 10.0 Pa of
O2 , indicating that the last two O2 deposition pressures could be suitable parameters for the growth of
PNZT by PLD, producing a limited amount of pyrochlore phase which cannot be detected by XRD.
To determine the appropriate O2 deposition pressure, further measurements are conducted on the PNZT
thin films. Figure 5.6 (b) gives the values of PNZT dielectric constant at 1 kHz and at 10 kHz with
VAC = 30 mV before and after measuring P-E loops at 100 Hz which are represented in Figure 5.6 (c). For
each sample, the permittivity and P-E loop measurements shown in Figure 5.6 are performed on the same
electrode. To facilitate comparison of the results, all electrodes are chosen with an area of 0.0327 mm2 , at
the exception of the sample deposited under 5.0 Pa of O2 for which this size of electrode is not available
for measurement and, therefore, a 0.1252 mm2 electrode is selected.
Concerning PNZT dielectric constant, no clear trends emerge as a function of the O2 deposition pressure,
neither before or after measuring P-E loops. This phenomenon can partly be explained by the absence of
data for samples deposited under 5.0 Pa and 8.0 Pa of O2 before measuring P-E loops due to important
dielectric losses, larger than 10 %. It is further illustrated in Table 5.1 which summarises the average values
and standard deviations of both dielectric constant and loss depending on the O2 deposition pressure at
1 kHz and at 10 kHz with VAC = 30 mV before measuring P-E loops. Data are collected from a selection
of four electrodes which comprises two 0.0327 mm2 , one 0.1252 mm2 and one 0.2828 mm2 electrodes.
Should there be electrodes with a dielectric loss superior to 10 % on the sample, they are not taken into
account. Due to the limited number of electrodes analysed in this work, Table 5.1 also indicates minimal
and maximal values to give a more accurate representation of the samples.
Compared with the permittivity of 350 for the 200 nm thick PZT thin films at 1 kHz before measuring
P-E loops discussed in section 5.1.3, the average dielectric constant of the PNZT films under the same
conditions is higher at 354.4, 391.6 and 424.3 for O2 deposition pressures of 6.5 Pa, 8.0 Pa and 10.0 Pa,
respectively. It is noteworthy that the minimal values of permittivity for PNZT films deposited under 8.0 Pa
and 10.0 Pa of O2 are higher than the values reported in this work for PZT. This permittivity increase can
be attributed to the Nb-doping of PZT [53, 146, 151] and, at higher O2 deposition pressures, to the absence
or limited amount of pyrochlore phase in the PNZT thin films.
Under these conditions, the PNZT thin films deposited under 6.5 Pa, 8.0 Pa and 10.0 Pa of O2 have average
dielectric losses of 8.6 %, 5.9 % and 4.1 %, respectively. This is globally higher than the 4.1 % reported in
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Table 5.1.: Effect of PNZT O2 deposition pressure on PNZT stacks with ∼ 170 − 208 nm thick PNZT layers
on their dielectric constant, εr , and loss values at 1 kHz and at 10 kHz with VAC = 30 mV before
P-E loop measurements. Minimum, average, maximum and standard deviation values are
indicated. When only one electrode could be measured, the single value is given as the average.
O2 pressure (Pa)
Measured at
Dielectric
constant

Dielectric
loss (%)

5.0

6.5

8.0

10.0

1 kHz

10 kHz

1 kHz

10 kHz

1 kHz

10 kHz

1 kHz

10 kHz

Minimum

-

-

-

-

-

376.4

399.7

385.9

Average

-

-

354.4

337.8

391.6

388.6

424.3

408.7

Maximum

-

-

-

-

-

404.9

448.9

432.4

Standard
deviation

-

-

-

-

-

12.0

24.6

17.1

Minimum

-

-

-

-

-

3.1

2.8

2.6

Average

-

-

8.6

3.6

5.9

5.7

4.1

4.8

Maximum

-

-

-

-

-

7.2

5.3

8.1

Standard
deviation

-

-

-

-

-

0.4

1.3

2.0

this thesis for the 200 nm thick PZT sample and can be an effect of Nb-doped on PZT [98]. It is suggested
that the increased dielectric losses are linked to the presence of more defects in the crystalline structure.
This hypothesis is consistent with the less pronounced {001} orientation of the PNZT layers compared to
that of the PZT thin films, as indicated by their respective Lotgering factors.
Moreover, an important feature of Figure 5.6 (b) is the increase of the dielectric constant after P-E loops
are measured for the samples deposited under 8.0 Pa and 10.0 Pa of O2 , reaching 429.2 and 426.3 at
1 kHz, respectively. This aspect will be discussed in section 5.2.4.
The analysis of PNZT thin films dielectric constants as a function of their O2 deposition pressures being
insufficient to indicate an optimal choice of deposition parameter, their ferroelectric characteristic values
provide additional insight. From Figure 5.6 (c), it appears that the PNZT layer deposited under 6.5 Pa
of O2 presents a rounded P-E loop without clear saturation, characteristic of a thin film with significant
leakage. This is sensible with the presence of a pyrochlore phase in this thin film as well as with the reduced
dielectric constant of 354 at 1 kHz coupled with a dielectric loss of 8.6 %.
On the other hand, PNZT thin films deposited under 5.0 Pa, 8.0 Pa and 10.0 Pa of O2 exhibit well defined
P-E loops with marked saturation, characteristic of ferroelectrics. Similar to the behaviour of the PZT
stacks, the positive and negative branches of the P-E loops are asymmetrical along the polarisation and
the electrical field axes. The values of remanent polarisation, saturation polarisation, coercive field and
internal bias field are given in Table 5.2. The coercive fields values are determined from the switching
current versus field hysteresis loops, with the same methodology as in section 5.1.3 where the positive
and negative coercive fields are the fields corresponding to the switching current peaks. To determine the
ferroelectric characteristic values P-E loops with the same maximum applied voltage are selected for all
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samples in the series. This allows for comparable data between samples.
Table 5.2.: Effect of PNZT O2 deposition pressure on PNZT stacks with ∼ 170 − 208 nm thick PNZT layers
on their ferroelectric characteristic values obtained from a P-E loop measured at 100 Hz with a
maximum applied voltage of 7 V (337 − 412 kV·cm−1 ). Remanent polarisation, Pr , saturation
polarisation, Psat , coercive field, Ec , and internal bias field, Ec,shif t , values are indicated with
their respective minimum, average, maximum and standard deviation values. The electrodes
measured are the same as in Table 5.1. When only one electrode could be measured, the single
value is given as the average.
O2 pressure (Pa)

P r (µC·cm-2 )

P sat (µC·cm-2 )

E c (kV·cm-1 )

E c,shif t (kV·cm-1 )

5.0

6.5

8.0

10.0

Minimum

12.8

-

27.1

19.5

Average

23.6

17.5

28.4

23.5

Maximum

34.3

-

29.7

27.1

Standard deviation

10.8

-

1.3

2.9

Minimum

27.7

-

36.8

28.4

Average

46.0

24.6

38.9

31.4

Maximum

64.2

-

41.0

33.7

Standard deviation

18.3

-

2.1

1.9

Minimum

141.2

-

160.3

163.2

Average

141.2

-

162.4

164.2

Maximum

141.2

-

164.4

167.3

Standard deviation

0.0

-

2.1

1.8

Minimum

42.0

-

43.1

41.8

Average

42.0

-

44.2

48.2

Maximum

42.0

-

45.3

52.4

Standard deviation

0.0

-

1.1

4.0

The PNZT thin film deposited under 5.0 Pa of O2 shows large standard deviations relative to its Pr and Psat
values, 8 to 9 times larger than for the film deposited under 8.0 Pa of O2 . It is consistent with the presence
of a pyrochlore phase in the former sample which generates inhomogeneities in the PNZT thin film during
its nucleation [146]. Contrarily, the films grown under 8.0 Pa and 10.0 Pa of O2 present low standard
deviation values, which is expected in homogeneous samples from material properties independent of
electrode area.
The highest average values of remanent and saturation polarisation are both associated with the PNZT
thin film deposited under 8.0 Pa of O2 with Pr = 28.4 µC·cm−2 and Psat = 38.9 µC·cm−2 . The remanent
polarisation is 1.7 times larger than for the 200 nm thick film discussed in section 5.1.3 which is both
promising for MEMS applications and consistent with the effect of 2 mol.% of Nb-doping reported in
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literature [154]. However, it should be noted that the remanent polarisation of PNZT thin films was
obtained after the release of an applied electrical field of 412 kV·cm−1 , about twice larger than the applied
field of 200 kV·cm−1 employed for the PZT films in section 5.1.3, which might lead to a larger ferroelectric
response by switching a larger number of ferroelectric domains.
A better assessment of the remanent polarisation can be obtained by comparison with the value of
∼ 39.5 µC·cm−2 reported in literature for 600 nm thick PNZT films on Ni foils after the release of a
900 kV·cm−1 applied field, i.e. a value 1.4 times higher than for the PNZT thin films deposited in this
work for an applied field more than twice larger [53]. Furthermore, 500 nm thick rhombohedral PZT films
on ferritic steel and 1 µm thick PZT films on Ni foils display remanent polarisations of 41.5 µC·cm−2 and
∼ 36 µC·cm−2 , i.e. only 1.5 and 1.3 times higher than the value reported in this thesis for applied fields
at least 2.4 times larger, respectively [51, 57]. Therefore, the PNZT thin films deposited in this work on
stainless steel substrates by PLD present encouraging values of remanent polarisation, indicating both a
good ferroelectric response and a limited amount of back switching from the saturation polarisation.
The average positive coercive field, Ec , and internal bias field, Ec,shif t , obtained from a P-E loop measured
at 100 Hz range from Ec = 141.2 kV·cm−1 to Ec = 167.3 kV·cm−1 and between Ec,shif t = 42.0 kV·cm−1
and Ec,shif t = 48.2 kV·cm−1 , respectively, for the PNZT thin films deposited under 5.0 Pa, 8.0 Pa and
10.0 Pa of O2 . The coercive field of the sample deposited under 6.5 Pa of O2 cannot be determined since
its switching current versus field hysteresis loop does not show a marked switching current peak. The
coercive field of the PNZT layer is slightly larger than the one of the 200 nm thick PZT thin film discussed
in section 5.1.3 while its internal bias field is approximately twice larger. This increase is consistent with
literature reports of similar Ec values between 2 mol.% Nb-doped and undoped PZT thin films [154]. It is
also suggested that the comparatively high dielectric losses reported in this work for the PNZT thin films
hinder efficient ferroelectric switching, leading to higher coercive fields.
The O2 deposition pressure of Pb0.99 □0.01 (Zr0.52 Ti0.48 )0.98 Nb0.02 O3 thin films in PNZT stacks impacts their
composition and ferroelectric properties. Higher O2 pressures of 8.0 Pa and above are necessary to limit
the amount of pyrochlore phase below levels detectable in XRD patterns. The thin film deposited under
8.0 Pa of O2 shows a good permittivity and tolerable dielectric loss while exhibiting the largest remanent
and saturation polarisation of the series. Therefore, an O2 deposition pressure of 8.0 Pa is selected for
further experiments.

5.2.2. Influence of deposition temperature on ferroelectric properties
Figure 5.7 (a) presents the XRD patterns for 170 nm thick PNZT thin film deposited at temperatures of
600 ◦ C, 650 ◦ C, 675 ◦ C and 700 ◦ C within PNZT stacks.
The PNZT reflections, assimilated to those of PZT, appear during the deposition of the PNZT thin films,
along with the Pb2 Ti2 O6 and Pb reflections. The perovskite structure and the predominant {001} texture
of the PNZT thin films reported in section 5.2.1 are confirmed by the XRD patterns. The 111 reflection
remains absent from the XRD pattern of the PNZT layers.
At a deposition temperature of 600 ◦ C, additional reflections of both Pb2 Ti2 O6 and Pb phases are visible on
the XRD pattern. The presence of these additional phases hinders the {001} texture of the thin film and is
accompanied by a small Lotgering factor of f(00l) PNZT = 0.72. More elevated temperatures of 650 ◦ C and
675 ◦ C prevent the formation of a Pb phase but not of a pyrochlore phase. The associated Lotgering factors
are f(00l) PNZT = 0.79 and f(00l) PNZT = 0.88, respectively. The thin film grown at 700 ◦ C is the same sample
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Figure 5.7.: Effect of PNZT deposition temperature on PNZT stacks with 170 nm thick PNZT layers on
(a) 2θ-θ XRD patterns with reflections denoted for PZT [140] (tetragonal black hkl indexes),
LNO [196] (cubic blue hkl indexes) and SS304 [243, 244] (light blue diamonds) as well as for
Pb2 Ti2 O6 [241] (light green squares) and Pb [252] (brown circles) additional phases, the Al2 O3
layer being amorphous, (b) values of PNZT dielectric constant, εr , at 1 kHz (purple marks) and
at 10 kHz (grey marks) with VAC = 30 mV before (closed squares) and after (open circles)
measuring P-E loops, (c) PNZT polarisation, P , versus electrical field, E , hysteresis loops at
100 Hz. In (a) and (c), PNZT deposition temperatures of 600 ◦ C, 650 ◦ C, 675 ◦ C and 700 ◦ C are
represented by the blue, red, green and orange curves, respectively.
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as the one previously included in the deposition pressure series and standing for deposition under 8.0 Pa of
O2 . Its Lotgering factor is f(00l) PNZT = 0.82 and no additional phases can be observed in its XRD pattern.
The presence of a pyrochlore phase competing with the PNZT phase at lower deposition temperatures is
consistent with preliminaries studies performed on PZT thin films (see introduction of section 5.2). The
222 Pb2 Ti2 O6 reflection being more intense than the 001 reflection of PZT in the XRD pattern of the film
deposited at 600 ◦ C, contrary to the XRD patterns of the films deposited at 650 ◦ C and 675 ◦ C, confirms
this trend. The concomitant formation of a pyrochlore phase, characteristic of lead loss [24], and of a Pb
phase, indicating an excess of lead, hints towards kinetics at the film surface with a substrate temperature
of 600 ◦ C being inadequate to the growth of PNZT.
Similar to the results reported in section 5.2.1, LNO Lotgering factor ranges from f(00l) LNO = 0.73 to
f(00l) LNO = 0.84, larger than literature values [57].
Dielectric permittivity measurements at 1 kHz and at 10 kHz with VAC = 30 mV are conducted on the
deposition temperature series of PNZT thin films before and after measuring P-E loops and results are
given in Figure 5.7 (b). The polarisation versus electrical field hysteresis loops acquired at 100 Hz are
represented in Figure 5.7 (c). For each sample, the dielectric constant and P-E loop measurements in
Figure 5.7 are performed on the same electrode. To facilitate comparison of the results, all electrodes are
selected with an area of 0.0327 mm2 .
Regarding PNZT permittivity values, there is a slight trend indicating that dielectric constant at 10 kHz
before P-E loops increases from ∼ 330 to ∼ 370 with deposition temperature. This effect is most likely
linked with the presence of additional phases in the thin films, notably Pb2 Ti2 O6 pyrochlore at lower
deposition temperatures. A similar trend is observed at 1 kHz and 10 kHz after P-E loop measurements and
is also noticeable in Table 5.3 compiling the average values and standard deviations of dielectric constant
and loss as a function of the deposition temperature at 1 kHz and 10 kHz with VAC = 30 mV before
measuring P-E loops. In the same manner as for the O2 deposition pressure series, data are collected from
a set of four electrodes which comprises two 0.0327 mm2 , one 0.1252 mm2 and one 0.2828 mm2 electrodes.
Should there be electrodes with a dielectric loss superior to 10 % on the sample, they are not taken into
account. Due to the limited number of electrodes analysed in this work, Table 5.3 also gives minimal and
maximal values to allow a more accurate representation of the samples.
The dielectric constant average values at 1 kHz and 10 kHz before measuring P-E loops are largest for the
sample deposited at 700 ◦ C and previously discussed in section 5.2.1. It should be noted that both the
minimal and maximal values of permittivity follow the same trend. The standard deviation values are
moderate except for the sample deposited at 600 ◦ C which contains pyrochlore and Pb additional phases,
creating inhomogeneities during the PNZT film nucleation [146]. The absence of data for the sample
deposited at 675 ◦ C is due to important dielectric losses, larger than 10 %.
The average dielectric losses at 1 kHz of the PNZT thin films deposited at 600 ◦ C, 650 ◦ C and 700 ◦ C are of
2.8 %, 1.7 % and 5.9 %, respectively. These values are on par with the 4.1 % reported in section 5.1.3 for
the 200 nm thick PZT sample and with literature values being below 5 % [24, 51, 53].
Similar to the phenomenon observed in Figure 5.6 (b), there is an increase of the dielectric constant after
P-E loop measurements for all samples which will be discussed in section 5.2.4.
To complete the study of PNZT thin films deposition temperature impact on their properties, their ferroelectric characteristic values are analysed. In Figure 5.7 (c), the polarisation versus electrical field hysteresis
loops display clear saturation accompanied by the convex and concave shapes characteristic of ferroelectric
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Table 5.3.: Effect of PNZT deposition temperature on PNZT stacks with 170 nm thick PNZT layers on their
dielectric constant, εr , and loss values at 1 kHz and at 10 kHz with VAC = 30 mV before P-E loop
measurements. Minimum, average, maximum and standard deviation values are indicated.
When only one electrode could be measured, the single value is given as the average.
Temperature (◦ C)
Measured at
Dielectric
constant

Dielectric
loss (%)

600

650

675

700

1 kHz

10 kHz

1 kHz

10 kHz

1 kHz

10 kHz

1 kHz

10 kHz

Minimum

202.0

194.4

-

303.6

-

371.1

-

376.4

Average

314.7

303.4

325.3

320.3

-

380.8

391.6

388.6

Maximum

354.6

341.7

-

342.9

-

389.3

-

404.9

Standard
deviation

65.1

63.0

-

14.2

-

7.5

-

12.0

Minimum

2.3

2.2

-

1.9

-

4.5

-

3.1

Average

2.8

3.3

1.7

4.8

-

5.5

5.9

5.7

Maximum

3.6

4.9

-

8.3

-

6.5

-

7.2

Standard
deviation

0.5

1.0

-

2.3

-

0.8

-

1.9

hysteresis. The P-E loop of the sample deposited at 675 ◦ C is not plotted due to important leakage, leading
to inaccurate polarisation measurement and bringing the plot out of the scale of this figure.
The asymmetry along the polarisation axis previously reported between the positive and negative branches
of the P-E loops (see sections 5.1.3 and 5.2.1) is also visible in the hysteresis loop of the sample deposited
at 700 ◦ C. It can be attributed to the different nature of the top and bottom electrodes [154]. Indeed,
the different heights of the Schottky barriers at the interfaces of the PZT film with the top Pt and bottom
LaNiO3 electrodes impact charge injection and ferroelectric switching [253]. In turn, the shape of P-E loops
is modified as it is dependent on the reversal of the polarisation within the ferroelectric material [213].
In the case of the samples deposited at 600 ◦ C and 650 ◦ C, the P-E loops are mostly symmetric. It can
indicate that the contribution of charge injection at the electrodes to the current measured by the P-E
loop tracer is either more limited than for previous samples in this work or less predominant than bulk
contribution. The difference is attributed to the additional pyrochlore and Pb phases present in the film
which modify the conduction mechanisms in PNZT thin films by changing their nature.
Table 5.4 presents the values of remanent polarisation, saturation polarisation, coercive field and internal
bias field. The methodology previously used in this work is employed to determine the coercive field values
as the fields corresponding to the switching current peaks from the switching current versus field hysteresis
loops. To determine the ferroelectric characteristic values, P-E loops with the same maximum applied field
are selected for all samples in the series. This provides comparable data between samples.
Since the P-E loop of the sample deposited at 675 ◦ C was not plotted due to important leakage, characteristic
ferroelectric values could not be accessed. All other samples in this series display low standard deviation
values of their ferroelectric properties, hinting to a homogeneity in the films despite the presence of a pyro-
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Table 5.4.: Effect of PNZT deposition temperature on PNZT stacks with 170 nm thick PNZT layers on
their ferroelectric characteristic values obtained from a P-E loop measured at 100 Hz with a
maximum applied field of 412 kV·cm−1 . Remanent polarisation, Pr , saturation polarisation,
Psat , coercive field, Ec , and internal bias field, Ec,shif t , values are indicated with their respective
minimum, average, maximum and standard deviation values. The electrodes measured are
the same as in Table 5.3 except for the PNZT film deposited at 675 ◦ C for which no reasonable
P-E loop could be measured due to large leakage.
Temperature (◦ C)

P r (µC·cm-2 )

P sat (µC·cm-2 )

E c (kV·cm-1 )

E c,shif t (kV·cm-1 )

600

650

675

700

Minimum

19.3

21.1

-

27.1

Average

24.0

22.3

-

28.4

Maximum

29.7

24.2

-

29.7

Standard deviation

4.1

1.1

-

1.3

Minimum

31.9

34.0

-

36.8

Average

36.8

36.1

-

38.9

Maximum

40.4

38.8

-

41.0

Standard deviation

3.2

1.8

-

2.1

Minimum

144.0

144.0

-

160.3

Average

146.0

144.0

-

162.4

Maximum

148.0

144.0

-

164.4

Standard deviation

2.0

0.0

-

2.1

Minimum

41.2

47.4

-

43.1

Average

43.8

48.9

-

44.2

Maximum

47.4

51.4

-

45.3

Standard deviation

2.3

1.7

-

1.1

chlore phase in those deposited at lower temperatures. The smaller standard deviations presented by the
deposition temperature series as compared to the O2 deposition pressure series could also be associated
with an improvement of the film-electrode interface homogeneity between different top electrodes.
The highest average values of both remanent and saturation polarisation are displayed by the PNZT thin
film deposited at 700 ◦ C and previously discussed in section 5.2.1. It should be noted that this sample also
presents the highest values of both minimal and maximal values of remanent and saturation polarisation.
The average positive coercive fields and internal bias fields at 100 Hz remain similar to those of the
O2 deposition pressure series. For the PNZT thin films deposited at 600 ◦ C, 650 ◦ C and 700 ◦ C they
range from Ec = 144.0 kV·cm−1 to Ec = 160.3 kV·cm−1 and between Ec,shif t = 41.2 kV·cm−1 and
Ec,shif t = 47.4 kV·cm−1 , respectively.
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According to the data acquired with this series of PNZT thin films, PNZT deposition temperature mainly
influences the co-existence of the PNZT phase with additional phases. The presence of Pb2 Ti2 O6 pyrochlore
and Pb phases is noticeable in the XRD patterns of the samples deposited at lower temperatures and
indicates that 700 ◦ C is the optimal deposition temperature for PNZT thin films. This conclusion is bolstered
by this sample displaying the largest dielectric constant, remanent polarisation and saturation polarisation
of the series. It should be noted that higher deposition temperatures could be more suitable but cannot be
implemented on the small PLD system used in this thesis for the deposition of PNZT thin films.

5.2.3. Influence of PNZT layer thickness in PNZT stacks
A series of PNZT/LNO/Al2 O3 /steel heterostructures are deposited with PNZT layer thicknesses of 200 nm,
300 nm and 400 nm. The O2 deposition pressure and the deposition temperature of the PNZT layer are
chosen as 8.0 Pa and 700 ◦ C, as previously optimised. The patterns obtained by XRD analysis of the PNZT
stacks are shown in Figure 5.8 (a). The PNZT reflections, assimilated to those of PZT, and the Pb2 Ti2 O6
reflections both appear during the deposition of the PNZT layer and are not visible after the deposition of
the LNO layer.
The perovskite structure and the predominance of the {001} texture of the PNZT thin films is confirmed by
the XRD patterns for each of the thicknesses of the PNZT layer. However, the 111 PZT reflection becomes
distinctly visible in the XRD patterns of the 300 nm and 400 nm thick PNZT thin films. The ratio of its
intensity compared to the intensity of the 001 PZT reflection is of 0.060 and 0.045 for the 300 nm and
400 nm thick layers, respectively, indicating that the relative quantity does not increase with the film
thickness. A small amount of grains with this orientation is most likely present in every film deposited in
this work. However, the reduced thickness of the previously deposited thin films led to smaller amounts of
grains in the {111} orientation with a lower intensity of the associated reflection, preventing its detection
by XRD analysis.
For the 200 nm and 300 nm thick PNZT films, additional reflections of Pb2 Ti2 O6 pyrochlore phase are
visible on the XRD patterns. The lack of visible pyrochlore reflection in the XRD pattern of the thicker PNZT
thin film is consistent with the observation made in section 5.1.2 that the pyrochlore phase is located in
the depth of the films deposited in this work. It is an indication that while the pyrochlore phase nucleates
along with the PNZT phase, the latter becomes predominant as the film grows.
The Lotgering factors of the PNZT thin films are on par with values previously reported in this work with
f(00l) PNZT = 0.87, f(00l) PNZT = 0.85 and f(00l) PNZT = 0.85 for 200 nm, 300 nm and 400 nm thick films,
respectively. This is also the case for the LNO Lotgering factor which ranges from f(00l) LNO = 0.75 to
f(00l) LNO = 0.79, remaining larger than literature values on stainless steel [57].
The results of dielectric permittivity measurements at 1 kHz and at 10 kHz with VAC = 30 mV before
and after measuring P-E loops for PNZT stacks with varying PNZT layer thicknesses are introduced in
Figure 5.8 (b) while the P-E loops at 100 Hz are given in Figure 5.8 (c). The dielectric constant and P-E
loop measurements for each sample in Figure 5.8 are performed on the same electrode. To facilitate
comparison of the results, all electrodes are selected with an area of 0.0327 mm2 .
Due to the different thicknesses of the PNZT layers and the AC driving signal to measure the permittivity
being constant, the subswitching field amplitude is specific to each sample. Therefore, since dielectric
constant is dependent on the subswitching field amplitude, comparison between the samples of this series
is meaningless [98]. The only features of interest are the trends common to all samples that permittivity
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Figure 5.8.: Effect of PNZT layer thickness in PNZT stacks on (a) 2θ-θ XRD patterns with reflections
denoted for PZT [140] (tetragonal black hkl indexes), LNO [196] (cubic blue hkl indexes) and
SS304 [243, 244] (light blue diamonds) as well as for Pb2 Ti2 O6 [241] (light green squares)
additional phase, the Al2 O3 layer being amorphous, (b) values of PNZT dielectric constant, εr ,
at 1 kHz (purple marks) and at 10 kHz (grey marks) with VAC = 30 mV before (closed squares)
and after (open circles) measuring P-E loops, (c) PNZT polarisation, P , versus electrical field,
E , hysteresis loops at 100 Hz. In (a) and (c), PNZT layer thicknesses of 200 nm, 300 nm and
400 nm are represented by the blue, red and green curves, respectively.
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is larger at 1 kHz than at 10 kHz and lower before P-E loops are measured than after. Both of these
phenomena will be discussed in section 5.2.4 which discusses parameters sweeps during dielectric constant
and loss measurements.
Table 5.5 also displays permittivity values larger at 1 kHz than at 10 kHz before measuring P-E loops,
whether for the average, minimal or maximal values, respectively. Relying on the methodology previously
used in this work, data are collected from a set of four electrodes which comprises two 0.0327 mm2 , one
0.1252 mm2 and one 0.2828 mm2 electrodes. If there are electrodes with a dielectric loss superior to 10 %
on the sample, they are not taken into account. Due to the limited number of electrodes analysed in this
work and to give a more accurate representation of the samples, Table 5.5 also gives minimal and maximal
values.
Table 5.5.: Effect of PNZT layer thickness in PNZT stacks on the dielectric constant, εr , and loss values at
1 kHz and at 10 kHz with VAC = 30 mV before P-E loop measurements. Minimum, average,
maximum and standard deviation values are indicated.
Thickness (nm)

200

Measured at
Dielectric
constant

Dielectric
loss (%)

300

400

1 kHz

10 kHz

1 kHz

10 kHz

1 kHz

10 kHz

Minimum

333.0

319.8

338.3

307.7

295.7

286.0

Average

350.2

331.8

346.7

326.7

303.9

293.8

Maximum

367.4

348.3

361.8

346.3

310.3

300.6

Standard deviation

17.2

12.0

10.7

13.7

5.8

5.6

Minimum

3.7

2.9

2.8

2.8

2.3

2.3

Average

5.2

3.7

4.2

3.7

4.1

2.7

Maximum

6.6

4.7

6.7

5.3

8.1

3.6

Standard deviation

1.5

0.7

1.8

1.0

2.4

0.5

When PNZT stacks of this series are subjected to an identical VAC = 30 mV, their dielectric loss values,
ranging between 5.2 % and 4.1 % at 1 kHz and between 3.7 % and 2.7 % at 10 kHz, are also dependent on
the subswitching field amplitude. Moreover, standard deviation values remain moderate for both dielectric
constant and loss, indicating that the samples are mostly homogeneous. Compared to PNZT thin films
deposited under various O2 pressures and at several temperatures, samples grown with the optimised
parameters of 8.0 Pa and 700 ◦ C display smaller dielectric loss values.
The impact of PNZT layer thickness in PNZT stacks is further investigated, particularly on the films
ferroelectric properties. For comparison purposes, in Figure 5.8 (c), polarisation versus electrical field
hysteresis loops are plotted with the same maximum applied field value of 200 kV·cm−1 for the 200 nm,
300 nm and 400 nm thick PNZT films.
The P-E loops of both the 300 nm and 400 nm thick films show the convex and concave shapes characteristic
of ferroelectric hysteresis with distinct saturation. However, the 200 nm thick PNZT film presents a more
rounded hysteresis for which saturation is not pronounced and ferroelectricity is debatable. This behaviour
does not occur for the P-E loop with a maximum applied field value of 400 kV·cm−1 which has sharp convex
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and concave features along with a marked saturation. It is suggested that this phenomenon is due to larger
leakage currents in the PNZT films before P-E loop at higher maximum applied fields are measured. Further
discussion on this topic will be introduced in section 5.2.5.
The positive and negative branches of the P-E loops for the 300 nm and 400 nm thick PNZT films are largely
symmetric. A similar behaviour is observed in the 400 nm thick PZT thin film described in section 5.1.3
and for the PNZT films deposited at 600 ◦ C and 650 ◦ C in section 5.2.2. In the former case, it is suggested
that the thicker film lead to less leakage and, along the polarisation axis, to a less asymmetric loop than
the 200 nm thick PZT film deposited under the same conditions. In the later instance, it is hypothesised
that charge injection at the electrodes is more limited than for the sample deposited at 700 ◦ C or that the
bulk contribution to the current measured by the P-E loop tracer is predominant. This hypothesis is based
on the presence in the PNZT thin film of additional pyrochlore and Pb phases which modify its conduction
mechanisms.
To unify the hypotheses concerning the symmetry along the polarisation axis of the P-E loop shapes, it is
suggested that the asymmetry of the positive and negative branches is indeed linked to charge injection and
to the different nature of the top and bottom electrodes [154, 253]. This effect can become secondary in
regard to bulk conduction mechanisms, leading to more symmetric P-E loops. Bulk conduction mechanisms
can become prevalent over interface mechanisms if the nature of the film is modified by additional phases
(see section 5.2.2) or if the film thickness is increased, as is the case for the 400 nm thick PZT film in
section 5.1.3 and for the 300 nm and 400 nm thick PNZT thin films introduced in this section.
The remanent polarisation, saturation polarisation, coercive field and internal bias field values for the
200 nm, 300 nm and 400 nm thick PNZT films in PNZT stacks are given in Table 5.6. To accurately
determine these values, data for each sample are obtained from P-E loops measured with a maximum
applied field of 8 V to avoid the more rounded P-E loop shape of the 200 nm thick sample at lower
maximum fields (see Figure 5.8 (c)). The coercive field values are determined as the fields corresponding
to the switching current peaks from the switching current versus field hysteresis loops according to the
methodology previously used in this work.
All ferroelectric properties given in Table 5.6 present very low standard deviation values for each analysed
thickness of the PNZT layer. It is indicative of homogeneous samples and of good film-electrode interface
homogeneity between different top electrodes. It is consistent with the fact that only a limited amount of
pyrochlore phase is found in PNZT stacks by XRD analysis.
Since the maximum applied voltage for P-E loop from which characteristic values are obtained is constant,
thinner films are subjected to a higher electrical field. It induces switching of a larger number of ferroelectric
domains and leads to a larger ferroelectric response. This phenomenon is evidenced by the 200 nm, 300 nm
and 400 nm thick PNZT thin films exhibiting average remanent polarisation values of Pr = 34.0 µC·cm−2 ,
Pr = 22.0 µC·cm−2 and Pr = 16.5 µC·cm−2 after the release of maximal applied fields of 400 kV·cm−1 ,
300 kV·cm−1 and 200 kV·cm−1 , respectively. The remanent polarisation exhibited by samples of this PNZT
layer thickness series increases proportionally to the maximal applied field applied during the P-E loop
with a remanent polarisation approximately doubled between a 200 kV·cm−1 and a 400 kV·cm−1 applied
field. Similar trends can be observed with the average saturation polarisation and with minimum and
maximum values of both remanent and saturation polarisation.
It is interesting to compare the properties of the PNZT stacks with those of the PZT stacks described in
section 5.1.3. The remanent polarisation of both 200 nm and 400 nm thick PZT thin films are measured
after a 200 kV·cm−1 field was released and with values of Pr = 16.7 µC·cm−2 and Pr = 16.4 µC·cm−2 ,
respectively. Therefore, the 400 nm thick films of PZT and PNZT are measured under the same conditions
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Table 5.6.: Effect of PNZT layer thickness in PNZT stacks on the ferroelectric characteristic values obtained
from a P-E loop measured at 100 Hz with a maximum applied voltage of 8 V (200−400 kV·cm−1 ).
Remanent polarisation, Pr , saturation polarisation, Psat , coercive field, Ec , and internal bias
field, Ec,shif t , values are indicated with their respective minimum, average, maximum and
standard deviation values. The electrodes measured are the same as in Table 5.5.
Thickness (nm)

P r (µC·cm-2 )

P sat (µC·cm-2 )

E c (kV·cm-1 )

E c,shif t (kV·cm-1 )

200

300

400

Minimum

31.6

20.6

16.1

Average

34.0

22.0

16.5

Maximum

37.4

22.9

17.0

Standard deviation

2.5

0.9

0.3

Minimum

42.0

29.7

24.2

Average

42.9

31.7

24.8

Maximum

44.0

33.1

25.7

Standard deviation

0.8

1.3

0.5

Minimum

163.9

106.5

89.9

Average

165.2

107.9

91.5

Maximum

167.8

109.3

92.0

Standard deviation

1.8

1.4

0.9

Minimum

28.0

23.9

19.0

Average

29.3

25.3

20.5

Maximum

30.0

26.6

23.0

Standard deviation

0.9

1.0

1.5

and exhibit equivalent remanent polarisations. The 200 nm thick PZT film remanent polarisation is
approximately half of that of the 200 nm thick PNZT film for a maximum applied field half as large. This
behaviour is consistent with the previous observation that remanent polarisation increases proportionally
with the maximum applied field of the P-E loop. Nb-doping has no noticeable impact on the remanent
polarisation of the PZT thin films analysed in this study, contrary to the literature report by Sun et al. of
Pr values twice larger for 2 mol.% Nb-doped than for undoped PZT [154]. It should be noted that the
possibility to apply an electrical field twice larger on the 200 nm thick PNZT thin film than on the 200 nm
thick PZT film without reaching dielectric breakdown opens new possibilities for MEMS applications.
Nonetheless, the remanent polarisation of the PNZT thin films deposited in this work should be compared
with further literature values. These PNZT thin films have the same chemical composition as those developed
by Coleman et al. on Ni foils. The 200 nm thick PNZT film displays a remanent polarisation equivalent
to that of ∼ 39.5 µC·cm−2 reported in literature for thicker 600 nm thick PNZT films on Ni foils after the
release of a 900 kV·cm−1 applied field, i.e. more than twice larger than in this work [53]. The 200 nm
thick PNZT thin film remanent polarisation is also equivalent to that of ∼ 36 µC·cm−2 reported in literature
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for 1 µm thick PZT films on Ni foils with a maximum applied field of 1,000 kV·cm−1 [51]. Therefore, the
PNZT thin films deposited by PLD on stainless steel substrates exhibit a remanent polarisation on par with
literature values and potentially larger should comparable fields be applied to measure the P-E loops.
For the P-E loop measured at 100 Hz with a maximum applied field of 200 kV·cm−1 , the average value of
the 200 nm thick PNZT thin film positive coercive field is Ec = 165.2 kV·cm−1 , slightly larger than the value
of 135.9 kV·cm−1 for the 200 nm thick PZT thin film discussed in section 5.1.3. On the other hand, the
400 nm thick PNZT thin film displays a positive coercive field average value of Ec = 91.5 kV·cm−1 , slightly
lower than the coercive field of the 400 nm thick PZT sample at 93.9 kV·cm−1 . The influence of 2 mol.%
Nb-doping on PZT thin films coercive field is therefore, negligible. Despite diverging from the majority of
literature which states that Ec values decrease with increasing Nb concentrations in PZT [98, 155, 157],
the stability of the coercive field between PZT and PNZT thin films deposited in this work is consistent with
literature reports of equivalent Ec values between undoped and 2 mol.% Nb-doped PZT [154]. The results
of this work are also in agreement with literature reports indicating limited effect of low concentrations of
Nb-doping on the coercive field of PZT thin films [151, 153].
It is noteworthy that both coercive field and internal bias field also present a dependency on the PNZT
layer thickness. While it can be attributed to a lower maximum field applied on thicker samples during P-E
loop measurement, leading to a more moderate ferroelectric response, this observation is coherent with
literature reports of Ec decreasing with increasing thickness [157, 254].
This series of PNZT stacks shows {001}-textured PNZT layers for thicknesses of 200 nm, 300 nm and
400 nm. Nb-doping does not appear to influence remanent polarisation and coercive field values. However,
PNZT thin films deposited in this work can withstand larger applied electrical fields without reaching
dielectric breakdown than the PZT thin films. While this phenomenon is not formally linked to Nb-doping,
an increased electrical resistivity as compared to non-doped PZT is reported in literature [98, 146]. Indeed,
Nb-doping reduces the hole conductivity in PZT by bringing additional electrons as compared to the B site
cation for which it substitutes [255]. It is thought that these intrinsic changes are also responsible for the
higher dielectric breakdown field which is a significant improvement for MEMS applications. Nonetheless,
further investigations are needed to draw thorough conclusions on the influence of 2 mol.% Nb-doping on
PZT thin films ferroelectric properties.
Indeed, as Nb-doping effect is extrinsic, notably leading to structural changes, e.g. increased grain size [146],
it is difficult to establish whether these changes are due only to Nb-doping or also to other factors. For
example, bulk Nb-doped PZT 52/48 is known to display a decrease in Ec values and an increase in Pr
values for increasing grain sizes, the later being due to a change in sintering temperature [256]. The PZT
and PNZT thin films produced in this work are deposited under different conditions which can impact their
structural characteristics, independently of Nb-doping effect.

5.2.4. Effect of parameters sweeps on PNZT stacks dielectric constant and loss
The influence of measurement parameters on the dielectric constant and loss values of a 300 nm thick
PNZT layer within a PNZT stack are shown in Figure 5.9. The impact of subswitching field amplitude
and frequency are both quantified before and after high electrical field measurements while the effect of
DC bias field amplitude is analysed only after high electrical field measurements. Dielectric constant and
loss are measured on an electrode with an area of 0.2828 mm2 and the high electrical field measurements
correspond to the P-E loops described in section 5.2.3 with a maximum applied field of 300 kV·cm−1 .
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Figure 5.9.: Dielectric constant, εr , and loss of a 300 nm thick PNZT thin film in PNZT stacks as a function of
(a), (b) EAC , the subswitching field amplitude at 1 kHz and zero bias field, (c), (d) subswitching
field frequency with an AC driving signal amplitude of 30 mV and zero bias field, and (e), (f) DC
bias field at 10 kHz with an AC driving signal amplitude of 30 mV, respectively. Measurements
taken before (green circles) and after (blue open squares) high electrical field ferroelectric
measurements, i.e. P-E loops. Linear fits (red lines) are indicated in (a), (b) and (c).
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The dependence between dielectric constant and both amplitude and frequency of the subswitching field
is usually considered within the framework of the Rayleigh analysis of domain walls dynamics. Rayleigh
analysis aims to quantify the contribution of irreversible domain wall motion to the piezoelectric response
under low applied electrical fields [127].
The dielectric constant of a ferroelectric, εr , has both intrinsic and extrinsic components. The former
corresponds to the average dielectric response of single domains with a given orientation distribution and is
due to reversible interface motion. The later originates from motion of phase boundaries and ferroelectric
domain wall motion. Within the framework of Rayleigh analysis, the dielectric permittivity can be expressed
as [51, 248]:
εr = εinit + αirr EAC ,
(5.5)
where εinit and αirr are the reversible and irreversible Rayleigh constants, respectively, and EAC is the subswitching field amplitude. In this context, the linear dependence of dielectric permittivity on subswitching
field amplitude is due to ferroelectric domain walls pinning on a random distribution of defects, hindering
their mobility [98].
As shown in Figure 5.9 (a), the PNZT thin film dielectric constant increases from 360 and 391 at 1 kV·cm−1
to 578 and 701 at 20 kV·cm−1 before and after P-E loop measurements, respectively. It should be noted that
the amplitude of the driving field EAC , is largely inferior to half of the coercive field value of ∼108 kV·cm−1
reported in section 5.2.3 for 300 nm thick PNZT thin films. In both cases, this increase is linear between
7 kV·cm−1 and 20 kV·cm−1 , above the low field region, as is characteristic of a Rayleigh regime. Before
P-E loop measurements, extrapolation at EAC = 0 kV·cm−1 yields εinit = 308 and the linear fit slope gives
αirr = 13.3 cm·kV−1 with a linear fit coefficient R2 = 0.9978. After P-E loop measurements, permittivity
can be expressed with εinit = 326 and αirr = 18.6 cm·kV−1 with R2 = 0.9992.
The increase of both reversible and irreversible Rayleigh constants after high electrical field measurements as
compared to before indicates larger contributions from both reversible domain wall motion and irreversible
motions, e.g. phase boundaries and ferroelectric domain wall motion [51, 53]. While further studies
are necessary to understand which phenomena lead to increased εinit and αirr , it is suggested that the
ferroelectric underwent significant intrinsic changes, either in its ferroelectric domain state or in its defect
distribution during P-E loop measurements. The improvement of PNZT thin films dielectric performance
might be linked to leakage mechanisms which will be discussed in section 5.2.5.
Following a trend similar to that of the permittivity, 300 nm thick PNZT thin film dielectric loss increases
from 3.1 % and 3.6 % at 1 kV·cm−1 to 17.1 % and 21.6 % at 20 kV·cm−1 before and after P-E loop
measurements, respectively, as shown in Figure 5.9 (b). This increase is linear between 7 kV·cm−1 and
20 kV·cm−1 with linear fits displaying coefficients R2 = 0.9996 and R2 = 0.9989, respectively.
Increasing the subswitching field frequency from 100 Hz to 10 kHz, as represented in Figure 5.9 (c), leads
to a decrease of the PNZT thin film dielectric constant from 380 and 416 to 347 and 374 before and
after P-E loop measurements, respectively. Due to the pinning of domain walls controlling the extrinsic
piezoelectric response, this decrease is linear with the logarithm of the subswitching field frequency [98].
This applies to the 300 nm thick PNZT thin film for which linear fits can be established between 100 Hz
and 10 kHz with R2 = 0.9963 and R2 = 0.9968 before and after P-E loop measurements, respectively.
The larger values of permittivity after P-E loops as compared to before their measurements which is
observed here is consistent with the results presented in Figure 5.9 (a). It also conforms with previous
observations made in sections 5.2.1 to 5.2.3.
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The dielectric loss as a function of the subswitching field frequency, shown in Figure 5.9 (d), is maximal at
100 Hz, reaching 4.2 % and 4.7 % before and after P-E loop measurements, respectively. In both cases,
between 2 kHz and 3 kHz, the loss decreases to minimum values of 3.2 % and 3.6 %, respectively, before
progressively increasing until 10 kHz.
To complete this analysis, dielectric constant and loss after P-E loop measurements are plotted in Figure 5.9 (e) and (f) as a function of the DC bias field which was maintained to 0 kV·cm−1 in previous
measurements. As the DC bias field is swept from 0 kV·cm−1 to 200 kV·cm−1 then to −200 kV·cm−1 and
back to 0 kV·cm−1 , both curves adopt a butterfly shape, characteristic of ferroelectrics [51]. This behaviour
is expected since the applied field maximum amplitude for both polarities is approximately twice larger
than the coercive field value of ∼108 kV·cm−1 reported in section 5.2.3 for 300 nm thick PNZT thin films.
As the DC bias is increased, domain walls previously pinned by the defects in the PNZT thin film are
released and ferroelectric switching occurs [6, 98].
Both the dielectric constant and loss versus DC bias field curves are asymmetric, as reported for P-E loops in
sections 5.1.3 and 5.2.1 to 5.2.3. As previously suggested, the asymmetry of these curves can be attributed
to the different nature of the top and bottom electrodes [253]. The dielectric permittivity reaches local
minima of 226 at 200 kV·cm−1 and 243 at −200 kV·cm−1 as well as local maxima of 383 at 50 kV·cm−1 and
402 at −45 kV·cm−1 . The dielectric loss follows a similar trend with local minima of 2.7 % at 200 kV·cm−1
and 2.7 % at −200 kV·cm−1 while its local maxima are of 6.6 % at 60 kV·cm−1 and 7.0 % at −85 kV·cm−1 .
For both quantities, a gap can be observed at 0 kV·cm−1 between the starting and ending points of the
curves. This gap, whose origin is thought to be related to the gap present in P-E loops, goes from 331 to
393 for the dielectric constant and between 3.1 % and 6.5 % for the dielectric loss.

5.2.5. Leakage current measurements on PNZT stacks
The DC leakage current density of a 400 nm thick PNZT layer within a PNZT stack is plotted in Figure 5.10
with several representations to identify the leakage current mechanism. Measurements are performed on a
0.0327 mm2 virgin top electrode.
The J-E curve presented in Figure 5.10 (a) shows a strong asymmetry between the positive and negative
polarities. For the positive polarity, the current density increases up to 500 A·m−2 at 3.5 · 107 V·m−1 before
decreasing slightly down to approximately 200 A·m−2 . Contrarily, the negative polarity displays a lower
current density, increasing up to approximately 15 A·m−2 around −2 · 107 V·m−1 before oscillating between
5 A·m−2 and 500 A·m1 .
The leakage through the 400 nm thick PNZT thin film is less important than through the 400 nm thick PZT
thin film discussed in section 5.1.4 and for which the current density reaches up to ∼ 500 A·m−2 for both
polarities. The observed shape of the J-E curve of the 2 mol.% Nb-doped PZT thin film deposited in this
work resembles those reported in literature for PZT thin films with 1 mol.% and 3 mol.% Nb-doping with a
marked decrease of the current density at higher electrical fields for the positive polarity. Regarding the
negative polarity, the oscillating values of the current density at higher electrical fields corresponds to the
behaviour of the 3 mol.% Nb-doped PZT film described in literature [151]. It is suggested this behaviour is
linked to Nb-doping which reduces hole mobility [255]. Indeed, electrons mobility is increased at higher
applied field, facilitating electron-hole recombination and ultimately decreasing current density.
At lower electrical fields, the J-E curves in Figure 5.10 (a) can be partially fitted with polynomial functions
of the electrical field, between 0 kV·cm−1 and 200 kV·cm−1 with J ∝ E 5.28 for the positive polarity and
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Figure 5.10.: Leakage current density, J , as a function of the applied electrical field, E , for the 400 nm thick
PNZT layer of a PNZT/LNO/Al2 O3 /steel sample (blue squares) (a) fitted within the spacecharge limited current scenario between 0 kV·cm−1 and 200 kV·cm−1 with the polynomial
functions J ∝ E 5.28 for the positive polarity and between −200 kV·cm−1 and 0 kV·cm−1
with J ∝ E 3.22 for the negative polarity (red curves), (b) plotted for the Schottky emission
scenario with linear fits (red lines) between 100 kV·cm−1 and 400 kV·cm−1 for the positive
polarity and between −500 kV·cm−1 and 0 kV·cm−1 for the negative polarity, (c) plotted for
the Poole-Frenkel emission scenario with linear fits (red lines) between 100 kV·cm−1 and
400 kV·cm−1 for the positive polarity and between −500 kV·cm−1 and −70 kV·cm−1 for the
negative polarity.
between −200 kV·cm−1 and 0 kV·cm−1 with J ∝ E 3.22 for the negative polarity. These polynomial functions
described J ∝ E N with N > 2 are characteristic of a SCLC mechanism with trap filling [235, 250].
However, as the J-E curves cannot be fitted over the whole range of analysed electrical fields, at least
another mechanism must be involved in the leakage process besides the SCLC mechanism with trap filling.
The DC leakage current is therefore also fitted according to Schottky emission and Poole-Frenkel emission
to verify the validity of these hypotheses.
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Following the hypothesis
emission, at room temperature (T = 298 K), linear fits are represented
(︁
)︁ of Schottky
2
1/2
on the plot of ln J/T versus E
presented in Figure 5.10 (b). For the positive polarity, the linear fit
between 100 kV·cm−1 and 400 kV·cm−1 has a slope absolute value of 2.8 · 10−3 with a linear fit coefficient
R2 = 0.972. With the optical dielectric constant calculated according to Equation (5.2), the corresponding
√
refractive index defined as noptical = εr,optical is noptical,Schottky = 0.53. For the negative polarity, the
fitting between −500 kV·cm−1 and 0 kV·cm−1 displays a slope absolute value of 1.1 · 10−3 with R2 = 0.846.
The corresponding refractive index is noptical,Schottky = 1.34.
The theoretical refractive index of PZT 52/48 is noptical,th = 2.2 − 2.7 [251] and is assumed to be similar
to that of PNZT. The Schottky emission hypothesis cannot be validated for the PNZT layer of PNZT stacks
as the refractive indexes obtained under this hypothesis are approximately half of the value of noptical,th
and less than half the value of noptical,th for the positive and negative polarities, respectively.
Figure 5.10 (c) presents the plot of ln (J/E) versus E 1/2 according to the Poole-Frenkel emission hypothesis
and indicates linear fits. For the positive polarity, the linear fit between 100 kV·cm−1 and 400 kV·cm−1 has
a slope absolute value of 5.7 · 10−3 with a linear fit coefficient R2 = 0.963. Calculating the optical dielectric
constant from Equation (5.4), the corresponding refractive index is noptical,P oole−F renkel = 0.52. The curve
is linearly fitted between −500 kV·cm−1 and −70 kV·cm−1 for the negative polarity, with a slope absolute
value of 1.7 · 10−3 with R2 = 0.721. The corresponding refractive index is noptical,P oole−F renkel = 1.74.
The PNZT layer optical dielectric constants under the Poole-Frenkel emission hypothesis are approximately
two thirds of the value of noptical,th and less than half the value of noptical,th for the positive and negative
polarities, respectively. Therefore, the hypothesis of Poole-Frenkel emission cannot be validated either for
the PNZT layer of PNZT stacks.
While both the Schottky and Poole-Frenkel emission hypotheses give refractive indexes inconsistent with
literature values for PbZr0.52 Ti0.48 O3 , the hypothesis of space-charge limited current mechanism with trap
filling is a sensible possibility in PNZT thin films for applied fields with an absolute amplitude inferior
to 200 kV·cm−1 . At higher fields, it is thought that electron-hole recombination due to Nb-doping is
responsible for the decreased current density. However, other leakage mechanisms, unidentified in this
work, could also be involved in leakage in PNZT thin films [255].
To supplement the analysis of leakage currents, the evolution of polarisation through series of P-E loops
measured with increasing maximum applied voltage is investigated. Indeed, it was remarked in section 5.2.3
that the 200 nm thick PNZT thin film displays a rounded hysteresis loop when measured with lower
maximum applied field while its P-E loop is well defined for larger fields, which is probably due to leakage.
This phenomenon, which can be observed in most PNZT stacks, is shown in Figure 5.11 where two series of
P-E loops at 100 Hz are plotted with increasing maximum applied voltages from 1 V to 10 V for a 300 nm
thick PNZT thin film. The second series is measured consecutively to the first one with identical parameters
and on the same electrode with an area of 0.2828 mm2 .
The first series of P-E loops, shown in Figure 5.11 (a), displays a small rounded hysteresis for the 1 V
loop which is not yet saturated. The following hystereses at 2 V and 3 V show misleadingly large values
of polarisation, resulting from large leakage currents measured alongside the switching currents and
inaccurately accounted for in the polarisation calculations by the P-E loop tracer. This is demonstrated by
the subsequent 4 V P-E loop being only slightly rounded and reaching towards saturation. This trend is
continued with the 5 V and 6 V loops, almost superimposed. Ultimately, well-shaped P-E loops, characteristic
of a ferroelectric material, and with a clear saturation are achieved for the hysteresis loops with maximum
applied voltage of 7 V to 10 V. The temporary behaviour observed for the 2 V and 3 V P-E loops is attributed
to the ferroelectric thin film undergoing significant intrinsic changes, as indicated by the increase of
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Figure 5.11.: Series of polarisation, P , versus electrical field, E , hysteresis loops at 100 Hz for a 300 nm
thick PNZT thin film within a PNZT stack for increasing maximum applied voltage. (a) First
series, (b) second series measured consecutively to the first one with the same parameters.
reversible and irreversible Rayleigh constants reported in section 5.2.4. The exact nature of these intrinsic
changes is not determined in this work and could originate either in the defect distribution or in the
ferroelectric domain state of the PNZT thin films.
It should be noted that the hystereses at 2 V and 3 V in Figure 5.11 (a) are represented out of scale on
purpose, both to highlight the inordinately large polarisation values and to facilitate comparison with the
second series of P-E loops plotted at the same scale in Figure 5.11 (b).
Marked differences can be observed between the shapes of the first and second series of P-E loops. The 1 V
loop of the second series is barely opening. Afterwards, the hystereses from 2 V to 4 V open progressively
and are clearly pinched at zero field. The corresponding switching current versus field hysteresis loops
present no switching current peak, indicating that this behaviour is not associated with an antiferroelectric
phase. The P-E loops with higher maximum applied voltage do not display this pinched shape and, while
the 5 V loop does not yet reach saturation, the 6 V to 10 V hysteresis loops are well-shaped with a clear
saturation. It is noteworthy that the saturation and remanent polarisation values of the higher maximum
applied voltage loops are similar for the first and second series of P-E loops.
Pinched P-E loops, also referred to as constricted hysteresis loops, are shaped as a double hysteresis with a
reduced remanent polarisation at zero field. This phenomenon is due to ferroelectric domain walls pinning
on a random distribution of defects and internal bias fields. In lead zirconate titanate thin films, domain
walls are generally pinned by charged point defects, likely lead vacancy–oxygen vacancy defect complexes,
VPb”−VO in the Kröger–Vink notation. These defects pin domain walls either electrically or elastically,
hindering their reversible motion [98, 257–259]. It should be noted that the Nb-doping of the PNZT thin
film should limit the extent of P-E loop pinching by reducing the concentration of oxygen vacancies, Nb5+
being a donor dopant [257].
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P-E loop pinching normally occurs as a result of an ageing process. De-ageing can be achieved either by
cycling at higher fields or by thermal treatment, leading to a depinched P-E loop [98, 260]. It is suggested
that, during the first series of P-E loops performed in this work on the 300 nm thick PNZT sample, an
ageing process takes place, generating large leakage currents as it occurs (see Figure 5.11 (a)) and inducing
intrinsic changes in the sample, transforming the defect distribution or the domain state. It is hypothesised
that the same phenomenon is responsible for the increase of both reversible and irreversible Rayleigh
constants after P-E loops which was described in section 5.2.4. The cycling through the second series of
P-E loops appears to have a de-ageing effect on the PNZT thin film as the maximum applied field increases.
A gap is present at 0 kV·cm−1 between the starting and ending points of the 4 V to 10 V P-E loops of the
first series and for the 3 V to 10 V loops of the second series. In both series, the gap amplitude increases
with the maximum applied voltage. It should also be noted that the asymmetry along the polarisation axis
increases with the maximum applied voltage. As the nature of the top and bottom electrodes to which
the asymmetry was previously attributed remain unchanged [253], it suggests that changes occur at the
ferroelectric-electrode interfaces. These modifications are associated to the migration of oxygen vacancies,
involved in domain wall pinning and reported to accumulate at the film-electrode interface under field
cycling [98, 261, 262].

5.2.6. e31,f measurements on PNZT stacks
To measure the piezoelectric response of the PNZT stacks, e31,f coefficient measurements are performed on
a sample with a 200 nm thick PNZT layer using the wafer flexure method described in section 4.4. An
electrode with an area of 0.5006 mm2 yields e31,f = −1.2 C·m−2 while a value of e31,f = −4.4 C·m−2 is
obtained for an electrode of 0.7842 mm2 . Further measurements on a 400 nm thick PNZT thin film give a
piezoelectric coefficient e31,f = −1.1 C·m−2 for a 0.1252 mm2 electrode.
The values obtained in this work for the e31,f coefficient of the PNZT stacks are in the same order of
magnitude as literature values for 2.5 µm thick PZT thin films deposited on austenitic and ferritic stainless
steel foils of −1.5 C·m−2 and −2.4 C·m−2 , respectively [64]. However, the e31,f values reported in this work
are up to 9 times lower that those of |e31,f | = 10.6 C·m−2 reported in literature for 1 µm thick PZT 52/48
on Ni foils [51].
It is estimated that the discrepancies between the different PNZT stacks and their respective electrodes
might be due to inhomogeneous gluing of the substrates on the carrier wafer while using the wafer flexure
method. A direct consequence of non-optimal gluing would be a reduced efficiency in the transmission
of in-plane mechanical strain from the carrier wafer to the sample, leading to reduced e31,f coefficients.
Furthermore, the utilisation of commercial strain gauges, glued on the carrier wafer next to the sample,
instead of Pt strain gauges, sputtered directly on the sample surface (see section 4.2), might lead to
measurement of in-plane strains larger than effectively experienced by the sample. This experimental
setup configuration can also lead to reduced e31,f coefficients values for the PNZT thin films.
Nonetheless, the value of e31,f = −4.4 C·m−2 measured for the 200 nm thick PNZT thin film, being
larger than literature values for PZT thin films on stainless steel foils, is promising for future MEMS
applications [64].
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5.3. Conclusions relative to the experimental results
The growth of nearly single oriented {001}-textured ferroelectric PbZr0.52 Ti0.48 O3 thin films by pulsed
laser deposition onto AISI 304 stainless steel substrates is achieved. Their orientation is assessed by
XRD and EBSD and the thin films have a Lotgering factor f(00l) PZT = 0.91. To prevent substrate oxidation,
Pt and Al2 O3 buffer layers are used. A LaNiO3 layer promotes the {001} orientation of the PZT thin
film in which additional CrPt and Pb2 Ti2 O6 pyrochlore phases are present. The PZT thin films display
a permittivity of approximately 350 at 1 kHz with dielectric loss below 5 %. Polarisation versus
electrical field hysteresis loops indicate that the films are ferroelectric with a remanent polarisation
P r ∼16.5 µC·cm-2 . Analysis of leakage currents infers that leakage is most likely due to a space-charge
limited current with trap filling mechanism.
In order to improve the properties of the PZT thin films, the effect of 2 mol.% Nb-doping is studied under
several deposition conditions. Pb0.99 □0.01 (Zr0.52 Ti0.48 )0.98 Nb0.02 O3 thin films are also predominantly
{001}-oriented, as verified by XRD. Compared to the PZT stacks, the Pt buffer layer was omitted, efficiently
preventing the formation of an additional CrPt intermetallic phase while protecting the stainless steel
substrates against oxidation with a thicker Al2 O3 layer. The Lotgering factors up to 0.84 reported in
this work for the LNO buffer layers are larger than literature values on steel substrates [57]. For the PNZT
thin films, Lotgering factors are similar to those of PZT layers with f(00l) PNZT = 0.89.
It is showed that higher O2 deposition pressures and deposition temperatures are necessary to hinder the
formation of additional pyrochlore and Pb phases. Optimised PNZT thin films are deposited under
8.0 Pa of O2 and with a substrate temperature of 700 ◦ C. The PNZT thin films are ferroelectric and a
200 nm thick layer displays a dielectric permittivity up to 370 at 1 kHz, increasing up to 430 after P-E
loop measurements, with a dielectric loss inferior to 5 %. Measured under the same conditions as the
PZT thin films, 400 nm thick PNZT layers have a remanent polarisation Pr = 16.5 µC·cm−2 and exhibit a
coercive field Ec = 91.5 kV·cm−1 . The 2 mol.% Nb-doping has no noticeable impact on the properties
of the PNZT thin films as compared to those of the PZT layers. The effect of doping is extrinsic and
might be damped by other phenomena as the PNZT stacks and the PZT stacks are deposited under different
conditions. However, PNZT thin films ability to withstand higher applied electrical fields than PZT
thin films without breaking down electrically could be due to Nb-doping. This improvement of the thin
films properties is promising for MEMS applications.
The PNZT thin films undergo intrinsic changes in the sample during P-E loop measurements with increasing
maximum applied field. This leads to increased reversible and irreversible Rayleigh constants along
with larger permittivity and dielectric loss values after P-E loop measurements. Analysis of leakage
current measurements suggests the existence of a space-charge limited current with trap filling mechanism
combined with at least another mechanism at higher applied fields. Furthermore, a de-ageing process
appears to take place while measuring a second series of P-E loops, indicating that the intrinsic changes
occurring during the first series of P-E loop measurements could act as an ageing process. The piezoelectric
e31,f coefficient of the PNZT thin films reaches up to −4.4 C·m-2 for the 200 nm thick thin film which
is within range of literature reports for PZT thin films on metallic substrates.
Globally, the {001} orientation and ferroelectric properties of the PZT and PNZT thin films deposited
by PLD on stainless steel substrates make them suitable candidates for future MEMS applications.
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6. Modelling of ferroelectric bending tongues

Portions of this chapter have been reproduced from:
J. Cardoletti, A. Radetinac, D. Thiem, J. Walker, P. Komissinskiy, B.-X. Xu, H. Schlaak,
S. Trolier-McKinstry, and L. Alff,
“Modelling of the vertical deflection of ferroelectric bending tongues loaded at their free end”,
AIP Advances, vol. 9, no. 2, p. 025017, 2019. DOI: 10.1063/1.5082392

This chapter aims to understand the influence of some parameters, e.g. applied electrical field
or geometry, on MEMS efficiency. For this purpose, a model to describe the vertical deflection of a
fundamental MEMS system composed of a ferroelectric bending tongue loaded at its free end is developed.
The approach to the modelling chosen in this work is presented in section 6.1. Section 6.2 indicates the
extents and limits of the proposed model. The fundamentals of the model will be introduced in section 6.3.
Afterwards, the results of the modelling are discussed in section 6.4 before the conclusions of the chapter
are given in section 6.5.

6.1. Approach to the modelling
As stated in section 1.1.2, to model the behaviour of ferroelectric MEMS it is necessary to bridge
the gap between the description of ferroelectric switching and the mechanical approach for linear
piezoelectric structures. Therefore, the model here described is based on the ferroelectric switching
criterion developed by Hwang et al. [77] and the Euler-Bernoulli beam theory. It endeavours to give
accurate estimates of the vertical deflection for MEMS applications based on ferroelectric bending tongues
fixed at one end and loaded at their free end while taking into account ferroelectric switching at the grain
scale.
The MEMS modelled in this work have been restricted to ferroelectric bending tongues fixed at one
end as these are the most fundamental piezoelectric devices. This constraint is necessary to both limit
the number of parameters and determine bases that could later be applied to more complex systems. The
bending tongues are modelled with a load at their free end to emulate practical applications, e.g. an
actuator applying strength against a mechanical element or a displacement sensor. The bending tongues
considered here are composed of a substrate, one or several buffer layers and a ferroelectric layer.
The model studies the impact of the geometry of the bending tongue, the mechanical and piezoelectric
material properties, the applied electrical field, the crystallographic state (polycrystalline, textured or
epitaxial) of the ferroelectric thin film and its built-in strain on the vertical deflection. The accuracy of the
model initially proposed by Hwang et al. is improved by incorporating macroscopic polarisation and strain
saturation at high field, as expected for the butterfly loop. By analysing in details the different contributions
to the vertical deflection, the proposed model also allows optimisation of the geometry of the bending
tongue for various applications.
The model is implemented through a MATLAB® program. Named FeBeTo – Ferroelectric Bending Tongues
modelling program, it is designed so internal functions could easily be replaced by more advanced ones
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should the need arises. It presents a user-friendly interface, as shown in Figure 6.1. The program
installer is available online (DOI: 10.25534/tudatalib-11.3) [263] under a Creative Commons AttributionNonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) licence. The code of the program is
included in Appendix F.

Figure 6.1.: Interface of the FeBeTo – Ferroelectric Bending Tongues modelling program. The modelling
parameters can be set on the left panel and the results are displayed on the right panel.
The abbreviations and notations introduced earlier in this manuscript are still valid through this chapter.
However, due to the large number of notations relevant to this chapter and its appendices (Appendices G
and H) only, a specific list of notations is provided in List of notations specific to the modelling chapter.

6.2. Extent and limits of the modelling
6.2.1. Extent of the model
The described model applies to a composite bending tongue fixed at one end and with a width-to-depth
ratio larger than 12 [264]. Therefore, while the Euler-Bernoulli beam theory can be used to describe its
vertical deflection, it is necessary to apply corrections for both the inhomogeneity and the width of the
bending tongue.
The composite bending tongue, represented in Figure 6.2, is composed of three distinct layers: a ferroelectric
layer, one or more buffer layers referred to as buffer layer in this chapter and a polycrystalline substrate.
The bending tongue is subjected to the gravity force of its own weight and to a load applied at its free end.
The former is applied over its whole length while the latter is distributed over a certain length referred to
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Figure 6.2.: Schematic representation of the modelled bending tongue in the global reference frame
(xyz ). The electrical field E is applied over the area delimited by dashes through all layers:
(1) ferroelectric layer (orange colour), (2) buffer layer(s) (light green colour), (3) substrate
(grey colour). The load at the free end (red arrow) is applied over length load (purple colour)
and the bending tongue weight load (blue arrows) is applied over the whole bending tongue
length. Adapted from [265].
as length load. Additionally, the bending tongue is subjected to both built-in strain, due to eventual misfit
strain and to thermal strain, and to ferroelectric strain. The former is applied over its whole length and the
latter is applied over the region where the electrodes used to activate the ferroelectric layer are located, i.e.
the length of the bending tongue minus the length load.
The bending tongue is described in a Cartesian coordinate frame, (xyz ), known as the global reference
frame, where it is fixed at x = 0 and z = 0 with the x-direction along the length of the bending tongue.
Upon application of an electrical field, the bending tongue is deflected vertically in the z -direction.
As the model is aimed at functional applications, it considers four distinct states of the bending tongue: as
deposited, i.e. before any electrical field is applied; poled, i.e. corresponding to the final step of the poling
process, before the poling electrical field is released; inactive, i.e. after poling, while no electrical field is
applied; and active, i.e. after poling, while an electrical field is applied.
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6.2.2. Assumptions of the model
The model presumes several general assumptions: each individual layer composing the bending tongue is
homogeneous and its properties are either isotropic or transversely isotropic in the xy -plane. The bonding
between the individual layers is assumed to be perfect.
Mechanical hypotheses are also assumed in order to apply the Euler-Bernoulli beam theory [167]: the
composite beam has the same modulus of elasticity for both tension and compression and is presumed
to be straight or slightly curved in the plane of bending, i.e. with a radius of curvature at least 10 times
as long as the thickness of the bending tongue. The cross-section of the beam is assumed to be uniform
along the x-axis and the bending tongue has at least one longitudinal plane of symmetry, i.e. the xz -plane.
All loads and reactions are presumed to be perpendicular to the axis of the bending tongue, i.e. along
the z -direction, as well as to lie in the same plane as the bending tongue which is a longitudinal plane of
symmetry, i.e. in the xz -plane. Deformations are assumed to be small and within the range of linear elastic
deformation. The bending tongue is also presumed to be long with respect to its thickness: considering it
as a metal beam of compact section, its span-to-thickness ratio is at least equal to 8.
The model also supposes the following crystallographic assumptions: the ferroelectric layer contains only
tetragonal unit cells and the substrate is polycrystalline. It is presumed that there is no phase transition
in any of the materials, neither during the thin film deposition processes nor during the bending tongue
operation.
Since this model is based on Hwang et al.’s model for ferroelectric switching [77], it takes into account
neither the correlation between ferroelectric domains nor domain wall motion. For such purpose, the phase
field models can be utilised [73–75]. The model also considers that 180◦ and 90◦ switching requires the
same amount of energy.
Due to the large number of parameters required for the modelling, the results might be strongly impacted
by the selected values.

6.3. Equations of the model
As mentioned in section 6.2.1, the bending tongue, being a composite, requires a correction for its
inhomogeneity by means of an equivalent cross-section [167]. The substrate is taken as the reference layer,
implying:

wef f subs = wsubs ,
wef f f ilm = wf ilm

EY f ilm
,
EY subs

(6.1)
(6.2)

where wsubs and wef f subs refer to the width and the effective width of the substrate, respectively. The
width and the effective width of any subsequent layer are noted wf ilm and wef f f ilm , respectively, and
EY subs and EY f ilm refer to the Young moduli of the substrate and of any subsequent layer, respectively.
The neutral axis of the equivalent cross-section of the bending tongue and its second moment of area are
impacted by taking the effective width of each layer into account. It is therefore necessary to consider the
effective neutral axis, nef f and the effective second moment of area Ief f calculated using wef f .
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Therefore, nef f , which is also dependent on the mid-plane of each individual layer, ni , can be expressed as:
∑︁
wef f i ti ni
nef f = i∑︁
,
(6.3)
wef f i ti
i

where
as:

ti

corresponds to the thickness of every individual layer of the bending tongue, and with ni defined
i−1

ti ∑︂ j
n = +
t.
2
i

(6.4)

j=0

Using Equation (6.3), Ief f can be calculated as:

Ief f =

∑︂ wef f i ti
i

12

(︁
)︁2
+ wef f i ti ni − nef f .

(6.5)

As the bending tongue is incorporated in a wide beam, i.e. width-to-depth ratio larger than 12 [264], it is
also necessary to apply a correction in order to use the Euler-Bernoulli beam theory [167]. The Young
modulus of the composite beam, EY,ef f should be substituted by:

EY,ef f →

EY,ef f
,
1 − νef f 2

(6.6)

where νef f corresponds to the Poisson ratio of the substrate as per the equivalent cross-section obtained
from Equation (6.2).
Due to both loads, i.e. the own weight of the bending tongue and load applied at its free end, and strains,
i.e. built-in and ferroelectric strains, acting simultaneously on the bending tongue, the equation describing
its vertical deflection, z(x), along the z -axis, is complex. However, the method of superposition [167]
allows the total vertical deflection to be defined as the sum of the deflections due to both loads and strains.
Therefore, each component of the deflection can be calculated independently.

6.3.1. Deflection due to loads
Q(x), the load distribution of the own weight of the bending tongue, q W , over its whole length and the
load applied at its free end, q L , over the length load can be described by the following equation using the
Macaulay brackets:
Q(x) = q W + q L < x − xm >0 ,
(6.7)
where xm corresponds to the position on the x-axis at which length load begins, ranging from x = xm to
x = xl , the position at the free end of the bending tongue. The Macaulay brackets describe a discontinuous
function expressed by the following equation [266]:
{︄
0
x ≤ xm
p
< x − xm > =
,
(6.8)
p
(x − xm ) x > xm
where p is an integer.

99

According to the Euler-Bernoulli beam theory, the equation describing the vertical deflection of the bending
tongue can be obtained through four consecutive integrations of the load distribution over the length of the
bending tongue. As the bending tongue is fixed at one end in x = 0 and z = 0, it is subjected to neither
any shear force nor bending moment at its free end at which x = xl . It also does not have a slope or a
deflection at its fixed end. Therefore, the following boundary conditions can be applied:

z III (x = xl )= 0,

(6.9)

II

z (x = xl )= 0,

(6.10)

z I (x = 0) = 0,

(6.11)

z(x = 0) = 0,

(6.12)

where z I , z II and z III are the first, second and third derivatives of z(x), the vertical deflection.
From Equations (6.7) and (6.9) to (6.12), the equation of vertical deflection due to the own weight of the
bending tongue and the load applied at its free end can be obtained:
[︃
1 − νef f 2
z(x) =
q W x4 + q L < x − xm >4
24EY,ef f Ief f
[︃
(︃
)︃]︃ ]︃
2
(︁ W
)︁ 3
xl − xm
L
W xl
L
+4 −q xl − q (xl − xm ) x + 12 q
+ q (xl − xm ) xl −
x2 .
(6.13)
2
2
The detailed calculations from Equation (6.7) to Equation (6.13) are given in Appendix G.

6.3.2. Deflection due to strains
Both terms of the built-in strain in the ferroelectric layer, i.e thermal strain and eventual misfit strain,
as well as ferroelectric strain have components in the xy -plane and in the z -direction. However, their
components in the z -direction can be neglected as the top surface of the bending tongue is free and,
therefore, unconstrained.
To maintain the force equilibrium in the bending tongue, the in-plane built-in strain, κb , and the in-plane
ferroelectric strain, κf , generate longitudinal strains in both the x-direction and the y -direction [267].
These created strains, κb long and κf long , respectively, are defined as:

κb long = −
κf long =

EY f erro tf erro κb
,
∑︁ i i
EY t

i
f erro f erro
EY
t
κf
−
∑︁ i i
EY t
i

,

(6.14)

(6.15)

where EY f erro and EY i correspond to the Young moduli of the ferroelectric layer and of every individual
layer of the bending tongue, respectively. tf erro corresponds to the thickness of the ferroelectric layer of
the bending tongue.
The in-plane built-in and ferroelectric strains also generate a bending moment due to a net force created
in each individual layer and acting through a moment arm spanning from the mid-plane of the layer, ni
(see Equation (6.4)), to the neutral axis of the bending tongue with the equivalent cross-section, nef f
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(see Equation (6.3)) [267]. The bending moment due to the built-in strain, Mb , and the one due to the
ferroelectric strain Mf , arising from the forces acting in each layer due to κb long and to κf long , respectively,
as well as to the forces acting in the ferroelectric layer due to κb and to κf , respectively, are expressed as:
∑︂
(︁
)︁
Mb =
EY i ti wef f i ni − nef f κb long sin(θstrain )
i

(︂
)︂
+ EY f erro tf erro wef f f erro nf erro − nef f κb sin(θstrain ),
∑︂
(︁
)︁
Mf =
EY i ti wef f i ni − nef f κf long sin(θstrain )

(6.16)

i

(︂
)︂
+ EY f erro tf erro wef f f erro nf erro − nef f κf sin(θstrain ),

(6.17)

where wef f f erro and nf erro are the effective width and the mid-plane of the ferroelectric layer, respectively.
The angle between the in-plane force due to the strain and the moment arm is noted θstrain . If the mid-plane
of a layer, ni , is located above the effective neutral axis of the bending tongue, nef f , then θstrain = −90◦
and if ni is smaller than nef f then θstrain = 90◦ .
The bending moment Mb , due to the built-in strain, is acting over the whole length of the bending tongue
while Mf , due to the ferroelectric strain, is acting over the length of the bending tongue minus the length
load. The distribution of these bending moments, M (x), is described by the following equation using the
Macaulay brackets:
(︁
)︁
M (x) = Mb + Mf 1− < x − xm >0 .
(6.18)
According to the Euler-Bernoulli beam theory, integrating twice the equation for the distribution of the
bending moments due to κb and κf gives the corresponding equation for the vertical deflection. It can be
obtained from Equations (6.11), (6.12) and (6.18):

z(x) =

]︁
1 − νef f 2 [︁
(Mb + Mf ) x2 − Mf < x − xm >2 .
ef f
2EY Ief f

(6.19)

The detailed calculations from Equation (6.18) to Equation (6.19) are given in Appendix H.
Both the built-in strain and the ferroelectric strain are dependent on the crystallographic state of the
ferroelectric layer (polycrystalline, textured or epitaxial). Therefore, it is necessary to describe the
crystallographic state mathematically.
6.3.2.1. Mathematical formulation of the crystallographic state
Following Hwang’s model [77] for ferroelectric switching, the orientation of each crystallographic grain has
an impact on the global ferroelectric strain and should therefore be taken into account. For this purpose, a
series of systems of local coordinates defined relative to the global reference frame and referred to as grain
coordinates is defined.
The orientation of each grain is set by a group of three Euler angles, ϕ1 , φ, ϕ2 , allowing conversion of
coordinates from the global reference frame to the grain coordinates of each grain. As various conventions
exist to define the Euler angles, the one chosen here is described below and represented in Figure 6.3.
The first rotation of angle ϕ1 around the z -axis creates the u-axis and v -axis in the xy -plane. The second
rotation is made around the v -axis with an angle of φ. It creates the w-axis as well as the z ’-axis. The third
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Figure 6.3.: Schematic representation of the three Euler angles to convert coordinates from the global
reference frame (green vectors) to the grain coordinates (blue vectors) of each grain. (a) global
reference frame defined by the vectors x, y and z with the first rotation of angle ϕ1 around the
z -axis, (b) second rotation of angle φ around the v -axis, (c) third rotation of angle ϕ2 around
the z ′ -axis and (d) representation of the global reference frame and the grain coordinates
defined by the vectors x′ , y ′ and z ′ . Adapted from [265].

rotation occurs around the z ′ -axis with an angle of ϕ2 and creates the x’-axis and the y ’-axis. The grain
coordinates of each grain are expressed in the reference frame made by the x’-axis, y ’-axis and z ’-axis.

These three successive rotations are described by the transformation matrix allowing to express the grain
coordinates in the global reference frame as shown in the following equation:
⎛ ′⎞ ⎛
⎞⎛ ⎞
x
k1,1 k1,2 k1,3
x
⎝y ′ ⎠ = ⎝k2,1 k2,2 k2,3 ⎠ ⎝y ⎠ ,
z′
k3,1 k3,2 k3,3
z
where kg,h corresponds to the coefficients of the transformation matrix with g, h = 1, 2, 3.

102

(6.20)

The coefficients kg,h are given in the following equations:

k1,1 = cos(ϕ1 )cos(ϕ2 ) − sin(ϕ1 )sin(ϕ2 )cos(φ),

(6.21)

k1,2 = −sin(ϕ2 )cos(ϕ1 ) − cos(φ)sin(ϕ1 )cos(ϕ2 ),

(6.22)

k1,3 = sin(φ)sin(ϕ1 ),

(6.23)

k2,1 = cos(ϕ2 )sin(ϕ1 ) + cos(φ)cos(ϕ1 )sin(ϕ2 ),

(6.24)

k2,2 = −sin(ϕ2 )sin(ϕ1 ) + cos(φ)cos(ϕ1 )cos(ϕ2 ),

(6.25)

k2,3 = −sin(φ)cos(ϕ1 ),

(6.26)

k3,1 = sin(φ)sin(ϕ2 ),

(6.27)

k3,2 = sin(φ)cos(ϕ2 ),

(6.28)

k3,3 = cos(φ).

(6.29)

The Euler angles inherent to the grains are defined according to the three possible crystallographic states
of the modelled ferroelectric layer. If the sample is polycrystalline, then all grains of the ferroelectric are
randomly oriented and, therefore, the values of the three Euler angles are each randomly defined within
their bounds, i.e. 0 < ϕ1 < 2 π ; 0 < φ < π and 0 < ϕ2 < 2π .
In the case of a textured ferroelectric layer, a given percentage of grains are rotated by a few degrees
around a given orientation, Of erro , while the remaining grains are randomly oriented. The distribution of
grains around the orientation Of erro can be simulated by the following Gaussian function [268]:
(︃
)︃
√
8 π
−Ψ2
S(Ψ) =
exp
,
ζΨ30
Ψ30

(6.30)

where Ψ is the rotation angle around the orientation Of erro , Ψ0 is the full width at half-maximum of the
Gaussian distribution and ζ is the multiplicity due to the symmetry of the crystallographic unit cell.
Once normalised, the Gaussian distribution given in Equation (6.30) contains 99.9 % of the grains oriented
around the orientation Of erro between −3Ψ and +3Ψ. The distance between these two angles is separated
into 10 segments, each containing a number of grains as defined by the Gaussian distribution. The grains
contained in each segment are rotated by the average angle of the given segment around the orientation
Of erro .
If the ferroelectric layer is textured in-plane, the angle of rotation is the first Euler angle, ϕ1 , while φ and
ϕ2 are set to 0◦ . In the case of an out-of-plane texture, it is the second Euler angle, φ, which corresponds
to the angle of rotation while ϕ1 and ϕ2 are set to 0◦ . A combination of in-plane and out-of-plane texture
can be described by simultaneous rotations of ϕ1 and φ.
The remaining grains which do not display texture around the orientation Of erro are modelled by applying
random values to their three Euler angles, as it is the case for a polycrystalline ferroelectric.
In this model, epitaxy is defined as the perfect alignment of grains in a given orientation Of erro . Therefore,
if the ferroelectric layer is epitaxial, all the Euler angles are set to 0◦ , independent of any possible long
range order between ferroelectric layer and substrate.
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6.3.2.2. Built-in strain
The built-in strain in the ferroelectric layer, κb , is the sum of the thermal strain and the misfit strain. The
choice of equation to calculate the former is dependent on the thickness of the thin film. The equation for
the latter is dependent on both the thin film thickness and its crystallographic state.
The thickness of the thin film mainly impacts the ability of the ferroelectric layer to relax. As the nature
(strain, morphology, etc.) of the modelled thin film is unknown, its relaxation threshold should be
determined and the corresponding equations should be used.
If the ferroelectric is not relaxed, its thermal strain, κb thermal , due to cooling down from its deposition
temperature, Tdepo , to the operating temperature of the bending tongue, Toper , is expressed by:
(︂
)︂
κb thermal = (Tdepo − Toper ) αsubs − αf erro ,
(6.31)
where αsubs and αf erro correspond to the thermal expansion coefficients of the substrate and of the
ferroelectric layer, respectively.
If the ferroelectric layer is relaxed, the bi-axial stress present at the Curie temperature, TC , is partially
released through the development of a domain structure [269]. The transformation stress concept implies
that the thermal strain of a relaxed ferroelectric layer is described by [270]:
(︂
)︂
κb thermal = (Tdepo − TC ) αsubs − αf erro .
(6.32)
Regarding the misfit strain, polycrystalline films are relaxed. For non-relaxed epitaxial ferroelectric films
the misfit strain, κb misf it , calculated at the film deposition temperature is described by:
(︃ buf f er
)︃
a
− af erro
misf it
κb
=
,
(6.33)
af erro
Tdepo
where af erro and abuf f er are the lattice parameters for misfit strain calculation for the ferroelectric layer
and the adjacent buffer layer, respectively.
If the ferroelectric layer is textured and not relaxed, its misfit strain is calculated from Equation (6.33) and
is multiplied by the ratio of textured grains.
In all of the above mentioned cases, the total strain can be reduced by a given degree of relaxation to model
any further relaxation which could happen after the ferroelectric layer deposition.
6.3.2.3. Ferroelectric strain
The ferroelectric strain originates from both the ferroelectric switching strain component and the linear
strain component. Hwang’s model [77] processes each grain individually before averaging the ferroelectric
strain and polarisation values over the number of grains modelled. This individual processing of the grains
imposes the need to work in grain coordinates. Therefore, every value in the global reference frame should
be converted into grain coordinates through the use of the Euler angles. Once the ferroelectric strain and
matching polarisation values are known for each individual grain, they should be converted back into the
global reference frame before averaging.
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Each grain is treated as if it is composed of unit cells displaying the same behaviour, i.e. the same orientation
relative to the global reference frame, simultaneous ferroelectric switching, etc., and therefore in this section
grain can be replaced by unit cell for ease of comprehension.
Hwang et al. considered the sum of the electrical and mechanical work resulting from switching the
polarisation from its current direction to another one. Ferroelectric switching occurs if the applied electrical
field is larger than a switching criterion expressed by [77]:

E∆P + σ∆κint > 2Ps Ec ,

(6.34)

where E and σ correspond to the electrical field and to the stress, respectively, applied to the ferroelectric
during the switching process. ∆P and ∆κint refer to the difference between before and after ferroelectric
switching for the polarisation and internal unit cell strain values, respectively. Ps refers to the spontaneous
polarisation of the ferroelectric and Ec refers to its coercive field.
According to Hwang’s model, the polarisation vector is parallel to the edge of the tetragonal unit cell. In
the model presented in this thesis, the polarisation vector lies at the centre of the unit cell and can only
take six different orientations which is in agreement with Hwang’s model. The six possible orientations of
the polarisation in a tetragonal perovskite ferroelectric (see Figure 2.5), labelled from 1 to 6, are expressed
in grain coordinates as [100], [1̄00], [010], [01̄0], [001] and [001̄], respectively.
The internal unit cell strain values correspond to the elongation or the contraction of the cubic unit cell
into the tetragonal one. These values are expressed as a function of strain along the unit cell a-axis, κa , or
along its c-axis, κc . These two quantities are defined by:

atetragonal − acubic
,
acubic
ctetragonal − acubic
κc =
,
acubic

κa =

(6.35)
(6.36)

where a and c refer to the lattice parameters of the ferroelectric unit cell. The crystal system is indicated
by the superscript, either tetragonal or cubic.
The internal unit cell strains inherent to the polarisation orientations from 1 to 6 are [κc , κa , κa ], [κc , κa , κa ],
[κa , κc , κa ], [κa , κc , κa ], [κa , κa , κc ] and [κa , κa , κc ], respectively.
From the values of the polarisation orientations and of the internal unit cell strains, it can be noted that
180◦ ferroelectric switching would give rise to electrical work only while 90◦ switching would give rise to
both electrical and mechanical work if dynamic poling is ignored [122].
If several switching cases are possible for the same grain, i.e. the work associated with several switching
events between the current polarisation direction and a resulting one are larger than Hwang’s switching
criterion (see Equation (6.34)), then switching occurs in the direction resulting in the largest possible
work.
The stress σ applied on the ferroelectric layer which is used to calculate the mechanical work is the one
inherent to the built-in strain κb described in section 6.3.2.2. According to the assumptions stated in
section 6.2.2, the ferroelectric material is a linear, homogeneous and isotropic material. In this case:

κb x = κb ,

(6.37)

κb = κb ,
κb x
κb z = − f erro ,
ν

(6.38)

y

x

(6.39)
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where the superscripts x, y and z correspond to the directions in which the built-in strain is expressed in
the global reference frame and ν f erro in the Poisson ratio of the ferroelectric layer.
By combining Equations (6.37) to (6.39) with Hooke’s law for a linear, homogeneous and isotropic material,
it yields:

σ x = 0,

(6.40)

σ = 0,

(6.41)

y

σ z = EY f erro

1
2ν f erro − ν f erro
+1
κb x .
f
erro
(1 + ν
) (1 − 2ν f erro )

(6.42)

The electrical field applied to the ferroelectric layer which is used to calculate the electrical work depends
on which one of the four states of the bending tongue is being modelled (see section 6.2.1). While the
states as deposited and inactive are not subjected to any electrical field, the states poled and active are
subjected to the poling and applied electrical fields, respectively.
The ferroelectric switching strain corresponds to the average, in the global reference frame, of the strain
resulting from Hwang’s switching criterion method. The second component of the ferroelectric strain is the
linear strain in the xy -plane, κf linear , described by:

κf linear = Ed31 ,

(6.43)

where E is the applied electrical field along the z -axis and d31 is the piezoelectric coefficient linking E and
the strain along the x-axis.
While Hwang’s model allows the calculation of the ferroelectric strain, it has two severe limitations: the
saturation of the linear ferroelectric strain is not taken into account and the remanent strain is calculated
empirically. The model here described proposes a solution to these two points.
From Hwang’s model the polarisation can be plotted versus the applied electrical field, E . It is possible to
determine the applied field at which saturation is reached, Esat , as the point where the P-E loop closes. This
point is located on loops subsequent to the poling step, when the respective values of E and polarisation
are equal on the branches of increasing and decreasing applied field.
Once the value of the applied electrical field at which saturation is reached is known, all further calculations
can be adapted by replacing E with Esat in Equation (6.43) once E becomes larger than Esat . This
approach generates underestimated strain values above saturation, which is more relevant for applications
than neglecting saturation.
It is also possible, by plotting the ferroelectric strain κf versus the applied electrical field E , to obtain the
remanent strain which corresponds to the value of κf at E = 0, after the poling step.
In summary, the bending tongue is subjected to the ferroelectric switching and linear strains in the poled
state, to the remanent strain in the inactive state and to the remanent and linear strains in the active state.
This is due to the fact that during operation the bending tongue is driven between the inactive and active
states which does not cause any ferroelectric switching.
To recapitulate the calculation method of the vertical deflection of a ferroelectric bending tongue loaded at
its free end with the model introduced in this thesis, a flowchart of the process is shown in Figure 6.4.
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Figure 6.4.: Flowchart of the process to calculate the vertical deflection of a ferroelectric bending tongue
loaded at its free end with the proposed model.
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6.4. Results and discussion of the modelling
The modelling results presented in this section are not calculated based on the material properties of the
samples deposited in this thesis (see chapter 5). Indeed, due to the large number of material properties
necessary for the modelling, the measurement of a significant number of these properties is out of the
scope of this thesis, e.g. Young modulus, Poisson ratio, thermal expansion coefficient, etc. Therefore, the
material properties used thereafter are extracted from literature.
Unless otherwise mentioned, the results given hereafter correspond to the modelling with the developed
FeBeTo program [263] of a bending tongue composed of AISI 304 stainless steel as a substrate, LaNiO3 as a
buffer layer and PbZr0.52 Ti0.48 O3 for the ferroelectric layer. The layers have thicknesses of 100 µm, 0.004 µm
and 1 µm, respectively. The modelled bending tongue has a length of 10 mm, a width of 3 mm and is
subjected to a load of 5 · 10−5 N applied over 1 mm at its free end. The PbZr0.52 Ti0.48 O3 layer is epitaxial
and has the density of tetragonal PZT, as assumed in the model. The applied electrical field is 500 kV·cm−1 .
The modelling parameters used for the physical and mechanical properties of the ferroelectric, buffer and
substrate layers are given in Table 6.1.
A polarisation versus applied electrical field curve, or P-E loop, has been modelled in Figure 6.5 for an
epitaxial and a polycrystalline PbZr0.52 Ti0.48 O3 layer. It can be noted that the polycrystalline P-E loop
is rounded and wider than the epitaxial one, which is more square-shaped. Indeed, due to the random
orientation of grains in the polycrystalline layer, the alignment of each grain polarisation towards the
applied field direction is progressive. Each grain perceives the applied electrical field differently due to its
own orientation.
(1)

60

(2)
Ferroelectric layer:
Epitaxial
Polycrystalline

Polarisation (µC·cm−2 )

40
20
0
−20
−40
−60

−400

−200

0

Electrical field

200

400

(kV·cm−1 )

Figure 6.5.: Modelled polarisation, P , versus applied electrical field, E , curve in the case of an epitaxial
(green squares) and a polycrystalline (blue circles) ferroelectric layer. (1) and (2) indicate 180◦
and 90◦ switching of the epitaxial film, respectively.
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Table 6.1.: Physical and mechanical properties of materials used for modelling. Ferroelectric material:
PbZr0.52 Ti0.48 O3 , buffer layer: LaNiO3 and substrate: AISI 304 stainless steel (EN: 1.4301).
Adapted from [265].
Parameter

Ferroelectric layer

Young modulus [271]

0.31

Coercive field [273]

1.5 · 107 V·m−1

Spontaneaous polarisation [274]

0.5 C·m−2

Piezoelectric coefficient d31 [275]

−97 · 10−12 V·m−1

Lattice parameter tetragonal a [140]

4.043 · 10−10 m

Lattice parameter tetragonal c [140]

4.132 · 10−10 m

Lattice parameter cubic a (above the Curie temperature) [139]

4.085 · 10−10 m

Curie temperature [275]
Density [275]
Young modulus [277]
layer

Buffer

9.9 · 1010 Pa

Poisson ratio [272]

Thermal expansion coefficient [276]

Substrate

Value

2 · 10−6 K−1
573 K
7,600 kg·m−3

5.63 · 107 Pa

Lattice parameter for epitaxial strain calculation [196]

3.851 · 10−10 m

Density [196]

7,141 kg·m−3

Young modulus [239]
Poisson ratio [278]

2.0 · 1011 Pa
0.27

Thermal expansion coefficient [239]

16.5 · 10−6 K−1

Density [239]

7,900 kg·m−3

The sharp ferroelectric P-E loop for the epitaxial case, on the other hand, is due to the perfect alignment of
all grains. As they perceive the applied electrical field in the same manner, they answer to it simultaneously.
Furthermore, in the epitaxial P-E loop the poling appears as a two steps process. 180◦ ferroelectric switching
occurs at a lower applied field of 175 kV·cm−1 than 90◦ switching which occurs at 360 kV·cm−1 . This
phenomenon is consistent with the modelling of the ferroelectric strain described in section 6.3.2.3: as 180◦
switching is only due to electrical work, it requires less energy than 90◦ switching, which is due to both
electrical and mechanical work. Indeed, while both 180◦ and 90◦ switching involve a change in polarisation,
90◦ switching also implies a change in strain. The tetragonal unit cell is deformed, shortening along its
c-axis and elongating along its a-axis, effectively inverting its a-axis and its c-axis.
Once the individual polarisation of each grain has been switched and aligned as closely as possible with
the applied field direction, only 180◦ switching remains.
Both epitaxial and polycrystalline P-E loops are shifted towards the right-hand side of the graph by
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26.5 kV·cm−1 . This shift is due to the built-in strain, i.e. thermal and eventual misfit strains, which
generates stress on the ferroelectric layer, impacting the mechanical work required to switch the polarisation
of a given grain (see Equations (6.34) and (6.42)).
Besides the poling step from 0 to 450 kV·cm−1 , the P-E loops have been plotted by decreasing the applied
field to −450 kV·cm−1 and subsequently increasing it to 450 kV·cm−1 three consecutive times. In the
case of the epitaxial P-E loop, only one trace can be seen from these three consecutive loops. Hence, the
epitaxial ferroelectric displays reproducible behaviour.
In the case of the polycrystalline P-E loop, two traces can be seen while the applied electrical field is
decreasing: one starting from the poling step and one from the first branch where the applied field increases.
This originates from the random alignment of the grains in the polycrystalline sample: as they do not all
perceive the applied field in the same manner due to their own orientation, the electrical work is different
from one grain to the other. Some grains might not have had enough energy during the poling step to
switch and align their polarisation with the applied field direction. In this case, the ferroelectric switching
might be more favourable when the applied field is oriented in the opposite direction. It can be noticed,
that once the field has been increased through the poling step and decreased once, the second and third
P-E loops are identical indicating that all grains are switching when the applied field direction is reversed.

Vertical deflection at the free end (µm)

The grain orientation also impacts the vertical deflection of the bending tongue as can be seen in Figure 6.6.
Based on the definition of the crystallographic state given in section 6.3.2.1, a polycrystalline ferroelectric
should behave in the same way as a 0 % textured one while an epitaxial ferroelectric should behave
identically to a 100 % textured one, which is confirmed by the simulation.
Epitaxial
Textured
Polycrystalline

70
60
50
40
30
20
10
0
−10

0

25
50
75
Percentage of textured grains (%)

100

Figure 6.6.: Evolution of the vertical deflection at the free end of the bending tongue, zl , as a function of
the percentage of textured grains (blue open squares). The case of an epitaxial (orange circle)
and a polycrystalline (green triangle) ferroelectric layer are shown for comparison.
It can be noted that the polycrystalline sample displays a slightly negative vertical deflection of −4.77 µm
while every bending tongue modelled with either a textured or epitaxial ferroelectric layer bends upwards.
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The ferroelectric strain being smaller than in the other cases, the deflection is determined by the other
terms which are bending the bending tongue downwards, e.g. the own weight of the bending tongue or
the load applied at its free end.
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Vertical deflection at the free end (µm)

The strain versus applied electrical field curve, or butterfly loop, is represented in Figure 6.7. It displays
the ferroelectric strain saturation and the remanent strain, characteristic of ferroelectric behaviour. Along
with the hysteretic behaviour shown in the P-E loops, it proves that ferroelectrics are properly modelled.

400

Electrical field (kV·cm−1 )
Figure 6.7.: Modelled strain in the z -direction, κz , and vertical deflection at the free end of the bending
tongue, zl , versus applied electrical field, E , curve in the case of an epitaxial ferroelectric layer.
It should be noted that the strain in the z direction, κz , is calculated through:

κz = −

κf
,
f
ν erro

(6.44)

and corresponds to the ferroelectric strain in the bending tongue perpendicular to its surface. The vertical
deflection is obtained through the equations of section 6.3 for the corresponding strain values of the
butterfly loop.
The lack of symmetry in the butterfly loop is due to the built-in strain, generating stress on the ferroelectric
layer, similar to the P-E loops.
Two key elements of the butterfly loop, which were not present in Hwang’s model, are the saturation of
the ferroelectric strain, clearly visible, and the remanent strain. The modelled ferroelectric saturates at
3.73 % strain, equivalent to 71.4 µm of vertical deflection. This last value is essential for applications as it
defines the maximum vertical deflection of the bending tongue. The modelled remanent strain, 3.15 %,
is 3.8 times larger than the empirical remanent strain calculated from Hwang et al. [77]. This is due to
the built-in strain, constraining the ferroelectric layer, which has not been taken into account by Hwang’s
model.
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Vertical deflection (µm)

The respective contributions of the own weight of the bending tongue, the load applied at its free end, the
built-in and the ferroelectric strains to the vertical deflection, z(x), are shown in Figure 6.8. In the given
example, under an applied field of 500 kV·cm−1 , the main contribution comes from the ferroelectric strain.
The built-in strain, load at the free end of the bending tongue and its weight account for 4.43 %, 1.19 %
and 0.71 % of the vertical deflection due to the ferroelectric strain, respectively. However, as these three
terms are deflecting the bending tongue downwards opposing the ferroelectric strain, the sum of all terms
is smaller than the vertical deflection due to the ferroelectric strain.
Weight
End load
Built-in strain
Ferroelectric strain
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Figure 6.8.: Contributions to the vertical deflection, z(x), of the bending tongue. (a) Individual contributions
from weight (green triangles), end load (blue circles), built-in strain (purple pentagons) and
ferroelectric strain (red squares) as well as sum of all contributions (orange open circles),
(b) zoom on weight and end-load individual contributions.
The relative importance of each contribution is strongly dependent on the parameters chosen for the
modelling. While all parameters, i.e. materials related or geometrical, can be varied in the proposed model,
a set of relevant parameters is being varied in the following examples to discuss their impact. The applied
electrical field is kept constant at 500 kV·cm−1 to model results at saturation.
A crucial component of the bending tongue is the ferroelectric layer, its thickness being decisive for the
vertical deflection, as shown in Figure 6.9. In the given example, the vertical deflection at the free end
of the bending tongue which can be reached, zl , increases almost proportionally to the thickness of the
ferroelectric layer. As the ferroelectric thickness increases from 0.2 µm to 2.0 µm, the vertical deflection at
the free end of the bending tongue increases from zl = 50.2 µm to zl = 552.9 µm.
While the vertical deflection is important for applications, the variation in vertical deflection at the free end
of the bending tongue between the active state, zl E , where an electrical field E is applied and the inactive
state, zl 0 , where no electrical field is applied is the key to the accessible range of motion of the bending
tongue. For the modelled example, it ranges from zl E − zl 0 = 9.5 µm to zl E − zl 0 = 91.2 µm when the
ferroelectric thickness is increased from 0.2 µm to 2.0 µm.
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Figure 6.9.: Evolution of the vertical deflection at the free end of the bending tongue, zl , as a function of
the ferroelectric layer thickness with a length of 10 mm and a load at its free end of 5 · 10−5 N.
zl E − zl 0 represents the variation in vertical deflection between the states where an electrical
field E is applied and where no electrical field is applied. As E is kept constant at 500 kV·cm−1 ,
saturation is reached.
On the other hand, the vertical deflection at the free end of the bending tongue is not proportional to
the length of the bending tongue, as can be seen in Figure 6.10. The vertical deflection increases from
zl = 2.1 µm to zl = 279.4 µm as the length is extended from 2 mm to 20 mm. The most important result
is once more the variation in vertical deflection between the active state and the inactive state, reaching
zl E − zl 0 = 0.4 µm at a length of 2 mm and zl E − zl 0 = 46.8 µm at a length of 20 mm. The length of the
bending tongue, if not restricted in a given application, is therefore an interesting parameter to increase
the vertical deflection.
Other parameters also impact the vertical deflection, like the load applied at the free end as represented
in Figure 6.11. As the end load increases from 0 mN to 10 mN, the deflection of the bending tongue is
inverted from upwards to downwards. This corresponds to the increase of the end load component relative
to the ferroelectric component up to the point where it becomes the dominant component of deflection.
The critical point at which the direction of the deflection is inverted is reached at an end load of 3.9 mN.
Increasing the load applied at the free end of the bending tongue does not impact the variation in vertical
deflection between the active state and the inactive state, which is mainly determined by the ferroelectric
layer thickness and the length of the bending tongue.
It should be noted that some of the parameters impact the vertical deflection in various ways through
Equations (6.13) and (6.19). This is the case for the geometrical dimensions of the bending tongue, i.e.
length, width, thicknesses of the layers and length load, which are parameters of both the own weight of
the bending tongue and its effective second moment or area, Ief f . This is particularly relevant for the
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Figure 6.10.: Evolution of the vertical deflection at the free end of the bending tongue, zl , as a function of
the length of the bending tongue with a ferroelectric layer thickness of 1 µm and a load at its
free end of 5 · 10−5 N. zl E − zl 0 represents the variation in vertical deflection between the
states where an electrical field E is applied and where no electrical field is applied. As E is
kept constant at 500 kV·cm−1 , saturation is reached.
length and length load as these two parameters are further involved into the equations of vertical deflection
(Equations (6.13) and (6.19)).
Other parameters, while having a global impact on the vertical deflection of the bending tongue, impact all
terms of the deflection, i.e. the own weight of the bending tongue, the load applied at its free end, the builtin and the ferroelectric strains, in an almost similar manner, maintaining the relative proportions between
them. For example, the Young moduli of the materials are mostly taken into account at the forefront
of Equations (6.13) and (6.19), effectively impacting all the terms of the deflection. However, these
parameters will also have some minor impact on the built-in and ferroelectric strains (see Equations (6.14)
to (6.17) and (6.42)). The same behaviour is visible with the respective Poisson ratios of the materials.
Finally, some parameters impact a single component of the vertical deflection. It is the case for the material
densities, which affect only the weight component, as well as for the piezoelectric coefficient, d31 , and the
applied electrical field, which influences only the ferroelectric strain component.
Any built-in strain parameter, like the operating and deposition temperatures, texture parameters, thermal
expansion coefficients and lattice parameters of the materials, necessarily influence the ferroelectric strain.
This occurs through the stress generated by the built-in strain on the ferroelectric layer, which influences
the ferroelectric switching (see Equation (6.42)).
When working towards applications, the main advantage of this large array of parameters resides in the
tunability of the bending tongue modelling. Indeed, it is possible to fix a set of parameters based on the
constraints of the application and to adapt the other parameters to reach the chosen range of vertical
deflection.
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Figure 6.11.: Evolution of the vertical deflection at the free end of the bending tongue, zl , as a function
of the load at its free end with a length of 10 mm and a ferroelectric layer thickness of
1 µm. zl E − zl 0 represents the variation in vertical deflection between the states where an
electrical field E is applied and where no electrical field is applied. As E is kept constant at
500 kV·cm−1 , saturation is reached.
For example, it is possible to study the impact of the load applied at the free end of the bending tongue on
the maximum vertical deflection at the free end. If this load, considered only in Equation (6.13), is the
only parameter which can be varied, the deflection at the free end of the bending tongue, in x = xl , can be
expressed as:
)︁
1 − νef f 2 (︁ 4
∆z(x) = ∆q L
3xl − 4xm 3 xl + xm 4 ,
(6.45)
ef f
24EY Ief f
where ∆z(x) and ∆q L are the variations in the vertical deflection and in the load applied at the free end of
the bending tongue, respectively.
Therefore, if the materials and length of the bending tongue, the ferroelectric layer thickness and the length
load at the free end are fixed, it is possible to calculate the maximum end load to reach a chosen vertical
deflection.
This analysis can be performed for any parameter, giving insight into the respective impact of each parameter
and allowing optimisation of the bending tongue when some parameters are constrained by the application.

6.5. Conclusions relative to the modelling
The proposed modelling of ferroelectric bending tongues gives access to the vertical deflection while
taking ferroelectric switching on the grain scale into account. The proper modelling of ferroelectric
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switching can be verified through the P-E loop and the butterfly loop, both displaying hysteretic
behaviour and saturation.
The description of the saturation in the butterfly loop is an improvement of Hwang et al.’s model on which
the description of ferroelectric switching is based. This addition is crucial for applications were the
maximum accessible deflection and the corresponding applied electrical field required to reach it
are needed.
Additional features have been added, notably the calculation of the remanent strain and the impact of
the crystallographic state of the ferroelectric (polycrystalline, textured or epitaxial). The influence of
built-in strain on the polarisation highlighted by this model has been demonstrated experimentally by
Coleman, Walker, Beechem and Trolier-McKinstry [53] since its publication [265].
The large amount of parameters taken into account in this model allows the relative importance of the
contributions to the vertical deflection, i.e. own weight of the bending tongue, load applied at its free end,
built-in and ferroelectric strains, to be ascertained and the geometry of the bending tongue to be optimised.
As the material properties cannot be changed easily, the geometry of the bending tongue optimisation is
essential for specific applications, ensuring that ferroelectric strain is the main driving force of the bending
tongue vertical deflection.
The model predicts, for a 10 mm long and 3 mm wide bending tongue with a load of 5 · 10−5 N applied at
its free end, a change in vertical deflection under an applied electrical field of 500 kV·cm−1 ranging from
9.5 µm to 91.5 µm as the epitaxial PZT layer thickness increases from 0.2 µm to 2.0 µm. These results
indicate that PZT thin films deposited on stainless steel substrates are good candidates as bending
tongues in MEMS applications.

116

7. Conclusions and outlooks
Numerous future technological developments, including the implementation of wearable sensors and the
Internet of Things, are dependent on the integration of ferroelectrics into MEMS applications. However,
fundamentals questions, stated in section 1.2, must be answered to enable the direct deposition of lead
zirconate titanate thin films on stainless steel substrates by pulsed laser deposition and to establish the
suitability of these films for piezoelectric MEMS applications.
This chapter formulate the answers that this work has endeavoured to provide to these questions.
Section 7.1 treats each of the aforementioned questions individually to draw the conclusions of this work.
The outlooks of this thesis and future work necessary to expand knowledge on the topic are discussed in
section 7.2.

7.1. Conclusions and answers to the statement of purpose
The fundamental questions regarding the integration of ferroelectrics into MEMS applications that this
thesis aims to address are recalled and answered below.
1. How to incite the growth of tetragonal {001}-oriented or textured lead zirconate titanate thin films
on steel substrates by pulsed laser deposition to engineer a larger piezoelectric response?
This thesis establishes that the crystallographic orientation of lead zirconate titanate thin films grown
directly on stainless steel by pulsed laser deposition can be tailored with selected buffer layers and
appropriate substrate preparation.
As demonstrated in literature with sol-gel procedures, it is possible to obtain predominantly {001}-textured
PZT thin films using pseudo-cubic {100}-oriented LaNiO3 as a growth template and bottom electrode.
Furthering the state of the art, this work shows that LNO thin films can be deposited with a {001}
orientation on stainless steel substrates by physical vapour deposition and, therefore, that PZT thin
films orientation can be engineered on stainless steel substrates.
The process necessitates substrates with limited roughness which can be obtained by mechanical polishing,
reducing as-bought AISI 304 stainless steel substrates roughness from 189 nm down to 3 nm. To maintain
surface quality through the subsequent depositions, substrate oxidation must be prevented. For this
purpose, a Pt buffer layer was initially used, however, it interacts with the substrate at elevated temperatures,
creating an intermetallic phase, CrPt. The formation of the CrPt phase generates surface instability during
LNO deposition, preventing the latter from growing in a {001} orientation. This can be circumvented
with an amorphous Al2 O3 buffer layer between the Pt and LNO thin films. Thereby, {001}-textured PZT
thin films have been deposited in PbZr0.52 Ti0.48 O3 /LaNiO3 /Al2 O3 /Pt/steel heterostructures. These
PZT stacks display Lotgering factors for the LNO and PZT layers of f(00l) LNO = 0.68 and f(00l) PZT = 0.91,
respectively.
Further series of samples have been deposited, confirming that tetragonal {001} texture can also be
achieved for 2 mol.% Nb-doped PZT thin films. To prevent the formation of an intermetallic phase,
the Pt buffer layer is removed from these Pb0.99 □0.01 (Zr0.52 Ti0.48 )0.98 Nb0.02 O3 /LaNiO3 /Al2 O3 /steel
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heterostructures and the thickness of the Al2 O3 layer is increased to 50 nm to avoid oxidation of the
stainless steel substrates during the deposition of the LNO and PNZT layers. The Lotgering factor for the
LNO layer of PNZT stacks reaches up to f(00l) LNO = 0.84, an improved value compared to those reported
in literature on steel substrates. The PNZT thin films show Lotgering factors of f(00l) PNZT = 0.89, a value
equivalent to those observed for the PZT thin films deposited in this work.
The keys elements enabling {001}-textured deposition of PZT and PNZT thin films on stainless steel
substrates by pulsed laser deposition are a limited substrate roughness, the prevention of substrate
oxidation with an Al2 O3 buffer layer and the deposition of a pseudo-cubic {100}-oriented LaNiO3
thin film as a growth template.
2. Are the ferroelectric properties of lead zirconate titanate thin films on steel substrates suitable for
piezoelectric MEMS applications?
This work shows that the ferroelectric properties of {001}-textured lead zirconate titanate thin films
deposited on AISI 304 stainless steel substrates make them good candidates for future piezoelectric
MEMS applications.
The dielectric constant of both 200 nm thick PZT and PNZT thin films is approximately 350 at 1 kHz
with dielectric loss lower than 5 %. In the case of the PNZT thin films, higher permittivity is reported for
some electrodes, up to 370 at 1 kHz. Furthermore, PNZT dielectric constant can increase up to 430 after
P-E loop measurements. While these permittivity values are lower than most reported in literature for PZT
thin films on metallic substrates [51, 53, 57], they are larger than those of 192 reported for non-textured
PZT on austenitic stainless steel [64]. The dielectric losses here described are equivalent to literature
values.
Thin films of both undoped PZT and PZT doped with 2 mol.% Nb are ferroelectric, displaying well
defined polarisation versus electrical field hysteresis loops with a clear saturation. Measured under
the same conditions, 400 nm thick PZT and PNZT thin films both present a remanent polarisation
P r ∼16.5 µC·cm-2 and a coercive field E c ∼92 kV·cm-1 . The values of remanent polarisation and
coercive field are on par with and larger than those reported in literature for thicker PZT thin films,
respectively [51, 53].
While 2 mol.% Nb-doping has no noticeable impact on the properties of the PNZT thin films as
compared to those of the PZT layers, the effect of doping could be damped by other phenomena as the
PNZT stacks and the PZT stacks are deposited under different conditions. Nonetheless, the PNZT thin films
deposited in this work can withstand higher applied electrical fields than PZT thin films without
undergoing dielectric breakdown.
Phenomena not yet fully understood occur in the PNZT thin films, leading to intrinsic changes within
samples during P-E loop measurements with increasing maximum applied field. The reversible and
irreversible Rayleigh constants are increased after these measurements, along with larger dielectric
constant and loss values. It appears from leakage current measurements that the space-charge limited
current with trap filling mechanism, which was identify for the PZT thin films, is combined with at least
another mechanism at higher applied fields for the PNZT thin films.
The piezoelectric e31,f coefficient of the PNZT thin films is within range of literature reports for PZT
thin films on metallic substrates. However, the e31,f coefficient reaching up only to −4.4 C·m-2 for the
200 nm thick PNZT thin film, improvement would be advisable.
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The lead zirconate titanate thin films deposited in this work present acceptable dielectric constants.
Nonetheless, future piezoelectric MEMS applications would benefit from an increase of their permittivity.
Contrarily, dielectric losses are satisfying, being below 5 %. The remanent polarisation values are on
par with literature and could potentially be higher if the P-E loops were measured with larger maximum
applied field. This is possible with the PNZT thin films on which larger electrical field can be applied
without reaching dielectric breakdown than on the PZT thin films. Therefore, the remanent polarisation
values are promising for MEMS applications and are combined with rather larger coercive fields
as compared to literature. The presence of an internal bias field should be noted in both the PZT and
the PNZT thin films, indicating a preferred polarisation direction which can be used efficiently for
piezoelectric MEMS applications. The current properties hint towards sensor technology rather than
actuation applications.
The ferroelectric tetragonal {001}-textured lead zirconate titanate thin films, in particular with
2 mol.% Nb-doping, deposited by pulsed laser deposition on stainless steel substrates are noteworthy
candidates for future piezoelectric MEMS applications requiring non-brittle substrates.
3. How to calculate the accessible vertical deflection of ferroelectric bending tongues, taking into account
both their linear piezoelectric structure and ferroelectric switching?
This work demonstrates that the gap between the description of ferroelectric switching and the
mechanical approach for linear piezoelectric structures can be bridged. A model is proposed to
calculate the vertical deflection of ferroelectric bending tongues based on the Euler-Bernoulli beam theory
while taking ferroelectric switching on the grain scale into consideration, relying on the switching criterion
developed by Hwang et al. [77].
The proposed model gives rise to both P-E loops and butterfly loops, displaying hysteretic behaviour
and saturation, indicating the proper modelling of ferroelectric switching. An improvement of Hwang
et al’s model is the description of the saturation in the butterfly loop which is critical to calculate the
maximum accessible deflection and corresponding applied electrical field required to reach it for
MEMS applications.
The combination of the ferroelectric switching criterion with the Euler-Bernoulli beam theory and the
inclusion of a significant number of parameters to the model give access to additional features. With the
loading at the bending tongue free end to represent practical MEMS applications, and parameters describing
bending tongues physical characteristics, i.e. geometry, material properties, crystallographic state, etc., it
becomes possible to optimise the geometry of the bending tongue. Since the material properties cannot
be modified easily, this is essential to tailor bending tongues for specific MEMS applications.
This wide range of available parameters has notably permitted to highlight the impact of the crystallographic state of the ferroelectric (polycrystalline, textured or epitaxial) onto vertical deflection.
Furthermore, the modelling confirms that PZT thin films deposited on stainless steel substrates are
suitable candidates as bending tongues in MEMS applications with a change in vertical deflection up to
9.5 µm under an applied electrical field of 500 kV·cm−1 for a 10 mm long bending tongue with a 5 · 10−5 N
load applied at its free end.
Through the analysis of the impact of the different parameters onto the bending tongue vertical deflection,
the full potential of combining the modelling of the mechanical approach for linear piezoelectric
structures and the description of ferroelectric switching to predict the behaviour of ferroelectric
MEMS is unequivocal.
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7.2. Outlooks and future work
To fully exploit the potential of this work and create piezoelectric MEMS applications based on {001}oriented lead zirconate titanate thin films deposited directly on stainless steel substrates, additional
investigations are necessary. Future work towards this goal can be sundered into several segments.

7.2.1. Potential improvements to ferroelectric bending tongues modelling
The FeBeTo - Ferroelectric Bending Tongues modelling program introduced in chapter 6 was developed
with the possibility to easily replace internal functions within the main program. Despite the significant
improvements brought by the modelling proposed in this work, further enhancement could be achieved by
relying on a new function to calculate ferroelectric strain in the program.
Indeed, in this work, the calculation of ferroelectric strain relies on Hwang et al.’s model for ferroelectric
switching [77]. Domain wall motion and the correlation between ferroelectric domains are not accounted
for in the proposed model despite the large impact they have on ferroelectric switching [248]. Therefore, it
would be interesting to integrate in the FeBeTo program several models of ferroelectric behaviour developed
in the recent years and described in literature. These models could bring additional information on
the dynamics of the switching process [279] or on the impact of domain wall pinning [74] which would
contribute to a more accurate prediction of the accessible vertical deflection of ferroelectric bending tongues.
Additionally, it would be interesting to fully characterise the lead zirconate titanate thin films deposited
in this work to perform the modelling with the effective material properties. It would give more insight
into the capabilities of lead zirconate titanate thin films on stainless steel in MEMS applications and would
further enable the optimisation of device geometry for a specific application.

7.2.2. Potential improvements in materials selection and deposition methods
Several improvements can also be made in the materials selection for the PZT stacks and the PNZT stacks,
ranging from the choice of stainless steel for the substrate to the doping of the lead zirconate titanate thin
films.
As passive components in MEMS applications, substrates must not hinder the action of the active ferroelectric
layer. Therefore, it would be interesting to reduce the current substrate thickness of 0.2 mm down to a few
tens of microns as reported in literature for some experimental investigations [51, 53]. However, we note
that thinner substrates would pose difficulties for the substrates mechanical polishing with the current
experimental setup and would require to establish new polishing procedures.
Furthermore, as described in section 5.1.1, substrate bending occurs during the deposition of the buffer
and lead zirconate titanate layers at elevated temperatures. This bending, due to a relief of processing
stresses, could be avoided by utilising a thermally treated stainless steel in which stress is relieved prior to
thin films deposition [165]. During this thermal treatment, cooling down should be performed sufficiently
fast to avoid the precipitation of chromium carbide during the process, which would make the steel easily
oxidisable [166]. Due to the technical difficulties to achieve such rapid cooling, the process should be
performed industrially.
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Besides improvements of the substrate characteristics, the current work could benefit from a tuning of the
amount of Nb-doping into the PNZT thin films as only 2 mol.% Nb-doping has been investigated. The
sometimes contradictory literature reports on Nb-doping effects on lead zirconate titanate properties, e.g.
on coercive field, emphasise the importance of investigating the impact of doping in the specific deposition
conditions encountered in the heterostructures developed in this work [98, 154]. Indeed, ferroelectrics
coercive fields, determining their ease to be poled and depoled, are critical for some applications.
Additionally, it is conceivable to replace the pulsed laser deposition employed for the different layers
by sol-gel methods. While out of the scope of this thesis, these procedures can be performed at lower
temperatures, followed by post-deposition rapid thermal annealing, efficiently limiting the oxidation of
stainless steel and reducing thermal strain on the heterostructures [24]. It should also be pointed out
that the pulsed laser deposition system currently used to deposit lead zirconate titanate thin films has
a relatively slow deposition rate compared to that of a sol-gel procedure. Furthermore, a PbO capping
layer deposited on top of lead zirconate titanate thin films would compensate lead evaporation during the
deposition and stabilise the perovskite phase [51]. However, the current pulsed laser deposition system
does not permit to switch between two different targets while maintaining the deposition conditions,
suppressing the possibility to deposit a capping layer from a secondary PbO target. For this reason, the
heterostructures deposited in this work would also benefit from the implementation of a sol-gel procedure.

7.2.3. Towards future MEMS applications
As for any devices, MEMS applications require not only to optimise material properties but to meet a set
of technical specifications. For this purpose, an accurate understanding of the phenomena within the
lead zirconate titanate thin films under an applied electrical field is needed. Therefore, the nature of the
intrinsic changes described in section 5.2.5 and, notably, their relation with the large leakage currents in
the first measured series of P-E loops, must be determined.
Furthermore, the effective e31,f transverse piezoelectric coefficient could be asserted more accurately if the
in-plane strain was measured by Pt strain gauges sputtered directly on the sample surface (see section 4.4)
instead of commercial strain gauges glued next to the sample. Accessing this improved characterisation
method necessitate to solve the adhesion problem between the lead zirconate titanate thin films and the
sputtered strain gauges.
Moreover, the adhesion between the different layers of the heterostructures must be assessed to ensure
their structural integrity when operated as MEMS devices. Studies under various conditions are yet to be
carried out, in particular, the impact of temperature, crucial for ferroelectric properties [54], needs to be
investigated. After selection of a specific application for MEMS devices based on this work’s heterostructures,
the corresponding figure of merit should be calculated.
Ultimately, the replacement of lead zirconate titanate thin films by lead-free ferroelectrics could be
considered as the Restriction of Hazardous Substances (RoHS) in Electrical and Electronic Equipment set
by the European Union in February 2003 [280] is getting increasingly stringent [281, 282]. This last point
should be carefully examined in terms of advantages and drawbacks outside of the academic perspective as
the industrial significance of lead-free materials is, to date, not clearly established and they might ultimately
have a larger environmental impact [283].
Until lead-free ceramics can fully replace PZT and while further improvements and characterisation
of the ferroelectric {001}-textured lead zirconate titanate thin films deposited on stainless steel
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substrates are necessary, the results presented in this thesis position them as good candidates for
piezoelectric MEMS applications.
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A. Wafer flexure e31,f measurement system loudspeaker amplifier
In the wafer flexure e31,f measurement system described in section 4.4 whose concept was developed by
Shepard, a Legend BP102-8 loudspeaker by Eminence Speaker (Eminence, KY, USA) used to generate a
pressure oscillation inside the uniform pressure rig is driven by a sinusoidal signal generated by a SR830
DSP Lock-In Amplifier by Stanford Research Systems (Sunnyvale, CA, USA) [232]. Before being transmitted
to the loudspeaker, the sinusoidal signal is amplified inside the electronics box. The electrical schematic
of the amplifier which was designed by Michael Weber from the Institute of Materials Science of the
Technische Universität Darmstadt (Darmstadt, Germany) is introduced in Figure A.1.
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Figure A.1.: Electrical schematic of the amplifier to amplify the sinusoidal signal generated by the lock-in
amplifier before its transmission to the loudspeaker. The Sine in terminal corresponds to
the sinusoidal signal input into the amplifier and Loudspeaker is the output signal terminal.
Design by Michael Weber.
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B. Wafer flexure e31,f measurement system loudspeaker cavity
In the wafer flexure e31,f measurement system described in section 4.4 whose concept was developed
by Shepard, a Legend BP102-8 loudspeaker by Eminence Speaker (Eminence, KY, USA) is fitted on an
aluminium cavity to generate a pressure oscillation in the air inside the cavity [232]. A representation of
the cavity is given in Figure B.1. The technical drawings of the cavity four supports and the cavity itself
are given in Figures B.2 and B.3, respectively.

Figure B.1.: Representation of the cavity on which the loudspeaker is fitted to generate a pressure oscillation for the e31,f measurement with the wafer flexure system. Pipe connector is represented.
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Figure B.2.: Technical drawing of the four supports of the cavity on which the loudspeaker is fitted to
generate a pressure oscillation for the e31,f measurement with the wafer flexure system.
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Figure B.3.: Technical drawing of the cavity on which the loudspeaker is fitted to generate a pressure
oscillation for the e31,f measurement with the wafer flexure system.
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C. Wafer flexure e31,f measurement system uniform pressure rig
In the wafer flexure e31,f measurement system described in section 4.4, the silicon carrier wafer supporting
the piezoelectric sample to characterise is fixed on a uniform pressure rig. The uniform pressure rig whose
concept was developed by Shepard, is composed of several components [232]. A representation of the
assembled uniform pressure rig is given in Figure C.1. The technical drawings of the rig housing, the base
plate, the two bushings and the retention ring are given in Figures C.2 to C.5, respectively.

Figure C.1.: Representation of the assembled uniform pressure rig, whose concept was developed by
Shepard, on which the silicon carrier wafer supporting the piezoelectric sample to characterise
is fixed [232]. The rig housing is represented in light brown and the base plate in beige. Space
to fit the silicon carrier wafer is visible between the two bushings, represented in light blue
and darker blue. The retention ring is shown in light grey. Assembly screws, retention ring
fixation screws and bolts and pipe connector are represented.
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Figure C.2.: Technical drawing of the rig housing component of the uniform pressure rig for the e31,f
measurement with the wafer flexure system.

VIII

6.5

127.0

A

M5x0.5 - 6H
9.0 5.0

76.0

63.0
M5x0.5 - 6H

R44.5
R56.0
0.5

DRAWN BY

Cardoletti
TITLE

DETAIL A
SCALE 2 : 1

Base plate
PART NO

2 of 4
SCALE

1/2

SHEET

1 OF 1

Figure C.3.: Technical drawing of the base plate component of the uniform pressure rig for the e31,f
measurement with the wafer flexure system.
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Figure C.4.: Technical drawing of the bushing component of the uniform pressure rig for the e31,f measurement with the wafer flexure system. Two units are needed for the uniform pressure
rig.
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Figure C.5.: Technical drawing of the retention ring component of the uniform pressure rig for the e31,f
measurement with the wafer flexure system.
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D. Wafer flexure e31,f measurement system electronics box
In the wafer flexure e31,f measurement system described in section 4.4 whose concept was developed by
Shepard, the electronics box performs several processes [232]. It was designed by Michael Weber from
the Institute of Materials Science of the Technische Universität Darmstadt (Darmstadt, Germany) upon a
concept by the Susan Trolier-McKinstry group at The Pennsylvania State University [232]. The electrical
schematic of the electronics box is introduced in Figure D.1.
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Figure D.1.: Electrical schematic of the electronics box of the wafer flexure e31,f measurement system
containing the amplifier for the loudspeaker, the charge integrator and voltage dividers to
measure strain from Strain gauge 1 and Strain gauge 2. Devices connected to the electronics
box are represented. Design by Michael Weber.
Starting from the top left corner of Figure D.1, the electronics box is connected to the Sine out terminal of a
SR830 DSP Lock-In Amplifier by Stanford Research Systems (Sunnyvale, CA, USA). The signal is amplified
inside the loudspeaker amplifier (see Appendix A) and transmitted to a Legend BP102-8 loudspeaker by
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Eminence Speaker (Eminence, KY, USA).
The electronics box transfers the measured surface charge and in-plane strains to the Input A terminal of
the lock-in amplifier. Switching between the different signals is performed by the relay contacts labelled
Port 0.0 to Port 0.2 which are commanded by a NI USB-6008 card by National Instruments (Austin, TX,
USA) inside the electronics box.
Port 0.0 controls the surface charge measurement via the charge integrator which converts the AC current
to voltage and amplifies it (see Appendix E). Port 0.1 and Port 0.2 control the in-plane strain measurements
via Strain gauge 1 and Strain gauge 2, respectively. Both strain gauges are mounted into identical voltage
dividers with 1.2 kΩ reference resistors.
The 5 kΩ potentiometers in parallel to Port 0.3 and Port 0.4 allow tuning of the reference resistance in
the voltage dividers in case of sputtered strain gauges with non-standard resistances values. In case of
commercial strain gauges, the potentiometers are by-passed by closing Port 0.3 and Port 0.4.
The OP07 operational amplifiers ensure stability at 1.1 V of the analogue outputs of the NI USB-6008 card
despite resistance variations in the voltage dividers. The connections with the analogue inputs of the NI
USB-6008 card allow to measure the output of the voltage dividers to tune, if necessary, the potentiometers
before the e31,f measurement starts.
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E. Wafer flexure e31,f measurement system charge converter
In the wafer flexure e31,f measurement system described in section 4.4 whose concept was developed by
Shepard, the surface charge developed by the sample as a function of mechanical stress is monitored by
a charge integrator which was designed by Michael Weber from the Institute of Materials Science of the
Technische Universität Darmstadt (Darmstadt, Germany) upon a concept by the Susan Trolier-McKinstry
group at The Pennsylvania State University [232]. The charge integrator converts to voltage and amplifies
the AC current, leading to more stable and reliable measurements. The electrical schematic of the integrator
is introduced in Figure E.1.
The two 50 Ω resistors installed directly after the Qin terminal and before the Vout terminal are present for
impedance matching purposes. The 1 µH inductor aims to limit the voltage spike that would result from a
sample failure, i.e. dielectric breakdown. Should this phenomenon happen, the additional energy would
be dissipated through the two diodes towards the electrical ground.
The current entering the negative terminal of the operational amplifier (Terminal 2) is limited by the parallel
resistor-capacitor combination placed before it. To prevent saturation of the output at the operational
amplifier supply voltage, charge build-up on the Cref capacitor is prevented by the 100 MΩ feedback
resistor installed in parallel with Cref .
The charge developed on Cref and, therefore, on the sample, is given by Equation (4.6), assuming that the
contributions to the complex impedance from both 50 Ω resistors and from the 1 µH inductor are negligible.
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Figure E.1.: Electrical schematic of the charge integrator to convert and amplify the AC current from the piezoelectric sample surface
charge into a voltage. Qin corresponds to the charge input into the integrator terminal, Vout is the output voltage terminal
and Cref is the reference capacitance on which the charge is developed. Design by Michael Weber.
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F. Modelling of ferroelectric bending tongues: Code of the FeBeTo Ferroelectric Bending Tongues modelling program
The MATLAB® code of the FeBeTo – Ferroelectric Bending Tongues modelling program whose concept is
developed in chapter 6 is stored on TUdatalib Repository, the institutional repository of the Technische
Universität Darmstadt, under the DOI 10.25534/tudatalib-11.3.
Due to its length of more than 3,000 lines, the code could not be printed in this appendix. The program
installer, the main code file and the files containing the various functions can be found in the online
repository. All code files are extensively commented.
The FeBeTo program is distributed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International (CC BY-NC-ND 4.0) licence.
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G. Modelling of ferroelectric bending tongues: Development from the load
distribution equation to the equation of vertical deflection due to loads
For the modelling of ferroelectric bending tongues, the load distribution on the bending tongues is described
by Equation (6.7), using the Macaulay brackets. Its development until the equation of vertical deflection
due to loads (Equation (6.13)) is given below. According to the Euler-Bernoulli beam theory, Equation (6.7)
can be written:
Ef lex Iz IV = q W + q L < x − xm >0 ,
(G.1)
where Ef lex is the flexural modulus, which is taken as equivalent to the Young modulus, EY , based on
the assumptions of the model (see section 6.2.2). I is the second moment of area and z IV is the fourth
derivative of z(x), the vertical deflection.
It is necessary to take into account the corrections of the beam inhomogeneity through EY,ef f and Ief f
(Equation (6.5)) and of its disproportionate width (Equation (6.6)). Therefore, Equation (G.1) can be
formulated as:

1 − νef f 2 IV
z = q W + q L < x − xm >0 .
EY,ef f Ief f

(G.2)

Following the Euler-Bernoulli beam theory, Equation (G.2) should be integrated four consecutive times
over the length of the bending tongue. The first integration yields:

1 − νef f 2 III
z
= q W x + q L < x − xm >1 +cst1 ,
EY,ef f Ief f

(G.3)

where z III is the third derivative of z(x) and cst1 is an integration constant. It can be calculated using the
boundary conditions given in Equation (6.9):

z III (x = xl ) = 0 → cst1 = −q W xl − q L (xl − xm ).

(G.4)

By combining Equations (G.3) and (G.4), it yields:
[︁
]︁
1 − νef f 2 II
x2 q L
z = qW
+
< x − xm >2 − q W xl + q L (xl − xm ) x + cst2 ,
EY,ef f Ief f
2
2

(G.5)

where z II is the second derivative of z(x) and cst2 is an integration constant. It can be calculated using
the boundary conditions given in Equation (6.10):

z II (x = xl ) = 0 → cst2 = q W

(︃
)︃
xl 2
xl − xm
+ q L (xl − xm ) −
+ xl .
2
2

(G.6)

By combining Equations (G.5) and (G.6), it yields:
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[︁
]︁ x2
1 − νef f 2 I
x3 q L
z = qW
+
< x − xm >3 − q W xl + q L (xl − xm )
EY,ef f Ief f
6
6
2
[︃
(︃
)︃]︃
2
xl
xl − xm
+ qW
+ q L (xl − xm ) xl −
x + cst3 ,
2
2

(G.7)

where z I is the first derivative of z(x) and cst3 is an integration constant. It can be calculated using the
boundary conditions given in Equation (6.11):

z I (x = 0) = 0 → cst3 = 0.

(G.8)

By combining Equations (G.7) and (G.8), it yields:

[︁
]︁ x3
1 − νef f 2
x4 q L
z = qW
+
< x − xm >4 − q W xl + q L (xl − xm )
EY,ef f Ief f
24 24
6
[︃
(︃
)︃]︃ 2
2
xl
xl − xm
x
+ qW
+ q L (xl − xm ) xl −
+ cst4 ,
2
2
2

(G.9)

where cst4 is an integration constant. It can be calculated using the boundary conditions given in Equation (6.12):

z(x = 0) = 0 → cst4 = 0.

(G.10)

By combining Equations (G.9) and (G.10), it yields:

[︃
(︁
)︁
1 − νef f 2
z(x) =
q W x4 + q L < x − xm >4 +4 −q W xl − q L (xl − xm ) x3
24EY,ef f Ief f
[︃
(︃
)︃]︃ ]︃
2
xl − xm
W xl
L
+12 q
+ q (xl − xm ) xl −
x2 ,
2
2
corresponding to Equation (6.13).
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H. Modelling of ferroelectric bending tongues: Development from the bending
moments due to strain distribution equation to the equation of vertical
deflection due to bending moments
For the modelling of ferroelectric bending tongues, the bending moments due to strain distribution on the
bending tongue is described by Equation (6.18), using the Macaulay brackets. Its development until the
equation of vertical deflection due to bending moments (Equation (6.19)) is given below. According to the
Euler-Bernoulli beam theory, Equation (6.18) can be written:
(︁
)︁
Ef lex Iz II = Mb + Mf 1− < x − xm >0 ,

(H.1)

where Ef lex is the flexural modulus, which is taken as equivalent to the Young modulus, EY , based on
the assumptions of the model (see section 6.2.2). I is the second moment of area and z II is the second
derivative of z(x), the vertical deflection.
It is necessary to take into account the corrections of the beam inhomogeneity through EY,ef f and Ief f
(Equation (6.5)) and of its disproportionate width (Equation (6.6)). Therefore, Equation (H.1) can be
formulated as:
(︁
)︁
1 − νef f 2 II
z = Mb + Mf 1− < x − xm >0 .
EY,ef f Ief f

(H.2)

Following the Euler-Bernoulli beam theory, Equation (H.2) should be integrated two consecutive times
over the length of the bending tongue. The first integration yields:

1 − νef f 2 I
z = (Mb + Mf ) x − Mf < x − xm >1 +cst5 ,
EY,ef f Ief f

(H.3)

where z I is the first derivative of z(x) and cst5 is an integration constant. It can be calculated using the
boundary conditions given in Equation (6.11):

z I (x = 0) = 0 → cst5 = 0.

(H.4)

By combining Equations (H.3) and (H.4), it yields:

1 − νef f 2
x2 Mf
z = (Mb + Mf )
−
< x − xm >2 +cst6 ,
EY,ef f Ief f
2
2

(H.5)

where cst6 is an integration constant. It can be calculated using the boundary conditions given in Equation (6.12):

z(x = 0) = 0 → cst6 = 0.

(H.6)

By combining Equations (H.5) and (H.6), it yields:
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z(x) =

]︁
1 − νef f 2 [︁
(Mb + Mf ) x2 − Mf < x − xm >2 ,
2EY,ef f Ief f

corresponding to Equation (6.19).
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