
Ferroelectric and energy storage
characterization of PVDF-based thin films

and nanocomposites

DISSERTATION

Zur Erlangung des Grades
des Doktors der technischen Wissenschaften (Dr. Techn.)

an der Fakultät für Elektrotechnik und Informationstechnik
am Institut für Sensor- und Aktuatorsysteme E366

der Technische Universität Wien

Davide Disnan, MSc
Matrikelnummer: 12031889

Wien, 2025





Rigorosum: Wien, 31. Januar 2025

Supervisor: Univ.-Prof. Dr.rer.nat. Ulrich Schmid
Technische Universität Wien

Reviewer: Univ.-Prof. Dr.rer.nat. Alexander Bergmann
Technische Universität Graz

Reviewer: Univ.-Prof. Dr.sc. Silvan Schmid
Technische Universität Wien





Abstract

Abstract

Functional materials, such as lead zirconate titanate (PZT) and barium titanate (BTO), are

widely used in microelectromechanical systems (MEMS) due to their strong piezoelectric

properties. However, the inherent stiffness of these ceramics limits their applicability where

high mechanical flexibility is required. This limitation has led to the growing interest in

piezoelectric polymers, particularly in ferroelectric poly(vinylidene fluoride) (PVDF) and its

copolymer with trifluoroethylene (P(VDF-TrFE)). These polymers offer a soft alternative to

traditional piezoceramics, making them suitable for flexible MEMS applications. This thesis

investigates the electromechanical behaviour of PVDF and P(VDF-TrFE) thin films within the

context of polymer science. It specifically explores how processing parameters, surface

microstructure, and crystalline phases influence the piezoelectric and ferroelectric properties

of these materials. For this purpose, capacitor-type test structures were fabricated by

depositing thin films of PVDF and P(VDF-TrFE) via spin-coating. Additionally, capacitors can

be applied as energy storage devices, an area where ferroelectric polymers have gained

significant interest due to their superior dielectric strength compared to conventional ceramics

and higher dielectric permittivity than standard polymeric materials. To leverage these

advantageous properties even further, this work focuses on developing P(VDF-TrFE)-based

nanocomposites loaded with carboxymethyl cellulose nanofibers mixed with BTO

polydopamine-based functionalized high-permittivity nanoparticles (CCNF-BTO@PDA).

These nanocomposites were incorporated into spin-cast thin films of 2 μm thickness, which is

ten times thinner than those typically reported. Despite challenges such as nanoparticle

agglomeration, which became more pronounced in these thinner films and significantly

affected the breakdown strength, these findings offer valuable insights for further research in

spin-cast fluoropolymer-based nanocomposite thin films, especially when targeting the

micrometre thickness range for MEMS applications.
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1 Introduction

1.1 Motivation and Objectives

The discovery of piezoelectricity in 18801 marked a significant milestone in material

science and electrical engineering. This phenomenon, extensively studied since its discovery,

refers to the ability of materials with a non-centrosymmetric crystalline structure to generate

an electric charge in response to an applied mechanical stress, and vice versa2,3,4. In 1921,

ferroelectricity, a subset of piezoelectricity, was discovered, introducing a new field in

material science and engineering5. Ferroelectrics are a class of materials distinguished by a

spontaneous nonlinear polarization that can be reversed by applying an external electric field.

This characteristic allows ferroelectrics to maintain two stable polarized states, called remnant

polarization, even after the external field is removed6. The piezoelectric behaviour observed

in ferroelectric materials enabled efficient electromechanical energy conversion and signal

transformation3, leading to their widespread integration into microelectromechanical

systems (MEMS). As a consequence, ongoing research has been stimulated to explore

applications like sensors, actuators, energy harvesters, and energy storage devices4,7,8,9,10,11,12,13.

Barium titanate (BTO) and lead zirconate titanate (PZT) are among the most studied

ferroelectrics and are part of the so-called piezoceramic materials, that, over time, have

achieved widespread use and reliability. However, the stiffness and lack of flexibility of

traditional piezoceramics prompted interest in finding softer, more flexible alternatives for

MEMS applications.

In 1969, the discovery of strong piezoelectricity in uniaxially drawn and poled

poly(vinylidene fluoride) (PVDF) thin films by Kawai revolutionized the field by introducing

polymers as viable ferroelectric materials14. Since then, PVDF and its copolymer,

poly(vinylidene fluoride and trifluoroethylene) (P(VDF-TrFE)), have dominated electroactive

polymer technology. They have garnered significant interest due to their noteworthy

mechanical and dielectric properties when compared to piezoceramics3,15,16,17. The integration

of polymer science into ferroelectric research introduced new complexities, such as

macromolecules, a wide range of processing techniques, and polymer degradation, thus
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necessitating continuous research in the field. Despite these challenges, the ability to avoid

high-temperature processing required for piezoceramic thin film fabrication, address the

health risks with lead-containing materials, and reduce manufacturing costs has favoured the

adoption of ferroelectric polymers across various industrial sectors18,19,20,21,22,23,24. In particular,

the usage of ferroelectric polymers in energy storage devices has attracted in the last decades

strong interest due to their higher electric breakdown field compared to the common ceramics.

However, since the energy storage capacity is directly proportional to the dielectric

permittivity, which is typically low in polymeric materials, researchers have turned to

nanocomposite technology to enhance these devices25. Dielectric nanocomposites, consisting

of polymer matrices loaded with inorganic or organic nanofillers, aim to leverage the

properties of both components to enhance the energy density of the material. Therefore, by

introducing high permittivity nanofillers, such as BTO or titanium dioxide (TiO2), the energy

storage capacity of the polymer matrix has been shown to increase. On the downside, the high

surface energy of nanoparticles can cause them to agglomerate, potentially reducing the

breakdown strength due to an uneven electric field distribution within the material26,27,28. This

poses challenges, especially in submicron spin-cast thin films, which are a key focus of this

work.

Due to these partially counteracting requirements when targeting the improvement of

material properties in soft ferroelectric thin films, this thesis focuses on evaluating the

electrical as well as electromechanical properties of spin-cast PVDF and P(VDF-TrFE) thin

films, considering parameters associated with polymer science, such as microstructure,

crystalline phase, and fabrication process. Special attention is also given to the energy storage

capability, exploring the potential and challenges for spin-cast ferroelectric nanocomposite

thin films compared to the current state-of-the-art in the fluoropolymers field. Additionally,

the utilization of nanocomposite technology, including the integration of organic and

inorganic nanoparticles and its potential applications into MEMS, is explored to develop

polymer thin films for future highly flexible energy storage devices.
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1.2 Thesis Outline

The objectives of this thesis involve different disciplines: polymer science and

electrical engineering. Polymer science plays a pivotal role, as it is essential for understanding

the physical and chemical transformations of the materials, particularly in response to factors

like temperature or electric field, which subsequently influence the electromechanical

response. The electrical engineering aspects focus on the integration of ferroelectric polymer

and nanocomposite thin films into MEMS fabrication processes, along with their electrical

characterization, thereby completing the scope of the thesis.

The following offers a brief introduction to the different topics addressed in this thesis,

organized by chapters. Chapter 2 provides an overview of the current state-of-the-art in

ferroelectric polymers and nanocomposite thin films. It encompasses various aspects of

polymer science, including morphology, crystalline phases, and processing techniques in

ferroelectric polymers. Chapter 2 also introduces nanocomposite technology, exploring both

current applications, especially energy storage, and potential future markets.

Chapter 3 presents the fundamentals of electroactive polymers, providing a detailed

discussion on piezoelectricity, electrostriction, ferroelectricity, and energy storage

characteristics.

Chapter 4 focuses on fabrication details, presenting the integration of ferroelectric

polymers (PVDF and P(VDF-TrFE)) and nanocomposite (P(VDF-TrFE)-based) thin films into

a standard silicon MEMS fabrication process.

These fabricated structures are subsequently subjected to characterization techniques,

which are presented in Chapter 5. These characterization techniques include X-ray diffraction

and electromechanical studies, among others, offering insights into their crystalline as well as

piezo- and ferroelectric properties.

Chapter 6 highlights the results and discussion of the electromechanical studies

conducted on semi-crystalline polymers PVDF and P(VDF-TrFE). It investigates various

aspects of polymer science, including chain conformations, crystalline phase transitions, and

microstructure characteristics. Chapter 6 explores how these factors influence the piezo- and

ferroelectric activity of these materials.

Chapter 7 concentrates on the study of P(VDF-TrFE)-based nanocomposite thin films,

investigating nanofillers, surface functionalization, and final thin-film characteristics, such as
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nanoparticle dispersion. This chapter bridges chemistry with ferroelectricity in the context of

energy storage characterization, covering aspects such as dielectric studies, electric

breakdown field, and energy density.

Concluding, Chapter 8 summarizes the findings of this thesis and offers an outlook on

potential future developments in the field.
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2 State-of-the-art

2.1 Ferroelectric polymers: PVDF and P(VDF-TrFE)

PVDF and P(VDF-TrFE) belong to the category of polar polymers, drawing increasing

interest for their application into MEMS devices thanks to their unique advantages over

traditional piezoceramics, such as flexibility, non-toxicity, and biocompatibility18,22,23. This

chapter provides a comprehensive examination of PVDF and P(VDF-TrFE) molecular

structures, crystalline phases, and ferroelectric properties according to the current

state-of-the-art, highlighting their significance in material science. It underscores the dynamic

nature of ferroelectric polymers and their potential for driving innovation across industries.

2.1.1 Ferroelectric polymers

Polymers are a class of materials composed of long molecular chains, known as

macromolecules, that in turn are made up of repeating molecule fundamental units called

monomers. Polymers characterized by a single type of monomer unit are termed

homopolymers, while those composed of two or more different types of monomeric units are

referred to as copolymers.Within the broad category of polymers, there exists a distinct subset

known as polar polymers, defined as polymers constituted by monomers containing polar

chemical groups with a nonzero net polarization within the fundamental unit. A simplified

scheme is presented in Fig. 2.1. It should be noted that polymers present diverse

Figure 2.1 Schematic diagram illustrating the subsets of polymers focused in this study:

homopolymers and copolymers (distinguished by the presence of a single or multiple monomer

units, respectively) divided in polar and non-polar whether or not they possess a nonzero net

polarization within the monomer unit.
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characteristics and can be further classified into numerous categories. For the purpose of this

thesis, this simplified categorization is used.

However, to achieve an effective macroscopic piezoelectricity from polar polymers,

their constituents must not be overly large or voluminous. This is because excessive bulkiness

can inhibit the crystallization of the macromolecules or force them into shapes that induce

compensation of internal dipoles, leading to a zero net macroscopic polarization29.

Considering these factors, fluorocarbons emerge as highly suitable monomers for generating

piezoelectric and ferroelectric characteristics. Among the most common polyfluorocarbons is

the homopolymer PVDF. In 1969, Kawai first observed the piezoelectric effect in PVDF14,

which quickly gained interest for its electroactive properties, originating from the high polar

dipole -CH2-CF2- presented in its single monomer unit, illustrated in Fig. 2.2a. The fluorine

atoms, being more electronegative compared to hydrogen atoms, tend to attract the bonding

electrons, resulting in a dipole moment within the monomeric structure16.

The study of polymers has evolved significantly with growing molecular complexity,

exemplified by the development of sequence-defined polymers. This progress has led to the

synthesis of a diverse range of polymers known as copolymers. One of the most prominent

PVDF copolymers is the random copolymer P(VDF-TrFE). Random copolymers are

copolymers whose monomer units are randomly distributed along the polymer chain.

Specifically, P(VDF-TrFE) is constituted by two monomers randomly distributed: VDF and

TrFE. As shown in Fig. 2.2b, the difference between VDF and TrFE monomers lies in the

presence of a fluorine atom instead of a hydrogen atom. This modification, as discussed later,

significantly impacts the final crystalline phase and properties of the material.

Figure 2.2 Chemical structure of a PVDF and b P(VDF-TrFE) with a schematic

representation of the monomer units.
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In polymer science, the crystalline phase (or polymorph) refers to a specific

arrangement of the molecules within the material. Within polar polymers, the crystalline

phase can be classified as either polar or non-polar, depending on whether it results in a net

polarization within the fundamental unit cell. As will be discussed more in detail in

Chapter 2.1.2, PVDF may exhibit both polar and non-polar crystalline phases, with the non-

polar being the most thermodynamically stable polymorph in solution-processed thin

films30,31. However, the non-polar PVDF phase can be subsequently transformed into a polar

phase through methods such as uniaxial stretching or electric poling16,29,30,31. The advantage of

the copolymer P(VDF-TrFE) lies in the presence of the bulkier TrFE groups into PVDF chains,

which weakens the intermolecular interaction and causes thermodynamic destabilization,

leading to the formation of a polar, and thus ferroelectric, crystalline phase without any

further treatment22,26,32. Additionally, P(VDF-TrFE) presents a higher relative permittivity

compared to PVDF, with the former approximately equal to 13, while the latter 926,33.

A major material parameter of most ferroelectric crystals is the Curie temperature,

defined as the temperature at which spontaneous polarization is lost through either order-

disorder or a displacive-type transition, resulting in a paraelectric state29. The Curie

temperature of P(VDF-TrFE) varies depending on the VDF content, which ranges from 55 to

88 mol% and is below its melting point, which ranges between 150 °C and 170 °C. Specifically,

the Curie temperature of P(VDF-TrFE) varies from 55 to 128 °C. In contrast, in PVDF, the

melting point is reached at 172 °C before such transition26. In this work, the copolymer

P(VDF-TrFE) with a VDF-to-TrFE molar ratio of 70:30 has been used, and it will be implicitly

assumed throughout the study.

Over time, several other copolymers have been synthesized, expanding the range of

possibilities in polymer science applied to ferroelectrics. One example is poly(vinylidene-

hexafluoropropylene) (P(VDF-HFP)), which contains bulkier CF3 groups and can be deposited

in an amorphous or elastomeric form26. Another notable copolymer is poly(vinylidene-

chlorotrifluoroethylene) (P(VDF-CTFE)), which, unlike other copolymers, does not undergo a

Curie transition and can become amorphous based on VDF content. P(VDF-CTFE) presents

improved flexibility and a higher relative permittivity than PVDF, approximately equal to

1326. As technology advances, new possibilities such as P(VDF-TrFE)-based ternary

copolymers continue to emerge33. All in all, polymer science remains a broad, dynamic, and
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multifaceted field that enables the exploration of increasingly complex molecular

architectures and is expected to drive further developments in advanced ferroelectric

materials with tailored properties.

2.1.2 Morphological, crystalline, and ferroelectric characteristics

The deposition of ferroelectric polymer thin films can be achieved through various

techniques, including spin-coating, doctor-blade, and Langmuir Blodgett techniques34,35.

Among these, spin-coating is the most popular for its ability to produce uniform, adherent,

and smooth thin films in an easy and repeatable manner. In spin-coating, the thickness of the

final thin film depends on several parameters, such as rotation speed, viscosity of the polymer

solution, and solvent-evaporation rate36,37. This technique is extensively used forMEMSdevice

fabrication in this study.

Once the polymer thin film has been spin-coated on the substrate, annealing is carried

out. The annealing step involves subjecting the material to high temperatures, usually

between 130 °C and 170 °C for PVDF and P(VDF-TrFE), to enhance crystallinity and optimize

the electrical properties. Crystallization is a mechanism not fully understood yet, and many

of its details are still unknown due to the involvement of many variables and complex

phenomena, such as molecular diffusion processes, lamellar thickening growth, and chain

folding38,39,40. In general, crystallization represents a phase transition from a disordered,

random, and coiled state typical of polymer solutions to an ordered and regular crystalline

state. Polymer materials, such as PVDF, can crystallize into various molecular conformations

or polymorphs. PVDF, for instance, may exhibit at least four distinct phases: α-, β-, δ-,

γ-phase29,33,41. In each phase, PVDF molecular chains possess a dipole moment perpendicular

to the polymer chain. However, the arrangement of these chains within the unit cell

Figure 2.3Molecular conformations of the α (tg+tg-), β (tttt) and γ (tttg+tttg-) polymorphs33.
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determines whether a crystalline phase exhibits a polar or non-polar characteristic,

influencing the presence of net macroscopic polarization and piezoelectric effects. Polar

polymorphs of PVDF include β-, δ- and γ- phases, while α-phase is not.

Typically, as previously mentioned, solution-processed PVDF thin films are non-

ferroelectric, since the most thermodynamically stable polymorph is the non-polar α-phase.

In this phase, the polymer chains crystallize in a trans gauche+ trans gauche- (tg+tg-)

conformation, visible in 2D in Fig. 2.333. This conformation presents an antiparallel packing of

the chains within the unit cells, which causes the dipole moments to cancel each other out

resulting in a zero global dipole moment, as illustrated in Fig. 2.429.

Different treatments can convert α-PVDF into electroactive polymorphs. For instance,

δ-PVDF can be achieved by electroforming30,42, while β-PVDF requires mechanical stretching16

and γ-PVDF specific annealing conditions43. Alternatively, the copolymer P(VDF-TrFE) is

often utilized as it prefers to crystallize in a highly polar phase similar to that of the β-PVDF,

that is a trans (tttt) chain conformation, displayed in Fig. 2.333, where dipoles in the crystalline

unit cell are parallel oriented, as shown in Fig. 2.429. Therefore, The β-phase results in a highly

polar crystal structure with the strongest ferroelectric and piezoelectric response among the

PVDF polymorphs. Depicted in Fig. 2.333 there is also the γ-phase, which shows a chain

arrangement between the α- and β-phases in a tttg+tttg- conformation. γ-PVDF possesses a

polar nature, but smaller than that of the β-phase44. More precisely, the alignment of the

dipoles in the same direction normal to the axis gives the β-phase a dipole moment of

7.0 x 10-30 C·m per unit. In contrast, the γ-phase, due to the inclination of dipoles to the

molecular axis, has components of the net moment both perpendicular (4.0 x 10-30 C·m) and

Figure 2.4. Unit cells with their dimensions of α-phase and β-phase in PVDF with antiparallel and

parallel dipole directions indicated by the arrows29.
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parallel (3.4 x 10-30 C·m) to the chain29. The δ-phase instead presents the tg+tg- conformation of

the α-phase, but with ferroelectric properties, for this reason, is defined as the polar α-phase,

also referred to as αp-phase45. The ferroelectric characteristics of δ-PVDF are discussed in detail

in Chapter 6. It should be noted that in literature PVDF polymorphs are also called in order

of their discovery form I, II, III, and IV, respectively β-, α-, γ-, and δ-phase30,46.

PVDF and P(VDF-TrFE) are semi-crystalline polymers, i.e. consisting of both

amorphous and crystalline regions. Typically, during the crystallization process in polymers,

not all regions of the material become fully crystallized, resulting in some areas remaining in

a disordered state. This partial crystallization is why these polymers are referred to as semi-

crystalline. PVDF exhibits a degree of crystallinity of around 50%, while P(VDF-TrFE) can

reach up to 80%47. The presence of TrFE promotes the formation of the β-P(VDF-TrFE), whose

tttt conformation results in a more ordered semi-crystalline structure compared to α-PVDF.

Figure 2.6 Schematic illustration of the spherulite structure, consisting of crystalline lamellae. The

lamellae represent sheets of crystalline phases that grow outward from a central nucleation point. The

interlamellar areas are filled with amorphous regions.

Figure 2.5. AFM height images of a PVDF spherulites and b P(VDF-TrFE) rice-like domains

microstructures in spin-cast thin films. It is worth noticing the scale bar on the bottom left of the figures,

which highlights the dimensions of the crystalline domains in the two polymer thin films.
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The addition of the TrFE monomer within the VDF chains does not only influence the

crystalline phase but also the microstructure of spin-cast polymer thin films. For instance, in

PVDF, the semi-crystalline regions are shaped as large spherulites29,30,31,48,49, whereas, in

P(VDF-TrFE), they are generally shaped as small rice-like crystalline domains50,51,52,53. These

two microstructures are illustrated in Fig. 2.5. In general, the semi-crystalline regions consist

of folded molecular chains arranged in highly ordered platelet-like crystal structures called

lamellae (see Fig. 2.6)29,54. The organization of the lamellae during the crystallization process

leads to morphological differences in the microstructure of PVDF and P(VDF-TrFE). As

previously mentioned, PVDF crystallizes into spherulitic structures with dimensions ranging

up to several micrometers. In PVDF, during crystallization the lamellae grow outward from a

central nucleation point towards the grain boundary, forming the dendrite-like characteristic

of the spherulites. The dendrite-like structure, perfectly represented by PVDF microstructure

in Fig. 2.5a, visually resembles a branched, tree-like pattern composed of lamellae

approximately 10 nm thick55,56. In the spaces between the lamellae, polymer chains adopt

disordered conformations, resulting in amorphous

interlamellar regions (see Fig. 2.6). Due to the

folding of a single polymer chain back and forth

multiple times through the same lamella and/or

across different lamellae, the crystalline and

amorphous parts are strongly intertwined within a

single spherulite. In Chapter 6.1.1, a detailed

morphology study of α-PVDF from micro- to sub-

nanometre scale using atomic force microscopy is

presented, revealing the organization of polymer

chains inside the crystalline lamellae.

P(VDF-TrFE) typically crystallites instead

into small rice-like domains (see Fig. 2.5b), each also

consisting of stacks of lamellae like the spherulites.

However, these rice-like domains have significantly

smaller dimensions compared to spherulites,

ranging from 100 nm to 200 nm41,52. Through high-

Figure 2.7 High resolution bimodal AFM

images of P(VDF-TrFE) thin film with

rice-like domains. The profile of the line

scan across the lamellar structure of the

crystalline domains is shown under the

image52.
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resolution bimodal AFM, our research group directly observed the lamellar structure within

the P(VDF-TrFE) crystalline domains, indicated by the line scan in Fig. 2.752. The lamellae of

the copolymer were found to have a thickness of about 5-8 nm, with a distance between each

other within one single domain of approximately 10 nm48,52,54,57. However, it has been

demonstrated that the microstructure of P(VDF-TrFE) thin films is highly sensitive to

fabrication conditions, which can result in a variety of morphological characteristics that can

differ significantly from the rice-like domains. For instance, literature reports the appearance

of large needle-shaped crystals formed by melt recrystallization when the annealing

temperature exceeds the melting point58. In general, given its strong association with

crystallization processes, the microstructural arrangement of the polymer surface

morphology is a complex topic, involving structural configurations like “edge-on” lamellae,

where chain crystals stand predominantly on their edges, or “face-on”, where molecular

chains are preferentially oriented perpendicular to the substrate. These configurations have

been deeply studied to explain variations in film morphology and their dependence on

different fabrication procedures59,60,61,62. In this work, a detailed analysis of the factors

influencing the microstructure of P(VDF-TrFE) thin films is conducted, drawing from the

existing literature to provide a comprehensive understanding. Specifically, in Chapter 6.1.2,

the so-called spherulite-like microstructure observed in P(VDF-TrFE) thin films is introduced

and its characteristics are studied, highlighting the morphological similarities with the

Figure 2.8 Comparison of the ferroelectric

characteristics between β-PVDF (Form I), δ-

PVDF (Form IV), and β-P(VDF-TrFE) thin

films by means their D-E hysteresis loops62.

Figure 2.9 XRD patterns of β-PVDF and β-

P(VDF-TrFE) thin films, highlighting the

crystalline differences between the β-

phases in the two polymeric thin films64.
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spherulite microstructure of PVDF. The spherulite-like thin films are also compared with the

well-known rice-like P(VDF-TrFE) thin films in terms of ferroelectric characteristics. By

conducting this comparison, insights into the relationship between microstructure and

ferroelectric properties can be gained, contributing to a deeper understanding of the material

behavior for potential applications into MEMS devices.

PVDF and P(VDF-TrFE), belonging to the semi-crystalline polar polymers group that

exhibit ferroelectric behavior, possess an inherent electric polarization that can be reversed by

an external electric field, enabling the switching between two stable polarized states, known

as remnant polarization, in the absence of an electric field. This results in a hysteretic response

between the polarization and the electric field, which was first observed in PVDF in 197463.

Fig. 2.8 provides an example of electric displacement hysteresis loops as a function of the

applied electric field, the so-called D-E curve, taken from literature62. These curves illustrate

the various shapes of the PVDF hysteretic responses achievable depending on the crystalline

phase characterizing the material, in comparison with the typical hysteretic response of

P(VDF-TrFE). Particularly, Fig. 2.862 presents the δ-PVDF (labeled as Form IV) and the β-PVDF

(labeled as Form I) alongside β-P(VDF-TrFE). Despite their similar nomenclature,

β-PVDF and β-P(VDF-TrFE) exhibit slightly different ferroelectric characteristics. As shown

in Fig. 2.9, their X-ray diffraction patterns reflect these differences64: the peak of β-PVDF is

shifted to higher degree values and its intensity is lower compared to β-P(VDF-TrFE).

Generally, the all-trans conformation characteristic of the low-temperature phase of

P(VDF-TrFE) is also called β-phase due to its similarity to the β-phase of pure PVDF.

Figure 2.10 Positive piezoelectric effect: applying an electric field along the polarization direction

results in an expansion of the material (e.g. BTO). Negative piezoelectric effect: applying an electric

field along the direction of the polarization results in a contraction of the material (e.g. PVDF)47.
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Remnant polarization (Pr) and coercivity (Ec) are two fundamental parameters in

ferroelectric materials. Pr represents the electric polarization that remains in a material when

the external electric field is removed, while Ec refers to the field required to change its

polarization. Typically, δ-PVDF presents an Ec value of 115 V·μm-1 and a Pr value of

7.0 μC·cm-2 16,30. The remnant polarization of δ-PVDF is comparable to that of β-PVDF and

P(VDF-TrFE), but the coercive field is higher than both β-PVDF (approximately 90 V·μm-1)

and P(VDF-TrFE) (approximately 60 V·μm-1)51,52,65. It is important to note that in general the

values of these two parameters are influenced by the amplitude of the electric field applied

during the measurement, and any comparison with literature must consider this. Specifically,

a higher applied electric field results in more aligned dipoles in its direction, leading to higher

values of remnant polarization value and coercivity66.

Another important parameter to consider in ferroelectric materials is the Curie

point (Tc), which is defined as the temperature at which ferroelectric materials undergo a

phase transition from ferroelectric to paraelectric state. As mentioned in Chapter 2.1.1, the

homopolymer PVDF does not exhibit a Curie transition because it melts (at

approximately 172 °C) before reaching this point. In contrast, P(VDF-TrFE),which shows both

Curie and melting points depending on the VDF content, as shown in Fig. 2.1167, exhibits a

Curie transition at around 100 °Cwith a 70:30mol% ratio of VDF and TrFE.More details about

Curie's transition can be found in Chapter 3.1.4.

When a ferroelectric material presents an electric displacement response as a function

of the electric field in a hysteresis loop, a mechanical strain response occurs simultaneously.

This electrostrain characteristic, the so-called S-E curve, is commonly referred to as the

butterfly curve, due to its distinctive shape resembling a butterfly, as illustrated in Fig. 2.1047.

Figure 2.11Melting and Curie temperatures in P(VDF-TrFE) as a function of the %VDF content67.
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Understanding and characterizing the butterfly response is crucial for optimizing the

performance of ferroelectric materials according to the specific technical application. The S-E

curve is used to study the piezoelectric coefficient, which describes the relationship between

the electric field and mechanical strain. In this context, the longitudinal piezoelectric

coefficient, denoted as d33, represents this relationship. Typically, ferroelectric materials show

a positive d33, meaning they expand when subjected to an electric field aligned with the

polarization direction. However, PVDF-based ferroelectric polymers exhibit a negative

piezoelectric effect due to the Van der Waals forces acting as intermolecular bonds, which

cause contraction when an electric field is applied52,65,68 (see Chapter 3.1.3 for further details).

This phenomenon is directly reflected in the orientation of the butterfly curve, as illustrated

in Fig. 2.10. Typically, the longitudinal piezoelectric coefficient d33 of δ-PVDF is equal to

-36 pm·V-1, while β-PVDF reports -26 pm·V-1. P(VDF-TrFE) exhibits a similar piezoelectric

coefficient, approximately -26 pm·V-1 52,65,44.

The fundamentals of the electric displacement hysteresis loop, butterfly response, and

negative piezoelectric behaviour are discussed in detail in Chapter 3.

2.1.3 Applications

Throughout the 1970s and 1980s, PVDF began to find its first applications16, thanks not

only to its greater mechanical flexibility compared to standard piezoceramics, but also to its

ease of processing, environmental compatibility, and biocompatibility18,22,23. For instance, PZT,

despite its high d33 value up to 500-600 pm·V-1 69, faces limitations in its application due to its

mechanical stiffness and high lead content, which can be up to 60% by weight. Moreover, the

high chemical resistance, resistance to microorganisms, and UV resistance70,71 of ferroelectric

polymers like PVDF and P(VDF-TrFE) have positioned them as ideal candidates for energy

harvesting applications, particularly in wearable electronic textiles, where mechanical energy

must be efficiently converted into electrical energy by piezoelectric nanogenerators72,73.

Additionally, polymers exhibit a higher dielectric breakdown strength than piezoceramic

materials, enabling them to withstand higher electric fields and therefore more electrical

energy (see Table 2 Chapter 3.2.1)74. Ferroelectric materials such as PVDF and P(VDF-TrFE)

typically possess higher energy density than linear polymer dielectrics, rendering them well-

suited for energy storage applications75. Another application area for PVDF-based polymers

is in sensors, including tactile sensors capable of detecting mechanical deformations such as
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bending, stretching, and pressing and transforming them into digital signals74,76. In the sensors

field, PVDF has also demonstrated its capability to monitor dynamic and static pressure

changes, exhibiting high-pressure sensitivity in biomedical applications77. These examples

offer only a small insight into the current and prospective applications of PVDF and

P(VDF-TrFE), which has paved the way for the fabrication of polymers capable of meeting

increasing standards of evaluation and expanding their applications in MEMS.

Ferroelectric polymer science represents a dynamic and evolving discipline that offers

a diverse array of scientific and technological opportunities. It encompasses the study of

increasingly complex macromolecular structures and holds the potential to drive innovation

across a wide range of applications, from advanced materials to biomedical devices and

beyond. In addition to the industry of macromolecular structures, to further enhance desired

performances in fluoropolymers, nanocomposite technology has been introduced. This is the

main focus of the next chapter.

2.2 Nanocomposite based on ferroelectric polymers

This chapter explores the state-of-the-art in fluoropolymer-based nanocomposite thin

films, focusing on the integration of nanofillers into polymer matrices and examining the

distinctions and advantages of both organic and inorganic nanofillers, particularly within

PVDF and P(VDF-TrFE) polymer matrices. The discussion also emphasizes critical challenges

like dispersion and nanoparticle-matrix interface quality, essential in realizing the full

potential of this technology for industrial applications. Through this comprehensive analysis

of the state-of-the-art, this chapter highlights the importance of overcoming these obstacles in

the field of energy storage devices.

2.2.1 Nanocomposite technology

The concept of composite materials, involving the mixing of materials with different

characteristics, has been practiced for centuries. However, the term “nanocomposite” was first

mentioned in 1940 by C. Bower, who developed a nanocomposite material consisting of a

suspension of nanoparticles into a reinforcement metal matrix material, a combination

of Al/SiC and Al/BN25. Despite the early introduction of this term, it wasn’t until the early

1990s that the nanocomposite technology experienced widespread commercial applications78.
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Initially, the research on polymer composites based on nanoparticles primarily focused on

improving processability. However, as the potential benefits of incorporating nanofillers into

polymer matrices became evident, research efforts shifted toward enhancing their properties.

This shift in focus has led to significant attention from industries such as aerospace,

automotive, and electronics, where polymer nanocomposites are now utilized for various

applications including biomedical devices, energy storage systems, structural components,

and sensors79,80,81.

Nanocomposite technology has played a crucial role in enhancing the capabilities of

fluoropolymers like PVDF and P(VDF-TrFE). The incorporation of nanofillers into these

polymers has enabled improvements in their mechanical, thermal, electrical, and piezoelectric

properties, expanding their potential applications. In the following chapters, the role of the

nanofillers, their interface with the polymer matrix, and the challenges faced by this

technology are discussed in detail. Understanding these aspects is essential for optimizing the

performance of nanocomposite materials and unlocking their full potential across various

industries.

2.2.2 Nanofillers and polymer matrix

Both industry and academia have driven extensive research aimed at enhancing the

properties of the materials to meet increasingly ambitious goals in the MEMS field. The

integration of nanofillers into polymer matrices represents a significant advancement,

enabling the customization of mechanical, dielectric, and piezoelectric properties. Nanofillers

have notably improved the performance of various polymers, including poly(methyl

methacrylate) (PMMA), polydimethylsiloxane (PDMS), and polyimides, particularly in

biomedical, optical, and sensor applications82,83,84,85,86. The selection of appropriate fillers based

on type, shape, and size is crucial in tailoring material properties. Commonly used filler types

include conductive fillers like graphene87,88, carbon black89,90, and carbon nanotubes91,92, as well

as non-conductive ceramics like barium titanate (BTO)93,94, titration dioxide (TiO2)95, and zinc

oxide (ZnO)96. These ceramics, acting as insulators, possess high dielectric permittivity

compared to polymermaterials, making them suitable for applications such as energy storage.

Furthermore, the shape, such as zero-dimensional (spheres, dots), one-dimensional (tubes,

wires), and two-dimensional (sheets, platelets), as well as the size of the fillers, significantly

influence the material quality and performance97,98,99. All these factors impact fundamental
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phenomena in the nanocomposite technology like the percolation limit, which represents the

critical concentration where continuous channels begin to form across the entire system, thus

limiting further filler addition26.

In the fabrication of nanocomposite materials, careful attention must be paid to

considerations such as the dispersion of nanoparticles and their compatibility with the

polymer matrix. While the general approach of incorporating nanofillers to enhance the

properties of the base material is promising, an often overlooked but essential aspect is the

interface between the nanofiller and the polymer matrix. External stimuli, such as mechanical

stress or electric fields, act on the embedding material (matrix) rather than directly on the

embeddedmaterial (nanofiller). Therefore, the quality of the interface between them is pivotal

in realizing improvements from the nanocomposite compared to the pure embedding

material. For instance, the addition of ceramic nanofillers like BTO or TiO2 into the polymer

matrix may introduce structural defects at the interface, such as pores, which deteriorate the

mechanical properties, increase leakage current as well as dielectric loss100,101. Moreover, in

nanocomposites for energy storage devices, where high-permittivity nanofillers are used, a

significant difference in dielectric permittivity between the filler and the matrix may lead to a

substantial increase in the local electric field density at the interface, reducing the breakdown

strength of the nanocomposite28. In addition, due to the large specific surface area and high

surface energy, the nanoparticles tend to agglomerate forming micrometer-sized clusters,

undermining the concept and the desired performance of a homogenous nanocomposite

material. To address these issues, methods for improving the dispersion and compatibility of

the nanoparticles within the polymer matrix have been extensively studied. These methods

include, beyond the optimization of processing conditions, the specific surface modification

of the nanoparticles.

In the last decades, various surface modification approaches have been reported in

literature to achieve better dispersion and compatibility between nanoparticles and matrices.

These include hydrogen peroxide (H2O2) treatment102,103,104, titanate coupling agent

utilization (TC-2)105,106, and phosphonic acid functionalization107,108. Overall, the addition of

H2O2 resulted in improved morphology of the composite due to the hydrogen bonding

between the hydroxyl group (-OH) formed on the surface of the nanoparticles and the fluorine

atoms on the PVDF molecular chains, as shown in Fig. 2.12a102. Titanate coupling
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agent (TC-2) was presented as an improvement over the previously described surface

modification and is used immediately after hydroxylation, as illustrated in Fig. 2.12b105.

Adding TC-2 showed enhanced compatibility and dispersion of the nanoparticles compared

to single hydroxylation treatment, with beneficial results in terms of energy density105,106.

Similarly, surface modification with polyvinylpyrrolidone (PVP), presented in Fig. 2.12c, has

been effective in PVDF-based nanocomposite thin films109. Nevertheless, it is always essential

to consider potential trade-offs associated with various functionalization techniques. This is

exemplified in certain modifications, such as phosphonic acid functionalization, where, for

instance, the dipole orientation with the electric field may be limited110. In response, an

innovative and more sophisticated approach, such as using soft carbon chains, was proposed

as an improvement in the field of phosphonic acid functionalization (see Fig. 2.12d)111.

Figure 2.12 a. Schematic diagram of the hydroxylation of BTO nanoparticles and the hydrogen bonds

in the PVDF-based nanocomposite102 b. Schematic image of nanoparticle surface modification with

TC-2105 c. Schematic diagram of PVP-modified BTO nanoparticles and the PVDF-based

nanocomposite109 d. Schematic representation of TDPA modified BTO nanoparticles111.
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Among the functionalization agents presented in literature, polydopamine (PDA) has

emerged as a highly versatile and biocompatible polymer for surface functionalization.

Initially introduced in 2007 by Lee and Messersmith, PDA coating has gained significant

attention for its unique properties and ease of application112. Inspired by the adhesive proteins

secreted bymussels for attachment towet surfaces113, the primary advantage of polydopamine

is that it can be easily deposited with controllable thickness and durable stability on virtually

all types of inorganic and organic substrates, including superhydrophobic surfaces114. Simple

immersion of substrates in a dilute aqueous solution of dopamine, buffered to a pH equal

to 8.5 typical of marine environments, results in spontaneous deposition of a thin adherent

polymer film whose thickness is a function of the immersion time, as shown in Fig. 2.13112.

Compared to the other functionalization methods, PDA coating offers excellent

biocompatibility, making it suitable for awide range of biological applications, and versatility,

allowing effective functionalization of diverse substrates115. As a consequence, PDA gained a

wide range of applications, ranging from polymeric nanoparticles and diamonds to ceramics

and graphene116,117,118,119. A schematic diagram of PDA functionalization is reported in

Figure 2.13 On the left a schematic illustration of film deposition of polydopamine by dip-coating

in an alkaline dopamine solution. Thickness evolution of polydopamine coating as a function of

reaction time for a given concentration of dopamine in alkaline solution112.

Figure 2.14 Schematic diagram of polydopamine functionalization by dopamine polymerization on

top of on Al2O3 nanoparticles120.
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Fig. 2.14120. Moreover, the PDA synthesis process is simple, involving the only autoxidation of

dopamine in alkaline conditions. This leads to the spontaneous polymerization of dopamine

molecules on surfaces, resulting in a coating that can be tailored by adjusting polymerization

conditions121. This simple process makes PDA functionalization cost-effective and accessible

for various research fields122, making it the surface modification of choice in this work.

Although inorganic nanofillers like alumina, barium titanate, graphene, and titanium

dioxide are commonly used and studied for their properties and scalability in production,

organic nanofillers such as nanocellulose and nanoclays offer unique advantages compared

to their inorganic counterparts. These advantages extend beyond enhancing the properties of

the polymer materials and include factors such as biocompatibility, sustainability, and green

manufacturing. The promising characteristics of organic nanofillers have driven research into

their industrial applications in polymer nanocomposites. For instance, the use of clay

montmorillonite (MMT), which can be easily exfoliated into nanolaminates and used as filler,

has been shown to promote the nucleation of β-phase in PVDF, thereby enhancing its

piezoelectric properties and energy storage capabilities123. Meanwhile, cellulose, recognized

Figure 2.15 Schematic diagram of nanocellulose chemical structure and hydrogen bonding124.

Figure 2.16 a. Reaction scheme of carboxymethylation for cellulose b. Schematic illustration of

the fabrication of CMC nanofibers127.
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as the most ubiquitous and abundant biopolymer in nature, has also attracted significant

attention for both its biosynthesis and applications in nanoparticle form124. Cellulose

nanoparticles are considered promising fillers due to their anisotropic character (large aspect

ratio), renewability, cost-effectiveness, low density, compostability, and mechanical

stability125. In particular, cellulose nanofibers (CNF) have already demonstrated their

effectiveness as green binders for a variety of composite polymer materials. This is attributed

to their high crystallinity, unique long polymer chain molecular structure, abundant function

groups, and subtle physiochemical properties126. However, CNF possesses a strong tendency

to high self-association due to the interaction of surface hydroxyl groups, as shown in

Fig. 2.15124, leading to nanofiller aggregation and challenging homogenous dispersion. To

address this issue, carboxymethyl cellulose nanofibers (CCNF) have been introduced as

cellulose derivatives, substituting hydroxyl groups with carboxymethyl groups, as illustrated

in Fig. 2.16127. This modification enhanced the dispersibility of CNF without compromising

their physical properties128. The introduction of cellulose nanoparticles in PVDF to enhance

the performance of the polymer matrix has been already studied. For example, the addition

of small amounts of cellulose nanoparticles has been shown to improve tensile strength and

storage modulus, and additionally, a thermal stabilizing effect at high temperatures was

observed129. Moreover, in the field of triboelectric textile sensors, cellulose nanocrystals have

been demonstrated to enhance the β-phase fraction andmembrane properties in PVDF130,131,132.

Recent advancements in the field of energy storage devices have highlighted the potential of

cellulose-based nanocomposites as well133. Specifically, the incorporation of cellulose

nanoparticles in PVDF-base nanocomposites has been found to increase the dielectric

permittivity125, further intensifying the interest in energy storage applications.

Together with the appropriate selection of nanofillers and proper functionalization of

their surfaces, the role of the polymer matrix is highly relevant as its characteristics must suit

the desired application. For instance, for the packaging, construction, and insulation

industries, polymers like polyethylene and polystyrene are ideal choices due to their chemical

resistance and thermal properties134. On the other hand, in electronic applications such as

energy storage and sensors, PVDF and P(VDF-TrFE) emerge as suitable candidates owing to

their piezoelectric properties and high dielectric permittivity compared to non-polar

polymers. Generally, non-polar polymers exhibit high breakdown fields but possess low
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relative permittivity, typically ranging from 2 to 3, which imposes limitations in energy

density performance28. In non-polar polymers individual dipole moments cancel out each

other due to the symmetry, resulting in a lower permittivity. In contrast, in polar polymers

presenting a macroscopic polarization, the dipoles typically do not cancel out, leading to

higher dielectric permittivity26. In energy storage applications, polymers with both high

breakdown strength and dielectric permittivity are essential, as the electrostatic energy stored

in a dielectric material is proportional to both the dielectric permittivity and the square of the

electric field applied to the material. This inherent polarity and the high breakdown strength

have prompted extensive research into fluoropolymers, such as PVDF and P(VDF-TrFE)135,136.

The relative permittivity of common non-polar and polar polymers is reported in Table 1. For

instance, PMMA, though a polar polymer, does not exhibit a macroscopic polarization,

resulting in a relative permittivity higher than that of non-polar polymers like HDPE, PP, or

PDMS, but lower than that of PVDF and P(VDF-TrFE). Further details about dielectric

characteristics and electric breakdown strength mechanism in PVDF and P(VDF-TrFE) are

discussed in Chapter 3.1.1 and Chapter 3.2.1.

In the fabrication of MEMS devices, the performance of the nanocomposites is related

to the synthesis process as well. In contrast to this work, where the deposition technique is

spin-casting, scientific reports available in literature, focusing on the energy storage

characteristics of fluoropolymer-based nanocomposites, have predominately used the casting

technique. This method results in thicker layers, typically ranging between 10 and

40 μm98,146,120,147,148, that consequently require extremely high voltages, often in the kilovolt (kV)

Material Relative permittivity (1 kHz)

High-density polyethylene (HDPE) 2.3137,138

Polypropylene (PP) 2.2139

PMMA 4.5140,141

PDMS 2.6138,142

PVDF 8-1048,143

P(VDF-TrFE) 10-1551,144,145

Table 1 Dielectric permittivity measured at 1 kHz of various polar and non-polar polymers at room

temperature. Notably, PMMA, although a polar polymer, has a lower dielectric permittivity than PVDF

and P(VDF-TrFE) due to the absence of a macroscopic polarization.
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range, for polarization. Even though theoretically thinner films should withstand higher

voltages, they suffer more from processing defects which could compromise their dielectric

strength. This limitation created a research gap in literature regarding studies on energy

density capability in fluoropolymers-based nanocomposite with thicknesses below 10 μm.

Chapter 7 proposes a novel study on the ferroelectric properties of P(VDF-TrFE)-based

nanocomposite thin films with a thickness of approximately 2 μm and a nanofiller content of

up to 15% by weight, highlighting a significant improvement compared to previous reports

available in literature149,150.

2.2.3 Energy storage as an application example

Nanocomposites are advanced materials that offer a wide range of benefits and have

seen widespread adoption across industries from aerospace to healthcare and biomedical

devices151,152. This thesis explores nanocomposites tailored for energy storage applications,

particularly in fabricating thin films used as dielectric capacitors. Dielectric capacitors, when

compared to fuel cells, batteries, and supercapacitors, hold significant promises due to their

higher power density, higher charge and discharge rate, and longer cycle time27,28. In

applications where the accumulation and instantaneous release of energy to achieve high

power outputs is of utmost importance, nanocomposite capacitors are extensively

employed26,153. However, despite their high power density, dielectric capacitors have

relatively poor energy density compared to other energy storage systems, as shown in

Fig. 2.1728. Over the past decade, there has been an exponential increase in the number of

Figure 2.18 Number of publications related to

dielectric energy storage materials over the past

decade28.

Figure 2.17 Energy and power density of four

mainstream energy storage techniques28.
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scientific works, as illustrated in Fig. 2.1828, aiming to enhance the energy density of polymer

nanocomposites. This found is especially crucial for applications like automotive inverters,

electrotherapy, particularly in defibrillators, and defense systems, where compact size and

high performance are critical26,154,155,156. Additionally, significant efforts have been also made to

develop highly flexible nanocomposite materials for wearable devices, which require small

size, lightweight design, low power consumption, and portability157. The rapid advancement

of technology in this field has led to the emergence of textiles with novel functionalities,

including power generation from movement, vibration and pressure detection, heat

regulation, luminescence, and touch sensitivity, offering substantial benefits in healthcare,

sports, transports, space exploration, and beyond.

In general, improving dielectric properties in ferroelectric nanocomposites is crucial

for enhancing their energy density. Nevertheless, several challenges still need to be overcome

in the near future to further advance the technology. These challenges include, for instance,

tailoring the polarization mechanism, mitigating the interfacial polarization, reducing

dielectric losses, and enhancing surface modification of nanoparticles to minimize

aggregation and improve interfacial adhesion. Additionally, the choice of suitable polymer

materials is crucial, as the final dielectric properties depend on both the fillers and the matrix.

Engineering the appropriate polymer matrix involves facing the complexities of polymer

science and macromolecular construction, also previously mentioned. Addressing these

challenges is pivotal for unlocking the full potential of flexible nanocomposites in high-

energy-density applications.
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3 Fundamentals of Electroactivity and
Energy Storage

3.1 Electroactivity

In electroactive polymers, fundamental concepts such as polarization, energy density,

and the interplay between mechanical, thermal, and electrical properties are of outmost

importance for industrial applications. Dielectric polymers, categorized into subclasses like

piezoelectrics, pyroelectrics, and ferroelectrics, exhibit diverse functional behaviours.

Ferroelectrics, in particular, with their spontaneous electric polarization and reversible nature,

are integral in modern technology. This chapter provides the fundamentals on the

relationship between electric fields, materials properties, and functional capabilities of

dielectric materials.

3.1.1 Dielectricity

Dielectricity is a fundamental concept in electromagnetism and refers to the property

of materials enabling them to generate a polarization as response to an external electric field.

Figure 3.1 a The Heckmann diagram illustrating the interplay between thermal, mechanical, and

electrical properties in dielectrics158. b Representation of the subdivision of dielectrics into subclasses

of piezoelectrics, pyroelectrics, and ferroelectrics.
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In the study of dielectrics, understanding the interplay between their thermal, mechanical,

and electrical properties is crucial. To illustrate these relationships, scientist G. Heckmann

created a schematic diagram known as the Heckmann diagram, displayed in Fig. 3.1a158. This

diagram illustrates the coupling between elastic, electric, and thermal variables in dielectric

solids, including the electromechanical response by linking the electric field and the

mechanical strain, a central topic of this thesis. Depending on their functionality or crystal

structure, dielectric materials can be divided into three subclasses: piezoelectrics,

pyroelectrics, and ferroelectrics, as shown in Fig. 3.1b. The diverse functional behavior of these

material classes provides a wide range of capabilities, making dielectric materials suitable for

various applications, from electrical insulation to the functioning of capacitors and other

electronic devices.

Understanding dielectricity involves exploring how materials respond to electric

fields, resulting in phenomena like polarization and energy storage. When a dielectric

material is exposed to an electric field, it undergoes polarization, where positive and negative

charges within the material align in response to the external field, as shown in Fig. 3.2. This

polarization effect reduces the overall electric field within the material, thereby influencing its

capacitance and allowing for the storage of more electric energy. As a consequence, the

external field induces a local displacement in the average equilibrium position of the electrical

charges within the material. This electric displacement is described by:ܦ = ܧ଴ߝ + ܲ (3.1)

where ε0 = 8.854 · 10-12 F·m-1 is the vacuum permittivity, Edenotes the external electric field

applied, measured in V·m-1, and P represents the electric polarization159, measured in C·m-2.

The electric displacement D is measured in C·m-2.

The electric polarization P induced by an electric field within the material is defined

as the total dipole moments in the dielectric per unit volume, expressed by the equation:ܲ = ௥ߝ) − ଴ߝ(1 ܧ (3.2)

where εr is the relative permittivity, defined as the permittivity of the material ε as a ratio with

the vacuum permittivity ε0.
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The degree of polarization of a dielectric under the influence of an applied electric field

is measured by a term called susceptibility χ:

߯ = ௥ߝ) − 1) = ௉ఌబா (3.3)

In general, four main types of polarizations can be found in dielectric materials: electronic,

ionic, molecular, and interfacial, as shown in Fig. 3.3160. Electronic polarization is associated

with the displacement of the electric cloud with respect to the nucleus of the atoms. The

negatively charged atomic shell is shifted against the direction of the electric field, while the

positive is in the same direction, resulting in an electric-field-induced dipole moment. On the

other hand, ionic polarization describes the motion of cations and anions in an electric field.

In ionic materials, the cations are displaced in the direction of the field, while the anions are

displaced in the opposite direction. Both electronic and ionic polarization exhibit resonance at

frequencies in the optical and infrared (IR) range, respectively, as depicted in Fig. 3.426, which

places them in the so-called resonance regime161. These two phenomena are temperature-

independent, as they are phenomena of intramolecular nature162. Molecular and interfacial

polarizations have instead different characteristics. Typically, the molecules composing a

dielectric material possess an asymmetric distribution of charges between atoms due to

Figure 3.2 Representation of dielectric

polarization response through the

application of an external electric field.
Figure 3.3 The four types of polarization

mechanism in a dielectric material: electronic,

ionic, molecular and interfacial160.
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different electronegativity. This leads to the presence of a dipole moment within the

molecules, as seen in materials like PVDF and P(VDF-TrFE). These molecules can therefore

orientate the dipoles in the direction of an applied electric field leading to molecular

polarization. Additionally, as molecules need energy to overcome the resistance the

surrounding molecules offer, this phenomenon is temperature-dependent. When the external

field is removed, the molecules require time to relax back to equilibrium, resulting in

molecular polarization falling into the relaxation regime. This process typically occurs with

frequencies in the radio band163, as depicted in Fig. 3.426. In real capacitors, local

inhomogeneities such as impurities or incomplete contact of the film with the electrodes lead

to regions of accumulated trap chargeswithin the dielectric, resulting in theMaxwell-Wagner-

Sillars interfacial polarization26. These regions create a dipole moment that adds to the total

polarization of the dielectric. This phenomenon also depends on temperature, and since it is

the slowest process, the relaxation frequency is approximately 10 Hz, as shown in Fig. 3.426.

When a dielectric material is subjected to an alternating electric field, its electrical

characterization involves the use of complex permittivity, which covers real and imaginary

parts of the dielectric response. The real part reflects the material’s ability to store electric

Figure 3.5 Different types of dielectric

relaxations with a qualitative scale on the x-

axis representing the temperatures related to

the maximum dielectric loss26.

Figure 3.4 The four types of polarizations and their

frequency dependences. Dielectric permittivity

(dielectric constant) and corresponding losses are

depicted with blue and red lines, respectively26.
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energy, i.e. the polarization, while the imaginary part represents the dissipation of electrical

energy as heat, known as dielectric losses. These losses are typically divided into two

categories: frequency-independent ohmic conduction losses, which arise from the material’s

resistance to electric current flow, and frequency-dependent dielectric losses, occurring as

energy is absorbed to move the charges in the direction of the field164. The polarization

mechanisms are associated with the latter.

In the relaxation regime, dielectric relaxation processes are the fundamental

mechanisms behind dielectric losses and, specifically in polymer dielectrics, two types of

molecular relaxations exist: dipolar segmental relaxation, associatedwith the micro-Brownian

motion of the entire chain, known as α relaxation, and dipolar group relaxation, linked to the

localized motion of the molecules as small chain units, known as β and γ162,165,166. The β

relaxation typically involves side groups or conformational shifts, while γ relaxation entails

the movement of small units of the chains, occurring at lower temperatures. Fig. 3.5 illustrates

the various relaxations and their corresponding qualitative activation temperatures as peaks

of dielectric losses in polymers26.

Dielectric materials can be classified into linear and non-linear based on their response

to an applied electric field. In the case of a linear relationship between polarization and the

electric field, by combining equations (3.1) and (3.2), the electric displacement follows a linear

function of the electric field as well: ܦ = ߝ ܧ (3.4)

Figure 3.6 Schematic diagram of displacement-field (D-E) and permittivity field (ε-E) characteristics

in a linear dielectrics, b paraelectrics, and c ferroelectrics47.
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Linear dielectrics maintain their electric polarization as long as the electric field is

applied. Electric susceptibility, dielectric permittivity, and relative permittivity are constant,

as illustrated for ε in Fig. 3.6a47. However, in non-linear dielectrics, these properties are

dependent on the electric field, and more generally, the dielectric permittivity is expressed as:

ߝ = డ஽డா (3.5)

Non-linear dielectrics contain permanent dipoles, and the distinct electrical responses

ofmolecular and electronic polarizationmechanisms result in non-linear behavior of dielectric

properties (see Figs. 3.6b and c). For example, materials exhibiting paraelectric behavior

possess permanent dipoles randomly distributed within the material, leading to a zero net

macroscopic polarization. When subjected to an external electric field, these permanent

dipoles align in the direction of the field, resulting in the electric displacement becoming a

non-linear function of the electric field (see Fig. 3.6b47). Ferroelectric materials, on the other

hand, also possess permanent dipoles but exhibit macroscopic polarization even in the

absence of an external electric field, showing remnant polarization, as illustrated in Fig. 3.6c47.

Ferroelectric characteristics are discussed in detail in Chapter 3.1.4.

Applying an electric field not only induces electric polarization but also leads to a

mechanical strain in the material. Materials that undergo mechanical deformation in response

to an electric field are called electroactive materials. Chapter 3.1.2 and Chapter 3.1.3 will delve

into the principles of electrostrictive and piezoelectric effects.

3.1.2 Electrostriction

Electrostriction is a non-linear electromechanical coupling phenomenon and is

observed in all dielectric materials, including amorphous ones159,167,168,169,170. Essentially,

electrostriction represents a second-order property, characterized by a quadratic dependence

of the strain S on the electric field and can be expressed as:ܵ = ଶܧܯ (3.6)

where M is the field-related electrostrictive coefficient measured in units of m2·V-2. It is

important to note that equation (3.6) is only valid for linear dielectrics. Ferroelectric and

paraelectric materials exhibit highly non-linear dielectric properties and do not demonstrate

a quadratic change of an electric-field-induced mechanical strain. Instead, they display a
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quadratic change of themechanical strain as a function of the electric displacement. The strain-

field (S-E) curve of the electrostrictive effect of a linear dielectric is reported in Fig. 3.7a47. At

higher fields, a saturation effect in the mechanical strain is observed due to the saturation of

field-induced polarization within the material. The discrepancy caused by the saturation with

respect to the quadratic behavior can be modeled by expanding equation (3.6) with even

higher orders of the electric field.

Since the electromechanical effect arises from the electric polarization within the

material, there exists an electric polarization-related electrostrictive effect, where the electric

field is replaced by the electric displacement as the independent variable:ܵ = ଶܦܳ (3.7)

here, Q represents the polarization-related electrostrictive coefficient, measured in units of

m4·C-2. The strain-displacement (S-D) characteristic is represented in Fig. 3.7b47. Unlike the

case with the electric field, saturation is not visible since it is already included inD. In general,

usingD instead of E as the independent variable proves more useful. This is because the field-

related electrostrictive coefficient M tends to depend on the amplitude of the field, while the

polarization-related coefficient Q does not. Therefore, focusing on the intrinsic material

properties related to polarization, as represented by D, reduces the influence of field strength

variations.

Electrostriction is attributed to the anharmonicity of chemical bonds159,167,168,169,170 and

leads to either an expansion or compression of the material, contingent upon the sign of the

electrostrictive coefficientM orQ. Notably, ferroelectric polymers like PVDF or P(VDF-TrFE)

Figure 3.7 Schematic diagram of a strain-field (S-E) characteristic of the electric-field related

electrostrictive effect in linear dielectrics, showing its quadratic nature, and b strain-displacement (S-D)

characteristic of electric-polarization related electrostrictive effect47.
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exhibit a negative electrostrictive effect, causing them to compress when subjected to an

external electric field. Electrostriction is a phenomenon present in all dielectrics, including

piezoelectric materials; however, the strain it induces is generally minor compared to that

induced by piezoelectricity. As a result, the contribution of electrostriction-induced strain is

often neglected for pure piezoelectric materials, the effect of which is analyzed in the next

Chapter 3.1.3.

3.1.3 Piezoelectricity

Piezoelectricity is an electromechanical phenomenon wherein mechanical stress

induces the generation of an electric charge on the surfaces of the material, and conversely,

the application of an electric field results in mechanical deformation. This effect has become a

well-established transducer mechanism in MEMS, allowing for its utilization as an actuating

and sensing element due to its reversibility, as shown in Fig. 3.8171.

The piezoelectric effect is characterized by a linear electromechanical coupling

between mechanical and electric quantities and is only present in materials with a non-

centrosymmetric crystal structure159. The constant governing this linear relationship is known

as the piezoelectric coefficient. In the case of the direct piezoelectric effect, the linear relation

between the mechanical stress T and electric displacement D is given by:ܦ = ݀ ܶ (3.8)

where d represents the piezoelectric coefficient, measured in C·N-1. The value of the

piezoelectric coefficient is dependent on the material and the direction of the applied

mechanical stress.

Figure 3.8 Direct piezoelectric effect generates an electric charge from mechanical stress, while the

converse (or inverse) piezoelectric effect generates strain under an applied electric field171.
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The equation representing the inverse piezoelectric effect, where S represents the

mechanical strain and E denotes the electric field, is given by:ܵ = ݀ ܧ (3.9)

here d is again the piezoelectric coefficient, but in this case measured in m·V-1.

The piezoelectric response depends on the direction of the applied mechanical or

electrical stimulation, and it is represented by a matrix. Based on this direction, specific

components of the piezoelectric coefficient matrix become significant. In technological

applications, the components d33 and d31 are of particular interest. These are referred to as the

longitudinal (33-mode) and transverse (31-mode) piezoelectric coefficients, respectively.

Considering the inverse piezoelectricity, in the case of the longitudinal effect, a mechanical

deformation occurs in the same direction as the applied electric field, whereas in the

transverse effect, the mechanical deformation arises perpendicular to the direction of the

applied field. Importantly, the longitudinal and transverse effects are interrelated; that is,

when a piezoelectric material is mechanically or electrically stimulated, both effects are

present. In practical applications, these effects can influence each other due to the clamping

of the piezoelectric material to metallic electrodes or a rigid substrate. Clamping can restrict

the ability of the piezoelectric thin film to deform to an applied electric field, leading to a

reduction in the measured piezoelectric constant47. It should be noted that the longitudinal

piezoelectric coefficients d33 given in this work are mostly effective values, i.e. they are

determined under the influence of clamping effects and the intrinsic transverse piezoelectric

coefficient d31.

In general, piezoelectricity describes a linear relation between electrical and

mechanical observables. However, a non-linear behavior is observed at high mechanical

stresses or electric fields due to the saturation of the dipole motion. In this case, a linear

relation is only observable around the zero value of the mechanical stress or the electric field.

Therefore, the direct piezoelectric coefficient is experimentally determined using the relation:

݀ = డ஽డ்ቚ்ୀ଴ (3.10)

while for the inverse piezoelectric effect:

݀ = డௌడாቚாୀ଴ (3.11)
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As discussed above, the piezoelectric response is a characteristic found in non-

centrosymmetric crystal structures. However, the presence of electrostriction in all dielectrics

plays a crucial role in field-induced piezoelectricity53. When an electric field is applied to a

dielectric, it causes a redistribution of charges, leading to a loss of center of symmetry in the

dielectric, enabling a piezoelectric mechanism to operate. This phenomenon, known as field-

induced piezoelectricity, can be controlled by applying a DC field53. The magnitude of the

field-induced piezoelectric effect is strongly influenced by the electrostrictive response of the

material. For instance, in strong piezoelectric materials like aluminumnitride (AlN), this effect

is negligible, whereas in ferroelectric materials, which typically exhibit a large electrostrictive

response, it can be significant (see Chapter 3.1.4).

Quartz (α-quartz) was one of the first materials in which piezoelectricity was

observed. Subsequently, polycrystalline piezoelectric ceramics such as BTO and PZT have

been introduced, offering significantly improved piezoelectric characteristics compared to

quartz. These ceramics exhibit strong piezoelectric responses with d33 values reaching

145 pm·V-1 for BTOand even 593 pm·V-1 for PZT172. Piezoelectricity has also been observed in

semi-crystalline polymers like PVDF and P(VDF-TrFE), where the piezoelectric coefficients

are negative (see Chapter 2.1.2), in contrast to the positive coefficients seen in piezoceramics.

These polymers in fact contract when subjected to an electric field aligned with the

polarization direction. This characteristic is attributed to the one-dimensional molecular

chains bonded together by weak van der Waals forces where the strong intramolecular bonds

within the chains and the weaker intermolecular bonds result in highly anisotropic physical

properties. When an electric field is applied, the softness of the intermolecular bond leads to

enhanced dipole-dipole interaction, causing the van der Waals gap to shrink more than the

expansion of the intramolecular bond, resulting in the macroscopic contraction of the

material68.

In this study, MEMS devices based on PVDF and P(VDF-TrFE) are fabricated, and

their piezoelectric coefficients are investigated. It is imperative to acknowledge that reported

piezoelectric coefficient values in literature may vary significantly for the same material due

to factors such as differences in material synthesis methods.



Fundamentals of Electroactivity and Energy Storage

37

3.1.4 Ferroelectricity

Ferroelectrics are a subclass of dielectric materials that embraces all phenomena of

piezoelectricity, and pyroelectricity. These characteristics make ferroelectrics an exciting field

for both research and application-related activities.

First observed in Rochelle salt (KNaC4H4O6) by Valasek in 1921, the term

“ferroelectricity” was coined due to its formal analogy with ferromagnetic properties5.

Ferroelectric materials exhibit a spontaneous electric polarization Ps which can be reversed by

an external electric field, i.e. Ps = Ps(E) is a function of E. Consequently, in ferroelectrics the

total polarization is the sum of the induced and spontaneous polarization P = Pi + Ps and the

ferroelectric displacement is given by:ܦ = ܧ଴ߝ + ܲ = ܧ଴ߝ + ( ௜ܲ + ௦ܲ) = ܧߝ + ௦ܲ (3.12)

As ferroelectrics can reverse the direction of the spontaneous polarization Ps, two stable

polarized states can be found at zero-field conditions:ܧ)ܦ = 0) = ܧ)ܲ = 0) = ௦ܲ(ܧ = 0) = ± ௥ܲ (3.13)

where Pr is the remnant polarization.

Switching between the two opposite polarized states requires a sufficiently high electric field

to be applied which is called coercive field Ec:ܦ)ܧ = 0) = ± ௖ܧ (3.14)

Figure 3.9 a Typical hysteresis loop in ferroelectrics and corresponding domain reversal175.

b The tetragonal perovskite structure of BTO with the two thermodynamically equivalent states within

the unit cell173.
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In ferroelectric materials, spontaneous polarization exists within the single-unit cell.

For instance, in the tetragonal perovskite structure of BTO, the tetravalent titanium ion (Ti4+)

is displaced from the center of the unit cell. This non-centrosymmetric crystalline structure

results in spontaneous polarization where the titanium ion has two thermodynamically

equilibrated states within the unit cell as shown in Fig. 3.9b173. These states are described by

the electric Gibbs potential. According to the thermodynamic model of ferroelectrics, related

to the Landau-Devonshire theory174,175,176, the two local equilibrium states of G correspond to

the two possible polarization states of the ferroelectric, as depicted on the right side of

Fig. 3.9b. Consequently, the unit cell exhibits a remnant polarization evenwithout any applied

field. In general, from a macroscopic point of view, spontaneous polarization is typically

observed in single crystals47. In polycrystalline materials instead, the permanent dipoles are

arranged in ferroelectric domains, which are regions of equivalent aligned dipoles. Materials

characterized by a polycrystalline nature may not exhibit a macroscopic net polarization, as

the random orientation of dipoles with opposite directions can result in a net polarization of

zero. These domains can only be rotated by applying a sufficiently strong electric field, known

as a coercive field. Therefore, to induce a macroscopic polarization, a poling procedure in

polycrystalline materials is required, typically involving the prolonged application of a

sufficiently high electric field, i.e. above coercive value, along the desired polarization axis.

Fig. 3.9a schematically illustrates a standard P-E hysteresis loop of a polycrystalline

ferroelectric material177. It begins from an unpolarized state (O), where all the ferroelectric

domains are randomly oriented within the material. As the applied electric field increases, it

reaches the saturation point (C), where all the domains are aligned in the same direction.

Subsequently, upon decreasing the external electric field, the polarization reduces until

reaching the remnant polarization Pr at point (D) under zero-field conditions (D(E=0) = ±Pr).

Then, the applied electric field reverses, reaching the negative coercivity point (F), fromwhich

the polarization is inverted. This leads to the negative saturation point (G), and from here the

inverse process begins, tracing the hysteretic response. For more details, Chapter 5.4 delves

into how the ferroelectric hysteresis loop is measured using a Sawyer-Tower circuit and how

parameters like Ec or Pr are extracted using empirical models.
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The presence of spontaneous polarization in ferroelectrics enables electrostriction to

induce piezoelectric activity within the material, as discussed earlier in the context of field-

induced piezoelectricity in Chapter 3.1.3. However, ferroelectrics exhibit highly non-linear

dielectric behavior, characterized by a strong electrostrictive response that results in

electromechanical deformation much more complex than observed in non-ferroelectric

piezoelectric materials. Fig. 3.10 provides both typical hysteresis (Fig. 3.10a) and butterfly

(Fig. 3.10b) curves of ferroelectric polymer P(VDF-TrFE), facilitating the comprehension of the

relationship between ferroelectric displacement and macroscopic strain52. While the

polarization process in Fig. 3.10a is analogous to that described in Fig. 3.9a, the electrostrain

behaviour in Fig. 3.10b, referred to as the butterfly curve, is described as follows considering

that, in this case, it does not start from an unpolarized state. Segment (1) denotes the initial

stage where the applied electric field increases from its zero-value, resulting in a

corresponding increase in the mechanical strain. The initial zero-field value of the strain is

called remnant strain (S(E=0) = Sr), similar to the remnant polarization (D(E=0) = -Pr) of the

D-E characteristic. As the external electric field increases, the strain reaches a maximum at the

coercivity (E(D=0) = +Ec), corresponding to a zero-displacement value in the D-E hysteresis

loop. Subsequently, with further increments in the applied electric field, the strain gradually

decreases and becomes negative, reaching a minimum at the saturation point of the

polarization. Transitioning to segment 2, as the external electric field begins to decrease, the

strain once again decreases until it reaches the remnant strain as the applied field approaches

Figure 3.10 a Polarization and b strain characteristics of P(VDF-TrFE), with arrows indicating the

direction of the electric field applied and colors representing the four key segments corresponding to

both characteristics52.
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zero. Following this, the inverse process starts. Typically, the remnant strain value is set to

zero, as after the ferroelectric is polarized once, the remnant strain remains and does not

contribute to the field-varying strain.

In general, the electrostrain in ferroelectrics can be expressed as:ܵ = ଶ(ܧ)ܦܳ = ܧߝ)ܳ + ௦ܲ(ܧ))ଶ = ଶܧଶߝܳ + ߝ2ܳ ௦ܲ(ܧ)ܧ + ௦ଶ(ܧ)ܲܳ (3.15)

where the first term, Qε2E2 corresponds to the pure electrostrictive effect, the second term

2QεPsE is referred to as the linear piezoelectric effect, and the last term Q33Ps2 represents the

spontaneous strain. The piezoelectric coefficient can be calculated with equation (3.11):

݀ = డௌడாቚாୀ଴ = ௥ߝ଴ߝ2ܳ ௥ܲ (3.16)

where εr is the relative permittivity at zero-field. The sign of the piezoelectric coefficient d is

defined by the sign of the electrostrictive coefficient Q. Typically, ferroelectric materials like

BTO exhibit a positive piezoelectric coefficient value, while ferroelectric polymers tend to

have a negative one. It is important to note that the orientation of the butterfly curve is related

to the sign of the electrostrictive coefficient. In the case of piezoceramics like BTO, the S-E

strain-field characteristic is inverted compared to ferroelectric polymers. This means that at

the coercivity point, there will be a minimum of electrostrain, and at the maximum electric

field value, there will be a maximum of electrostrain, as shown in Fig. 2.10.

Equation (3.15) does not represent a quadratic function of E, since both spontaneous

polarization Ps=Ps(E) and the dielectric permittivity ε=ε(E) are highly non-linear functions of

the electric field (see Fig. 3.6). In general, due to the electrostrictive nature of the electrostrain

in ferroelectrics, a linear relation between S and D2 is observed (see Chapter 6.2.2.1).

The spontaneous polarization in ferroelectrics is not observed at all temperatures. At

a critical temperature known as Curie temperature (Tc), ferroelectric materials undergo a

phase transition. During this transition, they lose their ferroelectric properties and become

paraelectrics and the spontaneous electric polarization disappears. This phase transition can

be described by the Landau-Devonshire theory with the electric Gibbs potential174. Generally,

the calculations indicate that at Tc three local minima of the Gibbs potential become equally

probable. This implies that the ferroelectric and paraelectric phases coexist. Consequently, a

double-hysteresis loop, combining properties of the ferro- and paraelectric states, is observed
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experimentally in P(VDF-TrFE) thin films (see Fig. 3.11b52). This phenomenon is a

characteristic feature of a discontinuous phase transition. Above Tc the two local minima of

the ferroelectric phase disappear, and the remnant polarization vanishes, as shown in

Fig. 3.11a52. For example, in BTO a phase transition occurs at around Tc = 125 °C, where the

non-centrosymmetric tetragonal crystal structure transforms into a centrosymmetric cubic

crystal structure. This transition in BTO is categorized as being of a displacive nature. In

contrast, in P(VDF-TrFE), it has been demonstrated that the transition from ferroelectric to

paraelectric state is associated with micro- or macroscopic electromechanical responses52. At

its Curie temperature of approximately 100 °C, the electrostrain behavior of the P(VDF-TrFE)

within the crystalline domains still exists, but macroscopically it is mechanically compensated

by the amorphous matrix, resulting in an undetectable butterfly response52. PVDF instead

exhibits a Curie temperature above 172 °C, i.e. higher than its melting point, making the

transition not observable33. Last, but not least, it is always important to consider that external

influences, such as an electric field or mechanical stress, might alter the Curie temperature of

a ferroelectric material162.

3.2 Energy storage

For energy storage applications the electric breakdown strength is a parameter of

utmost importance. This chapter highlights its pivotal role in various applications and the

factors influencing it. Subsequently, energy density, energy loss, and energy efficiency are

Figure 3.11 a Remnant polarization values as a function of temperature and b D-E hysteresis loops at

temperatures below, around, and above the Curie point, showing the transition from ferroelectric to

paraelectric of P(VDF-TrFE)52.
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investigated as fundamental key indicators in energy storage evaluation. Overall, the essential

insights into characterizing energy storage devices are presented.

3.2.1 Electric breakdown strength

Electric breakdown strength in dielectrics is a fundamental property defining the

threshold at which dielectric materials transition from an insulating to a conducting state

under electrical stress. This property plays a crucial role in various applications requiring

reliable electrical component insulation. For instance, in high-energy density applications,

avoiding breakdown is essential as it significantly impacts both the capacitor’s capability to

store energy and the lifespan of the device. Expressed in V·μm-1, electric breakdown strength,

also termed dielectric strength or breakdown field, is notably high in dielectric polymers

compared to their inorganic counterparts. Table 2 reports dielectric strength, expressed in

V·μm-1, and relative permittivity values for typical piezoceramics and polymers, providing

valuable insights.Within the polymer class, ferroelectric polymers, with their superior relative

permittivity, are particularly suitable for energy storage applications.

In general, the breakdown strength under DC voltage tends to exceed that under AC

fields, since the breakdown is a phenomenon strongly related to various breakdown

mechanisms: thermal breakdown, breakdown due to space-charge effect, and

electromechanical breakdown135. Thermal breakdown results from thermal energy associated

with dielectric losses, while the space-charge effect involves electron-hole recombination

energy, potentially dissociating polymer molecules into radicals affecting dielectric strength.

Electromechanical breakdown instead is related to the increase in mechanical stress within

the material when subjected to an AC field, comprising Maxwell stress and electrostrictive

stress. Maxwell stress arises from the Coulombic attraction of the electrodes carrying opposite

charges, while the electrostrictive stress is the sum of all electric-field-induced mechanical

stresses within the material. In this case, the breakdown strength of polymers can be

theoretically estimated when the total electromechanical stress equals the yield stress of the

polymer145.

Moreover, the dielectric breakdown strength of a material is also influenced by factors

such as traces of impurities, micro defects, porosity, electrode sizes and arrangement,

environmental conditions, and stress application characteristics, such as the electric field ramp
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rate6,28. Geometrical design is also critical as it can cause stress amplification in certain areas,

leading to electric field enhancements and hence, premature device failure.

In the case of polymer nanocomposites, additional elements play a crucial role in the

dielectric strength of the material such as differences in the relative permittivity between

individual fillers and polymer matrix. A significant contrast in these values can lead to local

inhomogeneity of the electric field within the material, reducing the breakdown strength. To

enhance the breakdown field, it is important to achieve a homogenous dispersion of the

nanofillers, necessitating surface modification to prevent the interconnection or even

agglomeration of nanofillers, which could result in electrically conductive channels and the

formation of voids, respectively.

In general, achieving high-performance energy storage devices requires careful

consideration of factors such as relative permittivity and electric breakdown fields. Energy

storage characteristics are further discussed in the following Chapter 3.2.2, focusing on energy

density, loss, and efficiency.

3.2.2 Energy density, loss, and efficiency

Energy density, energy loss, and energy efficiency are fundamental parameters in

energy storage characterization, crucial for evaluating the performance and effectiveness of

various energy systems and materials. Specifically, energy density quantifies the amount of

energy that can be stored within a material per unit volume, while energy loss represents the

Material Dielectric strength (V· µm-1) Relative permittivity (1kHz)

PZT 12178 200-50003,178

BTO 15138,179 1235180

PMMA 250141 4.5140,141

Polyamide 240181 3181

PVDF 150-500143,182 8-1048,143

P(VDF-TrFE) 200-300103,183 10-1551,144,145

Table 2. Dielectric strength and relative permittivity of typical piezoceramics and polymers at room

temperature. It is worth noting that the higher dielectric strength of polymers is juxtaposed with their

lower relative permittivity compared to the piezoceramics. This discrepancy forms the basis for the

development, study and fabrication of nanocomposites for energy storage applications.
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dissipation of energy, thereby representing the reduction of the usable energy output. In

literature, both are typically measured in J·cm-3. Energy efficiency instead evaluates how

effectively energy is converted from one form to another, indicating the efficiency of the

energy charge-discharge process.

To measure the energy density (Ue) of ferroelectric materials, it is necessary to perform

first the ferroelectric characteristic D-E, then to integrate the area between the displacement

axis and discharge curve, as shown in Fig. 3.1228, using the equation:

௘ܷ = ܦ݀ܧ∫ (3.17)

In linear dielectrics, where permittivity is not a function of E and the displacement exhibits a

linear relationship with E, the electrical energy density is given by:

௘ܷ = ଵଶ ଶܧ௥ߝ଴ߝ (3.18)

Energy loss (Ul) is represented by the area within the hysteresis loop (see Fig. 3.1228). By using

energy density and energy loss, it is possible to calculate the energy efficiency of a capacitor

using the formula:

ߟ = ௎೏೔ೞ೎೓ೌೝ೒೐௎೎೓ೌೝ೒೐ = ௎೐௎೐ା ௎೗ (3.19)

It is worth noting from equation (3.18) that energy density has a squared relationship

with breakdown strength, highlighting the need for higher breakdown strength to achieve

greater energy density. In the case of polymer nanocomposites, energy density largely

Material Energy density (J·cm-3)

Poly(phthalazine ether ketone) 1.6184

PMMA 1.5140

Polyamide 1.4181

PVDF 2.8143

P(VDF-TrFE) 2.1185

Table 3. Energy density measured in J·cm-3 of various dielectric polymers at room temperature. Among

these, the fluoropolymers appear to be the most promising matrix for developing nanocomposite

materials with high energy density.
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depends on the matrix material, while improvements in permittivity are sought with the

introduction of nanofillers. However, as discussed previously, improper dispersion or

functionalization of nanofillers can significantly reduce the breakdown strength of the

nanocomposite. Table 3 presents the energy density values, expressed in J·cm-3, taken from

literature of different polymermatrices, measured between 200 and 250 V·μm-1. The upcoming

Chapter 4 delves into ferroelectric polymer-based capacitor fabrication. Additionally, the

chapter discusses the functionalization and dispersion techniques used in this work to

enhance nanocomposite energy storage performance.

Figure 3.12 Graphical representation of aD-E

loop used for energy density and energy loss

calculations28.
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4 Fabrication Details

4.1 PVDF and P(VDF-TrFE)

To characterize the ferroelectric polymers PVDF and P(VDF-TrFE), solution-processed

thin films were fabricated via spin-coating under cleanroom and humidity-controlled

conditions. Structural analysis, including AFM, FTIR, DSC, and XRD measurements,

primarily focused on spin-cast thin films on silicon substrates. In addition, to investigate

potential substrate influences on the microstructure and crystallinity of the spin-cast polymer

thin films, silicon substrates with an electron-beam evaporated gold layer were used as an

alternative. Gold was chosen to mimic the micromachined capacitors' bottom electrodes for

electrical and electromechanical characterization. The following sections provide a detailed

analysis of the synthesis of PVDF and P(VDF-TrFE) thin films on silicon and gold-covered

substrates, as well as the fabrication of the capacitor-type test structures for ferroelectric and

electromechanical analysis.

4.1.1 Synthesis of polymer thin films

The synthesis of PVDF and P(VDF-TrFE) thin films is summarized in Fig. 4.1.

Following this summary, every single step will be analyzed in detail.

Thin films of PVDF and P(VDF-TrFE) (ratio VDF and TrFE 70:30 mol%), were

deposited via spin-coating from polymer solutions. For that purpose, high-purity powders of

PVDF and P(VDF-TrFE) were purchased from Sigma-Aldrich and Piezotech/Arkema Group

and were dissolved at a weight ratio of 4% and 8% in the solvents dimethylformamide (DMF)

and 2-butanone (methyl ethyl ketone (MEK)), respectively. To increase the dissolution rate

and to prevent polymer agglomerations, the dissolution process was carried out at 60 °C for

PVDF and 50 °C for P(VDF-TrFE). While DMF has a boiling point of 153 °C under standard

conditions, MEK has a boiling point of approximately 80 °C, therefore a small measure was

applied during the dissolution process of the latter solvent. A glass cover was used to prevent

the possible evaporation of the MEK, so to ensure that the 8% weight ratio between solvent

and polymer remained unaffected. The required utensils for the synthesis of the solutions are
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shown in Fig. 4.2a. The dissolution of the polymer powder was facilitated by magnet stirring

within the solution as depicted in Fig. 4.2b. Visible in Fig. 4.2b is also the temperature sensor

immersed in the solution. When the polymer powder appeared to be fully dissolved by the

naked eye, the solution was stirred for an additional 10 minutes to ensure complete

dissolution. Typically stirring of the polymer solution may lead to the formation of air

bubbles, strongly depending on the stirring intensity, which can result in pinholes within the

deposited thin film. To avoid this, the solution was degassed in a vacuum desiccator. It is

important to note that while P(VDF-TrFE) can be dissolved in both DMF and MEK, PVDF is

soluble at room conditions only in the former186. In this thesis, P(VDF-TrFE) has been

deposited only from MEK solution. Choosing a more volatile solvent like MEK for P(VDF-

TrFE) was advantageous due to the cumbersome spin-coating process, discussed in the

following paragraph, involved in depositing polymer thin films from a high boiling point

solvent, like DMF.

The usage of DMF as solvent requires spin-coating deposition at a high substrate

temperature (above 100 °C). Films deposited at low substrate temperatures exhibit high

roughness and a phenomenon called vapor-induced phase separation (VIPS)187 (further

details can be found in Chapter 6.1.1), resulting in electrically short-circuited capacitors80.

Figure 4.1 Schematic diagram showing the key steps involved in the synthesis of

PVDF and P(VDF-TrFE) thin films.
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High substrate temperatures prevent VIPS and reduce the roughness of the layer by

suppressing PVDF crystallization through faster evaporation of the solvent and by the

difference between the substrate temperature and the crystallization temperature30. This

process requires preheating of the spin-coater chuck, which subsequently heats thewafer used

as the deposition substrate. However, obtaining a uniform distribution of temperature across

the chuck could be challenging and may require several attempts, which is why, if possible,

the use of MEK for P(VDF-TrFE) is preferred. In this work, the chuck, and subsequently the

substrate, were heated up to 170 °C to ensure high-quality deposition of PVDF thin films.

Once prepared, PVDF and P(VDF-TrFE) solutions were spin-cast on a 4”, 100 nm (100)

silicon (Si) wafer, typically at 3000 rpm, resulting in homogenous polymer thin films.

Alternatively, as previously mentioned, to investigate the potential influences of the substrate

on P(VDF-TrFE) microstructure and crystalline phase, a 100 nm layer of gold thermally

evaporated was deposited on the silicon wafer before spin-coating.

After spin-coating, any residual solvent of MEK or DMF within the thin films was

subsequently evaporated in the annealing process, which is crucial for improving the

electrical and mechanical properties of the polymers and promoting crystallization. PVDF

samples were annealed for 2 hours at 170 °C in air to ensure a high degree of crystallinity188.

In P(VDF-TrFE) thin films instead, the annealing temperature plays a more crucial role in

determining the final microstructural and ferroelectric characteristics (as discussed in

Figure 4.2 a Required utensils for the synthesis of polymer solution, including the solvent bottle, a

plastic white box containing the polymer powder, and a scale; b The magnet-driven stirring process for

dissolving the polymer powder in the solvent, including the temperature sensor that monitors the heat

transfer from the hotplate to the solution, facilitating an increased the dissolution rate.
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Chapter 6.2.2.1). In this work, the effects of annealing temperature on P(VDF-TrFE) thin films,

ranging between 135 °C and 150 °C, were studied. It is important to note that every step

described here was carried out under cleanroom conditions for PVDF and humidity-

controlled conditions using a glovebox supplied by dehumidified air for P(VDF-TrFE). The

use of a glovebox, depicted in Fig. 4.3, maintained at 10% relative humidity (RH) during the

deposition of P(VDF-TrFE) thin films, served a similar purpose to the heated-up chuck used

in PVDF processing, aiming to prevent phase separation phenomena induced by the water in

the air, i.e. VIPS187. Although VIPS is particularly common in DMF due to its high boiling

point, MEK can also be affected, especially during summer when the lab’s relative humidity

is around 50%.

The film thicknesses obtained were 300 ± 25 nm for PVDF and 1.0 ± 0.1 μm for P(VDF-

TrFE), measured with a DEKTAK surface profilometer. In general, various parameters can be

adjusted to control the final thickness of the ferroelectric polymer thin films. These parameters

include for instance the weight ratio of polymer powder dissolved in the solvent, which

influences the viscosity of the solution, the rotational speed, and the acceleration of the spin-

coating. Furthermore, previous research has demonstrated that the geometry of the chuck can

also impact the film thickness47. By modulating these parameters, polymer films with a

Figure 4.3 Custom-made glovebox based on Plexiglas walls. Dehumidified air was circulated inside

to maintain a 10% RH level. Both spin coating and annealing of P(VDF-TrFE) thin films were

conducted within this glovebox environment.
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thickness ranging from single monolayer to several microns are feasible via spin-coating50.

The duration of the spin-coating process is primarily essential for achieving homogenous thin

films. While the initial seconds are critical for dispersing the polymer solution evenly on the

substrate, the duration beyond this point becomes less relevant in influencing the final

thickness.

4.1.2 Fabrication of capacitor-type test structure

The electrical and electromechanical characterization of PVDF and P(VDF-TrFE)

involved the integration of the polymer thin films in micromachined capacitor-type test

structures. These structures are metal-ferroelectric-metal (MFM) capacitors, where the

ferroelectric is either PVDF or P(VDF-TrFE) and the thin film electrodes aremade of gold (Au).

The fabrication process, previously detailed by our research group47, is outlined step by step

below and illustrated in Fig. 4.4a.

1) A 4” 100 nm (100) Si wafer coated with 250 nm LPCVD silicon dioxide (SiO2)

and 80 nm silicon nitride (Si3N4) was used as substrate.

2) The bottom electrodes were formed by the lift-off process. For that purpose,

50 nm of chromium (Cr) was deposited by electron-beam evaporation as an

adhesion promoter for a 100 nm thermally evaporated gold (Au) layer.

3) A thin film of PVDF or P(VDF-TrFE) was spin-coated on the wafer, as

described in Chapter 4.1.1, and annealed.

4) On top of the polymer, a 150 nm thermally evaporatedAu layer was deposited.

5) The top electrodes were fabricated using a wet-chemical etching process. Since

standard photoresist solvents, like acetone, can damage the polymer and

irreparably alter its structure, lift-off techniques were not employed for

patterning the top electrodes.

6) The capacitor-type test structure was finally obtained.

On the Si wafer, the resulting capacitor-type test structures, shown in Fig. 4.4b, typically

presented diameters ranging from 6 mm to 8 mm, corresponding to areas between 0.3 cm2

and 0.5 cm2. These specific values were selected to ensure a sufficiently large area capable of

storing a significant quantity of charges, facilitating the electrical measurements. Capacitors

potentially affected by short circuits were tested with a multimeter.
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4.2 P(VDF-TrFE)-based nanocomposite

Functionalization of nanofillers is a fundamental step in processing nanocomposite

thin films. In this thesis, commercially purchased BTO, henceforth referred to as BTO(C),

powder was initially employed and functionalized with PDA (BTO(C)@PDA). At a later stage,

a mixture of BTO@PDA and CCNF (CCNF-BTO@PDA) provided by the Research Center of

Nano Science and Technology of Shanghai University served as nanofillers for P(VDF-TrFE)-

based nanocomposite thin films. The following sections detail the experimental procedures

for the PDA functionalization of the BTO(C) powder, the synthesis of the nanofillers mixture

(CCNF-BTO@PDA) provided by Shanghai University, and the dispersion of these nanofillers

into the P(VDF-TrFE) polymer solution. This process is finalized for the synthesis of

P(VDF-TrFE)-based nanocomposite thin films, for ultimately fabricating the capacitor-type

test structures for energy storage characterization.

4.2.1 Functionalization of nanofillers

A commercially available BTO(C) powder, 99.95% purewith a cubic structure andmean

dimension of 90 nm, was purchased from Nanografi. As detailed in Chapter 2.2.2, PDA was

identified as the most suitable candidate for the functionalization of BTO(C) nanoparticles.

Functionalizing nanoparticles with PDA require a pH 8.5 Tris buffer solution. To achieve this,

200 mg of Tris Base (Trizma-Base) and 100 mg of Tris HCl (Trizma Hydrochloride), both

purchased from Sigma-Aldrich, were added to 230ml of deionizedwater and dissolved using

Figure 4.4 a Process steps for the fabrication of the ferroelectric polymer-based metal-ferroelectric-

metal capacitors. b Picture of the final capacitor-type test structures on a Si wafer.
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magnet stirring. Once a stable pH value of 8.5 was reached, the nanoparticles were introduced

into the solution and sonicated for 30 minutes using a UP400S sonicator from Hielscher. This

step was performed to break up any agglomeration formed due to physical interactions

between the nanoparticles within the powder. SEM images, shown in Fig. 4.5, illustrate the

difference in nanoparticle powders before (Fig. 4.5a) and after (Fig. 4.5b) pre-sonication step.

Failure to disperse such clusters, as visible in Fig. 4.5a, may lead to the functionalization of

the entire agglomerated structure, resulting in the introduction of micrometer-sized

agglomerated nanoparticles within the nanocomposite thin films, thus making the capacitors

more prone to localized breakdown and poor electrical performance.

Figure 4.6 Three stages of the PDA polymerization of the BTO(C) nanoparticles: a) Dopamine

hydrochloride just introduced in the solution: transparent colour b) After 5 minutes, the reaction starts,

and the colour changes to light brown c) After 10 hours, the solution turns completely black, indicating

that the polymerization is reaching the saturation stage (see Fig. 7.3).

Figure 4.5 BTO(C) nanoparticles before a and after b pre-sonication step. The pre-sonication step was

necessary for breaking up any clusters in the powder, thus improving the dispersion of nanoparticles

in the polymer solution for the subsequent deposition of the nanocomposite thin films.
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After the pre-sonication step, 160 mg of dopamine hydrochloride, purchased from

Sigma-Aldrich, was introduced into the water solution. The alkaline conditions, combined

with the oxygen in the air, promoted the polymerization of dopamine, resulting in the

formation of a PDA layer on the surface of the nanoparticles. The occurrence of the

polymerization could be observed by the naked eye, as the color of the solution changes from

a brown to a dark hue within a few hours, as shown in Fig. 4.6. In this work, the quantities of

deionized water and dopamine hydrochloride were chosen based on literature (2 mg of

dopamine per milliliter of 10 mM tris, pH 8.5)112, allowing us to establish a reference for the

functionalization layer thickness as a function of the reaction time, as previously presented in

Chapter 2.2.2 and visible in Fig. 2.13. Results and discussion can be found in Chapter 7.1.

Once the desired functionalization thickness was achieved, the BTO(C)@PDA

nanoparticles were separated from the solution through centrifugation (see Fig. 4.7a). After

centrifugation, the collectible nanoparticles could be observed settled at the bottom of the

glass, as shown in Fig. 4.7b. The collected powder was then washed with isopropanol and

centrifugated three times for 2 minutes each at 5000 rpm to further remove any residual

dopamine within the supernatant. Finally, the nanoparticles underwent a drying process for

24 hours at room temperature in the glovebox with a RH of roughly 10%.

The nanofillers provided by Shanghai University were instead an already prepared

mixture of CCNF-BTO@PDA. The CCNF, with a solid content of 3% in weight, was obtained

Figure 4.7 a Centrifuge used to separate the commercially purchased and functionalized

nanoparticles (BTO(C)@PDA) from the aqueous solution and reagent residuals. b The BTO(C)@PDA

powder, deposited at the bottom of the centrifuge tube, was separated from the supernatant.
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via ammonium persulfate (APS) oxidationmethod by using cotton fiber as source materials189.

In this case, the BTO nanoparticles powder was prepared by a hydrothermal method190 and

presented an average size of 145 nm, as shown in Figs. 4.8a and b. The BTO nanofillers were

functionalized with PDA in a tris buffer solution at a pH value of 8.5 prepared with Tris

(hydroxymethyl) aminomethane, bought from Adamas Reagent Com, and deionized water.

The functionalization has been performed using dopamine hydrochloride obtained from

Sinopharm Group Chemical Reagent Co. The functionalized BTO nanoparticles were

separated from the liquid 5 times by high-speed centrifugation for 10 minutes, and the upper

liquid of the BTO@PDA solution was removed, similar to what is shown in Fig. 4.7b. The wet

sediment composed of BTO@PDA at the bottom of the centrifuge tube was further treated by

sonication for 1 hour and then transferred to the CCNF solution by intensive mixing with

magnetic stirring for 12 hours. Subsequently, the CCNF-BTO@PDA wet sediments were

obtained bywashing and centrifuging with deionizedwater for 5 minutes at 10000 rpm twice.

An exemplified schematic process of the synthesis of the nanofiller mixture

Figure 4.8 a SEM image of the BTOnanoparticles provided by Shanghai University and b their particle

size distribution determined by Nano Measurer150.

Figure 4.9 Schematic process of synthesizing the CCNF-BTO@PDA nanoparticles mixture, as

provided by Shanghai University: first the BTO nanoparticles were functionalized with PDA in a Tris

buffer solution and afterwards mixed with the CCNF150.
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CCNF-BTO@PDA is presented in Fig. 4.9. The nanofillers were then collected and delivered

to our research group dispersed in MEK.

Once both BTO(C)@PDA and CCNF-BTO@PDA nanoparticles were prepared, the

subsequent step involved their integration into the P(VDF-TrFE) polymer solution to finally

deposit P(VDF-TrFE)-based nanocomposite thin films. The following chapter provides a

comprehensive description of the synthesis process for P(VDF-TrFE)-based nanocomposite

thin films.

4.2.2 Synthesis of nanocomposite thin films

Similarly to the synthesis of pure PVDF and P(VDF-TrFE) thin films, P(VDF-TrFE)-

based nanocomposite thin films were prepared via spin-coating on silicon wafers. This

process was conducted to investigate the influence of nanofillers on the structural

characteristics and crystalline phase of the polymer matrix. Optical microscopy, FTIR, and

XRD were applied for analysis.

A crucial consideration before depositing nanocomposite thin films involves selecting

the appropriate quantity of nanoparticles to introduce into the polymer solution typically

expressed as volume fraction vf or weight fraction wf. In this study, the objective is to enhance

energy storage characteristics, so the chosen vf or wf aimed to increase permittivity while

minimizing any significant reduction in the electric breakdown field.

Figure 4.10 aUltrasonication process with a UP400S fromHielscher acting on the polymer solutionwith

nanoparticles in a double-walled glass contained with water cooling capability, represented in b.
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To deposit nanocomposite thin films, P(VDF-TrFE) was employed as a polymer

matrix. The procedure outlined in Chapter 4.1.1 was utilized to prepare the P(VDF-TrFE)

polymer solution, after which the desired vf or wf of nanoparticles was added. The

nanoparticles used in this study, as mentioned before, included commercially purchased

BTO(C) functionalized with PDA and the CCNF-BTO@PDA mixture provided by Shanghai

University. It should be noted that in literature vf is commonly applied for inorganic

nanoparticles, while wf is typically used for organic nanoparticles, where determining density

is more challenging, such as with the CCNF-BTO@PDA mixture. Therefore, vf was used for

the BTO(C)@PDA, and wf was used for the CCNF-BTO@PDA mixture.

Once the nanoparticles were introduced into the P(VDF-TrFE) solution, they were

dispersed by sonicating for 1.5 hours. The setup, presented in Fig. 4.10a, involved placing the

solution inside a glass vessel equipped with a mantel jacket (see Fig. 4.10b). This jacket

allowed awater-cooling system, supplied by citywater, to regulate the solution’s temperature

during sonication, preventing MEK evaporation. Excessive temperature increases in fact

could cause the solvent to reach its boiling point, leading to evaporation. This would have

increased the solution’s viscosity, thus making the dispersion of the nanofillers more difficult.

After sonication, the nanocomposite thin film was deposited via spin-coating at 1000

rpm, following a procedure similar to that used for pure P(VDF-TrFE) thin films as described

in Chapter 4.1.1. The resulting homogenous thin film was then annealed for 2 hours at 140 °C

and then cooled down to room temperature. Both spin-coating and annealing were carried

out under humidity-controlled conditions in the custom-built glovebox (see Fig. 4.3) to

prevent VIPS and to ensure the reproducibility of layer quality187. The final film thickness was

measured to be 1.8 ± 0.2 μm for each sample using a DEKTAK surface profilometer.

For this work, various volume and weight fractions were added to the P(VDF-TrFE)

solutions, ranging from 0.5% to 15%. However, enhanced energy storage characteristics were

observed for percentages above 5%, specifically in thin films loaded with the nanofiller

mixture CCNF-BTO@PDA. Chapter 7 discusses the findings and characterization regarding

P(VDF-TrFE)-based nanocomposite thin films in detail.
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4.2.3 Fabrication of capacitor-type test structures

For determining the energy storage characteristics of the P(VDF-TrFE)-based

nanocomposite thin films, micromachined capacitor-type test structures were used.

Therefore, metal-ferroelectric-metal (MFM) structures based on P(VDF-TrFE)-based

nanocomposite thin films, deposited according to the process exposed in Chapter 4.2.2, were

fabricated as described in Chapter 4.1.2 using a 4” (100) Si wafer with 500 nm thermal silicon

dioxide (SiO2) as substrate. The introduction of nanofillers in the matrix generally acts as pre-

defined impurities, which could lead to premature electric breakdown of the nanocomposite

material. In 2 μm thick thin films, surface and bulk defects can have a significant impact on

the device performance compared to thicker films. As a result, the diameters of the capacitors

used for the nanocomposite thin films were slightly adjusted compared to those used for pure

P(VDF-TrFE) thin films, with diameters ranging from 1 mm to 8 mm being explored. The

dispersion process is generally considered random, and as the vf or wf of nanofillers increases,

the probability of encountering clusters within the electrodes, potentially compromising the

performance of the entire capacitor, also increases. Large capacitor diameters, such as those

used for pure PVDF and P(VDF-TrFE) thin films, offer the potential for high-quality

measurements but are more prone to premature breakdown voltage due to the higher

likelihood of encountering large clusters. Conversely, smaller capacitor diameters are

expected to reduce the likelihood of including clusters within the electrodes. However, they

exhibited poor ferroelectric performance, compromising both the functionality and the

measurability of the ferroelectric properties. Ultimately, a capacitor diameter of 5 mm was

adopted for electrical and energy storage characterizations for P(VDF-TrFE)-based

nanocomposite thin films, balancing the need for reliable measurements with the risk of

defects. Chapter 7 delves into detail on the topic, providingmeasurements and an explanation

of the process.
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5 Characterization Techniques

5.1 Microstructural characterization

The microstructural characterization of PVDF and P(VDF-TrFE) spin-cast thin films is

a crucial aspect of this study, particularly due to the diverse surface morphologies that

P(VDF-TrFE) thin films may exhibit. The crystallization process of the copolymer

P(VDF-TrFE), as previously mentioned in Chapter 2.1.2, is significantly influenced by the

annealing temperature, resulting in the formation of either a rice-like or a spherulite-like

microstructure (see Chapter 6.1.2 Fig. 6.8). In this thesis, the effects of these variations on the

final electroactive properties are investigated, thus necessitating a comprehensive

examination of those microstructures.

Optical microscopy, with its ease of use, serves as a primary tool for identifying the

microstructure of the polymer thin films after annealing. The micrometre-scale spherulite

structure of PVDF can be easily identified by employing optical microscopy, as presented in

Fig. 5.1a. However, due to the potential for P(VDF-TrFE) to exhibit two distinct

microstructures, the structural properties of P(VDF-TrFE) cannot always be revealed with

optical microscopy alone. Spherulite-like and rice-like microstructures feature different

crystalline domain sizes. While the former consists of spherulite-shaped crystalline domains,

Figure 5.1 Optical microscope images of a PVDF spherulite, b P(VDF-TrFE) spherulite-like, and

c P(VDF-TrFE) rice-like microstructures. The crystalline domains of P(VDF-TrFE) rice-like

microstructure are too small to be detected with visible light, highlighting the limits of optical

microscopy. These limitations emphasize the need for more advanced instruments, such as AFM.
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resembling the spherulite structure of PVDF and visible under optical microscopy as shown

in Fig. 5.1b, the latter features rice-like crystalline domains that are too small to be detected by

optical microscopy (see Fig. 5.1c).

Beyond crystalline domain characteristics, a first examination by optical microscopy

is fundamental to evaluate the quality of the ferroelectric polymer surface. The presence of

impurities, VIPS phenomena (see Chapter 6.1.1), or pin holes formed during spin-coatingmay

lead to poor performances or short-circuited capacitors. Furthermore, in the case of P(VDF-

TrFE)-based nanocomposite, optical microscopy provides an evaluation of whether the

nanoparticles have been homogenously dispersed within the polymer matrix, as discussed in

detail in Chapter 7.2.

For higher quality and detailed studies of the PVDF and P(VDF-TrFE) thin film surface

microstructure, atomic force microscopy (AFM) measurements were conducted. The AFM

instrument utilized in this work was a Dimension Edge from Bruker, and for imaging the

tapping mode with a silicon cantilever (NCHV-A, Bruker, f1 = 320 kHz, k1 = 40 N·m-1) was

used. AFM imaging provided clear visualization of both P(VDF-TrFE) microstructures,

facilitating a comparison with PVDF surface morphology. Further discussion of these

observations is provided in Chapter 6.1.2. Moreover, this study additionally includes a high-

resolution AFM phase image depicting the chain organization within a PVDF spherulite at

the sub-nanometre scale (see Fig. 6.4b). The AFM phase image here presented was performed

at the Institute ofMaterials Science ofMadrid andwas obtained by operating in the amplitude

modulation mode191, employing small oscillation amplitudes ranging from 100 to 500 pm

applied to the cantilever. Previous studies have demonstrated that small and ultra-small

amplitudes enable the acquisition of molecular resolution images of polymer thin films192.

Operating with small amplitudes enhanced sensitivity to short-range interaction forces,

thereby providing higher spatial resolution. The experiments utilized PPP-FM-AuD

cantilevers (NanoAndMore, Germany) driven in their second flexural mode with typical

parameters f2 = 448 kHz, k2 = 158 N·m−1, and Q2 = 575.

Since one of the primary focuses in the characterization of P(VDF-TrFE)-based

nanocomposites was the analysis of the nanofillers, scanning electron microscopy (SEM) was

used for this purpose. Unlike techniques reliant on cantilever deflection or visible light

imaging, SEMutilizes a beamof electrons to probe samples and generate images, necessitating
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high vacuum conditions. Upon interaction with the sample’s atoms, the electrons generate

various signals including the emission of secondary electrons, back-scattered electrons, and

X-rays, providing information about surface topography and chemical composition. SEM

predominantly uses secondary electrons for imaging due to their low energy and limited

mean free path within the sample, resulting in high resolution in the range of 10 nm. Back-

scattered electrons and X-rays are utilized in energy-dispersive X-ray analysis (EDX), which

enables the identification of the chemical elements within the sample. In this work, an SEM

fromHitachi SU8030was used for high-resolution imaging, typically applying an acceleration

voltage between 2-5 kV with a current between 2-10 μA. To study the characteristics of the

nanofillers under high vacuum conditions, the nanoparticles were affixed to a silicon substrate

using Aquatar. Aquatar is a water-based anti-reflective coating commonly employed in the

semiconductor industry. In this study, it was applied by spin-coating onto a silicon wafer at

5000 rpm to form a nanometer-thick film layer. The Aquatar layerwas then soft-baked at 90 °C

for 30 seconds to partially evaporate the solvent and promote the adhesion to the siliconwafer.

This process created a sticky surface onto which the nanoparticles, previously sonicated in

isopropanol to break up any agglomerates formed by physical bonding, were deposited

before SEM analysis. SEM imaging served to examine nanoparticle characteristics, including

the imaging of BTO(C) and BTO particles, the detection of any agglomerates, and an initial

assessment of the PDA functionalization.

In Chapter 2.2.2, the process of PDA functionalization on the nanofiller surface and its

dependence on reaction time were introduced. For a detailed analysis of functionalization

layers, transmission electron microscopy (TEM) is typically the most appropriate technique.

TEM uses a beam of electrons that passes through electromagnetic lenses to ensure coherence

and uniformity. The electrons are then transmitted through an ultra-thin specimen, providing

detailed information about the internal structure of the material at atomic and nanoscale levels

by analysing the scattering and absorption of the electrons by the sample. In this study, a FEI

TECNAI TF 20with X-FEG andGATANRio16-CMOS camerawas employed. For local carbon

mapping, a GATAN GIF Tridiem Energy filter was used, and a three-window method was

applied. For conducting the study, the nanofillers were placed on a lacy carbon grid.
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5.2 Crystalline phase characterization

The ferroelectric characteristics of PVDF and P(VDF-TrFE) thin films, as well as the

energy storage characteristics of the P(VDF-TrFE)-based nanocomposite thin films, are

strongly correlated to the conformation assumed by the polymer chains. Therefore,

identifying the polymorphs (α-, β-, γ-, δ-phase, see Chapter 2.1.2) present within the

synthesized polymer thin films is crucial. To achieve this, both Fourier-transform infrared

spectroscopy (FTIR) and X-ray diffraction (XRD) techniques were used.

FTIR spectroscopy analyzes the infrared-active spectrum of a sample to identify its

vibrational modes, thus allowing it to conclude the binding situation of the chemical elements

when their presence is known in advance. This technique relies on the absorption of infrared

radiation by chemical bonds, specifically the vibrations within the molecules at specific

frequencies. The resulting absorption pattern provides a spectrum divided into two regions:

one representing the functional groups and the other known as the fingerprint region. The

fingerprint region is crucial for identifying the chain conformation and hence, the phase

present in the polymer. In this study, an FTIR Tensor 27 from Bruker was used for

characterizing both pure ferroelectric polymers PVDF and P(VDF-TrFE), as well as

P(VDF-TrFE)-based nanocomposites.

XRD served as the second measurement technique used in this thesis to characterize

crystalline structures. In this method, X-rays are generated by a cathode ray tube, filtered to

produce monochromatic radiation, collimated to concentrate, and then directed toward the

sample. The technique relies on the principle that when X-ray beams interact with the lattice

planes in a crystal, they undergo diffraction, producing a characteristic pattern of constructive

interferences. This phenomenon is governed by Bragg’s law, which describes the conditions

under which constructive interference of the diffracted X-rays occurs:2݀ sin(2ߠ) = ߣ݊ (5.1)

where d is the lattice distance, θ is the incident angle, n is an integer number, and λ is the

wavelength of the X-rays. In this work, an X-ray diffractometer X’Pert Pro from Molvern

Panalytic in Bragg-Brentano configuration was employed, with a Cu-kα1-α2 source at

wavelengths of 1.540598 Å and 1.544426 Å, respectively. The pattern obtained from the

measurement, known as the diffraction pattern, is used to identify the crystalline structure of
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the material and determine its lattice parameters. In XRD, silicon and gold-covered substrates,

commonly used in this work, provide high-intensity diffraction peaks, which can interfere

with the analysis of the polymer crystalline phase. For this reason, the investigation was

limited to the angles of interest of PVDF and P(VDF-TrFE) chain conformations, typically

ranging between 2θ values of 16° and 30° for the pure ferroelectric polymer thin films. For the

P(VDF-TrFE)-based nanocomposite thin films instead, the 2θ range was expanded up to 60°

to enable the detection of peaks associated with the nanofillers.

5.3 Thermoanalytical technique

Thermoanalytical techniques are widely used in polymer engineering since they

provide valuable insights into phase transitions, thermal transitions, such asmelting and glass

transition points, the presence of impurities, as well as decomposition. In this work, the

thermoanalytical technique employed was differential scanning calorimetry (DSC). This

technique involves recording and plotting the difference in heat flow between the sample and

a selected reference material as they are heated or cooled at a controlled rate. The reference

material is chosen primarily for its stability and suitability within the desired temperature

operating range. DSC operates on the principle that alterations in the physical or chemical

state of a material lead to either absorption or release of heat. Consequently, when a material

undergoes a physical transformation like glass transition, melting, or crystallization, there are

corresponding changes in enthalpy, which are reflected in characteristic peaks on the DSC

curve. Position, shape, and area under the peaks provide information about the transition

temperature, enthalpies, and kinetics. In this thesis, a DSC 250 from TA instruments was used

with a ramp of 10 °C·min-1 up to 250 °C to determine the melting temperature (Tm) of the rice-

like and spherulite-like P(VDF-TrFE) microstructures. Results and discussion can be found in

Chapter 6.1.2.
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5.4 Ferroelectric characterization

PVDF and P(VDF-TrFE) show highly non-linear dielectric characteristics, as discussed

in Chapter 3. Specifically, when exposed to an alternating electric field, they exhibit a

hysteresis loop in polarization or displacement, revealing two remnant polarization states.

Accurately determining the values of these polarization states and plotting the hysteresis loop

is crucial for device applications and technology advancements. In this thesis, to evaluate the

ferroelectric properties of the polymer and nanocomposite thin films, a custom-built Sawyer-

Tower circuit47,193,194,195was utilized togetherwith anMFM capacitor incorporating thematerial

under investigation.

The Sawyer-Tower circuit is a setup that utilizes a linear reference capacitor with a

known capacitance CR = 1 μF to measure the non-linear dielectric properties of the MFM

capacitor through its capacitance CS. The fabrication processes of MFM devices for both pure

ferroelectric polymers and P(VDF-TrFE)-based nanocomposites are detailed in Chapter 4.1.2

and Chapter 4.2.3, respectively. Fig. 5.2a illustrates the circuit diagram of the Sawyer-Tower

circuit. Using a KEYSIGHT 33600A function generator, an AC voltage at a frequency of 100

Hzwas applied to the two capacitors connected in series, theMFM capacitor and the reference

capacitor. Due to the necessity of high field strengths (up to 200 V·μm-1) for the

characterization, the function generator’s signal was amplified through a TREK 2100HF

amplifier with a fifty-fold gain. The applied electric field induced electric polarization on both

capacitors, which was compensated by the free charges at the electrodes. Since the capacitors

were connected in series, the charge QS stored in the MFM capacitor and QR stored in the

reference capacitor must be identical at the electrostatic equilibrium:ܳௌ = ܳோ (5.2)

In general, a capacitor’s charge is directly proportional to the voltage drop, so for both

capacitors was valid: ܳௌ = ௌܷܥௌ ܳோ = ܷோܥோ (5.3)

By combining equations (5.2) and (5.3), the following relationship is obtained:

ܳௌ = ܳோ → ௎ೃ௎ೄ = ஼ೄ஼ೃ (5.4)
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The reference capacitance CR was chosen such that CR >> CS, considering that the capacitance

CS of the MFM capacitor typically falls within the nanofarad range. It should be noted that,

despite the capacitance of the MFM capacitor is not constant as a function of the applied

voltage, the previous comparison must always hold, regardless of the voltage applied.

Therefore, according to equation (5.4), the voltage drop at the sampleUSmust be much higher

than that at the reference capacitor UR, i.e. US >>UR. Hence,US can be considered nearly equal

to the amplified supply voltage. Consequently, the electric field E applied to the ferroelectric

thin film is given by the equation:

ܧ = ௎ೄ௧ (5.5)

where t is the distance between the capacitor plates, i.e. the thickness of the polymer thin film.

To avoid high voltage measurements by the oscilloscope, a voltage divider consisting of two

resistors R1 = 1 kΩ and R2 = 10 kΩ was used. Knowing that the same voltage must drop across

Figure 5.2 a Schematic diagram of the Sawyer-Tower circuit, consisting of two resistors R1 = 1 kΩ and

R2 = 10 kΩ, serving as a voltage divider, a reference capacitor with CR = 1 μF and the MFM

capacitor (CSample) containing the ferroelectric polymer under investigation. b Typical ferroelectric

responses of MFM capacitors which can be measured using a Sawyer-Tower circuit.
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the resistances and the capacitors since they are in parallel, the voltage at channel 1 CH1 of

the oscilloscope is obtained as follows:

஼ܷுଵ = ோభோభାோమ ( ௌܷ + ܷோ) (5.6)

Considering that US >> UR and assuming a homogenous applied electric field within the

capacitor plates, equation (5.6) with equation (5.5) can be semplified to:

஼ܷுଵ ≈ ோభோభାோమ ܧ ݐ (5.7)

Therefore, the electric field across the ferroelectric thin film can be expressed as:

ܧ = ோభାோమோభ ௧ ஼ܷுଵ (5.8)

To obtain the displacement of the MFM capacitor, the voltage at channel 2 CH2 of the

oscilloscope was observed. The voltage UCH2 is equal to the voltage drop UR at the reference

capacitor. Given the generalized equation for the capacitance of a parallel plate capacitor:

ௌܥ = ఌబఌೝ஺௧ (5.9)

where A is the area of the MFM capacitor, using equations (5.4), (5.5), and (5.9), the voltage

UCH2 can be expressed as:

஼ܷுଶ = ܷோ = ௌܷ ஼ೄ஼ೃ = ௥ߝ଴ߝ ஺ ா஼ೃ (5.10)

According to Gauss’s law of theMaxwell equation, the density of free charges at the electrodes

of the MFM capacitor is equal to the electric displacement D of the ferroelectric material. The

Sawyer-Tower circuit aims to measure the non-linear response of D through the linear

reference capacitor CR, which is independent of UR. Since the stored charge of the reference

capacitor is equal to the stored charge in the ferroelectric material, as expressed in

equation (5.2), the electric displacement of the sample is determined by:

ܦ = ொೄ஺ = ொೃ஺ = ஼ೃ௎ೃ஺ = ஼ೃ஺ ஼ܷுଶ (5.11)

By combining equations (5.10) and (5.11), equation (3.4) is obtained.

Finally, using equations (5.8) and (5.11), the displacement D of the ferroelectric thin

film can bemeasured as a function of the applied field E. Essentially, the Sawyer-Tower circuit

reveals the characteristic D-E hysteresis loop, which, as discussed in hapter 3.2.2, is also
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fundamental for investigating the energy storage characteristics of the ferroelectric polymers

and nanocomposite thin films. In general, the Sawyer-Tower circuit allows for the

measurement of any dielectrics, such as linear dielectrics or paraelectrics. In Fig. 5.2b, typical

D-E characteristics measured from MFM capacitors are presented. For instance, MFM

capacitors with high leakages show a dielectric response that is similar to ideal resistors or

lossy capacitors, which often indicates defects within the ferroelectric thin film. In such cases,

conducting a successful dielectric study on the MFM capacitor is not feasible.

Referring to equation (3.12), it is important to note that the difference between P and

D is not that significant, and typically P = D is a sufficiently good approximation. In this work,

apart from conceptual descriptions, there will be no emphasis on the difference between

polarization and displacement.

In the characterization of ferroelectric materials, determining the value of parameters

like remnant polarization Pr and coercive field Ec from the hysteresis loop is of utmost

importance. The empirical model developed by Miller et al.196 aids in this step by fitting the

ferroelectric D-E hysteresis loop recorded by using the Sawyer-Tower circuit setup. This

model represents the spontaneous polarization Ps in the equation (3.12) and distinguishes

between two parts of the hysteresis curve: one from negative to positive electric field Ps+, and

the other from positive to negative field Ps-, such that:

ௌܲି (ܧ) = − ௌܲା(−ܧ) (5.12)

For instance, the hysteresis branch Ps+ fitting equation is given by:

௦ܲା(ܧ) = ௠ܲ௔௫ tanh ቀாିா೎ఋ ቁ + ௉೘ೌೣଶ ቀtanh ቀா೘ೌೣାா೎ఋ ቁ − tanh ቀா೘ೌೣିா೎ఋ ቁቁ (5.13)

where Emax is the maximum applied electric field, Pmax is the maximum electric polarization,

and δ is defined as:

ߜ = 2 ௖ܧ ቆlnቆଵା ುೝು೘ೌೣଵା ುೝು೘ೌೣቇቇିଵ (5.14)

Using equations (5.12), (5.13), and (5.14), the D-E characteristic of a ferroelectric

material is fitted. Miller’s model has been widely used in Chapter 6.2 and Chapter 7.4.3 to

model the ferroelectric displacement D as a function of the electric field E. It is noteworthy
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that while the AC voltage applied is typically a sinusoidal signal, in this thesis, a triangular

waveform is chosen instead to minimize the duration of high voltage amplitudes.

In this thesis, ferroelectric characterizations under different temperatures ranging

from room temperature to 90 °C were conducted to investigate the thermal stability and

hysteretic response of both the spherulite-like and rice-like P(VDF-TrFE) microstructures, as

well as P(VDF-TrFE) nanocomposite thin films (see Chapter 6.2.2.2 and Chapter 7.4.3) To

perform such measurements a climate chamber VCL 4006 from Vötsch-Industrietechnik was

employed.

In ferroelectric characterization determining the dielectric permittivity is fundamental.

For this purpose, a commercial LCRmeter (Hioki IM35533-01)was employed. The capacitance

of theMFM capacitor was measured at low alternating voltages and the dielectric permittivity

ε was subsequently determined from equation (5.9). Moreover, in the studies conducted on

P(VDF-TrFE)-based nanocomposite thin films, the dielectric response as a function of

frequency, from 100 Hz to 10 kHz, was evaluated using the same setup.

5.5 Electromechanical characterization

The analysis of the electromechanical response in ferroelectric thin films holds

fundamental importance for MEMS applications. It facilitates the measurement of

piezoelectric coefficients and provides insight into electromechanical phenomena like the

electrostrictive effect.When exposed to an alternating electric field, anMFMcapacitor exhibits

a deflection due to the field-induced strainwithin the polymer thin film. Given themicrometre

thickness of the polymer films, very small vertical displacements, typically in the order of a

few nanometres, induced by the driving signal needed to be recorded. In this thesis, the

electromechanical characterization has been conducted at low frequencies, specifically at

100 Hz, according to the D-E measurements. As a result, the highly sensitive optical lever

readout, commonly employed in commercial AFM setups, proved to be a suitable tool for

detecting the electrostrain behaviour of PVDF and P(VDF-TrFE) in the low-frequency

regime191,197,198. It is worth noticing that since piezoelectric and electrostrictive coefficients are

not directly related to the energy storage characterization, such electromechanical

investigations have been conducted only on pure PVDF and P(VDF-TrFE) thin films.
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The process of measuring the electrostrain using an AFM setup is referred to as

cantilever-based deflection measurement47. In this work, a Bruker Dimension Edge AFM

equipped with commercial Nanoworld PNP-TR AFM probes (with a spring constant of

0.32 N·m-1) was utilized. These probes feature silicon nitride as both the tip and cantilever

material, thereby mitigating any electrical interference typically associated with probes made

from more conductive materials like doped silicon, which are commonly used for standard

AFM imaging recording (refer to Chapter 5.1). During the cantilever-based deflection

measurements, the MFM capacitor was also integrated into the Sawyer-Tower circuit,

allowing the ferroelectric characterization of the sample in parallel.

Aligned with the Sawyer-Tower circuit setup, the measurement process involved

applying an alternating electric voltage generated by the KEYSIGHT 33600A function

generator and amplified by a TREK 2100HF amplifier. The vertical displacement of the

capacitor was then recorded and observed through the vertical microcantilever deflection via

a laser beam reflection on the backside of the probe. Prior research conducted by our group

extensively explored this characterization technique, and a detailed description is provided

in the following52. First, the deflection needs to be calibrated by recording the deflection signal

against the movement of the z-axis positioning element in the scanning head. This step is

crucial since it calibrates the sensitivity of the AFM system, which is necessary to accurately

measure the deflection of the cantilever. Upon the tip making hard contact with the sample

surface, a linear response curve is obtained, as shown in Figs. 5.3a and b. The inverse of the

slope of this linear response, known as inverse optical lever sensitivity (InvOLS), was

Figure 5.3 a Linear response obtained by recording the deflection signal against the movement along

the z-axis for the calibration. b Enlarged image of the linear response with the values of inverse of the

slope, known as inverse optical lever sensitivity (InvOLS).
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extracted and served to convert the voltage signal from the photodetector into vertical

displacement in length units. It is important to note that this calibration is sensitive to the

compliance of the sample surface against which the AFM probe presses, thereby impacting

the measured InvOLS. To avoid significant indentation effects, the silicon wafer surface

surrounding the capacitor structurewas used to land the probe for determining the calibration

factor. After calibration, the probe was retracted and landed in contact mode on the top

electrode of the capacitor. The probe was placed in an area close to the centre of the electrode

to ensure that any substrate bending during the electrical stimulation of the device remained

negligible. Fig. 5.4a displays raw data from a cantilever-based deflection measurement

performed on an MFM capacitor while applying an alternating electric voltage. The data is

presented as a deflection signal (V) plotted against the tip voltage (V). By using the InvOLS

previously calculated, the time-dependent strain behaviour of the MFMwas obtained. This is

illustrated in Fig. 5.4b, which depicts the strain response to the voltage applied as a function

of measuring time. The simultaneous recording of the D-E characteristic through the Sawyer-

Tower circuit enabled plotting the applied electric field as a function of time as well. By

synchronizing the strain recorded from the AFM with the electric field recorded from the

oscilloscope (see Fig. 5.5a), the butterfly curve S-E was obtained, as depicted in Fig. 5.5b. In

general, the mechanical strain is expressed as S=Δl/l0 and is calculated as the relative change

in thickness of the polymer thin film, where Δl is the variation in thickness from its zero-field

value l0 after initial polarization. To complete the electrostrain study, according to the

Figure 5.4 a Representation of the raw data measured with the AFM on the MFM expressed as

deflection signal (V) against tip voltage (V), afterward converted in appropriate units in bwhere the

strain is plotted as a function of time.
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equations (3.15) and (3.16) the electrostrictive coefficient Q33 and the piezoelectric coefficient

d33 were then extracted from the S-E characteristic.

In addition to the high field electrostrain measurements, the cantilever-based

deflection measurement methodology was also employed to measure the electrostrain at low

electric fields. After polarizing the ferroelectric thin film with a sufficiently large DC voltage,

meaning above the coercivity, a direct measurement of the piezoelectric coefficient d33 is

possible to perform. By applying an AC voltage, below the coercive field, on the ferroelectric

thin film after polarization, a linear S-E response is obtained. The slope of this linear curve

represents the piezoelectric coefficient d33 of the thin film. Moreover, in this thesis, another

method for the piezoelectric coefficient calculation is proposed and explained in the following.

After polarization through DC voltage as described above, the ferroelectric thin film was

subjected to different and increasing DC voltages, below coercivity, while recording the

corresponding vertical displacement through AFM. By plotting the corresponding vertical

displacement against the DC electric field applied, a linear correlation was obtained, and the

slope of this correlation represents the piezoelectric coefficient d33. Further details regarding

high field measurements, i.e. butterfly response, curve fitting, and electrostrictive coefficient

Q33, along with low field measurements for determining the piezoelectric coefficient d33 can be

found in Chapter 6.2.

Last but not least, it is important to note that the cantilever-based deflection

measurements are typically affected by clamping the film onto a rigid substrate. This means

Figure 5.5 a Plot of the AFM recorded deflection signal (blue coloured) expressed as strain, alongside the

electric field applied in triangular waveform (red coloured), both plotted as a function of time. b Butterfly

curve obtained from a by plotting the strain as a function of the electric field.



Characterization Techniques

72

that the clamped film can expand or contract only in the direction perpendicular to the sample

surface. Consequently, the electromechanical characterization described here can only yield

an effective piezoelectric coefficient. To determine the true piezoelectric coefficient, it is

necessary to consider clamping effects47.

5.6 Electric breakdown field

The electric breakdown field refers to the maximum electric field strength that an

insulator can withstand before the formation of a conductive path. As already discussed in

Chapter 3.2, the electric breakdown strength is a fundamental characteristic of energy storage

devices. The electric breakdown field was measured by applying a step-increasing voltage to

the sample while monitoring the current value. When the breakdown occurred, a sudden

increase in the current was detected, determining the breakdown voltage. A Süss PM8manual

wafer prober, consisting of amoving chuck for thewafer, amovable microscope, and vacuum-

powered needle arm holders (see Fig. 5.6), was employed in conjunction with a Stanford

Research Systems PS325 source meter. The source meter has a maximum voltage of 2.5 kV, a

minimum voltage of 1 V, a maximum current of 10 mA, and a minimum current of 10 μA,

respectively. The testing of MFM capacitors was conducted using a controlled electrical setup

interfaced through a GPIB (General Purpose Interface Bus) connection.

To determine the dielectric strength, an I/V measurement was conducted, sweeping

between 1V and up to 500V. The applied voltage was ramped up in a loop in 1V steps every

3 seconds to ensure that the sample had enough time to stabilize, allowing for accurate current

readings. Given the high voltages required for this measurement, the Stanford Research

Systems PS325 was identified as the most suitable and available source meter. However, it is

important to note that the measurement is limited by the resolution limits of the minimum

and maximum current range. Consequently, the I/V graphs recorded did not show any

activity until the breakdown occurred, since the current values below theminimum resolution

threshold were not plotted. As illustrated in Fig. 5.7, the current only became visible after the

breakdown event. Notably, after the initial breakdown at 650 V, as shown in Fig. 5.7, the I/V

graph exhibited gaps in the current readings. This absence of continuous current values,

resulting in current peaks, was due to the self-healing phenomenon. Specifically, as the layers

of the capacitor get damaged by the high energy, the metallic electrode evaporates at the point
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of failure, making further electrical arcs unlikely at that exact location. Therefore, despite the

initial breakdown, the capacitor goes back to behaving normally (self-healing), although with

reduced general electrical stability and lifetime. As the voltage increased, the capacitor

experienced further breakdowns at other points all over the electrode with the current

exceeding theminimumdetectable range, further leading to the evaporation of more material.

Figure 5.6. Süss PM8 wafer prober for

dielectric strength measurements equipped

with needles, microscope andmovable chuck.

Figure 5.7. I/V measurement of an MFM polymer thin

film. The appearance of the first current peak at 650 V

indicates the dielectric breakdown voltage of the

material. The self-healing phenomenon is evidenced

by the presence of consecutive current peaks at higher

voltages.
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6 Ferroelectric Polymers PVDF and
P(VDF-TrFE)

6.1 Crystalline phases and microstructure

Chapter 2.1 introduced the fundamental characteristics of ferroelectric polymer thin

films, covering aspects such as crystalline phases andmicrostructures. Studying these features

is a fundamental starting point in ferroelectric characterization since they may significantly

influence the final properties of PVDF and P(VDF-TrFE) thin films. This chapter provides an

in-depth analysis of the crystalline phases and microstructures, explaining the importance of

the fabrication process and its influence on the final thin film characteristics. The findings

from this chapter have already been published in references 31, 41, and 49.

6.1.1 PVDF

PVDF exhibits different polymorphs (α-, β-, δ- and γ-phase), each characterized by a

different chain conformation (see Chapter 2.1.2). Solution-processed pristine PVDF thin films

are typically not ferroelectric, as the α-phase is the most thermodynamically stable80. As

evidence, in this work, FTIR and XRD measurements were conducted on solution-processed

pristine PVDF thin films, fabricated as presented in Chapter 4.1.1. In particular, Fig. 6.1a

shows the FTIR spectrum obtained, which exhibits the characteristic bands at 615 cm-1,

764 cm-1, 796 cm-1, 854 cm-1, 976 cm-1, and 1209 cm-1 representing the non-polar α-phase

absorption peaks33,199. Absorption peaks related to γ-PVDF are absent, while a weak

absorption band at 1071 cm-1 suggests a small presence of β-phase80,52. The absorption bands

at 876 cm-1 and 1184 cm-1 are instead less sensitive to chain conformation and are formed by

contribution from both α- and β-phase200. In addition, Fig. 6.1b depicts the corresponding XRD

pattern, fitted using a Split Pearson VII function to extract the peak positions. It identifies

peaks at 2θ values of 17.9° and 20.1°, corresponding to the (100) and (110) orientation planes

of the non-polar tg+tg- α-phase, thus confirming the FTIR findings201,202,203.
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In addition to studying crystalline phases, the characterization of spin-cast α-PVDF

thin films also included microstructural analysis. Initially, optical microscopy was used to

verify the surface quality and presence of the spherulite characteristics typical for α-PVDF

thin films31,48. The morphological features may significantly impact device performances: thin

films with a cloudy appearance and rough surface typically exhibit poorer ferroelectric

activity compared to those with high optical quality and smooth surface topography187. In

Chapter 4.1.1 the synthesis of spin-cast α-PVDF thin film was presented, emphasizing the

usage of substrate preheated at 170 °C during spin-coating to prevent the VIPS, which causes

opaque surface appearance187. As schematically represented in Fig. 6.2a, during spin-coating

at room conditions, water from the air diffuses into the film while DMF evaporates. DMF,

being a high boiling point solvent fully miscible with water, undergoes evaporation at a

different rate compared to water absorption. This disparity in evaporation and absorption

rates during spin-coating leads to variations in film quality and can result in the occurrence

of vapor-induced phase separation (VIPS). This phenomenon can be explained utilizing an

isothermal ternary phase diagram of PVDF/DMF/H2O, as presented in Fig. 6.2b187. To

determine the occurrence of vapor-induced phase separation in a ternary phase diagram, the

so-called binodal and spinodal lines play a crucial role (see Fig. 6.2b)204,205. The binodal curve

represents the boundary between regions where a single homogenous phase is stable and

where two immiscible liquid phases coexist in a stable configuration. This boundary is

depicted by the left and the right sides, respectively, of the binodal curve in Fig. 6.2b. The

spinodal curve, on the other hand, separates regions where two immiscible liquid phases

stably coexist and where they do not, leading to a spontaneous phase separation. These

Figure 6.1. a FTIR spectrum (absorbance) and b XRD pattern, fitted by a Split Pearson VII, of solution-

processed PVDF thin films presenting a predominant non-ferroelectric α-phase31.
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regions can be found in Fig. 6.2b with respect to the spinodal curve on the left side, up to the

binodal curve, and on the right side. The pink, purple, and orange lines in the schematic

represent three potential concentration evolutions of PVDF/ DMF/H2O during spin-coating.

Each line corresponds to a scenario with different levels of water absorption: low (pink),

medium (purple), and high (orange). All scenarios begin with a homogeneous solution and

illustrate how varying water absorption rates influence the final thin film morphology at the

end of the spin-coating process. For instance, the pink line (low water intake) remains entirely

within the single-phase region, avoiding the binodal line. This results in a high-quality

homogenousmicrostructure, as shown in the pink outlined image in Fig. 6.2c. The purple line,

representing medium water intake, crosses into the region between the binodal and spinodal

lines, leading to a metastable phase. This transition results in a coarse and rough polymer thin

film surface, shown in the purple framed picture in Fig. 6.2c. The orange line instead,

associated with high water intake, crosses the spinodal line, indicating phase separation and

Figure 6.2. a) Illustration depicting water intake and DMF evaporation during PVDF thin film

deposition. b) Isothermal ternary phase diagram of PVDF/DMF/H2O, with the starting homogenous

solution indicated by the red dot and the three trajectories representing environments at low, medium,

and high levels of water absorption during the spin-coating process. c) SEM micrographs showing the

corresponding morphology of the resulting PVDF thin films according to the three enviroments187.
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resulting in the microstructure depicted in the orange framed picture in Fig. 6.2c. In general,

when high boiling solvents like those used for PVDF (e.g. DMF) cannot be avoided, smooth

thin films can still be fabricated by increasing the substrate temperature. Figs. 6.3a and b

present optical micrographs of spin-cast α-PVDF thin films. In Fig. 6.3a, spherulite nucleation

is observed, corresponding to the scenario described by the pink line in Fig. 6.2b. In contrast,

Fig. 6.3b shows the coexistence of dual immiscible liquid phases, aligningwith the purple line

in Fig. 6.2b.

Additionally to optical microscopy, a more detailed characterization of the spherulite

microstructure was conducted with AFM. In Fig. 6.4a, an AFM height image of a spin-cast

α-PVDF thin film is presented, displaying the spherulite crystalline domains in more detail.

As discussed in Chapter 2.1.2, within the spherulites, the polymer chains are organized into

platelet-like crystals known as lamellae, with a thickness of approximately 10 nm. These

lamellae contain the fundamental crystalline unit cell. For α-PVDF, as depicted in Fig. 6.6, the

unit cell has lattice constants of a = 4.96 Å, b = 9.64 Å and c = 4.62 Å. These fundamental values

were determined through spectroscopy techniques, such as XRD, but never directly observed

through a morphological surface map. Fig. 6.4b presents a high-resolution AFM phase image

in the sub-nanometre regime, enabling for the first time a direct observation of the polymer

chain packing within the lamellae in the crystalline unit cell dimension. More in detail, the

image provides a close-up view of the dendrite-like structure typical of the spherulites. This

structure is identifiable by the three raised bands pointing in the same direction, where the

Figure 6.3. Optical micrographs of PVDF thin films deposited a on a high-temperature substrate,

resulting in a homogenous stable phase, and b on a low temperature substrate, resulting a coarse

microstructure of the metastable region between binodal and spinodal lines.
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polymer chains are placed perpendicularly. The AFM measurement section in the bottom

right corner of Fig. 6.4b, indicated by the white line drawn perpendicular to the polymer

chains, displays the height profile of the raised band surface, revealing distinct ridges. The

half peak-to-peak amplitude width of a representative ridge was measured as an

approximation of one polymer chain dimension, resulting in a value of 0.47 nm (equivalent

to 4.7 Å). This value aligns with the projection onto the ab plane of the α-PVDF crystalline

unit-cell46,206, as shown in Fig. 6.5, where the a-value, corresponding roughly to the dimension

of a polymer chain, is 4.96 Å. Additionally, the distance peak-to-peak along the y-axis (x(nm))

was measured to be approximately 0.98 nm, thereby aligning with the b-dimension of the

crystalline unit-cell. Given that the crystalline unit-cell has lattice constants equal to a = 4.96 Å,

b = 9.64 Å, and c = 4.62 Å, Fig. 6.4b confirms the direct microscopic observation of these unit

cell dimensions. Each ridge on the raised band represents therefore a polymer chain packed

in parallel within crystalline lamellae. However, due to the semi-crystalline nature of PVDF,

the ordered crystals also contain amorphous parts (see Fig. 2.6 in Chapter 2.1.2), resulting in

an expected non-periodic and irregular profile. The high-resolution AFM phase image in

Fig. 6.4b presented in this work was obtained in previous research conducted by our group in

collaboration with the Institute of Materials Science in Madrid31.

Figure 6.4. a AFM height image was conducted with a scan range of 50 μm, revealing in detail the

spherulite microstructure typical of α-PVDFthin films. b Close-up view of the PVDF raised bands,

depicted through a high-resolution AFM phase image, showing the chain organization within a

spherulite at the sub-nanometre scale. The height profile shown in the bottom right corner provides

insights into the chain dimension and unit cell values of the polymer thin film31.
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In general, α-PVDF can be converted into electroactive polymorphs through different

treatments, such as mechanical stretching, exposure to a high electric field, and temperature

and pressure treatments. Among these, electro-forming is particularly effective in inducing

the transition from α- to δ-phase. At the molecular level, applying a sufficiently high voltage

to the non-polar α-PVDF causes a reversal of the dipole components in every second chain,

leading to the molecular packing characteristic of the δ-phase46. Fig. 6.6 illustrates the unit cell

of both the α-phase and the electro-formed δ-phase, with arrows representing dipole

directions. In the α-phase, the arrows point in opposite directions, cancelling each other out

and representing its non-polar nature, while in the δ-phase, they align, resulting in a net

macroscopic polarization. The reversal of the dipole components during the α-δ transition can

occur through various mechanisms, including the reorientation of every second chain by 180°

through the propagation of a twist along the molecule, or a 90° rotation about every gauche

and gauche minus bond of alternate chains42,46,207,208,209,206. As depicted in Fig. 6.6, these reversal

phenomena do not affect the molecular conformation and the unit-cell dimensions. δ-PVDF

and α-PVDF share the same chain conformation, resulting in no differences in peak positions

observed in both FTIR and XRD spectra80,201,210,211. As a consequence, it is reasonable to assume

that an AFMmicroscopy-based measurement, similar to that conducted on α-PVDF depicted

in Fig. 6.4b, on the δ-PVDF surface would yield the observance of the same crystalline unit-

cell values.

Following this section, Chapter 6.2.1 discusses the piezo- and ferroelectric properties

of the electro-formed δ-PVDF thin films. This includes electromechanical characterization at

both high-field, to explore non-linear electrostrictive behaviour, and low-field measurements,

to investigate the linear piezoelectric effect.

Figure 6.5. c-axis projection of the α-PVDF chain onto the ab plane of the unit cell31.



Ferroelectric Polymers PVDF and P(VDF‐TrFE)

81

6.1.2 P(VDF-TrFE)

P(VDF-TrFE) is a ferroelectric random copolymer composed of VDF and TrFE

monomers. Unlike solution-processed PVDF thin films, which typically crystallize in the non-

polar α-phase, P(VDF-TrFE) preferentially crystallizes in the highly polar β-phase, similar to

β-PVDF. This eliminates any additional treatment needed to convert the α-PVDF into an

electroactive phase, making P(VDF-TrFE) a convenient choice for integration into MEMS

devices. Additionally, PVDF and P(VDF-TrFE) differ in how they organize their lamellar

structure during the crystallization process, resulting in strong morphological distinctions in

their microstructure.

Spin-cast P(VDF-TrFE) thin films exhibit varying microstructures depending on the

annealing temperature. When annealed at 145 °C, a microstructure characterized by large

spherulite-shaped crystalline domains is observed. Figs. 6.7a and b show an optical

micrograph and an AFM height image of this morphology. Although this microstructure

strongly resembles the spherulites found in α-PVDF (see Fig. 6.7c), the organization at the

nanometre scale differs, leading to its classification as a spherulite-like microstructure. In

detail, P(VDF-TrFE) spherulite-like features needle-shaped crystals (NSC in Fig. 6.7a), which

are absent in the α-PVDF microstructure. Typically, lamellae exhibit “edge-on” orientation,

where the polymer backbone is parallel to the substrate, or “face-on” orientation, with the

backbone oriented perpendicular to the substrate. These needle-shaped crystals are more

likely associated with “edge-on” microcrystalline domains, while spherulite-like

microstructure generally displays “face-on” characteristics, which are also linked to a more

Figure 6.6. Visual representation of the crystalline unit cell of non-polar α-PVDF and

electro-formed ferroelectric δ-PVDF with arrows indicating the dipole directions: in α-PVDF, the

dipoles cancel each other out, while in δ-PVDF, they align uniformly29 .
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irregularly packed structure59,60,61. In α-PVDF spherulites, the lamellae are evenly distributed

throughout the entire crystalline domain, growing dendrite-like from a central nucleation

point (NC in Fig 6.7d) towards the grain boundary (BG in Fig. 6.7d), presenting a high degree

of regularity29. In contrast, the lamellae in P(VDF-TrFE) spherulite-like crystalline domains

grow in a less regular pattern: instead of extending straight from the central nucleation point

(NC in Fig. 6.7b) towards the grain boundary (BG in Fig. 6.7b), they form windings structures

that are irregularly distributed across the crystalline domain. Another notable difference is

the mean surface roughness. The spherulite-like microstructure of P(VDF-TrFE) has a mean

surface roughness of 36 nm, compared to 18 nm for the spherulite microstructure of α-PVDF.

This slightly rougher surface in the spherulite-like microstructure is likely attributed to the

irregular growth of the lamellae.

Instead, when the annealing temperature is lowered to 140 °C, P(VDF-TrFE) thin films

present a microstructure characterized by small rice-like crystalline domains. The transition

Figure 6.7. a,b Optical micrograph and AFM height image of the P(VDF-TrFE) spherulite-like

microstructure. Notable features such as needle-shaped crystals (NSC), nucleation centres (NC), and

grain boundaries (GB) are highlighted on the surface. c,d Similarly present optical micrograph and

AFM height image of α-PVDF spherulite microstructure, showcasing features analogous to those

observed in P(VDF-TrFE)41.
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from rice-like to spherulite-like as a function of annealing temperature is illustrated in Fig. 6.8.

In general, rice-like domains form when the annealing occurs at temperatures of 140 °C or

lower (see Figs. 6.8a, b, c, and d), while the spherulite-like domains emerge at temperatures

of 145 °C or higher (see Figs. 6.8e, f, g, and h). Further investigation into any potential mixed

states between these twomicrostructures within the 140–145 °C range was not conducted due

to limitations concerning the hotplate used for annealing, which has an accuracy ± 1.5 °C. This

lack of precision hindered the ability to accurately monitor and control temperature

fluctuation. Accompanying this shift in morphology, changes in surface roughness were

observed: thin films annealed at or above 145 °C possessed a mean roughness of

approximately 23 nm, while rice-like structures exhibited a mean roughness of about 5 nm.

Additionally, unlike spherulite-like domains, the size of rice-like domains was observed to

increase proportionally with the annealing temperature, as shown in Fig. 6.9.

Fig. 6.10 presents detailed spherulite-like AFM height images obtained at different

scan ranges. Notable morphological features such as central nucleation point (NC), grain

boundaries (GB), and needle-shaped crystals (NSC) are highlighted in Fig. 6.10a, similar to

Fig. 6.7b. Figs. 6.10b, c, and d display the spherulite-like microstructure with progressively

decreasing scan area sizes, offering a more detailed view. By zooming in on the crystalline

Figure 6.8. AFM height images of P(VDF-TrFE) thin films annealed at different temperatures,

revealing the morphological phase transition from rice-like to spherulite-like crystalline domains.

a,b,c,d Annealed at 135 °C and 140 °C, displaying rice-like domains e,f,g,h Transition to spherulite-

like microstructure when annealed at 145 °C and 150 °C41.
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features within the single spherulite-like domain, multiple winding-like conformations are

observed, indicating the characteristic irregular lamellar growth.

The influence of the fabrication process on P(VDF-TrFE) surface morphology has been

extensively explored in literature. For example, D. Singh et al. demonstrated that the cooling

rate after annealing significantly affects P(VDF-TrFE) microstructure61. D. Guo et al. showed

that ultrathin films (40 nm thick) of P(VDF-TrFE) when annealed at 145 °C and cooled under

natural convection to room temperature, exhibit needle-like morphology60,212. J.-H. Kim et al.

reported similar findings for thicker films up to 150 nm, although they did not provide

information about the cooling-down conditions58. Conversely, D. Mao et al. observed a rice-

like microstructure in 200 nm thick P(VDF-TrFE) films annealed at 144 °C and cooled down

naturally213. In general, it is well established that the rice-like microstructure can be obtained

in thin films with a thickness ranging between 500 nm and 1 μm when annealed at 140 °C.

However, a precise point of morphology transition is not specified, as it seems that various

factors such as cooling rate, film thickness, and fabrication conditions may influence this

transition. In general, the formation of spherulite-like crystals is likely related to a melt-

Figure 6.9. a,b Width and length measurement lines are drawn on the rice-like crystalline domains

of P(VDF-TrFE) thin films annealed at 135 °C and 140 °C. The corresponding values were measured

using Gwyddion software and are reported in the tables to the right41.
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recrystallization process, suggesting that annealing close to the melting temperature of the

thin film is crucial for obtaining such microstructure.

The comparison of electroactive β-phase presence in rice-like and spherulite-like

P(VDF-TrFE) thin films in this work was studied using FTIR and XRD analysis. The FTIR

spectra, shown in Fig. 6.11a, correspond to P(VDF-TrFE) thin films deposited on silicon and

annealed at four different temperatures, ranging from 135 °C to 150 °C. Despite the

morphological transition, all thin films exhibit the same conformational characteristics. In

particular, strong absorption bands are identified at 850 cm-1, 1073 cm-1, and 1277 cm-1,

attributed to the CF2 vibration and CH2 rocking modes of the all-trans conformation

characteristic of the low-temperature phase of P(VDF-TrFE) (also known as the β-phase due

to its similarity to the PVDF β-phase)51,52,62. The absorption bands at 880 cm-1 and 1183 cm-1are

less sensitive to chain conformation, with contributions from both α- and β-phase and the

amorphous phase200.

Figure 6.10. a AFM height image performed at a scan range of 50 μm, highlighting key features of

P(VDF-TrFE) spherulite-like microstructure: nucleation centre (NC), grain boundary (GB), and

needle-shaped crystal (NSC). b,c,d Zoomed-in view, showcasing details of the morphology at the

nanometre scale. AFM height images were performed with a scan range of 20 μm, 10 μm, and 5 μm,

respectively41.
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XRD measurements performed on the same samples (see Fig. 6.11b), revealed a

characteristic diffraction peak at a 2θ value of 19.8° for all of them. This diffraction peak is

attributed to the (110) and (200) orientation plane of the pseudohexagonal crystal structure of

the low-temperature ferroelectric phase, also known as β-phase214. However, a significant

decrease in peak intensity was observed for spherulite-like thin films compared to rice-like

ones, indicating a poorer ferroelectric film quality. Interestingly, XRD measurements

conducted on spherulite-like P(VDF-TrFE) thin films deposited on gold substrate showed

instead an increase in the β-phase peak intensity compared to those spin-coated on a silicon

substrate (see Fig. 6.12), despite AFM investigation, shown in Fig. 6.14, did not reveal any

noticeable differences in the surface morphology of the P(VDF-TrFE) thin films. Further

investigations are required to understand the underlying cause of this phenomenon.

Since P(VDF-TrFE) thin films annealed above the melting point typically exhibit a

melt-recrystallization microstructure and poor ferroelectric activity, previous studies

associated the melt-recrystallization process with a decrease in the ferroelectric β-phase and

subsequent performance degradation52,213. Therefore, the melting temperatures of both

microstructures in this study were investigated. The melting temperature of the spherulite-

like microstructure was measured to be approximately 152 °C, below the annealing

temperature, confirming the avoidance of any adverse effect on ferroelectricity58,213. The

melting points of both microstructures, as determined through DSC measurements, are

presented in Fig. 6.13.

Figure 6.11. a FTIR spectrum (absorbance) and b XRD pattern of P(VDF-TrFE) thin films annealed at

different temperatures showing the ferroelectric β-phase chain conformation41.
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Although the spherulite-like microstructure thin films deposited on a silicon substrate

exhibited a low-intensity β-phase XRD peak, the high-intensity peak observed for those

deposited on a gold-coated substrate suggested promising electromechanical and ferroelectric

characteristics. In Chapter 6.2.2, the piezoelectric and ferroelectric properties of the spherulite-

like microstructure are measured and compared to those of rice-like P(VDF-TrFE) and PVDF

thin films. This includes electromechanical characterization at both high-field, to explore non-

linear electrostrictive behaviour, and low-field measurements, to extract fundamental

parameters such as the piezoelectric coefficient. Additionally, the thermal stability of the

spherulite-like ferroelectric phase is investigated and compared with that of rice-like

P(VDF-TrFE) microstructure with further ferroelectric studies.

Figure 6.13. DSC thermogram of P(VDF-TrFE)

thin films annealed at 140 °C and 145 °C

revealing the melting point to be approximately

152 °C for both41.

Figure 6.12. XRD patterns of P(VDF-TrFE) thin

films annealed at 140 °C and 145 °C on silicon

and gold substrates revealed a notable increase

in the β-phase peak in the spherulite-like

microstructure when using gold substrate41.

Figure 6.14. AFM height images of spherulite-like P(VDF-TrFE) thin films deposited on silicon and

gold substrates do not show any relevant difference41.
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6.2 Ferroelectric and electromechanical characteristics

Determining the electromechanical characteristics of ferroelectric polymers is crucial

for their application scenarios. This chapter delves into the piezo- and ferroelectric properties

of δ-PVDF and P(VDF-TrFE). Specifically, it presents the transition from the non-polar

α-PVDF to the polar δ-PVDF through electro-forming and discusses its ferroelectric D-E and

electrostrain S-E characteristics. Furthermore, in P(VDF-TrFE) thin films, it compares the

ferroelectric characteristics of the spherulite-like and rice-like microstructures, providing also

insight into the ferroelectric thermal stability of these two microstructures. This final analysis

highlights the importance of annealing and microstructural characteristics for real-world

device applications in P(VDF-TrFE) thin films.

6.2.1 PVDF

The transition of solution-processed α-PVDF thin films into δ-phase occurs when a

sufficiently high electric field is applied to the polymer, causing a reversal of the dipole

components in every second chain. This transformation from a non-polar to ferroelectric

phase was observed by measuring the hysteretic response of displacement D as a function of

the electric field E using a custom-built Sawyer-Tower circuit, as described in Chapter 5.4.

Additionally, the transition was observed through the electrostrain behavior of the thin films,

by recording the strain S as a function of electric field E using the highly sensitive optical lever

Figure 6.15. D-E (blue) and S-E (red) characteristics as a function of the electric field applied. As the

electric field increases, a transformation from the α- to δ-phase is observed, transitioning from linear

dielectric to ferroelectric behavior31.
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readout of the AFM, as described in Chapter 5.5. Micromachined capacitors fabricated

according to the process outlined in Chapter 4.1.2 were used for these measurements. Fig. 6.15

illustrates the electro-forming process of the δ-phase, represented by the D-E hysteresis loop

and S-E electrostrain characteristic. As shown in Fig. 6.15, when starting from a pristine film

with an amplitude of Emax = 100 V·μm-1 applied, the D-E curve exhibited a linear dielectric

behavior, and the S-E characteristic showed a parabola-shaped behavior typical of a pure

electrostrictive response, both as expected from the non-polar α-PVDF. By stepwise increasing

Emax, the hysteresis and the butterfly curves slowly appeared, indicating the transformation

into the ferroelectric δ-phase. The full D-E loops, along with a constant value of Pr, in

conjunction with a stabilized and symmetric S-E response, were reached at Emax of about

200 V·μm-1. To evaluate coercive field Ec and remnant polarization Pr, the empirical model

developed by Miller et al. was used, where two parts composing the hysteresis curve are

distinguished: PS+ and PS- (see Chapter 5.4 for more details). The D-E curve was fitted, as

displayed in Fig. 6.16a, yielding fitting parameters Ec and Pr of 113 ± 3 V·μm-1 and

6.1 ± 0.2 μC·cm-2, respectively. The uncertainties of these values were derived from repeated

measurements and were consistent with previously published data30,44,215. The reported

coefficients of determination (R2) of about 95% indicated a high-quality fit.

Figure 6.16. a Fit, with an R2 of about 95%, of measured D-E data (blue circles) according to the Miller

model (grey line). The error bars, representing the standard deviation in an interval Δx = 1.8, are too

small to be visualized in the graph. Therefore, they are reported here for selected key points: 0.48 in AA’,

0.30 in BB’, 0.20 in CC’, 0.14 in DD’, and 0.16 in EE’. b Fit, with an R2 of about 94%, of measured

electromechanical response (red circles) according to the electrostrictive model (grey line). The error

bars, representing the standard deviation in an interval Δx = 2.5, analogous to those in the D-E loop, are

reported as follow: 0.0015 in AA’, 0.0016 in BB’, 0.0005 in CC’, 0.0004 in DD’31.
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According to the electrostriction model (see Chapter 3.1.4), the strain S in ferroelectric

polymers varies as the square of the electric displacementD, expressed by a Taylor series with

the first non-vanishing term. By applying equation (3.15), the S-E data at high fields,measured

from a representative sample reflecting the average ferroelectric characteristics across the

dataset, were fitted as shown in Fig. 6.16b. From the fitting, a negative Q33 electrostrictive

coefficient was extracted, and the corresponding d33 piezoelectric coefficient was calculated

from the derivative of the strain with respect to the electric field at zero (see equation (3.16)).

This resulted in values of Q33 = -3.7 m4·C-2 and d33 = -39 pm·V-1. The negative value of the

piezoelectric coefficient arises from the Van der Waals forces acting as intermolecular bonds,

as discussed in Chapter 3.1.3. The R2 value of approximately 94% reflected a high-quality fit.

Generally, when the applied electric field exceeds the coercive value Ec, performing

high field measurements, the ferroelectric material undergoes polarization reversal,

exhibiting the highly non-linear behavior of electrostrain, known as the butterfly curve. To

isolate and study the pure piezoelectric response of δ-PVDF, as explained in Chapter 5.6, the

material must first be polarized and subjected to low-field measurements. This was achieved

by applying a positive DC voltage well above Ec for 5 minutes, resulting in a macroscopically

positively polarized state of the δ-PVDF thin films. Following polarization, six low-field

measurements were conducted by applying progressively increasing DC electric fields,

ranging from -80 V·μm to + 80 V·μm, all below Ec, to analyze the piezoelectric response. The

results, illustrated in Fig. 6.17b, indicate that when DC electric fields below Ec were applied to

the positively polarized δ-PVDF thin film, a corresponding strain S was observed. Upon

Figure 6.17. a Plot of the corresponding S-E values collected from b where the strain response to the

applied DC step voltage is shown. The linear fitting in a gives the piezoelectric coefficient d33. The error

bars in a refer to the values from b. Despite the uncertainties, a linear piezoelectric correlationwas found31.
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removal of DC electric fields, the strain returned to its initial zero position. As the DC electric

field increased during the three measurements (from left to right in Fig. 6.17b), the

corresponding strain also increased. By gathering the corresponding S-E values and plotting

them as shown in Fig. 6.17a, a linear correlation was found, with the piezoelectric coefficient

d33 serving as the proportionality factor. It should be noted that the sign of the slope between

the strain S and the electric field E depends on the sign of the remnant polarization. Positively

polarized thin films exhibit a negative slope, whereas negatively polarized thin films show a

positive slope. Hence, through a linear fit, a d33 = - 42.8 pm·V-1 was extracted, in good

agreement with d33 = - 39 pm·V-1 determined from high field measurements. The d33 values

presented in this work are also comparable to those of biaxially stretched β-PVDF

(-31 pm·V-1) and solid-state processed δ-PVDF (-36 pm·V-1)44.

6.2.2 P(VDF-TrFE)

The addition of the monomer TrFE to PVDF aims to stabilize the polar β-phase as the

most thermodynamically stable polymorph in solution-processed thin films. Ferroelectricity

and electrostrain behavior of the copolymer P(VDF-TrFE) have been extensively studied, with

annealing temperature being one of the parameters most considered for optimizing the

ferroelectric properties of the material. Specifically, it was demonstrated that annealing at

130 °C results in a substantial rise in β-phase crystallinity, up to 80% compared to non-

annealed thin films216. Further annealing above 130 ° leads mostly to a growth in the thickness

of the crystalline lamellae, which is reflected in the dimension of the crystalline domains (see

Fig. 6.9). As a consequence, the ferroelectricity of the thin films is improved, and 140 °C in

P(VDF-TrFE) has been selected as the annealing temperature for ferroelectric

characterization48,52. P(VDF-TrFE) thin films annealed at 140 °C exhibit a rice-like

microstructure. When annealed at 145 °C, a morphological transition to spherulite-like

microstructure has been observed. This chapter demonstrates that the morphological

transition obtained via annealing at temperatures below the melting point does not

necessarily imply a decrease in ferroelectricity. Additionally, the thermal stability of rice-like

and spherulite-like thin films is investigated, highlighting the impact of thermal loadings up

to 90 °C on ferroelectric characteristics, particularly in their energy storage characteristics, of

both P(VDF-TrFE) microstructures.
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6.2.2.1 Ferroelectric characteristics of rice-like and spherulite-like P(VDF-TrFE)
microstructures

Chapter 6.1.2 discussed the morphological transition observed in P(VDF-TrFE) thin

films, approximately 1 μm thick, from a rice-like to a spherulite-like microstructure when

annealed from 140 to 145 °C, respectively. Given that the melting point, as estimated by DSC,

was around 152 °C, and considering the presence of the highly polar β-phase as shown by

FTIR and XRD analyses in Chapter 6.1.2, a good piezo- and ferroelectric response is expected.

This raises the question of how the significant change in microstructure influences the ferro-

and piezoelectric activity of P(VDF-TrFE). To address this, an in-depth analysis of the piezo-

and ferroelectric characteristics of the spherulite-like microstructure of P(VDF-TrFE) thin

films was conducted. This analysis was performed using micromachined capacitors,

fabricated as described in Chapter 4.1.2. The Sawyer-Tower bridge circuit, detailed in

Chapter 5.4, was used to plot the hysteretic responses of the electric displacement D as a

function of electric field E, as illustrated in Fig. 6.18a. To extract parameters such as the

coercive field Ec and remnant polarization Pr, the Miller model was used for fitting the D-E

loops, as displayed in Fig. 6.19a for a representative sample. The analysis yielded a remnant

polarization Pr= 4.7 ± 0.2 μC·cm-2, and a coercive field Ec = 53 ± 2 V·μm-1, with uncertainties

derived from repeated measurements. These values are consistent with literature (refer

Table 4), reflecting the precision of the Sawyer-Tower circuit and Miller model fitting.

Additionally, the coefficient of determination R2of 96% proved the accuracy of the fit.

Fig. 6.18a provides insights into the polarization steps and dipole orientation as a

function of the applied voltage. The hysteresis curve is here divided into four key segments,

each highlighted by a different color. The direction of the electric field is indicated by arrows

and corresponding numbers. Starting from a negatively polarized thin film (illustrated by the

green line), the electric field was gradually increased from zero. At the coercivity (Ec), the

polarization switched to a positive dipole orientation, reaching saturation at the highest

voltage within this segment. Upon decreasing the electric field along segment 2 (depicted in

blue), displacement is reduced until reaching the remnant polarization value (D = Pr) at zero

field. Segments 3 and 4 represent the same process but in the opposite field direction.

The butterfly curve, shown in Fig. 6.18b, was observed in the S-E characteristic of

spherulite-like P(VDF-TrFE) thin films. An analogous representation using colored segments
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is presented here for the electrostrain behaviour. Following arrow 1 (green line), the electric

field was increased from an initial strain value equal to zero, until reaching the maximum

expansion achieved in correspondence with the coercivity. From here, the polarization was

inverted until themaximum contractionwas obtained at the saturation point when the dipoles

were fully aligned in the same direction as the electric field. From this point, the electric field

intensity decreased until returning to zero-deformation condition (blue line).

Figure 6.18. a Electric displacement as a function of the electric field (D-E hysteresis) and b strain

response as a function of the electric field applied (S-E butterfly curve) of spherulite-like

microstructure P(VDF-TrFE) thin films41.

Figure 6.19. Fitting curves according to a the Miller model for the D-E hysteresis loop (R2 of about

96%) and b to the electrostrictive model for the S-E butterfly response (R2 of about 94%) in spherulite-

like P(VDF-TrFE) microstructure thin films. Red circles represent the measured data, while the grey

line represents the fit. The error bars for D-E, representing the standard deviation in an interval

Δx = 1.2, are too small to be visualized in the graph and are therefore reported for selected key points:

0.64 in AA’, 0.57 in BB’, 0.14 in CC’, 0.06 in DD’, 0.06 in EE’. Similarly, the error bars for S-E,

representing the standard deviation in an interval Δx = 1.5, are reported as follows: 0.00005 in AA’,

0.00006 in BB’, 0.00004 in CC’, 0.00009 in DD’41.
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Using the electrostrictive model, a nonlinear fit to the S-E characteristic at high fields

was performed on a sample representative of the average ferroelectric properties measured

across the dataset, as shown in Fig. 6.19b. This analysis allowed for the extraction of both the

electrostriction and the piezoelectric coefficients at high fields, resulting in values of

Q33 = -2.4 m4·C-2and d33 = -29.8 pm·V-1, respectively. In general, the ferroelectric strain S can be

described as proportional to the square of the electric displacement D. The proportionality

factor between S and D2 represents the longitudinal electrostrictive coefficient Q33. According

to equation (3.15), the electrostrictive coefficient Q33 can be extracted as the proportionality

factor from the linear fit of S-D2, as illustrated in Fig. 6.21 for one branch. The value reported

Q33 = -2.4 m4·C-2 is the mean value of the two branches.

Figure 6.20. By applying an electric field in a triangular waveform with an amplitude of

±20 V·μm-1 (depicted in red in a and c) low-field measurements were conducted to study the

electrostrictive and piezoelectric S-E curves of a unpolarized and c polarized spherulite-like

microstructure P(VDF-TrFE) thin films. The recorded parabolic deflection signal in a, measured by

AFM, represents the quadratic behaviour typical of an electrostrictive response, as shown in b. In

contrast, when a polarized thin film, i.e. turned into a ferroelectric state, was measured, a linear

deflection signal was recorded in c, leading to a linear S-E characteristic in d that demonstrates

piezoelectric behaviour. b and d report also error bars representing the standard deviation in an

interval Δx = 1.5 for selected key points: 0.00016 inA, 0.00014 in B, 0.00011 inC, 0.00005 inD, 0.00005

in E,0.00003 in F41.
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Additionally, electrostrainmeasurements at low fields were carried out to characterize

the piezoelectric nature of the spherulite-like P(VDF-TrFE) thin film. To demonstrate that

piezoelectricity can be measured only in polarized thin films, while in the case of unpolarized

thin films an electrostrictive response is obtained, low field measurements were performed

for both unpolarized and polarized thin films. Fig. 6.20a illustrates the deflection signal (blue

colored), labeled as strain S, depicted as vertical displacement in response to an applied

voltage (red colored) of an unpolarized thin film. The strain, shown as a function of time,

exhibited a series of parabola-shaped behaviors, characteristic of the electrostrictive response.

From the data provided in Fig. 6.20a, the S-E curve in Fig. 6.20b was obtained, confirming the

purely electrostrictive nature of the response, with the strain S varying quadratically as a

function of the electric field E. On the other hand, to transition macroscopically the polymer

thin film into a ferroelectric state, a DC voltage exceeding the coercive value must be applied.

Polarization generally occurs due to the re-orientation of dipoles in alignment with the

applied electric field. This phenomenon involves a nucleation-growth mechanism that begins

with a single-chainmolecule and progresses through the propagation of a kink along the chain

direction16. In this study, an electric field of 90 V·μm-1 for 5 minutes at room temperature,

Figure 6.22. Linear fitting of a piezoelectric

response at low electric field conditions

measured from a polarized spherulite-like

P(VDF-TrFE) thin film to estimate the

longitudinal piezoelectric coefficient d33. The

error bars, representing the standard deviation

in an interval Δx = 0.1, are reported for selected

key points: 0.00004 in A, 0.00002 in B, and

0.00003 inC. The fit presents an R2 equal to 98%41.

Figure 6.21. Strain characteristic S of the spherulite-

like P(VDF-TrFE) thin film as a function of the

squared electric displacement D2 (red circles). The

linear fit ܵ = ܳଷଷܦଶis presented (grey line). The

fitting parameter is the longitudinal electrostriction

coefficient Q33. The error bars, representing the

standard deviation in an interval Δx = 0.7, are

reported for selected key points: 0.0008 in A, 0.0002

inB, 0.0004 inC. The fit presents an R2 equal to 95%41.
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i.e. above coercivity, was applied. It can be assumed that the system has been given enough

energy to become negatively polarized. As a result, a linear deflection pattern was obtained,

as shown in Fig. 6.20c. In contrast to the parabolic behavior of the electrostriction, polarized

thin film exhibited a linear piezoelectric response, where the strain Swas linearly proportional

to the electric field E, as seen in Fig. 6.20d. The proportionality factor of the linear relation

between electromechanical strain S and electric field E is the piezoelectric coefficient d33 of the

P(VDF-TrFE) thin film, as illustrated in Fig. 6.22. Applying a linear fit with an R2 equal to 98%,

a piezoelectric coefficient of d33 = -31.8 pm·V-1 was obtained. This low field d33 value closely

matched the d33 = - 29.8 pm·V-1 extracted at high fields through fitting the butterfly curve,

indicating consistency across different measurement regimes.

A final comparison of the ferroelectric characteristics from different microstructures

observed in P(VDF-TrFE) and PVDF phases is presented in Table 4. Coercive fields Ec,

remnant polarizations Pr, piezoelectric coefficients d33, and electrostrictive coefficients Q33

from literature are reported alongside the results obtained in this work for the spherulite-like

P(VDF-TrFE) thin films and electro-formed δ-PVDF. This study reveals that there is no

significant difference observed in the electromechanical response between the spherulite-like

microstructure and the rice-like domains48,52 and the spherulite microstructure of β-PVDF65.

However, there is a notable contrast with the δ-PVDF, where significant differences in the

coercive field are observed compared to spherulite-like P(VDF-TrFE) thin films, likely due to

their distinct chain conformations.

Material Microstructure
Thickness
(µm)

Ec

(V·µm-1)
Pr

(µC·cm-2)
d33

(pm·V-1)
Q33

(m4·C-2)

P(VDF-TrFE) This work Spherulite-like 1.1 53 ± 2 4.7 ± 0.2 -29.8 -2.4

P(VDF-TrFE)52 Rice-like 1 55 5.8 -26.2 -1.7

P(VDF-TrFE)48 Rice-like 0.45 55 4.3 -31.4 -1.5

β-PVDF65 Spherulite 10-30 58 5.6 -26 -2.4

δ-PVDF This wok Spherulite 0.3 113 ± 3 6.1 ± 0.2 -39 -3.7

δ-PVDF44 Spherulite 30 110 7 -36 -

Table 4. Ferro- and piezoelectric properties of P(VDF-TrFE) microstructures and PVDF thin films. The

results obtained in this work are included and compared with values reported in literature41.
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6.2.2.2 Microstructural influence on thermal stability of P(VDF-TrFE) ferroelectricity

The thermal stability of ferroelectric polymers holds significant importance in

applications requiring precise and reliable device performance. This pre-requisite across a

wide temperature range is crucial for specific material selection. Literature indicates a thermal

hysteresis effect on the behaviour of P(VDF-TrFE) ferroelectricity, where the remnant

polarization during thermal cycling follows a slightly different path in heating and cooling

down curves, but its value is ultimately restored16,198. However, existing literature on thermal

hysteresis behaviour in P(VDF-TrFE) thin films has not thoroughly investigated

microstructure specifics. In particular, there is a lack of comprehensive studies on the

behaviour of the spherulite-like microstructure. This research gap underscores the need to

explore how distinct microstructures influence the thermal response of P(VDF-TrFE) thin

films during cyclic temperature changes. For this purpose, this work presents a study on the

ferroelectric characteristics of P(VDF-TrFE) thin films with spherulite-like and rice-like

microstructures before and after thermal loading. The thermal loading process was conducted

in a climate chamber, described in Chapter 5.4, where the temperature was raised close to the

Curie point (at approximately 90 °C) and then cooled down to room temperature. This process

aimed to emulate potential operating conditions, such as cold lamination operating

temperatures in the smart-textile field217, where fluoropolymers are increasingly used.

For this purpose, micromachined capacitors were fabricated according to the

procedure outlined in Chapter 4.1.2, with rice-like and spherulite-like microstructures

Figure 6.23. AFM height images of P(VDF-TrFE) thin films with a spherulite-like

microstructure and b rice-like microstructure obtained after annealing at 145 and 140 °C,

respectively49.
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obtained by annealing the thin films at 140 °C and 145 °C, respectively. The emergence of the

two distinct microstructures is illustrated in Fig. 6.23 by AFM height images. By applying an

electric field of amplitude Emax = ±100 V·μm-1, the ferroelectric characteristics D-E of pristine

P(VDF-TrFE) thin films with spherulite-like and rice-like microstructures were measured

using a Sawyer-Tower circuit, as described in Chapter 5.4. The results are illustrated in Figs.

6.24a and c. To determine the remnant polarization and coercive field values, the fitting

procedure employing a hyperbolic tangent function following the Miller model, as explained

in Chapter 5.4, was utilized. The pristine P(VDF-TrFE) thin films exhibited remnant

polarization values of Pr = 6.2 μC·cm-2 and 6.4 μC·cm-2 and coercive field values of

Ec = 56 V·μm-1 and 59 V·μm-1, for the spherulite-like and rice-like respectively, consistent with

values reported in previous literature (see Table 4). The corresponding fitted curves of the D-

E loops are shown in Figs. 6.25a and b, while Figs. 6.26a and c confirmed the presence of the

ferroelectric crystalline β-phase.

Figure 6.24. D-E characteristics of the P(VDF-TrFE) spherulite-like and rice-like microstructures thin

films (a-c) before and (b-d) after thermal loading. The phase detected by XRD measurements is

reported in the bottom right of the plot. After thermal loading, the spherulite-like sample underwent

a chain conformation transition to the γ-phase, affecting its ferroelectric activity49.
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As a second step, the MFM capacitors were placed into the climate chamber, and after

thermal loading, their hysteretic response was again measured by applying the same voltage

as before (Emax = ±100 V·μm-1). As shown in Fig. 6.24b, a reduction in the ferroelectric activity

Figure 6.25. Fit according to the Miller model (orange line) for the measured electric displacement

data (blue circles) of a the spherulite-like and b rice-like P(VDF-TrFE) thin films for determining

remnant polarization Pr and coercive field Ec values49.

Figure 6.26. XRD pattern of the P(VDF-TrFE) thin films spherulite-like and rice-like microstructures

(a-c) before and (b-d) after thermal loading. Notably in spherulite-like P(VDF-TrFE), thermal loading

led to the appearance of γ-2b crystalline phase, whose effects on ferroelectricity are visible in Fig. 6.2449.
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in the spherulite-like thin filmswas observed. Conversely, this phenomenonwas not observed

in the case of the rice-like microstructure (see Figure 6.24d). XRD analysis proved that the

decrease in ferroelectricity was associated with changes in the crystalline phase within the

polymer thin film. Fig. 6.26b presents the XRD pattern of P(VDF-TrFE) thin films with

spherulite-like microstructure after thermal loading, revealing the emergence of two new

peaks at 2θ = 21.4° and 2θ = 23.7°. These peaks correspond to the γ-2b (022) and (032)

crystallographic planes, respectively. In contrast, the XRD pattern of P(VDF-TrFE) thin films

with the rice-like microstructure, as shown in Fig. 6.26d, revealed no new peaks after thermal

loading, with only β-phase being detected. The γ-2b phase, observed in the spherulite-like

microstructure, is characterized as the crystalline γ-phase with a double unit cell

perpendicular to the chain axis. From literature, this phase was first identified by M. Remskar

et al. in PVDF/molybdenum disulphide nanotube composites through XRD and AFM

measurements218. The first ferroelectric investigation on this phase was performed by G. Peng

et al., who identified it in blend films composed of P(VDF-HFP) and PMMA after thermal

treatment under vacuum219. Generally, the γ-2b phase exhibits lower polarity compared to the

β-phase219, which is consistent with the findings of this study. Recently, X. Zhao et al. also

observed the γ-2b phase in SiC/P(VDF-CTFE) composites with X-ray diffraction220. However,

the presence of the γ-2b phase in P(VDF-TrFE) has never been previously reported in

literature, marking this a novel finding.

By applying a higher electric field with an Emax = ± 150 V·μm-1 to the γ-2b phase P(VDF-

TrFE) thin films, and subsequently measuring the D-E characteristic again with an electric

Figure 6.27. (a) Hysteretic response and (b) XRD pattern of the P(VDF-TrFE) spherulite-like

microstructure thin films after thermal loading and subsequent application of a high electric field

(Emax = ± 150 Vμm-1). A partial restoration of the ferroelectric activity is observed, coinciding with a

reduction in the γ-phase as detected by XRD, along with an increase in remnant polarization49.
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field Emax = ± 100 V·μm-1, a hysteretic response similar to that observed in non-thermally treated

spherulite-like samples was observed, as shown in Fig. 6.27a. XRD analysis, displayed in

Fig. 6.27b, demonstrated that applying higher voltage (in this case Emax = ± 150 V·μm-1) led to

an almost complete restoration back to the β-phase. However, the remnant polarization Pr,

determined using the Miller model, showed a slight decrease to 5.3 μC·cm-2 compared to the

previous value of 6.2 μC·cm-2 in pristine samples. This reduction indicates that spherulite-like

microstructure may be sensitive to thermal cycles, exhibiting a decrease in ferroelectric

activity. More in detail, Fig. 6.28 depicts the ferroelectric behaviours of both microstructures

after several thermal loadings. Prior to D-E plotting, all samples were subjected to higher

voltage levels (Emax = ± 150 V·μm-1) for a clear comparison, to restore the β-phase in the

spherulite-like thin films. The results highlight the superior stability of the rice-like

microstructure compared to the spherulite-like one. This difference is likely attributed to the

annealing process, which promotes the formation of thicker crystals with higher

thermostability in the rice-like, compared to the melt recrystallization process characterizing

the spherulite-like samples. The values of the remnant polarization are detailed in Fig. 6.29.

After the third loading cycle, the spherulite-like microstructure exhibited a decrease in

remnant polarization of about 20%, declining from Pr = 6.2 μC·cm-2 to Pr = 4.9 μC·cm-2. This

effect can hold significant implications for device performance in environments characterized

by a wide range of operating temperatures.

Figure 6.28. Hysteretic response of P(VDF-TrFE) thin films with spherulite-like and rice-like

microstructures from pristine samples up to the electrical performance after three thermal loadings.

Notably, the spherulite-like sample demonstrated lower thermal stability, evidenced by a gradual

reduction in the remnant polarization49.
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Any impact of the microstructure on energy storage characteristics was also studied.

Using the D-E loop of the pristine samples, the energy density was calculated by integrating

the area between the discharge curve (indicated by a red arrow in the pristine rice-like

hysteresis loop in Fig. 6.28) and the ordinate (see Chapter 3.2 for further details).

Subsequently, energy efficiency was determined together with energy loss. The calculated

data, as presented in Table 5, indicate that the spherulite-like microstructure generally

exhibited higher energy density and efficiency values compared to the rice-like

microstructure. This is likely attributed to the less pronounced shape of the hysteretic loop in

the spherulite-like microstructures, which resulted in a larger area associated with the energy

density. However, despite these advantageous characteristics, the instability of the spherulite-

like microstructure under thermal loading cycles must be considered, as energy properties

may change. Conversely, the rice-like microstructure, although exhibiting lower energy

storage characteristics, proved to be a more reliable choice due to its greater stability.

Material Microstructure Energy Density
(J·cm-3)

Energy Loss
(J·cm-3)

Energy
Efficiency

P(VDF-TrFE) Spherulite-like 1.4 4.2 25 %
P(VDF-TrFE) Rice-like 0.9 5.0 15 %

Table 5. Energy storage characteristics of P(VDF-TrFE) thin films with spherulite-like and rice-like

microstructures indicate that spherulite-like P(VDF-TrFE) capacitors generally exhibit higher energy

storage performance49.

Figure 6.29. Remnant polarization values of the P(VDF-TrFE) spherulite-like and rice-like thin films

from pristine through the three thermal loadings performed. After the third thermal loading, the

spherulite-like sample presented a reduction of approximately 20% in Pr49.
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7 P(VDF-TrFE)-based Nanocomposite

7.1 Nanoparticles

Chapter 2.2.2 introduced the concept of nanoparticle surface functionalization,

highlighting its significance in achieving the desired nanocomposite performances. Among

the various techniques discussed, polydopamine-based functionalizationwas selected for this

study due to its ease of use, cost-effectiveness, and versatility in adhering to inorganic

surfaces. Following the procedure outlined in Chapter 4.2.1, commercially available BTO(C)

nanoparticles underwent PDA functionalization. SEM and TEM were employed to

characterize the functionalization layer. Some findings of this chapter are in reference 150.

Figs. 7.1a and b present SEM images of the BTO(C) nanoparticles before and after PDA

functionalization, respectively. Fig. 7.1a illustrates the distinctive cubic shape of the

unfunctionalized BTO(C) nanoparticles. In contrast, Fig. 7.1b shows the nanoparticles

appearingmore rounded, which is attributed to the deposition of the PDA layer. Additionally,

the occurrence of surface modification is evident from the alterations in the electron scattering

observed in imaging.

To determine the thickness of the PDA layer, TEMmicroscopywas used. As discussed

in Chapter 2.2.2, the thickness of the PDA layer deposited varies with the duration of the

Figure 7.1. SEM images of BTO(C) nanoparticles (a) before and (b) after PDA functionalization.

Functionalization is visible from the BTO(C) cubic structures becoming more rounded and from the

changes observable in electron scattering.
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dopamine polymerization, i.e. the reaction time. Longer reaction times result in a thicker PDA

layer as shown from previous research in Fig. 2.13112. By employing the same quantity of

reactants as reported in the referenced publication in Fig. 2.13112, a comparable investigation

was conducted in this study. Three samples of BTO(C) nanoparticles, each weighing 150 mg,

were functionalized in a tris buffer solution at 8.5 pH, as described in Chapter 4.2.1. The

functionalization was carried out using 165 mg of dopamine hydrochloride (2 mg of

dopamine per millilitre of 10 mM tris, pH 8.5112) for durations of 2 hours, 7 hours, and

22 hours, respectively. Afterward, TEM images were performed (see Fig. 7.2) and the mean

value of the PDA layers was measured (displayed in the top right corner of each image). The

results, represented by the blue, orange, and green lines projecting the coordinates, were then

compared in Fig. 7.3a with those from literature112, showing a good consistency. The parabolic

shape of the PDA thickness as a function of time is also evident in this work, attesting to the

reliability of the results obtained. This parabolic trend serves as an indirect representation of

the typical first-order chemical reaction in a closed system (see Fig. 7.3b), where the

concentration of reactants diminishes over time, in contrast to the increase in the concentration

of chemical products, until the chemical equilibrium is reached. The parabolic trend observed

here therefore traces the typical behaviour of the concentration of the reaction products as a

function of time.

In addition to the BTO(C), a second batch of CCNF-BTO@PDA nanoparticle mixture

was investigated in this work. These nanoparticles were synthesized and characterized by the

Research Center of Nano Science and Technology at ShanghaiUniversity. The average particle

size of the BTOwas analysed (see Fig. 4.8). Additionally, SEM images, XRDpatterns, and FTIR

Figure 7.2. TEM images of the BTO(C) nanoparticles functionalized with PDA at different reaction times.

The mean value of the measured PDA layer, displayed in the top right corner of each image, noticeably

increases with the reaction time, displayed in the bottom right corner.
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spectra were performed at Shanghai University to provide a comprehensive characterization

of the nanoparticle mixture.

Fig. 7.4 presents the SEM images of the CCNF-BTO@PDA mixture. This

characterization aims to highlight the filament network between the BTO cubic structures,

indicative of the successful integration of the cellulose fibers (especially visible in Fig. 7.4(b3)).

The XRD patterns of both pure BTO (red coloured) and BTO@PDA (blue coloured)

nanoparticles, presented in Fig. 7.5a, exhibit the characteristic diffraction peaks of BTO’s

crystallographic microstructure221. In particular, the XRD pattern of BTO@PDA did not show

any difference from that of pure BTO, indicating that the crystalline structure of the ceramic

Figure 7.4. (b1-b4) SEM images of CCNF-BTO@PDA mixture performed at Shanghai University,

illustrating the successful integration of the CCNF with the BTO@PDA. The network of filaments

connecting the BTO cubic structures PDA functionalized demonstrates the effective incorporation of

cellulose fibers150.

Figure 7.3. (a) Comparison of the time evolution of the PDA layer thickness formed on BTO(C)

nanoparticles with literature data113. The blue, orange, and green lines represent the thicknesses

measured in this work via TEM at different reaction times (see Fig. 7.2). The data show a good

correlation with those from literature. (b) Representation of a first-order reaction in a closed system

where the concentration of reactants diminishes while that of products increases in parallel with time

until the chemical equilibrium is reached.

(a) (b)
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nanoparticles remained unaltered after polydopamine functionalization222. The characteristic

peaks of pure CCNF presented in Fig. 7.5a (black coloured) at 2θ values of 16°, 22.7°, and 34.5°

correspond to the (110), (200) and (004) lattice planes, respectively223. After mixing BTO@PDA

with CCNF, the distinct CCNF diffraction peaks of (110) and (200) mentioned above became

less prominent due to the high-intensity peaks of BTO in the XRDpattern of CCNF-BTO@PDA

(green coloured).

The corresponding FTIR spectrum is shown in Figs. 7.5b and c. When comparing the

unmodified BTO with the BTO@PDA spectrum in Fig. 7.5c, new characteristic absorption

peaks at 1291 cm-1 and 1625 cm-1 were observed in the latter material system. These peaks are

attributed to the bending and stretching vibrational modes of -C-O and -N-H bonds in PDA,

demonstrating that BTO was successfully modified by PDA224. In addition, the broad

characteristic absorption peak at 3432 cm-1 of -OH and -NH bonds indicated the presence of

hydrogen bond interaction between PDA and BTO. With the introduction of CCNF, the

CCNF-BTO@PDA sample inherited all the characteristic absorption peaks of CCNF. In

Figure 7.5. XRD patterns of (a) BTO, BTO@PDA, CCNF and CCNF-BTO@PDA and FTIR spectra of

(b-c) BTO, BTO@PDA, CCNF and CCNF-BTO@PDA150.

Figure 7.6. (a) BTO@PDA single nanoparticle in CCNF-BTO@PDA mixture at TEM microscope, where

no PDA layer is visibly apparent. (b) Spectrum profile of carbon performed at TEM, revealing that the

PDA layer is approximately 6 nm thick.



P(VDF‐TrFE)‐based Nanocomposite

107

particular, the absorption peak at 1730 cm-1 highlighted in Fig. 7.5b, attributed to the C=O

stretching vibration of -COOH in CCNF, confirmed the successful introduction of CCNF225.

Moreover, compared to the pure CCNF infrared spectrum, the absorption peak in CCNF-

BTO@PDA shifted from 1060 cm-1 to 1026 cm-1. This blue shift is likely due to the hydrogen

bond interactions and physical electrostatic interactions between the -COOH groups in CCNF

and -OH in PDA226.

For direct observation of the PDA layer on the surface of the BTOnanoparticles, the

CCNF-BTO@PDA mixture was analysed by TEM at TU Wien. Fig. 7.6a shows a TEM image

of a BTO nanoparticle from the CCNF-BTO@PDA mixture. Although the TEM analysis did

not detect any visible PDA layer, a carbon spectrum profile was conducted, revealing a 6 nm

thick PDA layer on top of the nanoparticles, as shown in Fig. 7.6b. This finding further

confirms the successful functionalization with the PDA of BTO in the CCNF-BTO@PDA

mixture.

7.2 Nanoparticles dispersion in P(VDF-TrFE) matrix

Properly dispersing the nanoparticles within the polymer solution before spin-coating

is crucial for obtaining high-quality nanocomposite thin films. As discussed in previous

chapters, surface functionalization is suggested in literature to improve nanoparticle

dispersion. However, functionalization alone may not be sufficient to achieve optimal

dispersion. Other parameters must be also considered, such as the viscosity of the polymer

Figure 7.7. Optical micrograph of P(VDF-TrFE)-based nanocomposite thin films showing the

dispersion quality of the nanoparticles within the polymer thin film. (a) and (b) present the

improvement in dispersion before and after optimization of parameters such as viscosity of the

polymer solution, sonication power, and its duration.
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solution (proportional to the amount of P(VDF-TrFE) powder dissolvedwithin theMEK), and

the duration and power supplied during the sonication process. Figs. 7.7a and b illustrate the

impact of these parameters on nanoparticle dispersion. Specifically, Fig. 7.7a presents an

optical micrograph showcasing poor dispersion, where micrometre-sized clusters of

BTO(C)@PDA are visible within the P(VDF-TrFE) matrix. In contrast, Fig. 7.7b shows that by

reducing the viscosity of the polymer solution (achieved by decreasing the P(VDF-TrFE)

powder concentration from 8% to 6% by weight) and by increasing the power (from 100 W to

the maximum 150 W) and duration (from 1 hour to 1.5 hours) of the sonication, the number

of visible clusters was substantially reduced. Nevertheless, the sonication process has limits

on maximum power supply and duration, with practical processing time usually set to

1.5 hours. Additionally, preliminary investigation showed that the viscosity cannot be

decreased below 6% by weight to ensure the realization of sufficiently thick and homogenous

thin films for electrical characterization227.

To further improve dispersion, it is important to consider that BTO(C) nanoparticles are

stored in plastic containers, where they tend to agglomerate due to physical bonding, such as

Van derWalls forces. It was demonstrated (see Chapter 4.2.1) thatmagnet stirring used during

PDA functionalization does not provide sufficient energy to break these bonds, resulting in

the functionalization of entire agglomerates of BTO(C) nanoparticles. Fig. 7.8a shows a SEM

image where the functionalization occurred on agglomerated nanoparticles rather than on

individual ones. To address this issue, a pre-sonication step was added before PDA

Figure 7.8. SEM images displaying the BTO(C) nanoparticles functionalized without (a) and with (b) pre-

sonication. The pre-sonication step provided sufficient energy to break the agglomerations within the

nanoparticle powder, allowing for effective functionalization of the individual nanoparticles.
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polymerization. By introducing this step before functionalization, as described in

Chapter 4.2.1 and illustrated in Fig. 4.5, the nanoparticles were functionalized in a non-

agglomerated state. The results are shown in Fig. 7.8b, where properly functionalized BTO(C)

cubic shape crystals are visible. This integration further improved the reduction of clusters,

leading to a more uniform distribution of nanoparticles within the polymer thin film, as

evidenced by the optical micrograph images in Fig. 7.9.

Once a homogenous dispersion of the nanoparticles was achieved, electrical

characterizations of nanocomposite thin films were conducted. However, despite the

improved dispersion, P(VDF-TrFE)-based nanocomposite thin films loaded with BTO(C)@PDA

nanoparticles exhibited poor electrical performances and, as a result, were never fully

characterized. The MFM capacitors fabricated frequently suffered from short circuits, which

hindered a proper scientific investigation. The underlying reason for the low-quality outcome,

however, remained unclear.

In contrast, the nanoparticle batch provided by Shanghai University, i.e. the CCNF-

BTO@PDA mixture, resulted in the fabrication of working and effectively measurable

micromachined capacitors. These capacitors allowed for a comprehensive analysis, including

crystalline phase analysis, dielectric properties, breakdown field studies, and energy storage

characterization of the nanocomposite thin films. Due to the successful results with the

Shanghai University batch, the BTO(C)@PDA nanoparticles commercially purchased were thus

abandoned.

Figure 7.9. Optical microscope images illustrating the improvements in nanoparticle dispersion

comparing (a) without and (b) with pre-sonication step in P(VDF-TrFE)-based nanocomposite thin

films.
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7.3 P(VDF-TrFE)-based nanocomposite crystalline phase
analysis

P(VDF-TrFE)-based nanocomposites loaded with CCNF-BTO@PDA nanoparticles

were subjected to crystalline phase analysis. Fig. 7.10a presents the FTIR spectra of pure and

nanocomposite P(VDF-TrFE) thin films with different CCNF-BTO@PDA weight fractions.

Notably, no distinct new absorption peaks emerged in the nanocomposite films. The spectra

revealed two strong absorption bands at 845 cm-1 and 1277 cm-1, which can be attributed to

the CF2 vibration and CH2 rocking modes of the all-trans conformation characteristic of the

low-temperature P(VDF-TrFE) phase (also called β-phase due to the similarity to the β-phase

of pure PVDF). The typical β-phase peak at 1073 cm-1 is likely masked by the high intensity

SiO2 peak at 1091 cm-1 present in the substrate. The absorption bands at 880 cm-1, 1183 cm-1,

and 1406 cm-1 are instead barely sensitive to chain conformation, showing a contribution of

both α- and β-phase to their intensity200. Peaks related to the α-phase, such as at 763 cm-1, have

not been detected, likely due to the presence of the SiO2 layer, which exhibits a broad peak at

795 cm-1 228. This overlap created an indistinct region, rendering the already low intensity

α-phase and SiO2 peaks unidentifiable41. In conclusion, according to the FTIR analysis, the

addition of CCNF-BTO@PDA nanoparticles did not alter the chain conformation of the

P(VDF-TrFE) matrix confirming the presence of the ferroelectric β-phase.

Fig. 7.10b shows the XRD patterns of the same samples. At a 2θ value of 19.7°, the

diffraction peak corresponding to the (110) and (200) orientation plane of the

pseudohexagonal crystallographic microstructure of the low-temperature ferroelectric

Figure 7.10. (a) FTIR spectrum (absorbance) and (b) XRD pattern of P(VDF-TrFE)-based nanocomposite

thin films with different CCNF-BTP@PDA weight fractions150.
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β-phase was identified41. However, a noticeable decrease was observed in the intensity of such

peak as the weight fractions of CCNF-BTO@PDA nanofillers increased. While previous

research demonstrated an increase in the β-phase content with the introduction of BTO@PDA

in P(VDF-TrFE) thin films149, no reports have addressed the impact of introducing CCNF in

P(VDF-TrFE). The observations reported in this study suggest a potential reduction in the

ferroelectric β-phase of P(VDF-TrFE) likely due to the presence of CCNF. Additionally, a

detailed comparison between the XRD patterns in Fig. 7.10b and Fig. 7.5a identified all the

peaks corresponding to the presence of BTO. The peaks at 2θ values of 33°, 38.2°, and 44.6°

were detected and attributed instead to silicon and gold components, representing the wafer

substrate and the electrode material, respectively.

7.4 Energy Storage Characterization

7.4.1 Dielectric analysis

The dielectric permittivity is a fundamental parameter in energy storage

characterization. In this work, its value was measured at a frequency of 100 Hz as a function

of the nanoparticle weight fraction using micromachined capacitors with a diameter of 5 mm.

The results obtained frommultiple samples with respective error bars are shown in Fig. 7.11a.

It was observed that the permittivity increases almost linearly with the nanoparticle weight

fraction with an acceptable degree of uncertainty. This trend provides a significant advantage

Figure 7.11. Dielectric characterization of nanocomposite thin films, in particular (a) variation of the

relative permittivity measured at 100 Hz with filler loading and the corresponding error bars, and (b)

relative permittivity and dielectric loss of CCNF-BTO@PDA nanocomposites as a function of frequency,

both at room temperature. The permittivity increases with nanoparticle weight fraction, showing

acceptable uncertainty150.
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for energy storage applications229 and demonstrates consistency with previous findings in

similar P(VDF-TrFE) nanocomposite thin films230. In particular, starting with a measured

relative permittivity of 11 for pure P(VDF-TrFE), the introduction of BTO@PDA mixed with

CCNF resulted in an increased relative permittivity, reaching amaximum value of 19 at a 15%

weight fraction.

Additional characterization is shown in Fig. 7.11b, where both the dielectric

permittivity and the dielectric loss of the nanocomposite thin films at varying

CCNF-BTO@PDA loadings are presented as a function of the frequency. Representative

samples, which closely aligned with the repeated permittivity measurements at 100 Hz were

used. The observed decrease in relative permittivity is attributed to the dielectric relaxation of

the P(VDF-TrFE) matrix. On the other hand, the dielectric loss showed a minimal difference

between the nanocomposite and the pure polymer thin films, attesting to the good quality of

the nanocomposite layers fabricated. In general, with an increase in frequency, the tanδ

increases due to the higher energy dissipation from polymer dielectric relaxation at higher

frequencies103. The reported dielectric loss findings in this study align closely with previous

research on P(VDF-TrFE)-based nanocomposites loaded with BTO@PDA nanofillers144.

Further analysis at 100 Hz as a function of temperature was performed to study the

dielectric permittivity behaviour of the material. Using the climate chamber VCL 4006,

described in Chapter 5.4, the permittivity was measured from representative samples as a

function of temperature and plotted as presented in Fig. 7.12. As expected in polymers, the

Figure 7.12. Relative permittivity of pure and nanocomposite P(VDF-TrFE) thin films measured at 100

Hz in the climate chamber VCL 4006 as a function of temperature. In polymers, heating increases the

mobility of the chains, allowing the dipoles to orient more easily in the direction of the electric field.
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dielectric permittivity showed a proportional relation with temperature: increasing the

temperature enhances the mobility of the molecular chains, allowing the dipoles to be more

easily oriented in the direction of the electric field. The similar trend showed by both the pure

and the nanoparticles loaded samples further indicates the quality and stability of the

fabricated nanocomposite thin films.

7.4.2 Electric breakdown field

For testing the energy storage performance of the nanocomposite thin films, MFM

capacitors were subjected to dielectric strength characterization. As discussed in

Chapter 3.2.1, the electric breakdown field is a crucial factor for determining the energy

storage characteristics of a material. Initially, pure P(VDF-TrFE) thin films were tested to

establish a baseline using capacitor-type test structures with diameters ranging from 6 to

8 mm. Following the characterization technique described in Chapter 5.6, an I/V curve, as

shown in Fig. 7.13a, was obtained. It is important to highlight that the measured values are

limited by the resolution of the minimum and maximum current range; therefore, the

appearance of a signal at a certain voltage, approximately 650 V in this case, determined the

breakdown point. Since the P(VDF-TrFE) thin film was approximately 2 μm thick, the electric

breakdown field measured was calculated around 325 V·μm-1, in good agreement with

previous research103,231. When the CCNF-BTO@PDAmixture was introduced into the polymer

thin film, as expected, a significant reduction of the dielectric strength was observed. Scientific

Figure 7.13. I/V curves representing the dielectric breakdown voltage of (a) pure and (b) 5% weight-

loaded nanocomposite P(VDF-TrFE) thin films, both approximately 2 μm thick, obtained using

capacitor-type test structures with diameters ranging between 6 to 8 mm. The introduction of CCNF-

BTO@PDA nanoparticles within the polymer matrix significantly reduced the breakdown strength of

the material of approximately 50%.
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literature focusing on the energy storage characteristics of fluoropolymer-based

nanocomposites has primarily studied polymer films with a thickness ranging between 10

and 40 μm98,120,146,147,148. In general, thinner films exhibit a higher density of surface and bulk

defects (e.g. pits, dimples, contaminants, roughness, wrinkles, and variable thickness),

making them more susceptible to localized breakdown. Since the MEMS devices based on

ferroelectric polymer fabricated in our research group have an upper limit in their thickness

due to the fabrication process and in the voltage supply of our setup, this study embraced the

challenge of characterizing nanocomposite thin films with a thickness of around 2 μm,

significantly thinner than those typically found in literature. Fig. 7.13b presents the I/V curve

for a P(VDF-TrFE)-based nanocomposite thin film with a 5% weight fraction of nanofiller

loading, showing a breakdown field of 175 V·μm-1. This value, although way lower than that

of pure P(VDF-TrFE) thin films, is nonetheless comparable to the approximately 200 V·μm-1

typically found in thicker film103,144. However, the result shown in Fig. 7.13b was found to be

an outlier. Most measurements showed breakdowns occurring at significantly lower voltages,

often half of the value presented in Fig. 7.13b, resulting in much lower breakdown strengths

than those reported in literature. In some cases, measurements did not even take place due to

Figure 7.14. Design of the photolithography masks used for (a) pure and (b) nanocomposite P(VDF-

TrFE) thin films electrical characterization. The use of a mask with reduced capacitor diameter was

intended for the nanocomposites to increase the likelihood of finding electrically characterizable

capacitors while maintaining low leakage current, which is essential for high quality ferroelectric

characterization. However, even this adjustment did not facilitate a robust Weibull distribution for an

in-depth dielectric breakdown strength analysis.
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premature breakdown at the beginning of the tests, likely caused by the high density of defects

within the thin film. To accurately study and determine the electric breakdown field of a

material, the Weibull distribution is widely used as a statistical and modeling method.

However, a robust statistical analysis requires a high number of measurements, which was

not possible in these conditions.

The thin films approximately 2 μm thick used in this study can have their performance

easily compromised by even a small cluster of nanoparticles, which are on average 145 nm in

size (see Fig. 4.8b). To address this issue, a potential solution was proposed, previously

mentioned in Chapter 4.2.3 and explained in detail in the following. Considering that

nanoparticle clusters are randomly formed and distributed within the polymer thin film, it

was hypothesized that reducing the electrode surface area would have increased the

likelihood of finding clean and electrically characterizable capacitors. Initially, capacitors with

diameters of 1 and 2 mm were designed. However, this reduction in size led to side effects,

such as lower capacitance, which hindered the electrical characterization of the material. The

low capacitance impeded proper ferroelectric characterization, and reducing the diameter

showed to not significantly improve dielectric strength measurements enough to compensate

for the poor ferroelectric performances. A compromise between these conflicting

requirements was found with capacitor diameters between 3 and 5 mm in diameter, enabling

effective ferroelectric characterization. Figs. 7.14a and b presents the two photolithography

masks used within this work to fabricate micromachined capacitors, with diameters of 6 to 8

mm and 3 to 5 mm, respectively. While pure ferroelectric polymer thin films have been well

characterized using capacitors of 6 to 8 mm in diameter, the 3 to 5 mm capacitors, with a

preference for 5 mm, were used for nanocomposite thin films. However, despite these

adjustments, the dielectric strength characterization of the nanocomposite thin films remained

challenging, with persistent issues affecting the quality and reliability of the results. The

inconsistent outcomes obtained in this study prevented the development of a robust Weibull

distribution study for the dielectric strength in P(VDF-TrFE) nanocomposite thin films.

7.4.3 Energy density, energy loss, and energy efficiency

Even though a dielectric strength characterization was not possible, the thin

nanocomposite films could still withstand enough electric fields to undergo polarization

reversal. Therefore, the ferroelectric characterization to determine the impact of the nanofillers



P(VDF‐TrFE)‐based Nanocomposite

116

on energy density, energy loss, and energy efficiency was possible. Using the 5 mm diameter

micromachined capacitors, the hysteretic response of the electric displacementD as a function

of electric field E was measured. D-E loops of representative samples of the pure and

nanocomposite thin films, eachwith varying CCNF-BTO@PDA loadings, were fitted applying

the empirical model developed by Miller et al.196, as shown in Fig. 7.15. The quality of the fit

with respect to the raw data is illustrated in Fig. 7.16. The fitting served the extraction of

parameters such as Ec and Pr whose values are reported in Table 6 and further illustrated in

Fig. 7.17a with error bars. Due to the randomized distribution of nanoparticles within the

polymer thin films, an analysis across multiple samples was conducted to determine the

ferroelectric properties. Because of the robust background data from previous research,

multiple analysis was not performed on pure P(VDF-TrFE) thin films. Table 6 reports the Ec

and Pr values obtained with their respective uncertainties. Notably, an increase in

nanoparticle content resulted in a simultaneous decrease in both remnant polarization and

coercivity mean values, with the former decreasing more significantly than the latter. The

trend is observed despite the error bars. This observation aligns with the XRD pattern, which

indicated a decrease in the ferroelectric β-phase content with increasing nanofiller loadings.

In general, the Ec mean values remained relatively constant (see Table 6) up to a weight

fraction of 10%, consistent with the value of pure P(VDF-TrFE) thin films41,48,52. A noticeable

drop to a mean value of 49.8 V·μm-1was instead observed at 15%. However, some level of

uncertainty in Ec data should be considered, as certain error bars show overlap. The more

significant decrease was found instead in Pr, with a reduction from 5.6 μC·cm-2 in pure P(VDF-

TrFE), in good agreement with values from literature52,41,48, to a mean value of 3.9 μC·cm-2 at a

Figure 7.15. Electric displacement as a function of the electric field (D-E hysteresis) fitted with the Miller

model of representative samples of pure P(VDF-TrFE) (a) and nanocomposite thin films at various CCNF-

BTO@PDA loadings (b)(c)(d). The introduction of the nanofillers resulted in a shrinkage of the loops,

leading to a consequent reduction in the remnant polarization value and coercivity150.
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15% weight fraction (Table 6 and Fig. 7.17a). The decrease in Pr, combined with an optimized

dielectric permittivity, contributed to an improved energy density in the material26, as

presented in Fig. 7.17b. Here the error bars presented amore consistent behaviour. The energy

density was calculated by integrating the area between the discharge curve (indicated by a

Figure 7.16. Example of collected data for the electric displacementD as a function of the electric field

E of pure and nanocomposite P(VDF-TrFE) thin films (orange and green dots) fitted with the Miller

model (blue line). The R2 values of the fitting procedure are reported on the top left150.

Figure 7.17. (a) Variation of Ec and Pr (b) energy density and energy efficiency with corresponding

error bars of P(VDF-TrFE) thin films at different CCNF-BTO@PDA loadings from 0% to 15% weight

fraction. In these two plots, the impact of the CCNF-BTO@PDA on the polymer matrix is shown

through the changes in ferroelectricity, resulting in improved energy-related properties150.
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red arrow in Figure 7.16) and the ordinate axis. These calculations were performed by fitting

the data limited to the first quadrant of the chart (see Figure 7.16). The reported coefficients of

determination (R2) ranged between 92% and 95%, indicating a high quality of the fit. Next, the

energy efficiency was calculated as the ratio between discharged and charged energy values.

However, due to the inability to apply extremely high electric fields, the energy stored by the

capacitors in this study showed significantly lower values compared to those reported in

literature for thicker films, which can withstand higher electric fields and store up to 5 J·cm-3

in P(VDF-TrFE)-based nanocomposite103,105,148. Nevertheless, this study aims to demonstrate

that substantial improvements in energy storage properties can be achieved through the

introduction of nanofillers, even in extremely thin layers. Furthermore, these findings offer

valuable insights for applications that operate at lower voltages and explore a new nanofiller

mixture that has not yet been investigated. Fig. 7.17b illustrates the energy density and energy

efficiency values of the pure and nanocomposite P(VDF-TrFE) thin films at different CCNF-

BTO@PDA loadings with the corresponding error bars. Starting from an initial value in the

pure P(VDF-TrFE) of 0.58 J·cm-3 energy density and 14% energy efficiency, these parameters

increased to amean value of 0.86 J·cm-3 and 26.5%, respectively. Remarkably, the P(VDF-TrFE)

based nanocomposite with a 15%weight fraction of CCNF-BTO@PDA demonstrated a nearly

50% improvement in energy density and almost a twofold increase in energy efficiency. The

statistical analysis generally showed a wide range of values, with some overlaps between

different weight fractions. Results outside the main range were excluded. Overall an

improvement greater than the uncertainty was observed in energy density and efficiency

correlated with the introduction of nanoparticles.

Following the study of the permittivity behaviour as a function of temperature (see

Fig. 7.12), an analysis of the ferroelectric response, and thus of the energy density and

efficiency, of the pure and nanocomposite P(VDF-TrFE) thin films of representative samples

was conducted using the climate chamber VCL 4006. Analogous to the dielectric permittivity

study, the temperaturewas ramped from room temperature up to 90 °C, with data for plotting

the hysteresis curve collected at every 10 °C increment. Fig. 7.18 shows these data, displaying

the different hysteresis loops with colours ranging from green to red, thus indicating the

increasing temperature. In general, similar behaviour by a shrinking of the hysteretic response

was observed in all the samples. This effect is attributed to the approach towards the Curie
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temperature of P(VDF-TrFE), at which the material transitions into a paraelectric state. In this

state, the electroactive crystalline domains become embedded in a soft amorphous matrix52,

leading to a decrease in electroactivity and remnant polarization. Notably, the stability of the

D-E loop with increasing temperature differed between the samples. In pure P(VDF-TrFE),

the remnant polarization decreased slightly at first, with a more pronounced drop from

4 μC·cm-2 to 2.2 μC·cm-2 observed at 90 °C. In contrast, the introduction of the

CCNF-BTO@PDA nanofillers into the polymer matrix increased the sensitivity of the thin

films to temperature changes, resulting in a more gradual and linear decrease in both remnant

polarization and coercive field as the temperature rose. Fig. 7.19 reports the energy density,

Figure 7.18. D-E loops of pure and nanocomposite P(VDF-TrFE) thin films as a function of

temperature, ranging from 30 °C to 90 °C. A shrinking of the hysteretic response is observed as the

temperature approaches the Curie point, more markedly in the nanocomposite samples.

Table 6. Coercive field and remnant polarization of pure and nanocomposite

P(VDF-TrFE) thin films as a function of the nanofiller weight fraction with their uncertainties150.
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energy loss, and energy efficiency of the samples as a function of temperature. The

temperature significantly impacted the energy storage properties, particularly affecting the

energy loss due to the shrinkage of the hysteresis loops observed in Fig. 7.18. The energy loss,

which is represented by the area within the hysteresis curve, decreased up to 80% in value as

the temperature increased. In contrast, the energy density increased by 40% at 90 °C from

room temperature. With both energy loss decreasing and energy density increasing, energy

efficiency also benefited, reaching up to 66% at 90 °C with 15% by weight of nanofillers.

Overall, comparing the pure P(VDF-TrFE) thin film to those loaded with 5%, 10%, and 15 %

by weight of the CCNF-BTO@PDA nanoparticle mixture, as previously illustrated in

Fig. 7.17b, revealed significant enhancements in both energy density and energy efficiency,

highlighting the advantages of using the nanoparticles mixture presented in this work to

improve the energy storage performance of P(VDF-TrFE) thin films.

Figure 7.19. Representation of the energy density, energy loss, and energy efficiency as a function of

temperature, calculated from the D-E loops of pure and nanocomposite P(VDF-TrFE) thin films

shown in Fig. 7.18. The temperature significantly affects mainly the energy loss, leading to an increase

in the energy efficiency of the MFM, which reaches up to 66 % for the sample with 15% by weight of

CCNF-BTO@PDA at 90 °C. The impact on energy density is positive, but less pronounced.
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8 Conclusion and Outlook

8.1 Conclusion

This thesis explores two closely related studies for MEMS applications: the

ferroelectric characterization of the electroactive polymers PVDF and P(VDF-TrFE), and the

energy storage properties of P(VDF-TrFE) when applied as nanocomposite thin films.

The preliminary focus of this work was the synthesis, fabrication of capacitor-type test

structures, and fundamental characterization of these materials. PVDF and P(VDF-TrFE) thin

films, as well as P(VDF-TrFE)-based nanocomposite thin films, were deposited by spin-

coating, a cost-effective, scalable industrial technique that offers precise control over film

thickness and uniformity. Chapter 4 details the process of synthesizing solution-processed

ferroelectric polymer thin films.

As discussed subsequently in Chapter 6, the fabrication process is crucial for achieving

the desired crystalline phase and microstructure, the effects of which on the overall

performance of the polymer thin films are investigated. For instance, successful

electromechanical characterization of PVDF requires high-temperature substrates preheated

to 170 °C before spin-coating. This process enabled the deposition of high-quality α-PVDF

thin films, allowing for high-resolution AFM surface imaging and direct observation of the

polymer chains. The measured unit-cell characteristics of α-PVDF through AFM were found

to closely match established literature values, confirming the quality of this study.

Additionally, the ferroelectric characteristic D-E of the electro-formed δ-PVDF was

thoroughly investigated, with results showing an Ec = 113 V·μm-1and a Pr= 4.7 μC·cm-2, which

are in good agreement with previous findings. This thesis also presents a study on the

electrostrain behavior S-E of δ-PVDF under both high and low electric fields, demonstrating

consistent values in the electrostrictive coefficient (Q33 = -2.4 m4·C-2) and piezoelectric

coefficients (d33 = -39 pm·V-1 at high fields and d33 = -42.8 pm·V-1 at low fields), aligning with

values reported in literature.

Unlike PVDF, P(VDF-TrFE) thin films did not require substrate pre-treatment butwere

demonstrated to be highly sensitive to annealing temperature. A morphological transition
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from a rice-like to a spherulite-like microstructure was observed when the thin films were

annealed at or above 145 °C. The spherulite-like microstructure, named for its resemblance to

that of α-PVDF, exhibits distinct characteristics at the nanometre scale. AFM analysis revealed

highly irregular lamellae with winding-like conformations and needle-shaped crystals,

contrasting the high degree of regularity and packing of α-PVDF spherulites. XRD analysis

confirmed the presence of the ferroelectric β-phase in spherulite-like samples, but revealed a

substrate-dependent behaviour that contrasts with the rice-like thin films, showing a more

pronounced peak on gold substrates compared to silicon. Subsequent ferroelectric analysis

using MFM capacitors determined an Ec = 53 V·μm-1 and Pr = 4.7 μC·cm-2, consistent with the

results from rice-like thin films. Additionally, the S-E characteristic was measured, yielding a

Q33 = - 2.4 m4·C-2 and a d33 = -29.8 pm·V-1 at high fields, and a d33 = -31.8 pm·V-1 at low fields,

still in good match with rice-like results. This study demonstrated that, despite the

microstructural change, the electromechanical properties of the low-temperature phase of

P(VDF-TrFE) remained largely unaffected. However, exposing both microstructures to

thermal loading, where the samples were heated to nearly 90 °C and then cooled to room

temperature, showed differing thermal stability. Specifically, after the first thermal loading,

the spherulite-like microstructure experienced a 15 % decrease in remnant polarization,

whereas no reduction was observed in the rice-like samples. XRD analysis revealed a partial

crystalline phase shift from the strong ferroelectric β-phase to the γ-2b phase. While partial

restoration of ferroelectric properties was observed by applying an electric field up to

± 150 Vμm-1, which induced a transition back from the γ-2b phase to the β-phase, further

thermal loading cycles a continued decline in the ferroelectric properties of the spherulite-like

microstructure. After the third cycle, the remnant polarization had decreased by

approximately 20%, in contrast to the rice-like samples which demonstrated stable electric

performance under similar thermal conditions.

The energy storage characteristics of P(VDF-TrFE)-based nanocomposite thin films are

investigated in Chapter 7. This chapter addresses the challenge of fabricating MFM capacitors

with nanocomposite thin films approximately 2 μm thick, loaded up to 15% by weight of

CCNF-BTO@PDA nanoparticle mixture, and subsequently electrically characterizing them.

Despite the inherent difficulties associated with thinner films, such as potential surface and

bulk defects that can significantly impact the device performance compared to thicker films,
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which de facto limited the electric breakdown strength studies in this work precluding a robust

Weibull distribution analysis, a comprehensive evaluation of the ferroelectric and energy

storage properties is presented. The results demonstrated that the dielectric permittivity

increases with CCNF-BTO@PDA loading, and combined with a reduction in remnant

polarization, this led to improved energy storage characteristics. Compared to pure P(VDF-

TrFE) thin films, which exhibited an energy density of 0.58 J·cm-3 and an energy efficiency of

14%, the 15% weight fraction CCNF-BTO@PDA nanocomposite thin films achieved an

enhanced energy density of 0.92 J·cm-3 and an energy efficiency of 28%.Overall, this represents

a doubling of energy efficiency and a 60% improvement in energy density.

8.2 Outlook – Future perspectives

The findings of this thesis open up several promising investigations for further

research and technological advancement in the field of electroactive polymers. Specifically,

the electromechanical studies on δ-PVDF have expanded the limited number of reports on

this electro-formed phase, demonstrating its potential in spin-cast thin films. The piezoelectric

coefficient obtained for δ-PVDF indicates that this phase could serve as a viable alternative to

the more commonly studied ferroelectric β-phase for piezoelectric applications. However, the

delicate processing conditions, particularly the need for high substrate temperatures, pose

challenges that currently limit the practical exploration of δ-PVDF. Further research is

essential to address these processing challenges and assess the feasibility of industrial-scale

applications for δ-PVDF thin films.

The investigations into the rice-like and spherulite-like microstructures in

P(VDF-TrFE) thin films underscored the critical role of the annealing temperature in the

fabrication process. Achieving ferroelectric polymer with thermal and ferroelectric stability at

high temperatures, particularly above current melting points, has long been a key objective in

the field. However, it is equally crucial to expand the scientific understanding of applications

operating below these temperatures, where different challenges may arise. The relationship

between polymer thin films, the nature of the deposition substrate, and temperature is

complex and multifaceted, often leading to unpredictable outcomes, such as changes in

mechanical properties or phase transitions. Consequently, the impact of temperature

variations and substrate materials in both application or fabrication environments on



Conclusion and Outlook

124

ferroelectric polymers like P(VDF-TrFE) deserves further investigation. A deeper

understanding of these factors will enable the optimization of these materials for specific uses,

ultimately enhancing their performance and expanding their applicability.

In conclusion, the study on P(VDF-TrFE)-based nanocomposite thin films

demonstrated the potential for significantly enhanced energy storage characteristics in 2 μm

thick thin films with up to 15% weight fraction of CCNF-BTO@PDA nanoparticles. These

findings suggest a promising direction for advancing practical applications involving

micrometer-range thin films in energy storage devices, marking a notable shift from the

current literature. However, a major limitation of this thesis was the significant drop in

dielectric breakdown strength, which prevented a full characterization of the material. To

address this challenge, future research should focus on improving techniques for nanoparticle

dispersion and functionalization, as thinner films are more susceptible to the effects of sub-

micrometer nanoparticle clusters, which could compromise the micromachined devices.

Beyond this, the ability to fabricate nanocomposite fluoropolymer-based thinner films

engineered for energy storage offers an innovative solution for applications where high

voltages, usually required in the kV range, are not feasible. All in all, while nanocomposite

materials remain a leading approach for developing advanced energy storage devices,

overcoming challenges such as preventing significant reductions in dielectric strength and

optimizing the nature and functionalization of nanofillers, while balancing the desired

performance, remain critical areas for further studies.
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Abbreviations

Abbreviation Definition

AC Alternating current

AFM Atomic force microscopy

APS Ammonium persulfate

BG Grain boundary

CCNF Carboxymethyl cellulose nanofibers

CNF Cellulose nanofibers

DC Direct current

DMF Dimethylformamide

DSC Differential scanning calorimetry

EDX Energy dispersive x-ray analysis

FTIR Fourier-transform infrared spectroscopy

GPIB General purpose interface bus

HDPE High-density polyethylene

InvOLS Inverse optical lever sensitivity

MFM Metal-ferroelectric-metal

MEMS Microelectromechanical systems

MEK Methyl ethyl ketone (2-butanone)

MFM Metal-ferroelectric-metal

MMT Montmorillonite

NC Central nucleation point

NSC Needle-shaped crystals

PDA Polydopamine

PDMS Polydimethylsiloxane

PMMA Poly(methyl-methacrylate)

PP Polypropylene
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P(VDF-CTFE) Poly(vinylidene fluoride-chlorotrifluoroethylene)

P(VDF-HFP) Poly(vinylidene fluoride-co-hexafluoropropylene)

P(VDF-TrFE) Poly(vinylidene fluoride and trifluoroethylene)

PVDF Poly(vinylidene fluoride)

PVP Polyvinylpyrrolidone

RH Relative humidity

SEM Scanning electron microscopy

TC-2 Titanate coupling agent

TEM Transmission electron microscopy

VIPS Vapor-induced phase separation

XRD X-ray Diffraction
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Nomenclature

Symbol Definition Unit

A Area MFM capacitor m2

CR Reference capacitance F

CS Sample capacitance F

d Lattice distance m

D Electric displacement µC·cm-2

d31 Transverse piezoelectric coefficient pm·V-1

d33 Longitudinal piezoelectric coefficient pm·V-1

E Electric field V·µm-1

Ec Coercive field V·µm-1

Emax Maximum electric field V·µm-1

G Gibbs potential kJ·mol-1

I Current A

M Field-related electrostrictive coefficient m2·V-2

n Integer number 1

Pi Induced polarization µC·cm-2

Pmax Maximum electric polarization µC·cm-2

Pr Remnant polarization µC·cm-2

Ps+ Polarization negative to positive E µC·cm-2

Ps- Polarization positive to negative E µC·cm-2

Ps Spontaneous polarization µC·cm-2

Q Polarization-related electrostrictive coefficient m4·C-2

QR Electric charge stored in the reference capacitor C

QS Electric charge stored in the sample C

R1 Resistor 1 (Sawyer-Tower Circuit) kΩ

R2 Resistor 2 (Sawyer-Tower Circuit) kΩ



Nomenclature

128

S Strain 1

t Distance between the capacitor plates µm

T Mechanical stress N

Tc Curie temperature °C

Tm Melting temperature °C

UCH1 Voltage at CH1 of the oscilloscope V

UCH2 Voltage at CH2 of the oscilloscope V

UR Voltage drop across the reference capacitor V

US Voltage drop across the sample V

tanδ Loss tangent 1

Ue Energy density J·cm-3

Ul Energy loss J·cm-3

V Voltage V

vf Volume fraction 1

wf Weight fraction 1

ε Dielectric permittivity F·m-1

ε0 Vacuum permittivity F·m-1

εr Relative permittivity 1

η Energy efficiency 1

θ Incident angle 1

λ Wavelength m

χ Electric susceptibility C2·N-1m-2
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