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RELEVANCIA CIENTIFICO-SOCIAL

A ferrita de bismuto tem sido considerada nos ultimos 60 anos um material
promissor para novos dispositivos eletronicos e microeletronicos, células solares, sensores e
atuadores, processamento de fotocatalise, etc. A persisténcia e resiliéncia da comunidade
cientifica ao longo dos anos no estudo deste material é um reflexo de quao importante
¢é ser integrado na aplicacao tecnologica para manter e melhorar o padrao de vida da
humanidade moderna. Para desvendar nossa relevancia e impactos sobre o cientifico,
social, ambiental etc., baseamos nossa pesquisa nos ODS (Objetivos de Desenvolvimento

Sustentdvel) das Nagoes Unidas.

A meta nimero 7 declara “Garantir acesso a energia acessivel, confiavel, sus-
tentavel e moderna para todos”; meta nimero 9 “Construir infraestrutura resiliente, pro-
mover industrializacao inclusiva e sustentdvel e fomentar inovacao”; e meta nimero 13
“Tomar medidas urgentes para combater as mudancas climaticas e seu impacto regulando

as emissoes e promovendo desenvolvimentos em energia renovavel” [1].

Durante este manuscrito, discutimos sobre as propriedades elétricas e opticas
do BiFeOj3 e, devido a essas propriedades, a meta nimero 7 é a meta que mais se en-
caixa em nosso trabalho. A tecnologia fotovoltaica, em células solares que convertem
energia solar em eletricidade, é talvez a energia mais ecoldgica em comparacao as outras:
hidrelétrica, nuclear, carvao, gas natural etc. No entanto, a energia solar corresponde
a apenas 1% da geracao global de eletricidade. No contexto da sustentabilidade, con-
siderando o cenario mundial atual, é sem divida necessario que a humanidade se concentre

e aprimore a geragao, fonte e conversao de energia por meio da tecnologia fotovoltaica.

A dltima afirmacao requer fomentar a inovacao e a integracao da tecnologia
renovavel na infraestrutura moderna. Para executar essas agoes é de suma importancia
compreender a fisica fundamental por tras do material do candidato e do protagonista,
entender suas questoes de aplicacao pratica e incentivar ideias para resolver ou contornar
obstaculos, o que nos levard ao objetivo nimero 9. Entao, uma vez cooperando e al-

cancando os objetivos 7 e 9, obviamente em qualquer estégio, levara ao objetivo 13.



SCIENTIFIC-SOCIAL RELEVANCE

Bismuth ferrite has been considered over the last 60 years a promising mate-
rial to new electronic and microelectronic devices, solar cells, sensor and actuator, photo-
catalysis processing, among others. The persistence and resilience of scientific community
throughout years in studying this material is a reflex of how much important it is to
be integrated in technological application to keep and improve the standard of living of
modern humanity. To unravel our relevance and impacts over the scientific, social, envi-
ronmental etc, we based our research on the SDGs (Sustainable Development Goals) of
the United Nations.

The goal number 7 declares “Ensure access to affordable, reliable, sustain-
able and modern energy for all”; goal number 9 “Build resilient infrastructure, promote
inclusive and sustainable industrialization, and foster innovation”; and goal number 13
“Take urgent action to combat climate change and its impact by regulating emissions and

promoting developments in renewable energy” [1].

During this manuscript, we have discussed several times about the electric and
optical properties of BiFeO3 and, due to these properties, goal number 7 is the goal that
mostly fits in our work. The photovoltaic technology, in solar cells which converts solar
energy into electricity, is perhaps the most eco-friendly energy in comparison to the others:
hydroelectric, nuclear, coal, natural gas etc. However, solar energy corresponds only 1%
of global electricity generation. In context of sustainability considering the current world
scenario, it is undoubtedly necessary of humanity focus and enhance the generation, source

and conversion of energy through photovoltaic technology.

The last affirmation requires foster innovation and integration of renewable
technology in modern infrastructure. Aiming to execute these actions is of utmost im-
portance comprehend and fundamental physics behind the candidate and protagonist
material, understand its practical application issues and encourage ideas to resolve or cir-
cumvent obstacles, on what take us to goal number 9. So, once cooperating and achieving

goals 7 and 9, obviously at any stage, will lead to goal 13.
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“Nothing in life is to be feared, it is only to be understood. Now is the time to

understand more, so that we may fear less.” - (Marie Curie)



RESUMO

O objetivo deste estudo é estabelecer protocolos de sintese para filmes finos de ferrita de
bismuto, com foco particular na temperatura de cristalizacao, e avaliar a influéncia destes
protocolos nas propriedades finais dos filmes. Foi identificada uma correlacao direta entre
as temperaturas de cristalizagao selecionadas e a formagcao de varios tipos e concentragoes
de defeitos, que, por sua vez, modulam essas propriedades. Nossos resultados indicam
que, dentro da faixa de temperatura estudada, 600 °C é a temperatura de cristalizacao
ideal para obter filmes com defeitos minimizados e propriedades funcionais aprimoradas.
A amostra cristalizada nessa temperatura exibiu uma reducao significativa nos defeitos
pontuais - livres e complexos - e fases secundarias, levando a um desempenho superior
em comparagao com as outras amostras. Especificamente, esta amostra demonstrou os
menores valores de condutividade elétrica e corrente de fuga, o maior aumento percentual
na condutividade elétrica e corrente sob iluminacao de luz verde, e os maiores valores de

polarizacao elétrica.

Keywords: Ferrita de Bismuto, Temperatura de Cristalizacao, Defeitos, Filmes Finos.



ABSTRACT

The objective of this study is to establish synthesis protocols for bismuth ferrite thin films,
with a particular focus on crystallization temperature, and to evaluate the influence of
these protocols on the final properties of the films. A direct correlation was identified
between the selected crystallization temperatures and the formation of various types and
concentrations of defects, which, in turn, modulate these properties. Our findings indicate
that, within the studied temperature range, 600 °C is the ideal crystallization tempera-
ture for obtaining films with minimized defects and enhanced functional properties. The
sample crystallized at this temperature exhibited a significant reduction in point -free and
complex - and secondary phase defects, leading to superior performance compared to the
other samples. Specifically, this sample demonstrated the lowest electrical conductivity
and leakage current values, the highest percentage increase in electrical conductivity and

current under green light illumination, and the highest electrical polarization values.

Keywords: Bismuth Ferrite, Crystallization Temperature, Defects, Thin Films.
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CHAPTER 1

Introduction

1.1 Overview and Motivations

The history of humanity is often defined by the materials that shaped each era,
such as the Bronze Age, Iron Age, and Silicon Age, underscoring how materials influence
the standard of living. Semiconductor devices, which underpin modern microelectron-
ics, are central to today’s advanced technologies and lifestyles. Despite the remarkable
progress of silicon technology, inherent limitations tied to the atomic structure of silicon-
based materials suggest the need for alternative approaches. These challenges are driven
by the demand for smaller, faster, and more energy-efficient devices to sustain and enhance

modern living standards.

Among the emerging materials that address these challenges are multiferroic
materials, which exhibit at least two ferroic orders simultaneously within the same phase,
enabling coupling between them [2, 3]. A ferroic order refers to a material property that
allows switchable internal alignment. For example, in ferromagnetic materials, electron
spins can be aligned by a magnetic field; in ferroelectric materials, dipole moments can
be aligned by an electric field; and in ferroelastic materials, stress can be reoriented by an
applied mechanical field [4]. Figure 1.1 illustrates the switching and coupling mechanisms
in a typical multiferroic material. The yellow region (indexed as P) represents the electric
polarization of a ferroelectric material, the red region (indexed as ) represents the strain
of a ferroelastic material, and the blue region (indexed as M) represents the magnetization
of a ferromagnetic material. The arrows indicate the switching and coupling mechanisms,

with the green arrows emphasizing magnetoelectric (ME) coupling.

The term “multiferroic” typically refers to materials that simultaneously ex-
hibit ferroelectric and ferromagnetic orders. Ferromagnetic materials possess a permanent
magnetic moment even in the absence of an external magnetic field and demonstrate sig-
nificant spontaneous magnetization. However, spontaneous magnetization is not apparent
in these materials due to the presence of domains, each with its own magnetization di-
rection. When an external magnetic field is applied, domains with magnetizations most

aligned to the field grow, at the expense of those with less favorable orientations. Magnetic
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materials complement silicon in current technologies: while silicon is used for information
processing, magnetic materials enable data storage in a binary form through the opposing

orientations of their magnetic dipoles.

+ - o+ -

+ - 4 -

(G

Figure 1.1: Switching and coupling of ferroic orders in a typical multiferroics material. Adapted
from [5].

While magnetic data bits are stable, small, and quickly accessible, generat-
ing the necessary magnetic fields to control magnetism requires bulky, expensive, and
energy-intensive components. On the other hand, ferroelectricity arises from the breaking
of centrosymmetry in the crystallographic unit cell and can be manipulated through me-
chanical stress, chemical modifications, or the application of an external electric field. As
a result, ferroelectric materials are polar dielectrics that exhibit spontaneous polarization,
which can be reversed by an external electric field [6]. The ability to couple ferroelectric
responses with other properties makes ferroelectric materials ideal for numerous tech-
nological applications, such as piezoelectric sensors and actuators [7], electromechanical

devices [8], and non-volatile ferroelectric memories [9, 10].

A key feature of multiferroics is magnetoelectric coupling [11], where a mag-
netic field can tune electric polarization and an electric field can influence magnetization.
This offers an advantage over conventional magnetic materials, as magnetism in multifer-
roics can be controlled using electric fields. Compared to magnetic fields, electric fields
are more efficient, as they require smaller components and consume less energy. The cou-
pling between different order parameters makes the physical properties of multiferroics
highly promising for applications in new technological devices [12]. The rise of multifer-
roic materials in modern technology highlights the progress made in understanding their
fundamental properties, but challenges remain that hinder the departure from traditional
paradigms. Overcoming these challenges and translating scientific discoveries in multi-
ferroics into practical applications will require innovative approaches, advanced materials

engineering, and new tools to characterize the coupled behaviors of these materials [13].

Among the multiferroic materials with significant potential to drive this tech-

nological paradigm shift, bismuth ferrite (BiFeOj3 ) stands out as the most important. It
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is the most extensively studied multiferroic, with nearly 6000 publications over the last
decade [14]. BiFeOjis a canonical multiferroic material characterized by the coexistence
of ferroelectric (T ~ 1103 K) and antiferromagnetic (7T ~ 643 K) phases at room tem-
perature, making it known for its excellent ferroelectric properties [15]. In contrast to
the properties observed in BiFeOgs ceramics, epitaxial thin films of BiFeOg exhibit a high
remnant polarization (P, ~ 100 yC/cm?) at room temperature, positioning this lead-
free material as promising for microelectronic devices such as ferroelectric random-access
memory (FeRAM) [16], multi-state memories [17], and others. The high polarization in
BiFeOsis attributed to the stereochemical activity of the Bi** 6s? lone pair, while the
robust antiferromagnetism stems from the 3d electrons of Fe [18]. In addition to its struc-
tural and magnetoelectric properties, other intriguing behaviors—such as the photovoltaic
effect [19], photocatalysis [20], photostriction [21], and electrochromism [22]—have been
observed in nanostructured and nanoparticulated BiFeOs. The photovoltaic effect [23],
associated with its relatively low visible bandgap (= 2.7 eV), has attracted significant
interest due to its potential for developing novel photovoltaic devices, despite its low en-
ergy conversion efficiency. These unique properties make BiFeOjs highly attractive from a
technological standpoint. On the scientific front, the unclear physical mechanisms behind
the photovoltaic effect and the need to understand the fundamental physics of multiferroic
behavior continue to make BiFeOj3 an exciting subject for research. The ongoing research

on BiFeOs is unveiling fascinating physics and revealing new potential applications.
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1.2 Bismuth Ferrite

1.2.1 Characteristics and properties

Figure 1.2: BiFeOg crystal structure. The atoms size is proportional to the radii.

Bismuth ferrite (BFO), as previously introduced, is a multiferroic material
with a rhombohedral crystal structure and space group R3c. This space group is non-
centrosymmetric, which allows for atomic displacements, giving rise to its ferroelectric
properties [24]. The BFO unit cell is a type of oxide perovskite, where octahedra of
oxygen are bonded around Fe** ions in the B-site (the center of the perovskite structure),
and Bi** ions occupy the A-site. Figure 1.2 illustrates the structure of BFO. The lattice
parameters, at room temperature, are a = b = ¢ = 3.96 Aand a = g =v=2893"°
in its pseudocubic form, however, representing as hexagonal as cited, the parameters are
a=b="558 Aand c=13.89 A.
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Figure 1.3: Electric and magnetic properties of BiFeOs along the crystal structure. Adapted
from [25].

Figure 1.3 schematically illustrates the electric and magnetic properties of
BiFeO3 within its crystalline lattice. It is known that two mechanisms contribute to the
ferroelectric order: the displacive mechanism and the lone-pair mechanism. The latter,
which is responsible for the ferroelectric phase of BiFeOs, arises from the valence shell
of Bi** 6s? lone pairs. These lone pairs displace from their symmetrical positions in re-
lation to neighboring oxygens [18] and align along the crystalline direction [111]pseudocubic
(or [001]pexagonal); similar to the displacement of Bi ions, as shown in Figure 1.3 (a), (b),
and (c). Some theoretical calculations predict a high polarization of around 100 C/cm?,
which is associated with the high Curie temperature [18]. Regarding the magnetic prop-
erties of BiFeOs, its (anti)ferromagnetism, specifically the G-type antiferromagnetism,
originates from the Fe®' ions in the B-site of the perovskite structure [20], where the
magnetic moment forms a cycloid with a spatial periodicity of approximately 62 nm, as
seen in Figure 1.3 (d). From Figure 1.3 (c) and (d), it is clear that polarization occurs
along the [001]hexagonal direction, while wave propagation follows the [110]hexagonal direc-
tion. These directions define the crystallographic planes along which spin rotations occur,

as shown in Figure 1.3 (e).

1.2.2 Problem in working with Bismuth ferrite

One of the biggest obstacles in the practical application of BiFeO3-based ma-
terials is the difficulty of synthesizing them, which hinders mass production with precision

and accuracy required for obtaining a single-phase material. This challenge arises from
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the narrow conditions for BiFeOgzin the equilibrium diagram. As shown in Figure 1.4,
even slight deviations in stoichiometry lead to the formation of secondary phases. In other
words, to synthesize a pure, single-phase BiFeQOg , it is crucial to maintain an exact molar

proportion.

F6203 + BigOg — 2B1F603

Thus, the possible secondary phases in BiFeOj3 (excluding doped or substituted
BFO) include oxides of Bi and Fe (BiyO3 and FeyOs, respectively), bismuth-rich sillenite
(BigsFeOsq), and iron-rich mullite (BigFe Oyg). Strict control during the synthesis of BFO
is essential; for instance, temperatures above 700 °C can volatilize bismuth, favoring the
formation of these secondary phases [15, 27], which directly interfere with the material’s

electrical properties [28, 29].

1100
1000

&

800

Temperature (°C)

700

60 80 100
Fe203

600
0
Bi,O, Mole % Fe,O,

Figure 1.4: Equilibrium diagram of BiFeO3 and possible phases. Adapted from [30].

In addition to secondary phases, the electrical properties of BFO are signifi-
cantly compromised by oxygen vacancies [29, 31, 32|, the hopping of Fe3* to Fe?T [28,
31, 33], and Bi vacancies [31, 34], which generate leakage currents, especially in thin films
[35]. These defects also impact the optical [36] and polarization [29, 37] properties. While
theoretical studies predict high polarization in BFO, the presence of secondary phases and

these defects are likely the main causes of the experimentally observed low polarization
in B1F603 .

Extensive research has been conducted to investigate the formation of the
BiFeO3 phase and to regulate the development of intermediate phases through various
chemical approaches and structural configurations, including bulk materials, nanoparti-

cles, thin films, solid-state reactions, and hydrothermal methods [38-45]. Additionally,
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the literature reports that substituting A-site cations with rare-earth elements such as Sm,
La, Nd, Eu, and Th, among others [16, 17], is intended to enhance electrical properties by
examining leakage current, impedance spectroscopy [48], and piezoelectric activity [19].
Meanwhile, the incorporation of metal elements such as Ba, Ca [50], and Gd has been
shown to reduce leakage current, enabling a more precise definition of hysteresis loops
[51]. Conversely, B-site substitutions with transition metals such as Mn, Ti, and Sn can
improve the structural, physical, and chemical properties of BiFeOg [24, 52, 53] while also
enhancing its electrical performance [32, 41, 43].

Doping has been widely employed to modify the physical properties of BiFeOgs
and indirectly regulate the formation of secondary phases during growth. The approaches
used in these studies highlight the necessity of understanding the nucleation and crys-
tallization kinetics of the BiFeOjsystem beyond the research conducted to date. The
crystallization kinetics of BiFeOgis highly dependent on the synthesis method and the
material’s form, whether as bulk ceramics, nanoparticles, or thin films. A notable ex-
ample illustrating this dependence is the fact that BiFeOs nanoparticles typically exhibit
lower crystallization temperatures compared to bulk ceramics or thin films. Cabral et
al. [54] investigated the growth kinetics of BiFeO3 nanoparticles from an amorphous pre-
cursor using in situ synchrotron X-ray powder diffraction. Rojac et al. [55] provided a
review on kinetic formation but focused primarily on the formation of mullite and sillenite
phases, with limited discussion on the physical and chemical properties of BiFeO3 . Sim-
ilarly, Preethi et al. [10] reviewed the effects of doping and site substitution in BiFeOj
-based perovskites but did not address the kinetics of perovskite formation and how the

synthesis protocol influences on the physical properties.

Based on the discussions presented, the next section outlines the objectives

and goals of this work.

1.3 Goals

Based on the research group’s experience [14, 56-63], this study will focus on
bismuth ferrite in the form of a thin film. Therefore, the general objective of this work
is “to map the ideal crystallization temperature for the synthesis of bismuth ferrite thin

films by analyzing defect formation and modulating physical properties”.

To achieve this goal, we have outlined the following specific objectives:

1. To synthesize pure and monophasic BiFeOg3 at different crystallization temperatures,
specifically at 580°C, 600°C, 620°C, and 640°C.

2. To understand the reaction kinetics, specifically the nucleation and growth mecha-
nisms, of the BFO phase.
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3. To investigate the structure, microstructure, chemical characteristics, and morphol-

ogy using various characterization techniques.

4. To analyze the dielectric and optical behaviors and interpret the effects using ap-

propriate physical models.

5. To explain the observed effects and phenomena, drawing connections between the

results obtained.

6. To develop this dissertation to provide valuable information and insights on the

optimal conditions for enhancing the properties of BiFeO3-based materials.



CHAPTER 2

Materials and method

This chapter details the procedures for synthesis, sample characterization,

reagent preparation, equipment use, and data analysis methodologies.

2.1 Synthesis

The BiFeOs films were prepared using Schwartz method [64], which is analo-
gous to the sol-gel technique. We used glacial acetic acid and methoxyethanol as solvents
that act as chemical modifier, facilitating the distribution of metal ions along the organic
chain of the acids. Prior to synthesis, nitrate bottles were placed under vacuum in a
desiccator within a controlled environment (air-conditioned) for five days to account for
the hygroscopic nature of nitrates. This precaution minimized the absorption of water
molecules from the environment, which could otherwise affect the measured mass and in-

troduce stoichiometry deviations, potentially forming the formation of secondary phases.

Initially, 0.7753 g of bismuth nitrate pentahydrate, Bi(NOj3)3-5H,0O (Sigma-
Aldrich, > 98.0 %), and 0.6457 g of iron nitrate nonahydrate, Fe(NO3)3-9H,O (Sigma-
Aldrich, > 98.0 %), were dissolved in 5 ml of glacial acetic acid, CH3COOH (Sigma-
Aldrich, > 99.7 %), under magnetic stirring at 57 °C. The solution was maintained at this
temperature for 90 minutes and then heated to 80 °C for 30 minutes to reduce the volume
to 2 ml. The solution was then allowed to cool to room temperature while being stirred
for 10 minutes, after which 1.5 ml of methoxyethanol, CH;0C,CH,OH (Sigma-Aldrich,
> 99.9 %), was added. This yielded a final solution volume of 3.5 ml with a molarity of

0.32 mol/L. Figure 2.1 provides a schematic representation of the process.
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‘&*\, . } Magnetic ‘%1\?’;7 A Magnetic ( _ 1 agnatefcr‘?ﬂ k I _A  Suspend & _ ?
agitation || agitaion || || ~ minutes | heating

5mLof |

H U
|l Bi+ |Bi + Fe +
| lcH;COOH :> ‘ CH3C00H lcn com—“ || Solution | | Solution

L( ) L/ ) ‘ ™ J

‘ 1? i

(Temperature 57 °C) (Temperature 57 °C) (Temperature 57°C) (Temperature 80°C) (Temperature 25 °C)

Figure 2.1: Flowchart of the processes to prepare the precursor solution for synthesis.
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The substrates chose to be used were Pt/Ti0,/SiO2/Si(100) non-oriented. The
substrates plates were previously washed with running water and neutral detergent, and
then dried in a hot plate at 200 °C. We deposited the precursor solution via spin-coating
(Spin-coater Chemat KW4A), and the processes are hereafter described following the

flowchart in Figure 2.2. The deposition was carried out in three stages,

1. Drip the solution onto the substrate, spin-coating it at 2000 rpm for 10 seconds,
followed by 5000 rpm for 30 seconds. Allow the coated samples to dry on a hot

plate at 200 °C for 2 minutes to remove water;

2. Place the samples in an oven at 500 °C for 10 minutes to burn off organic compounds

(pyrolysis). This process was repeated 10 times to achieve a 500 nm thick film;

3. Finally, crystallize the samples at various temperatures: 580 °C, 600 °C, 620 °C, and
640 °C, each for 30 minutes. One non-crystallized (virgin) sample was reserved for

comparison studies.

Selution: Bi +
Fe

CHyCOOH +

€H,0CH, CHLOH

Figure 2.2: Flowchart of deposition step of synthesis.

After the crystallization time was completed, the samples were removed from

the furnace (quenched) to preserve the concentration of point defects formed at the crys-

tallization temperature. This is based on the relationship Ny = N exp <_k?_§’)’ where
B

Ny represents the number of vacancies, N is the pre-exponential factor, )y is the energy

required for vacancy formation, kg is the Boltzmann constant, and T is the absolute

temperature.

The Figure 2.3 exhibits the samples’ photographs as a function of deposition
number, and Table 2.1 shows the samples’ nomination that we used in this manuscript.
The name letters refers to the abbreviation of compounds of formula BiFeO3; and the
following number is the crystallization temperature; letters after number, such as A and

B, are to identify the twin samples.
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Figure 2.3: Samples’ photographs as a function of number of depositions. The number between
parenthesis indicates the respective number of deposition. All photographs were taken after
the pyrolysis process; therefore, none of them underwent the crystallization process and can be
considered identical.

Table 2.1: Code name described of samples studied. The term “T” means the crystallization
temperature.

CODE PYROLYSIS T (°C)
BFO-500A  200°C/2min+500°C/10min  Virgin
BFO-500B  200°C/2min+500°C/10min  Virgin
BFO-500C  200°C/2min+500°C/10min  Virgin
BFO-500D 200°C/2min+500°C/10min  Virgin
BFO-580  200°C/2min+500°C/10min 580
BFO-600A  200°C/2min+500°C/10min 600
BFO-600B  200°C/2min+500°C/10min 600
BFO-620  200°C/2min+500°C/10min 620
BFO-640  200°C/2min+500°C/10min 640

The twin samples BFO-500A, BFO-500B, BFO-500C, and BFO-500D were
prepared as a precaution to ensure the availability of additional samples under identical
conditions, should such a need arise during the research. This approach proved necessary
in the case of samples BFO-600A and BFO-600B. During the characterization process,

BFO-600A exhibited exceptional properties, necessitating the preparation of a replica for



Structural characterizations 24

further study. However, these additional investigations fall outside the scope of this dis-
sertation. Throughout the discussions in this manuscript, we will omit the term indicating

twin samples to emphasize only the temperature at which the samples were crystallized.

Photographs were taken after each organic burning process in the electric oven
(pyrolysis), as schematically illustrated in Figure 2.3. Two main effects were observed in
the interactions between the sample surfaces and light: apparent color shifting (almost
cyclic) and the transition between specular and diffuse reflection, which varied as a func-
tion of the deposition number. The apparent color shifting is associated with the thickness
of the samples. Light interacting with the sample undergoes partial reflection and refrac-
tion, resulting in constructive and destructive interference. Depending on the magnitude
of the thickness, constructive interference can enhance a specific color, progressing from
blue for the thinnest layers to red for the thickest. The cyclical color variations ob-
served in the photographs occur when the thickness reaches a multiple that reinforces
the constructive interference of a previously observed color. Notably, in Figure 2.3(10),
the predominant color is green, corresponding to a wavelength of approximately 500 nm,
which aligns with the expected thickness from the synthesis process. The transition from
specular to diffuse reflection can be attributed to surface roughness. The deposition pro-
cess occurs layer by layer, repeated ten times, progressively reducing surface defects after
each pyrolysis. Light transmitted through the sample is reflected by the metallic sub-
strate. During the initial deposition, the thin layer exhibits specular reflection due to low
absorption and a smooth surface. As additional layers are deposited, the sample thickness
increases, resulting in greater absorption and surface roughness, which leads to a more

diffuse reflection behavior.

2.2 Structural characterizations

The initial characterizations in all samples were the structural, microstruc-
tural and topography. We performed X-ray diffraction (XRD), Raman scattering spec-
troscopy (RSS), X-ray photoelectron spectroscopy (XPS) and Scanning electronic mi-
croscopy (SEM) techniques. All setting, brands and analysis formalisms are described in

this section, as well as the complementary analysis.

2.2.1 X-ray Diffraction (XRD)

Aiming to characterize the structure, analyze the present phases, formation,
and estimate the crystallite size, microstrain, unit cell parameters and ions position, we
performed the X-ray diffraction (XRD) measurements. The equipment used was a X-ray
Diffractometer Rigaku Ultima IV, located in the Ferroelectric Group at Department of
Physics and Chemistry (FEIS-UNESP), using K, radiation of copper, A = 1.6406 fi, with
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40 mA of electric current and 40 kV of voltage. The configuration was the “step-scan”
mode 6 — 26, in the range angle 20 °< 26 < 60 °, with increment of 0.02 ° each 4 s.

The patterns in the diffractograms were analyzed using the Rietveld refinement
method [65, 66]. Refinements were performed with the GSAS software [67], utilizing the
EXPGUI graphical interface [68] for structure modeling. Peak profiles were fitted using a
pseudo-Voigt function [69], while the background was modeled using an eight-order Shifted
Chebyshev polynomial. The refinements involved adjusting various parameters, including
background, unit cell dimensions, ion coordination, scale factor, zero-point correction,
peak width, and thermal parameters. The quality of the refinements was assessed using

the x? goodness-of-fit metric [70], defined as:

R
N 2.1
= (a2) @)

where R,, and R.,, are parameters of weighed profile factor and expected statistically,

respectively. We can also attest the “good quality” of the refinements through the
Willianson-Hall (WH) curves [71], given by 2.2.

(FCT(Q)) _ (%) " K%l) ﬂ sin(0), (2.2)

where A is the wavelength used (K, of copper), 6 is the angle of Bragg, d is the lattice

Ad
spacing, I' is the full width at half maximum, D is the average size of crystallite, and i
is the microstrain. Thus, fitting linearly the WH curves we could estimate the microstrain

(¢) and average crystallite size (D) through the following relations,

["cos(0) = (i> + (M—d> sin(f) -y =ax + b=
D d
=y =Tcos(f), r =4sin(h), a = % =¢c b= %

Thus, the refinement can also be attested through the dispersion of points in

WH curves, not only through x2.

2.2.2 Raman Scattering Spectroscopy (RSS)

In addition to XRD, we employed Raman Scattering Spectroscopy (RSS) as a
complementary technique to study the structure. Unlike XRD, which provides long-range

structural analysis, RSS focuses on short-range structural characteristics.

The interaction between light and matter gives rise to various phenomena,
including reflection, absorption, transmission, and scattering. When light strikes the

surface of a material, part of its intensity is reflected, while the remainder is transmitted
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into the material. Within the material, the transmitted light may be partially absorbed
as heat and partially scattered. The scattered light often exhibits frequencies different
from the incident light. This process underpins Raman Scattering Spectroscopy (RSS)
[72].

The RSS measurements involve detecting light scattered by the sample in a
suspended state, allowing structural and chemical information to be obtained for vari-
ous compounds, whether organic or inorganic, with the exception of metal compounds.
This technique provides insights into atomic arrangements, molecular interactions, and
crystalline symmetry. Identification is based on the characteristic frequencies of radiation
scattered by groups of atoms within the material [72-75]. A comprehensive understand-
ing of RSS requires a solid grasp of the mathematics underlying space group theory and
detailed analysis of vibrational spectra, which are beyond the scope of this dissertation.
In this work, RSS was employed solely as a complementary technique for short-range

structural analysis of the samples.

The space group theory predicts, for BiFeO3, 13 actives modes given by the
following Equation 2.3:

' =44, + 9E, (2.3)

where A; modes are referred to the vibration of bonding between Bi-O, and E modes are
correspondent to the vibration of bonding between Fe-O, being the vibration of symmetry
A, in the parallel direction of axis [111]seudocubic, meanwhile the vibrations of symmetry
E are in perpendicular to this axis. Thus, we used 13 Lorentzian to fit RSS data, following

the initial set of peaks positions values [76—81], commonly reported in literature (ceramics
and films!):
Ap = {147,176,227,490} cm™! (2.4)
E = {77,136, 265,279,351, 375,437,473,525} cm™! '

The equipment we used to perform the RSS measurements was the confocal
Microscopy Raman BXs;-Voyage™, Microscopy Nikon®Eclipse 8oi, 150 mW to 785 nm

L of resolution, located in the Ferroelectric Group at

of laser excitation with 3.0 cm™
Department of Physics and Chemistry (FEIS-UNESP). Our range of study was from 100

to 600 cm™1.

IThe position of the peaks may deviate depending on the architecture of the material, i.e., bulk, film,
powder etc. We selected those points only for the aim to facilitate the fit supplying the algorithm an
initial value.
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2.2.3 X-ray Photoelectron Spectroscopy (XPS)

The X-ray Photoelectron Spectroscopy (XPS) is a technique of measurements
that was founded from the photoelectric effect and it allows us to analyze the compounds

of a material’s surface as well as their relative concentration and chemical states.

As discussed in Section 1.2.2, BFO exhibits a high leakage current, often at-
tributed to oxygen vacancies, bismuth vacancies, and iron reduction. By analyzing these
chemical states and their relative concentrations, it becomes possible to infer and correlate

the electrical and optical properties with the concentration of point defects.

Based on the characteristic survey curve of the XPS measurements, we focused
on analyzing the chemical states of Bi 4f, Fe 2p, and O 1s, which are associated with the
previously mentioned defects. The baseline was modeled using the Shirley type, and
deconvolution was performed using Gaussian functions. From this, the ratios Fe?"/Fe?"
and O1/Oy; (where Oy refers to lattice oxygen and Oy to oxygen vacancies) were calculated
by integrating the areas of the Gaussian peaks, since each chemical state corresponds to

a specific binding energy distribution.

The equipment we have performed the XPS measurements was using a Alk,
radiation (1486 eV), with number of scans 10m, spot size 300 pum, pass energy 50.0 eV,
energy step size 0.10 eV and dwell time 50 ms.

2.2.4 Scanning Electron Spectroscopy (SEM)

Scanning Electron Microscopy (SEM) is one of the most commonly used char-
acterization techniques for a wide range of materials. This method allows for high-
resolution imaging of a material’s surface by directing a focused electron beam onto a
small, targeted region. As the electrons interact with the atoms on the material’s sur-
face, various signals are emitted, which are then collected and analyzed to provide de-
tailed information about the surface morphology and composition of the material. Most
SEM systems utilize a tungsten filament as the electron source, due to its ability to pro-
duce a stable and reliable electron beam. This technique is valuable for investigating
the microstructure, topography, and other surface properties of materials across a broad

spectrum of fields, including materials science, biology, and engineering.

In general, for samples to undergo Scanning Electron Microscopy (SEM) anal-
ysis, they must be conductive. This is essential because non-conductive materials tend
to accumulate charge on their surface during imaging, which can degrade the resolution
by introducing noise. When the electron beam strikes the material’s surface, it can cause
localized regions to become negatively charged. If this charge accumulation is significant,

it can disrupt the imaging process by deflecting both the incident and emitted electrons,
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leading to distorted or poor-quality images [32]. To prevent this, non-conductive materials
are often coated with a thin layer of gold via sputtering, which ensures that electrons can
flow freely and prevents charge buildup. However, in our study, although our samples are
not conductive, we chose not to sputter them with gold. This is because the sputtering
process is destructive and could interfere with subsequent characterizations, which require

the integrity of the sample surface to be maintained.

The equipment we used to do the SEM images was the Scanning Electron
Microscopy environmental of Zeiss, model EVO LS5 with electron filament of tungsten

anode. To analyze the images, we used the software ImageJ [33].

2.3 Electric characterizations

After the initial characterization to analyze phase formation and the other
properties mentioned in subsection 2.2, it is necessary to evaluate the electrical proper-
ties of the samples. This section is dedicated to that analysis. We performed Complex
Impedance Spectroscopy (IS), Leakage Current Density (LC) and Piezoresponse Force

Microscopy (PFM) measurements, which are described in this section.

2.3.1 Preparation of samples

The use of the platinum substrate (PT/TiO2/Si05/Si(100)) have been em-
ployed in the research group in the past studies [14, 56, 57], aiming to measure and analyze
the electric and dielectric properties and behavior of BiFeOjs thin films. Thus, analogous

to a parallel plates capacitor, the platinum substrate represent one of the plates.

To perform the electrical measurements, circular gold electrodes were deposited
on the sample via sputtering. The electrodes had an approximate area of 340 nm?, and
the sputtering process was carried out using a Scancoat Boc Edwards system, with a
current of 20 mA and a voltage of 1.5 kV, all controlled under an argon atmosphere.
The sputtering was performed on a sample that had been previously cut, allowing the
remaining parts to be used for other measurements, such as those in Section 2.4. The
gold electrodes were arranged in a matrix pattern, either 4x4 or 5x5, depending on the

size of the sample area.

The following Figure 2.4 illustrates the metal /ferroelectric/metal system, com-

posed of gold, BiFeOs, and platinum, respectively.
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Electrode (Au)

Platinum (Pt)
BiFeOs
Substrate

> Silver ink

Figure 2.4: System of a parallel plates capacitor of BFO thin film to electric characterization.

Using this setup, we created a matrix system to identify each electrode. Silver
ink was used to connect the platinum thin film to the sensor, serving as a reference
and acting as an identifier vector (see Figure 2.4 above). This approach ensures the

reproducibility of the measurements, should it be necessary to repeat or verify the results.

2.3.2 Complex Impedance Spectroscopy (IS)

The Complex Impedance Spectroscopy (IS) is a technique that consists in
analyze a material submitted to an alternate voltage. In short, the impedance can be
defined as:

. PV}

Z"(w) = FL)} (2.5)
where F'{} is the Fourrier Transform, and the asterisk symbols (x) indicates a complex
number. However, once the alternate voltage is sinusoidal, V() = Vjsin(wt), we can
describe the complex impedance as the ratio between the maximum voltage per maximum

of electric current, as follows,

Vm ax

Zmax

AR

(2.6)

Thus, admitting that the voltage and electric current can assume a complex
value, as V*(t) = Vpe?*t, where j = /—1, then:

Z*(w) = —. (2.7)

All of the detailed discussions and mathematic development about the impedance
description, in each element of a electric circuit and their combination, were already done
[14, 62]. In this work, we are not concerned about to explain and describe deeply the IS
technique, but using it to analyze the properties between samples itself. However, it is
important to highlight that the equivalent electric circuit model we used to describe the

dielectric behavior of our samples was the brick-layer one.
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The original brick-layer model is composed by a resistor in parallel to a capac-
itor, in series to another resistor in parallel with a capacitor, which makes an allusion to
a real brick layer, being the grains with high conductivity as the bricks, surrounded by
grain boundaries with high resistivity [84-86]. In this work, we used the brick-layer with

CPE (constant phase element) model, shown in Figure 2.5

The CPE admits there is a distribution of relaxation time [87, 88] that, in our
case, it is associated to the grain boundary. In Figure 2.5, the index g is referred to the

grain properties and gb to the grain boundary properties.
— AT
Rgb

| | Ca

Figure 2.5: Brick-layer with CPE model. Left side of the circuit is related to the grain bound-
aries’ properties (index with gb), and the right side to the grains’ properties (index with g).

To analyze and fit the data (spectra), we employed both electric impedance and
electric modulus, where the electric modulus is defined as the reciprocal of the permittivity,
M* = 1/e*. Electric impedance provides valuable insights into the resistance of the
material, while the electric modulus offers information related to the capacitance. It is
important to note that the electric modulus, like the electric impedance, is a complex
quantity. Therefore, it is necessary to separate the real and imaginary parts of both
the electric impedance and the electric modulus for accurate analysis. The relationship
between electric impedance and electric modulus is given by the Equation 2.8, which
facilitates the conversion of data between the two quantities. By utilizing this approach,
we were able to gain a deeper understanding of the material’s electrical behavior, including
its resistance and capacitive properties, across different frequencies and under varying

experimental conditions.

M* = jwCoZ* . (2.8)
—_—
Zr=7'—j 2", M*=M'+jM"
We fitted the curves varying the parameters between Z’ (real impedance), Z”

(imaginary impedance), M’ (real modulus) and M” (imaginary modulus), through the

following equations:
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Ry, [1 + Ry Aw™ cos (”7”)}

= 5 5+ —, (29)
[1+ RgpAw” cos ()]” + [wRgwCyp + RypAw™ sin ()] 1+ <%>
N o1 nm 2 R <i>
7" _ Ry [ngngb + RgpAw™ sin (?)} n 9\ 7, (2.10)
[1 + Ry, Aw™ cos (%)]2 + [ngngb + Ry Aw™ sin (%)}2 1+ <fig>2,
(wCo)Rgp [wRpClp + RypAw™ sin (M)}2 (wCo) Ry <i>
M = 0)tgb gb™gb g9b 2 + fa L (2.11)
(14 RypAwn cos (%)) + [wRpCop + RypAwnsin (Z0)]* < L )2
v — (wCo) Ry [1 + Ryp Aw™ cos (57) ] L (WC)R, (2.12)

[1+ RypAwn cos (%)) + [wRpCoyp + RypAwnsin (25)]* ¢ 4 ( L )2

Once the curves are fitted, we obtain the resistance and the capacitance of both
grain and grain boundary, and the CPE parameters associated to the grain boundary A
and n. These parameters are important to analyze, for example, the dc conductivity of

the samples, as hereafter described.

The universal power law of Jonscher is given by:

o(w) = o4c + A", (2.13)

where o(w) is the conductivity as a function of angular frequency, og4. is the dc conduc-
tivity, and A and n are empirical parameters, which 0 < n < 1. Applying the limit of

frequency going to zero, we obtain,

})11)% o(w) = o4e.

Through the relation above, the dc conductivity must present, in the curves, a
plateau region which should estimate the dc conductivity. In our samples, we did not see
any plateau region (discussed in Section 2.3), thus, through the conductivity equation of
brick-layer with CPE model, we can apply the limits also going to zero so determine and

estimate the dc conductivity as dependent on the parameters of the model:
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0,05 + 0’0
lim o(w) = 9 gb 979b _ T99b (g + Tgt) — T9%b — 0y > 0gp =
w0 (0g + Ugb) (0g+ 0og) Tg + Ogb
= lim o(w) ~ 9999 r o B o (2.14)
W0 o, gb RgbA dc- .

To determine the direct current (DC) conductivity of the samples, we employed
the relation 2.14. In addition, we applied the same relation using the grain resistance
to analyze its conductivity, allowing us to explore the conductivity at the grain level.
For these measurements, we utilized the Impedance Analyzer RF Agilent E 991 A, which
operates over a frequency range from 100 Hz to 1 MHz. The temperature during the
measurements was varied between 400 and 500 K to study the temperature-dependent

electrical behavior of the samples.

2.3.3 Leakage Current Density Analysis (LC)

This analysis consists in applying a voltage through the sample, increasing it
step by step and register the electric current from the sample. These results are converted
to electric current density versus applied electric field (J-E) and, through these curves,
we can analyze the leakage current and the conduction mechanisms. Below, it is briefly
described some ways to analyze these mechanisms. It is important to highlight that
all models where tested through a linearization, i.e., formatted the original equation into
y = azx+0b straight line equation (where a is slope and b is intercept), and possibility of the
mechanisms occurrence based on physical conditions (temperature, frequency, maximum

applied electric field etc).

There are several models that try to explain the samples’ electric behavior,
some of them are associated to the contact between the electrode and the surface of sample,
and others to the samples’ bulk itself [39]. In this work, we considered the models of ohmic
conduction, space-charge-limited current, Schottky emission, Poole-Frenkel emission and

Fowler-Nordheim tunneling, often reported in BFO ceramics [90].

The ohmic regime can be “simply” described through the equation [89],

J =0k, (2.15)

where J is the electric current density, o is the conductivity and E is the applied electric
field. We can also describe J as a function of the charge carriers density (n) and the

electronic mobility (),
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J =ne pk, (2.16)

where e~ is the elementary charge (1.602 x 107 C).

To attest this conduction mechanism, we plot the curve in log-log scale, once,

J=0E =1In(J)=1In(c) + In(E) =
= In(J) =In(o) + 1 In(E), (2.17)

thus, the slope of the linear fit must be 1 to confirm this mechanism and, therefore, we
can estimate the conductivity through the intercept (o = €?), or through the slope in

linear scale.

A typical curve of the space-charge-limited current (or simply SCLC) in log-log
plot is bounded by three limited curves: Ohm’s law (previously discussed), traps-filled-
limited (TFL) current and Child’s law.

The child’s law can be described as follows [39],

eoert | o
J=|———|F 2.18
{ 8L } ’ ( )

where gy is the vacuum permittivity (8.85 x 10712 F/m), ¢, is the relative permittivity
(or often named as “dielectric constant”) and L is the thickness of sample (500 nm).

Linearizing:

950&"“
8L

In(J) = In { } +2In(E). (2.19)

Thus, in a typical SCLC behavior, we must observe the regions with three

different slopes:

AOhm = 17
arrr, > 2,
achita = 2.

The Schottky (SC) emission can be mathematically describe as [89],

90— oVE

Jso = AT?exp T
B

, (2.20)

where g¢ is the Schottky barrier height, kp is the Boltzmann constant, T" is the abso-
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N[

3
lute temperature, A is a constant, a = [ q } , and e, is the optical permittivity.
4mE0E 50

Linearizing the Equation 2.20:

In <@> = In(A) + %, (2.21)

thus, the permittivity should be determined through the slope of the fitting. In addition
to a straight-line behavior when the curves are plotted In(J/T?) versus v'E, to guarantee
the Schottky mechanism it is necessary to determine the optical permittivity, once it must
be physically possible, i.e., higher than 1 (e, = ¢/, > 1 = ¢ > &9).

Poole-Frenkel (PF) emission mechanism is very similar to Schottky emission,
sometimes called as internal Schottky emission. The thermal excitation of electrons may

emit from traps into the conduction band of the material. The equation of this model is
89],

E;— BVE
— BE St S Sk
Jpr exp kT
Jpr| BVE — E;

where B is a constant, E; is the trap energy level, and [ is 2a. Thus, the optical
permittivity should be also determined through the slope depite the straight-line behavior
in this plot.

Finally, Fowler-Nordheim (FN) tunneling is a conduction mechanism which
take in count the probability of the electron existing on another side of the potential

barrier, of course with some criteria. The following equation describes the FN behavior

89],
2 13/2
Jrn = CE®exp [—D ¢ } , (2.23)
J D2¢3/2
In {%} =In(C) — ——, (2.24)

where C' and D are constants, ¢ is the potential barrier. It has been reported that the
conduction mechanisms models are strongly dependent on the thickness in ferroelectric
thin films [91-93]. Thus, there are some consideration about the mechanisms: FN can be
ruled out in all samples due to the impossibility of tunneling which requires a thickness
equal or less than 50 nm. However, in BFO-500 which presents coexistence of secondary
phase, it is possible the tunneling between one phase to another. PF and SC need con-

siderations also once it is oftentimes reported in high fields, which it is not the present
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case [94, 95].
In summary, Table 2.2 shows all plots to identify the mechanism through

straight-line behavior of the curves:

Table 2.2: Conduction mechanism and their plot axis when linearized.

Model Equation X-axis  y-axis

Ohmic Jowm = oF In(E)  In(Jonm)
9 ocr

SCLC Jscro = ( 882 M) E? In(E)  In(Jscre)

—aVvE —
SC Jsc = AT exp (_%) E o <%)
B

B B, — BVE — J
D2¢3/2 1 J
2
FN Jry = CE exp (— z ) o) In (ﬁ)

The equipment we used to measure the leakage current density was a electrom-
eter (Keithley 6571b) with a software (Labview) that through a staircase signal obtain
the curves i-V (electric current versus voltage). The conversion to J-E was using 500 nm
thick and 340 nm? of electrode area. We measured from negative to positive branch £1.5
V, with 0.02 V per second.

2.3.4 Piezoresponse Force Microscopy (PFM)

Ferroelectric materials are part of the group of piezoelectric materials [96],
which it allows us investigate the ferroelectric domains patterns through the piezoelectric
effect. The technique employed in studying such domains through the piezoelectric effect is
the so-called Piezoresponse Microscopy (PFM), which derivatives from another technique,
the Atomic Force Microscopy (AFM), however, this one is in contact mode with the sample
surface [97]. The application of an alternate potential difference between the cantilever
tip and an electrode, located at the bottom of the sample, induce to vibrations which are

transmitted to a “lock-in” amplifier, enough sensible to read such displacements.
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The Equation 2.25 exhibits a general strain (S5;) induced in a piezoelectric

material under an applied electric field (E;), where d;; is the piezoelectric coefficient [98].

The indices 1 through 3 represent the components along the z, y, and z axes of
a three-dimensional orthogonal coordinate system, while indices 4 through 6 correspond
to the shear components of the strain tensor. This coordinate system is typically chosen
such that its axes align with the crystallographic directions of the crystal being studied,
ensuring a clear and consistent reference frame. In the case of ceramics and thin films, the
z axis is often selected to coincide with the direction of polarization, which is perpendicu-
lar, or normal, to the plane of the film. This alignment facilitates the study of properties
influenced by the polarization direction. One important parameter in such systems is the
longitudinal piezoelectric constant, denoted as ds3. This constant can be experimentally
determined by observing the sample’s displacement, Az, along the 2z axis in response to

an applied electric field, Fj3, directed along the same axis [99],

Az = d33V, (226)

z V
assuming S3 = — and E3 = —, where V is the applied voltage and z, is thickness
<0 20
of the sample. Thus, the sample may expand or contract depending on the direction of
polarization, if it is parallel or antiparallel. Regarding the small changes in its dimensions,

it is easier to detect the effects through a ac measurements, described below.

V =V, cos(wt), (2.27)

where V. is the ac voltage, w is the angular frequency of the applied voltage, and so, the

displacement induced can be described as,

Az = d33V,. cos(wt + ¢). (2.28)

Therefore, when ¢ = 0, the polarization points down, and when ¢ = 180 °, the polarization
points up. So, the piezoresponse will oscillate in-phase or out-off phase, if the polarization

is parallel or antiparallel, respectively.

It is common in studies like this, with piezoresponse, to record the strain and
polarization as a function of the applied electric field [100]. Figure 2.6 exhibits the curves
(sketch of the theoretical curves and representation of the experimental curves obtained) of
the electric polarization and strain as a function of the applied electric field. The hysteresis

loop of electric polarization can be interpreted as a “fingerprint” of a ferroelectric material,
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such hysteresis loop is represented in Figure 2.6(c). There are some important points that
we must highlight. The maximum value that the electric polarization can reach is named
as “saturation polarization”; once polarized and the applied electric field is removed (null
electric field), the polarization is not null, this value of polarization is named as “remanent
polarization”. Reversing the electric field sweep direction, the electric field magnitude able
to reach null polarization is named as “coercive field”, and the cycle is repeated with same
properties in reverse direction. The area below the hysteresis loop curve represents the

energy (work) enough to polarize the material.

P ~ S
(a) 2 1 b 2 1
— y
E E
3 6
-r“""/-—_.——’6
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(c) P (d) S
[
E
—1

Figure 2.6: Schematically illustrations of dependence of the electric polarization (P) and strain
(S) on the applied electric field (E). (a): Theoretical curve of the hysteresis loop of electric
polarization, (b): theoretical curve of quadratic hysteresis loop of strain. The indexes 1 to 6
represents the electric field sweep direction during measurements. (c): sketch of a real hysteresis
loop of the electric polarization, and (d): sketch of a real hysteresis loop of the strain, known as
“butterfly” curve. Adapted from [99].

It is important to highlight that the ferroelectric hysteresis obtained via PFM
technique is local, i.e., the analysis is concerned in changes of the electric polarization in
nanoscale. The main difference between this technique (known as “switching spectroscopy
piezoresponse force microscopy, SS-PFM) and the macroscale measurement to obtain the
hysteresis loops is that, whereas macroscopic hysteresis occur due to the growth of the
nucleation and the interaction of multiples separated domains (cooperative action), in the
hysteresis obtained via SS-PFM the nucleation occurs under a sharp point and the signal

follows the development of the ferroelectric domains in a unique region [101].
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2.4 Optical characterizations

There are several ways to estimate the bandgap of materials through the
Ultraviolet-Visible (UV-Vis) technique. In semiconductor, it is sometimes estimated

through the Tauc’s plot [102], as follows,

(ahv)" = B(hv — E,) (2.29)

where « is the absorption coefficient, £, is the bandgap, h is the Planck constant, v
is the photon frequency, B is a constant, and 7 is a factor that depends on the nature
of the electron transition, it may assume value as 1/2 or 2 for the direct and indirect
transition bandgaps, respectively [103, 104]. However, the Tauc’s plot maybe provide an
estimate with errors, for example errors that are associated with a significant absorption

of sub-bandgap energy photons.
Thus, P. Kubelka and F. Munk proposed that the measured reflectance spectra

can be transformed to the corresponding absorption spectra through the relation known
as Kubelka-Munk (KM) function [105, 106],

F(Ry) = g = %, (2.30)

where K and S are the absorption and scattering coefficients, respectively, and R, is

the reflectance of an infinitely thick specimen, as R, = 7 sample So, substituting these
standard
relation in Equation 2.29, we obtain,
(F (Roo) )" = B (hv — E,) . (2.31)

In the case of BiFeOs, the electron transition is indirect, i.e., the factor v =
1/2. Therefore, the plot of KM function for UV-Vis is:

(F (Rs) w)* = B (hv — E,) (2.32)

Once fitting the curves by a straight-line in the steep region, which means a
linear increase of light absorption with increasing energy (a semiconductor characteristic),

and extending curve, the estimated bandgap is that value where the x-axis is touched.

We used a Hitachi (U2900 model) spectrophotometer, with excitation in the
region of ultraviolet and visible from 190 to 1100 nm. The equipment is located in the

Physics Institute of Sao Carlos.



CHAPTER 3

Results and discussions

3.1 Structural characterizations

In this section, we discuss the structural characterization of the samples using
X-ray diffraction techniques and Raman scattering spectroscopy. The phases analysis
and their formation were carried out based on the X-ray diffraction pattern. Figure
3.1(a) shows XRD experimental and calculated data of the studies BiFeOg thin films.
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Figure 3.1: (a): X-ray diffraction patterns of samples studied. The black points are the ex-
perimental data, the red line is the adjustment by Rietveld refinement, and the dot-line is a
guide for the eyes. The planes indexed with Pt is referred to the platinum of substrate and
the symbols marks (F, M and S) are refereed to the presence of secondary phases. Phase F
around 23.6° is correspondent to ferrite FeoOg, the M symbol around 28.0° is correspondent to
iron rich mullite phase (BisFe Og), and the S symbol around 30.5° is correspondent to bismuth
rich sillenite phase (BigsFeOup). (b): Parameter a and ¢ and unit cell volume V as a function
of crystallization temperature. The lines are guides for the eyes.
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We observe clearly the transition between non-crystalline and secondary phases
to pure BiFeO3 phase with rhombohedral structure and space group R3c. The space group
can be preliminarily determined through the refinement, assuming a R3c space group.
However, in sample BFO-640 we can see a prominence that looks like a mullite growth, in
what is considered the precision of equipment. We can expect and deduce that BFO phase
is thermodynamically stable and secondary phases are kinetically controlled, i.e., BiFeOs3
is thermodynamically more stable in crystallization temperatures of 580 °C, 600 °C and
620 °C, once crystallization temperatures 500 °C and 640 °C seem to potentially favor the
secondary phases formation. At high temperatures, such as 640 °C, bismuth volatilization
likely begins, causing a shift in stoichiometry that favors the formation of the iron-rich
phase and mullite. The Table 3.1 shows the parameters obtained from Rietveld refinement

of these samples.

Table 3.1: Unit cell (being a, c and V the cell lengths and volume, respectively), ion coordinates
and fitting parameters obtained in Rietveld refinement method. The deviation is contained
within parentheses.

Sample  Lattice parameters  Ion X y z Refinement parameters
a=5571(4)A B3+ 0 0 0 Rup = 16.88%
BFO-640  ¢=13.845(1)A  Fe3* 0 0 0.229200 R, = 11.82%
V =429.755(6)A% O~ 0.843989 1.3053564 0.941033 X2 = 2.652
a=5572(9)A B3t 0 0 0 Rup = 17.00%
BFO-620  ¢=13.852(5)A  Fe3* 0 0 0.225642 R, = 12.89%
V =430.221(4)A% O 0.485691 0.005324  0.913018 X2 = 2.253
a=5571(1)A B3t 0 0 0 Rup = 17.19%
BFO-600  ¢=13.845(2)A  Fe3* 0 0 0.227542 R, = 12.19%
V =429.716(1)A% 0%~ 2517060 0.461911  0.737292 X2 = 2.673
a=5571(9)A B3t 0 0 0 Rup = 19.00%
BFO-580 ¢ =13.843(8)A  Fe3* 0 0 0.221200 R, =14.17%
V =426.797(4)A3> 0>~ 0.445000  0.018000  0.950300 X2 = 2.681

To evaluate the influence of crystallization temperature on the cell parameters
and their corresponding volume, an analysis was conducted by plotting these parameters
and volumes as a function of the crystallization temperature. The resulting graphical
representation, shown in Figure 3.1(b), provides insights into how variations in crystal-
lization temperature affect the structural dimensions of the unit cells. We observed that

BFO-620 has presented maximum values in all parameters. However, when it comes to
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the unit cell volume, we observed that sample BFO-600 presents a minimum value.

To evaluate the accuracy of the refinement and estimate the average size of
crystallite and microstrain, we plotted Williamson-Hall’s curves (WH) (as discussed in
Section 2.2), in Figure 3.2, using the angles of the deflected peaks, full width at half

maximum determined in the refinement, slope and intercept of WH curves.

(a) 7.0 ° BFIO-SBO T T T T T T T (b) 188 ] 5
: S,Egjgg 80 Value and trendingl
BFO-640 *

70
60 4
50 4
40 +
30+

Linear Fit|
= Linear Fit|
6.5 = Linear Fit
Linear Fit|

D (x 10°m)

5.0

0.9 1 -O-:
0.8 1 (value and trending)|

45 T T T T T T T T T T T T T T T
12 13 14 15 16 17 18 19 20 21 580 590 600 610 620 630 640

4sin(0) T (°C)

Figure 3.2: (a) Williamson-Hall’s curve of the samples. The points are the respective calculated
from Equation 2.2, and the segment is the straight-line fit. (b): microstrain (¢) and average
crystallite size (D) estimated by the linear fitting as a function of the crystallization temperature.
The lines are guides for the eyes

The points in the WH curves exhibit a straight-line behavior, indicating that
the refinement closely matches the experimental data. However, a dispersion of points
around the straight-line fitting suggests that the refinements are not fully optimized. An

estimation of the average crystallite size and microstrain is provided in Table 3.2.

Table 3.2: Values of microstrain (¢) and average crystallite size (D) obtained through the linear
adjustment of WH curves.

SAMPLES € D (nm)
BFO-640 (1.5+0.1) x 1073 57+4
BFO-620 (1.64+0.1) x 1073 5845
BFO-600 (1.540.1) x 1073 5343
BFO-580  (9+1)x10~* 3241

Sample BFO-580 has shown a minimum in both microstrain and average crys-

tallite size, and the values are increased in BFO-600 and are maintained almost constant
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until BFO-640. Such behavior indicates that the microstrain and average crystallite size
establish above 600 °C of crystallization temperature in our samples. Even though the
Rietveld refinements are not adequately adjusted, all values estimated here are agreed
to the reports in the literature [45, 107]. To observe the structure of samples, we simu-
lated the crystal structure in software Vesta using the .cif (Crystallographic Information
Framework File), generated from GSAS after done refinement, as shown in Figure 3.3.
Figure (a), (b), (c) and (d) are the crystal structure of BFO-580, BFO-600, BFO-620 and
BFO-640, respectively.

Figure 3.3: Crystal structure of BiFeOgsamples simulated in Vesta Software. (a): is the
structure of sample BFO-580 (b): BFO-600, (¢): BFO-620, and (d): BFO-640.

As a complementary technique, Raman Scattering Spectroscopy (RSS) spectra
are presented in Figure 3.4(a). Three prominent peaks are observed at low wavenumbers
around 133, 142, and 172 cm™!, corresponding to the Fe-O bonding mode (E) near 133
cm ™!, and the Bi-O bonding modes (A;) near 142 and 172 cm™!. The BFO-500 sample did
not exhibit any well-defined peaks associated with the active modes of BFO. Regarding
other active modes, none were clearly defined in the spectra, even after repeating the
measurements and adjusting the focus region of the surface. However, slight protuberances
can be observed near the marked lines, which correspond to the regions predicted for

existing active modes.

Aiming to investigate the protuberances, we deconvoluted the spectra using

a Lorentzian function, with the blue and green areas representing the Bi-O and Fe-O
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bonds, respectively, and the final fitting shown as the red line.
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Figure 3.4: (a): Raman Scattering Spectroscopy patterns of the samples: the points represent
the experimental data, the red lines show the fitted data, and the shaded areas correspond to the
Lorentzian fits. The blue areas indicate the Bi-O bonds, indexed as A; (the following number
after the mode name is only to distinguish each mode), while the green areas represent the
Fe—O bonds, indexed as E. (b): Fit parameters, including X-center (peak position) and FWHM
(band width), of the core peaks as a function of crystallization temperature. Detailed values are
provided in Table 3.3, and the lines are guides for the eyes.

Tables A.1 and A.2 present all parameters obtained from the Lorentzian fits
of the Raman spectra. While all parameters (position, full width at half maximum, area,
and height) are provided, our analysis focuses on the position and band length of the core
peaks for comparison purposes, as summarized in Table 3.3'. The corresponding data

points and trends are plotted in Figure 3.4(b).

The observed peaks are clearly shifted to lower frequencies compared to the
expected wavenumber. This displacement, known as the Raman shift, is attributed to the
residual strain between the material (BiFeOj ) and the substrate (Pt/TiO5/SiO5/Si(100))
[108, 109]. Higher strain typically causes a shift to higher frequencies, as increased strain
significantly affects bonding and distorts the material’s structure, leading to greater vi-
brational amplitudes. Based on the values in Table 3.3, the samples with core peaks
shifted to lower frequencies indicate lower residual strain compared to what is reported

for other architectures (e.g., bulk) and substrates in the literature, such as SrTiO3 and

! Although the first three expected peaks above 100 cm™! are observed, we focus on peaks A;-1 and
A;1-2, as only BFO-620 yielded fit values within the experimental analysis range.
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LaNiOjs-coated SrTiO3(001) [76, 77, 79]. On the other hand, the band width of the peaks
(spectroscopy line broadening, FWHM) can qualitatively provide insights into defect con-
centrations, such as the mismatch between the material and substrate, lattice vacancies
(e.g., bismuth and oxygen vacancies), and local lattice disorder in the film [108, 110, 111].
As shown in Figure 3.4(b), the relationship between these parameters and crystallization
temperature reveals that the maximum values are observed at 600 °C. But also, these
curves suggest that both residual strain and defects, such as deficiencies, play significant
roles in influencing the Raman shift. Yang et al. [79], studying BFO as a function of the
substrate and atmosphere, observed the reverse trend in their plots. They attributed this
to lattice vacancy concentrations being the dominant factor affecting the microstructure,

rather than residual strain.

Table 3.3: Position (Xc) and the band length (FWHM) of the core peaks in Raman spectra.

The values in xg are the initial values supplied to the algorithm, as cited in 2.4. All values are

in cm™ 1.

Peak xq [76, 77] BFO-580 BFO-600 BFO-620 BFO-640

E-1 136 <100 < 100 102.40 <100
A1 147 141.98 142.44 141.56 14150
A-2 176 172.66 174.75 173.53 17389
E-1 ] ] i 80.54 -

A-1 ; 32.36 36.92 31.75 2050 2
A,-2 : 15.27 19.66 12.80 1539 ¢

Regarding the structural characterization discussed thus far, X-ray diffraction
analysis combined with Rietveld refinements provided the crystalline structure and space
group (R3c) of the samples, except for BFO-500, which showed coexistence with sillenite,
mullite, and iron oxide phases. The WH curve plots exhibited a straight-line behav-
ior, despite some dispersion of points around the linear fit, suggesting that the Rietveld
refinements were not fully optimized. Although the estimated microstrain and average
crystallite size align with values reported in the literature, this dispersion indicates that
the property trends may not be entirely precise. As a result, there is no direct correlation
between the microstrain observed in the WH curves (Figure 3.2(b)) and the trends in
Raman shift (Figure 3.4(b)), especially when considering other mechanisms contributing
to microstrain and residual strain. Despite these inconsistencies, these techniques (XRD,
refinements and RSS) have served their purpose in this dissertation, providing crucial and

precise information about the crystalline structure and space group.
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3.2 X-ray photoelectron spectroscopy analysis

The X-ray photoelectron spectroscopy (XPS) survey of the samples is shown
in Figure 3.5(a). While we identify the core peaks in the survey, we focused in detail
on the chemical states of Bi 4f, Fe 2p, and O 1s, which include Bi 4f;/, and Bi 4f5,,, Fe
2p3/2 and Fe 2py o, respectively. The C 1s peak is used for calibration and binding energy
correction. It is important to note that XPS measurements provide information only
about the compounds on the material’s surface, so all discussions in this section pertain
specifically to the surface of our samples. However, for thin films, we can correlate these
surface analyses to the bulk material, with the understanding that the diffusion of defects
on the surface is more pronounced. Figures 3.5(b) and (c) show the chemical states of
bismuth 4f (from 155 to 169 eV) and oxygen 1s (from 527 to 533 eV) spectra from the
survey, where Oy is referred to the oxygens in the lattice, and Oyy is related to the oxygen

vacancies [112—114].
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Figure 3.5: (a): X-ray Photoelectron Spectroscopy survey of samples. (b): XPS spectra of

chemical state of Bi 4f, and (c): O 1s.

The binding energy separating Bi 4f;/, and Bi 4f5, for all samples was deter-
mined? to be (5.30 4+ 0.01) eV, indicating the presence of Bi** in the lattice and confirming
the valence state of bismuth according to the stoichiometry [114—-117]. The separation
was determined by fitting Gaussian functions to the peaks and using the x-center param-

eter of each peak to calculate the deviation. The Figure 3.5(c) exhibits the relationship

2In this section (3.2), all deviation and error propagation belong to the adjustment, not the experi-
mental data.
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between the oxygen into the lattice (O;) and oxygens vacancies, and Table 3.4 brings all
ratio between Op and Ory, the ratio between Fe?* and Fe?*, and their respective deviation

obtained through gaussians fits.

Table 3.4: Calculated ratios between oxygen in lattice and oxygen vacancies concentration
(O1/011), and between Fe?* and Fe?" concentrations.

SAMPLES O;/Oy Fe*t/Fe?*
BFO-640 22401 1.5+0.2
BFO-620 23401 1.5+0.1
BFO-600 2.6+09 1.940.2
BFO-580 28401 1.3+0.1
BFO-500 29402 1.5+0.1

It is important to note that the calculated uncertainties were derived from the
values obtained from the fits. Even with this approach, it remains challenging to deter-
mine, even qualitatively, the concentration of oxygen vacancies. Therefore, we developed a
defect equation based on physicochemical principles to estimate the ideal oxygen vacancy

concentration, which is inferred from the iron reduction, as follows.

The possible point defects of BiFeOj are:

null = Vg; + Bi;",
null = Vi, + O,
null = Vg + Ogb,
null = Vi, + O,

Then,

1

null = Vi + Vi + 3V5,
null = Vi, + Fe;",
null = Vi, + Fey,
null = Vi, + Fe.,

X N /
Fep, + ¢ = Fep,,

205 = O4(g) + 2V + 4¢€/,
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null = 4Feg, + 2V( + O0s(g). (3.1)

All notations used here follow the Kroger-Vink notation [118], which describes
the defect (main symbol), the defect’s position (subscript), and its charge (superscript).
Therefore, we can qualitatively correlate some properties of the samples with the concen-
trations of oxygen in the lattice, its vacancies, and the reduction of Fe?" to Fe** [113].
Figure 3.6(a) presents the iron spectra from the survey and their fits containing the cal-
culated iron reduction, and (b) the comparative ratios between Fe?/Fe?" and oxygen

vacancies (ideal and experimental):

In Figure 3.6(a), the main peaks are around 710 and 723 eV separated by 13.68
eV for BFO-500, 13.69 eV for BFO-580, 13.70 ¢V for BFO-600 and BFO-620, and 13.41
eV for BFO-640, the most distinct, although they confirm the coexistence between Fe3+
and Fe™ [114, 117, 119, 120]. There are satellite peaks separating the main ones, already
reported, indicating possible reduction states of iron [121]. In Figure 3.6(b), it is plotted
the ratio between the oxygen in lattice and its vacancies (from fit and ideal®) and the
iron reduction as a function of the crystallization temperature. We observe that BFO-600
presents less iron reduction and BFO-580 was the sample with the largest reduction. Thus,
“ideal” oxygen concentration should follow the same relation, i.e., BFO-600 should have
less oxygen vacancies concentration and BFO-580 more oxygen vacancies concentration, as
ideal curve. However, through fit from oxygens chemical states (“experimental” vacancies
concentration), BFO-500 showed less oxygens vacancies concentration and BFO-640 more
oxygens vacancies, in addition a gradually increasing of oxygens vacancies concentration

as a function of temperature.

As discussed in Chapter 1, Section 1.2.2, the origin of the leakage current in
BiFeOj ceramics is commonly attributed to defects such as bismuth and oxygen vacancies
[113], and iron reduction [29]. Considering the limitations of the XPS technique and
the defects estimated using Kroger-Vink notations, we will focus on the curves for iron
reduction and the ideal oxygen vacancy concentration shown in Figure 3.6 and Equation
3.1. This approach was chosen due to the clear difficulty in experimentally quantifying
oxygen, while quantifying iron in materials is more straightforward. Therefore, analyzing
the oxygen vacancy ratio based on the theoretical calculation in Equation 3.1 offers a

more accurate estimation®.

3By “ideal”, we mean that these values of oxygen vacancies concentrations were calculated through
the Equation 3.1. Therefore, in an analogical way, “experimental” oxygen vacancies concentration refers
to the fit curve of O1/Or.

4A more detailed discussion of these point defect concentration curves will be provided in the final
Section 3.8, where the results will offer additional insights for their physical interpretation.
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Figure 3.6: (a): Iron chemical state spectra from the survey and their respective fit. The open
symbols are the experimental data, the final adjustment is represented by the solid red line, and
the chemical state Fe3t, Fe?T and satellite are, respectively, presented by the shaded areas of
blue, green and yellow. (b): Ratios of O1/Orp ratios from fits (red) and ideal (blue) calculation,
and iron reduction (black) rate as a function of the crystallization temperature, and the lines
are guides for the eyes.

3.3 Microscopy analysis

In Section 2.3, we discussed that we did not sputter the samples with gold to
preserve them for future measurements, so as not to “destroy” the samples. As a result,
the images were not of sufficient quality to clearly observe the grains and topography in
detail. All figures are provided in Appendix B. Despite these limitations, we were able to
estimate some important parameters from the samples, facilitated by the conductive gold
electrodes and the backscattered mode of SEM. These parameters, including the sample
thickness and electrode area, were essential for converting the i-V data to J-E (electric
current to current density, and voltage to electric field). Additionally, they contributed to
a more accurate determination of the parameters in the equivalent electric circuit model

in impedance spectroscopy (IS). The estimations of parameters are in Figure 3.7.

Although fluctuations in thickness were observed (view Figure 3.7(a-e)), they
do not significantly affect the conversion process or interfere with the studies, as the
dispersion is not considerable in comparison to the expected. The electrode areas (view
Figure 3.7(f)) were found to be in close agreement with the calibration of the dark mask
used during deposition. This deviation is minimal and does not impact the validity of the

results.
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Figure 3.7: (a-e): Thickness (d) of samples collected in backscattered mode of SEM. (f): The
electrode area (A) was estimated from SEM images of sample BFO-600, which serves as a
representative sample.

3.4 Growth kinetics

With structural characterizations, the presence of secondary phases was ob-
served at 500 and 640 °C. However, between these temperatures, single-phase bismuth
ferrite was formed. These analyses motivated this study to investigate how the per-
ovskite phase formation process occurs, including its formation stages, interactions with
secondary phases, and formation rate, among other factors. This section addresses the

reaction kinetics of BiFeOj thin films.

Another set of samples was prepared, but this time, pyrolysis was performed
at 400 °C. As observed in Figure 3.1(a), the BFO-500 sample had already initiated its
formation process; therefore, 400 °C was chosen as the pyrolysis temperature.

Initial studies were performed to investigate the evolution of crystalline phases

in BFO thin films under isothermal treatments, using X-ray diffraction data to follow the
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evolution of the crystalline phases. Figure 3.8(a) shows the XRD patterns of BFO thin
films heat annealed at 600 °C for time annealing from 0 to 12 minutes. In this figure,
the XRD pattern of the BFO film pyrolyzed at 400 °C (without heat annealing) shows a
typical shape of an amorphous material. The evolution of the XRD patterns in Figure
3.8(a) shows a quick crystallization of the perovskite phase in the BiFeOj film. After only
about 1 minute at 600 °C, intense (012), (104), and (110) reflections suddenly appeared
at around 22.5° and 32.0°, clearly indicating the formation of the rhombohedral (space
group R3¢) perovskite phase of BiFeOz. Furthermore, the low-intensity peaks at around
24 and 30° indicate the presence of small amounts of secondary phases, possibly attributed
to ferrite (Fe;O3) and sillenite (BijpFeOqy or BissFeOyq) phases. More on the formation
of these and other secondary phases is discussed later. Increasing the thermal treatment
time leads simultaneously to the disappearance of peaks associated with secondary phases
and an increase in the peaks of the perovskite phase. From the process’s perspective, the
results suggest, at these synthesis conditions, that the perovskite phase is formed either
by nucleation and growth of crystals from the initial non-crystalline phase or by reaction
between the secondary phases. Since the non-crystalline phase is the only phase present
since the start, we expect nucleation and growth to be the dominant process. It is the
most likely scenario when considering that the second option would require the formation
of intermediate crystalline phases, which doesn’t seem to be kinetically feasible in so little

time.

To better understand the crystallization kinetics of the perovskite phase in pure
BFO, we conducted kinetic modeling of XRD data. To do so, we extracted the perovskite
peak areas (integrated intensities) at each time. With these data, we then defined the
converted fraction of the perovskite phase () as o = (A — Apin)/(Amaz — Amin), where
A, Apin, and A,,., are the sum of peak areas at a given time and the minimum (initial)
and maximum (final) obtained sum of areas, respectively. We used the sum of areas of all
perovskite peaks to mitigate eventual orientation effects during the thermal treatment.
Figure 3.8(b) shows the time dependence of the converted fraction of the perovskite phase
(a) of pure BFO film heat annealed at 600 °C, constructed based on XRD patterns shown
in Figure 3.8(a), indicating that the transformed fraction increased until approximately 3
minutes steeply, and then slowly until the end of the reaction. The modeling of this data
was best fitted with a second-order reaction law, such that o = kt/(1 + kt), where k is
the reaction rate constant at a given temperature. It suggests that the rate-limiting step
depends on the reaction or aggregation of two chemical species. Since oxygen is expected
to be abundant in the reaction media, we infer the two chemical species to be the Bi*"

and Fe?* ions of the same concentrations, dispersed along the non-crystalline phase.
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Figure 3.8: (a): Time dependence of XRD patterns of pure BFO thin films and (b): the
converted fraction of the perovskite phase («) at 600 °C. The « values shown are the mean
between two sequential times. The line represents the theoretical fit considering a second-order
reaction law.

An additional isothermal study of the crystallization kinetics was also per-
formed on another sample (virgin) to gain more insight into the formation of secondary
phases in these systems. For this purpose, these films were thermally annealed at 400
°C at a fixed temperature from 0 to 80 hours. Figure 3.9(a) shows the XRD patterns
of virgin BFO thin films at thermal treatments at 400 °C for different times. The XRD
patterns time evolution of BFO film (Figure 3.9(a)) again indicates that the structure
of the as-prepared BFO thin film (only pyrolyzed at 400 °C) is composed initially of
non-crystalline phases, and a small portion of a crystalline phase, possibly mullite (com-
position BiyO3.2Fe;O3 or BisFe Og), given characteristic peak of reflection by planes M:
(121) + (211) of this phase. Over the course of treatment, the diffractograms’ profiles are
maintained approximately constant until 8 h of thermal treatment. However, heat treat-
ments above 8 hours change the structure with the appearance of additional crystalline
phases. From thermal treatments from 8 to 22 h, new peaks arise, being F: (012) at ~
23.5° related to the ferrite (Fe;O3) in a rhombohedral phase of space group R3¢, S: (222)
at ~ 30.5° related to sillenite (BijaFeOyo or BigsFeOyp) in cubic phase of space group 123,
and P1: (012) and P2: (104) + (110) at respectively ~ 22.5 and ~ 32.0° of perovskite
(BFO) in a rhombohedral phase of space group R3¢. From 22 to 80 h of thermal treat-
ment, the intensity of peaks P1, F, S and P2 increase with the reduction of M and the
apparent decrease of the non-crystalline phase band. In equilibrium conditions, the stable
phase is the perovskite, formed only after a long treatment, whereas the first crystalline
phase formed is mullite. It indicates that the development of phases is kinetically con-
trolled in the experimental conditions employed. It corroborates the initial results that
when BFO thin films are thermally treated at 600 °C for 1 minute, perovskite is the first

crystalline phase formed. Although perovskite is chemically less complex than mullite,
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the crystallization of mullite requires aggregation of fewer atoms to form its unit cells
than perovskite, which can lead to the formation of mullite comparatively faster. The
eventual transformation of mullite in perovskite, which has stoichiometry proportions of
bismuth and iron, must occur concurrently with the secondary phase formation, espe-
cially Bi-rich sillenite because mullite is Fe-rich. Nevertheless, it is interesting to notice
that from 8 to 22 h, the intensity of perovskite peaks increases abruptly, while mullite’s
remain almost constant. Parallelly, peaks of sillenite and ferrite also increase abruptly.
These observations show that, during the isothermal treatment, the perovskite, ferrite,
and sillenite phases can be formed by the decomposition of mullite and crystallization
from non-crystalline phases. Goldman et al. [122] exploring the reaction pathway in the
hydrothermal growth of phase-pure bismuth ferrites, have observed that the intermediates
products that lead to a pure-phase BFO are a mixture of crystalline selenite, amorphous
material, and some unidentified crystalline phases. Thus, the configuration of BFO for-
mation seems to agree with this work, although we used different solvents and chemical

synthesis techniques.
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Figure 3.9: (a): XRD patterns of virgin BFO thin film at isothermal thermal treatments at
400 °C for different times from 0 to 80 hours. Possible attributions are P1: (012) of BFO
(perovskite), F: (012) of FeaO3, M: (121) + (211) of BigFesOg (mullite), S: (222) of BijaFeOqq
or BigsFeOy (sillenite), P2: (104) + (110) of BFO (perovskite). (b): XRD patterns of BFO
thin film heat annealed in a non-isothermal regime at different temperatures and heating rate
of 1 °C/min. (c): Fractions of formed perovskite phase («) as a function of temperature under
constant heating of BFO film. The line is generic fit with a smooth function (weighted average
of 5 points) in the region of interest for kinetic modeling. (d): Transformed data to fit with the
kinetic models.

The kinetic of crystalline phase formation in BFO films was also studied under

a non-isothermal regime. So, from pyrolyzed pure BFO thin film at 400 °C at 10 min, a
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new set of samples was prepared heat treating the film increasing the temperature from
400 to 740 °C with a heating rate of 1 °C/min, and performing XRD measurements at each
temperature separated by a 10 °C step. Figure 3.9(b) shows the obtained XRD patterns
of BFO thin films heat annealed in a non-isothermal regime at different temperatures.
In the Figure 3.9(b), the last stage profile of the isothermal regime was maintained until
690 °C, with a reservation that perovskite peaks increase and secondary phases decrease.
As previously discussed, one hypothesis of perovskite formation is at the cost of non-
crystalline phases and due to the decomposition/reaction of secondary phases. However,
a subtle formation of four peaks around 27 and 29° was observed from 650 °C, which
grew abruptly from 700 °C while perovskite peaks degrade. It suggests that these phases
form at the cost of perovskite, probably due to the volatilization of bismuth since there
is enough energy to break bonds of Bi species and evaporate [15, 27]. This phenomenon
entails iron-rich phase re-formation on what supports the hypothesis of Bi absence. This
phenomenon was also observed in similar works , such as one mixing bismuth (BiyO3)
and iron oxides (FepO3), where increasing the time spent on the reaction causes the total
conversion of perovskites to mullite phase (BisFesOg). Based on conservation mass law,
at this temperature or spent time of reaction, it is supplied enough energy to break
bismuth bonds of solid and favor the iron-rich phase from the equilibria diagram possible
formations, which in these conditions, it has become the thermodynamically stable phase
[123]. Xu et al. observed the competition of secondary phases as a function of temperature

treatment between the BFO phase, mullite, and oxides [124].

A quantitative description of the perovskite phase formation kinetics of the
different studied thin films under non-isothermal regimes was also obtained by fitting
the time/temperature-dependent XRD data using typical solid-state kinetic models [125,
126]. Instead of using model-free approaches [127, 128], reaction-specific models were
used in the present work to observe whether the kinetics in the sample may differ and
if additional insights can be collected, from the already observed. The advantages and
disadvantages in each case were thoroughly discussed in the literature [129, 130]. In the
present work, the perovskite peak areas at each time/temperature were quantified using
the same procedure to obtain the converted fraction a of the perovskite phase. Figure
3.9(c) shows the temperature dependence of the fractions of perovskite phase (a)) of BFO
thin film. In Figure 3.9(c), the aforementioned behaviors of perovskite phase being formed
and promptly increase with the non-isothermal treatment, with a later reduction possibly
due to solid-state decomposition of the perovskite into secondary phases. The analysis
was restricted to the temperature range between the onset of o increase and the point
at which « begins to decay due to phase decomposition, to perform the actual kinetic

modeling of the perovskite phase formation.

In non-isothermal experiments, the general differential form of « concerning
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the temperature is given by [123, 129] da/dT = (A/B) f(a)exp(—E,/RT), where A is the
pre-exponential (frequency) factor, 8 the heating rate, f(«) the reaction model, E, the
activation energy of the rate-limiting step, and R the gas constant. The integral function
g(a) is related to f(a) by,

which, after some minor algebra, leads to,

o= (2) [ )

The information on what kinetic law is operating in each solid-state process is

contained in f(a) and g(a), which were solved for several initial boundaries and geometric

conditions. The tested models are summarized in Table 3.5.

Table 3.5: Integral functions of reaction kinetic models tested to fit the experimental data
collected under non-isothermal conditions.

Group Model Symbol g(a)
Second-order power law P2 al/?
Third-order power law P3 al/3
, Fourth-order power law P4 al/4
Nucleation A9 (1 oz)]l/Q
Avrami-Erofeyev A3 [—In(1 — a)]*/?
A4 [—In(1 — o))"/
. . Contracting area R2 1—(1—a)/?
Geometrical contraction )
Contracting volume R3 1—(1—a)/?
1D diffusion D1 o?
Diffusion 2D diffusion D2 (1—a)ln(l — )]+«
3D diffusion D3 [1—(1—a)/)’
First-order F1 —In(1l — )
Reaction order Second-order F2 1/1—a)—1
Third-order F3 (1/2)[(1 —a)™2 —1]

To fit the data and obtain the kinetic triplet, i.e., g(a), A and E,, an explicit
a vs T function must be derived, which demands calculating the last integral, that does
not have an analytical solution. By using the Coats-Redfern [131] approximation, one

approximate solution is,
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The procedure is to calculate the left part of the equation with experimental

data using the different g(a) models, plot the results as a function of 7', and fit the points
with the right part of the equation. The obtained fits are given in Figure C.1 in Appendix
C.

For solid-state reactions, there is no defined way to identify the most appro-
priate model to be used to interpret the experimental data. Here, the choice was made
considering the adequacy of the model to the data, indicated by the R? value of the fits,
and the assumption of the possible reactions that may occur. By both criteria, the most
appropriate model for pure BFO was a second-order reaction model. The respective fits
using these models are presented in Figure 3.9(d). The obtained A and E, parameters
from all kinetic models are presented in Figure C.2(a-b), also in Appendix C. As ex-
pected, the values are strongly dependent on the model employed [132]. Considering the
obtained results, a possible interpretation for the adequate kinetic model of the films is
connected to its compositions. In pure BFO films, the Fe?* and Bi*" cations combine
with oxygen anions to form the BiFeOg3 perovskite phase, indicating that the rate-limiting
step depends on both metal cation concentrations leading to the second-order reaction
order. This result corroborates the model employed for phase formation kinetics for the

isothermal treatment at 600 °C.

3.5 Dielectric characterization

The dielectric characterization involved measuring dielectric permittivity as
a function of both the applied electric field’s frequency and temperature. Impedance

spectroscopy was used to obtain this data for the study.

Impedance Spectroscopy (IS) was performed over a range of frequencies and
temperatures, specifically 100 < f < 1 MHz and 400 < 7" < 500 K (see Section 2.3).
Figure 3.10(a) illustrates the real permittivity as a function of temperature. All samples
exhibited a similar profile, although certain samples, such as BFO-620 and BFO-640,
showed a more pronounced increase. In contrast, Figure 3.10(b) reveals that the imag-
inary permittivity increases sharply, by nearly two orders of magnitude. This behavior
suggests that a non-Debye relaxation model is appropriate for all samples, as the observed
relaxation time distribution is evident in the permittivity curves. To further emphasize
the frequency dependence of permittivity, (f) was plotted at different temperatures, as

presented in Figures 3.10(c) and (d).
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Figure 3.10: (a): Real permittivity (¢') as function of temperature, and (b): imaginary (")
permittivity as a function of the temperature. (c): Real permittivity as a function of frequency,
and (d): imaginary permittivity as a function of frequency. The change of color indicates
variation of frequency and temperature and the lines are guides for the eyes.

The real and imaginary permittivities of all samples decrease with increasing
frequency and temperature. For real permittivity, as shown in Figure 3.10(b), BFO-500
exhibits a maximum and minimum of approximately 73 and 42, respectively. BFO-580
shows maximum and minimum values of 243 and 65, respectively, while BFO-600 demon-
strates corresponding values of 152 and 56. Similarly, BFO-620 presents maximum and
minimum values of 146 and 60. Finally, BFO-640 reaches a maximum value of 234 and
a minimum of 73 at around 485 K. Notably, BFO-640 is the only sample that does not
exhibit the lowest real permittivity at high frequencies and low temperatures. The per-
mittivity of a dielectric material can be determined by summing all contributing factors,
including interfacial charges, dipolar, ionic, and electronic contributions. Accordingly, the
decrease in real permittivity as a function of frequency suggests that the contribution of
interfacial charges diminishes progressively, leaving the permittivity primarily determined
by dipolar, ionic, and electronic effects. The dominant contribution arises from dipolar
polarization, as BiFeQOg is a ferroelectric material with a significant number of dipole mo-

ments. This often results in high permittivity values, exceeding a thousand, as reported
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in previous studies [96, 133]. However, as observed in the permittivity data presented
here, none of the samples exhibit such high values. This discrepancy can be attributed to

the granular morphology of the samples.

Considering the proposed equivalent electrical circuit model, the permittivity

can be expressed as,

__ O2Eg + 0&Egy + WedegEgy (€9 + Egb) (32)
(og + agb)2 + w2ed (g4 + agb)Q

Calculating Equation 3.2 for high frequencies, it entails,

2
lim ¢ — -059Cgb (€9 + €qb) _ _S9%gb (3.3)
wTree g5 (e + ggb)2 Eg T Egb
But, as €4 > €4, Equation 3.3 gives as a result,
. _ 2’:‘989(, —
—Eg > Egy = wh_)rilos ~ R Egb- (3.4)

&y
Equation 3.4 indicates that at high frequencies, the permittivity of the grain
boundaries predominates. This explains why, in the permittivity spectrum, the observed
values are lower than those typically expected for a ferroelectric material. In this case, the
grain boundary permittivity effectively masks the contribution from the grains, where the
dipolar polarization resides, which would otherwise significantly elevate the permittivity.
A similar analysis was conducted in Section 2.3 using Equation 2.14, where it was observed

that grain boundary conductivity dominates at low frequencies.
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Figure 3.11: Conductivity spectra as a function of the frequency and the temperature. The
lines are guides for the eyes.
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Given the discussion and review carried out in the paragraph above, Figure
3.11 exhibits the conductivity spectra of the samples. Analyzing the conductivity spectra,
it is evident that a well-defined plateau is absent. This observation aligns with the earlier

discussion and the relationship to dc conductivity derived from the circuit model.
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Figure 3.12: (a): Real and imaginary curves of impedance at 500 K, (b): M’ and M” curves
at 500 K. The open symbols are correspondent to the experimental data, and the solid lines
correspond to the extracted data from fits. (c): Imaginary impedance and modulus normalized
curves as functions of frequency and temperature. The lines are guides for the eyes.

Thus, we fitted the real and imaginary parts of the electric impedance, as well
as the modulus 7', Z”, M' and M". The fitted spectra (Figures D.1(a-d)), along with
their corresponding fit parameters are provided in Appendix D in Tables D.1, D.2, D.3,
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D.4 and D.5. Figure 3.12(a) shows the impedances at 500 K. The most resistive sample,
according to the figure, is BFO-600 (ruling out BFO-500°), and less resistive is BFO-580.
Moreover the processes of relaxation of samples seem to be unique in frequency band from
10% to 10* Hz.

Upon examining the plots of the real and imaginary curves of the electric
modulus at 500 K (Figure 3.12(a)), the noticeable asymmetry suggests the presence of
two distinct relaxation processes, associated with the effects of the grain and the grain
boundary at low and high frequencies, respectively. Furthermore, the imaginary modulus
of BFO-640, shown in Figure 3.12(b), appears to exhibit two local peaks, occurring at
610 Hz and 10* Hz, which correspond to the relaxation processes and emphasize the

aforementioned effects.

The conclusion drawn in the previous paragraph was based on a symmetry
analysis of the impedance curves, along with the observation of some peaks in the electrical
modulus curves. It is expected that if two contributions influence the apparent behavior
of these curves, corresponding peaks should appear in both the impedance and electrical
modulus spectra. However, such peaks were not observed. This discrepancy can be
attributed to the differences in the magnitudes of the resistance and capacitance of the
material. Specifically, the resistance of the grain boundaries is significantly higher than
that of the grains, which leads to an overlap that masks the contribution peak associated
with the lower resistance. Conversely, if the capacitance magnitudes of the grains and
grain boundaries are similar, the contribution peaks should be observable in the modulus

curves. This reasoning is based on the fact that the electric modulus is the reciprocal of

1
the permittivity (M = —) and that impedance is correlated with resistance®.
8*

In Figure 3.12(b), we can qualitatively infer, similar to the analysis of the
impedance, that BFO-600 exhibits the highest capacitance, while BFO-580 shows the
lowest capacitance. This observation is consistent with the relation 7 = RC (where 7 is
the average relaxation time, R is resistance, and C' is capacitance), as the values of R
and C' commute to determine the relaxation frequency. Additionally, temperature effects
on the peaks and relaxation processes can be analyzed, as the average relaxation time
is thermally activated. In Figure 3.12(c), the range of conduction can be determined by
examining the separation between the normalized curves of imaginary impedance and

modulus. Accordingly, Figure 3.12(c) displays the normalized curves of both the imagi-

SThroughout the discussion, we exclude the BFO-500 samples due to the coexistence of several sec-
ondary phases. This characteristic prevents us from accurately correlating the properties in the graphs
to the perovskite behavior, as it is not possible to distinguish the contributions from BiFeOs3, F, M,
and S with sufficient precision. Although present in small quantities, these observations should also be
extended to sample BFO-640, which exhibits prominent M growth in its X-ray diffraction patterns.

SEquation 2.7, which defines the impedance property, is analogous to Ohm’s law and shares the same
unit of resistance measurement, €. Detailed derivations of these equations and discussions are provided
in [14].
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nary impedance and modulus, with the temperatures selected based on the displacement

of their respective peaks.

The coincidence of normalized curves indicates a possible long-range conduc-
tivity, whereas their separation suggests localized conductivity [134, 135]. Based on Figure
3.12(c), none of the samples exhibit coincidence between the normalized curves, indicat-
ing that all samples demonstrate short-range conductivity. Notably, the samples with the
most pronounced separation between curves are BFO-500 and BFO-600, which are also
the most resistive. This observation likely suggests that BFO-600 contains fewer oxygen
vacancies and less hopping from Fe3* to Fe?*, resulting in charge carriers being restricted

to localized conduction [37, 136, 137].
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Figure 3.13: (a): Argand-Gauss diagram of electric impedance as function of temperatures,
and (b): Argand-Gauss diagram of electric modulus as function of temperature. The points are
the experimental data and the solid lines are the fits.



Complex Impedance Spectroscopy 61

Figures 3.13(a) and (b) illustrate the Argand-Gauss diagrams of the electric
impedance and modulus, respectively. When plotted on a linear scale, the Argand-Gauss
diagram typically exhibits a semicircular arc. This arc is associated with the resistance
(represented by the diameter along the x-axis) and the capacitance (reflected by the ra-
dius along the y-axis) [63, 138]. Consequently, the number of arcs in the diagram provides
insight into the number of distinct contributions to the system, as characterized by the
time constants (7 = RC, where 7, = R,C, and 7, = R;,Cyp). These contributions, specif-
ically those related to the grain and grain boundary effects, have been already discussed

in detail.

In Figure 3.13(a), only a single semicircular arc is observed at a given temper-
ature (7) for all samples, indicating the presence of a single contribution. However, in
Figure 3.13(b), two distinct contributions can be clearly identified based on the number
of arcs. This observation aligns with the discussions in Section 2.3 and Equation 2.14.
Specifically, the grain boundary resistance is significantly higher than that of the grain,
while their capacitances remain comparable. This is evident in the Argand-Gauss diagram

of the electric modulus, as the modulus is the reciprocal of permittivity, with C' = eCj,.

The comparisons between the values of resistance and capacitance of grains
and grain boundaries are presented in Tables D.1, D.2, D.3, D.4, and D.5, located in
the appendix D. Figures in Appendix D are plotted on a log-log scale to highlight the
accuracy of the fits, while the accompanying insets are displayed in a linear-log scale to
facilitate visualization of the relaxation frequency. After performing the fits, the values of
Ry and R, from the aforementioned tables were used to calculate the activation energy

as follows.

d

Og,9b
9,9 ?
Rg,gbA

_Ea
ol = ope BT,

Ea
kT’

where o, o, is the conductivity of grain or grain boundary, 7" is the absolute temperature,

In(og g 1) = In(og) — (3.5)

09 is the pre-exponential factor, kg is Boltzmann constant and E4 is the activation energy
that, once linearized, we can estimate through the straight-line slope. Figure 3.14 shows
the plots of In(a7T") versus 1000/T", their fits, and activation energies estimation of the

grain and grain boundary.



Complex Impedance Spectroscopy 62

S 4 0
2 %@e@% e o] BFO - 640
-4BFO - 600] o| BF0-020] ~044eV 1 4
—~ ~0.45 eV : 2 p -41 ~0.97 eV
=, -6 S 3 ~0.33 eV
& $ 4 w8 6
£ 8 1€ 6 Carl € g
10/g 0 ~0.73eV | hy
12 :t::::;i::' -104
s RT3 B ————-— R ) S
20 21 22 23 24 25 20 24 22 23 24 25 20 21 22 23 24 25
1000/T (K) 1000/T 2(K") 1000/T (K)
0 . BFO-500] i
k M@ 0 BFO - 580] |
__ -4 ~0.78 eV 1 5 B ]
5 ol ity = 0.67 eV
< 8 Orulle 1
£ -101 ~1.87 eV —— Linear Fit 75 6 o
12 1 -
14 0 ﬂf::::i::'
-10

20 21 22 23 24 25 20 21 22 23 24 25
1000/T (K 1000/T (K1)

Figure 3.14: Curves of conductivity, fits and estimated activation energy. The black color is
correspondent to the grain boundaries, and the color red is correspondent to the grain, and the
solid lines are the linear fits.

The values of activation energy are summarized in Table 3.6. It is common to
estimate activation energies through impedance spectroscopy measurements, since this is a
thermally activated process, and these energies can be associated with some phenomenon
that influences the behavior of the curves that we discuss throughout this section. Many
authors associate activation energy with an ionization process of oxygen vacancies, as
follows. Materials that are crystallized at ambient atmosphere and at high temperatures
generate oxygen vacancies, and these vacancies are ionized, leaving conduction electrons,
thus forming singly or doubly ionized oxygen vacancies. The energies of these processes
are classified so that energies below 0.7 eV are used for singly-ionization work, and energy
values between 0.7 and 1.4 are for double-ionization work [14, 48, 134, 135, 139]. However,
the discussions about physicochemical principles carried out throughout the section 3.2

allowed us to bring another association of the estimated values of the activation energies.

Materials that are crystallized at ambient atmosphere and high temperatures
do indeed generate oxygen vacancies. This process is an attempt to minimize the energy
of the system, that is, AG = AH —TAS. Defects in solids are formed naturally due to the
decrease in free energy (AG) and, since the atoms absorb the energy of the crystallization
process, the structure becomes more disordered, increasing the entropy of the system
(AS). Oxygen vacancies are one of the defects associated with our system, and are
also the subject of discussion because they are the main charge carriers that influence
the electrical behavior in impedance spectroscopy, due to their relaxation time and the
frequency range used in the applied electric field. Oxygen vacancies, in BiFeOj3, can be
located in the interstices of the lattice, in the grain boundaries or on the surface of the

solid,
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null = Vg, + Oy,
null = V§ + Ogb
null = Vg + Og.

Note, in the above relations, that the vacancy by nature is already electrically
charged due to the deficiency of two electrons. The statement used by the authors that the
estimated energies are for singly- or doubly-ionization processes for a given temperature

variation, results in,

vy 25 Vi + ¢ (3.6)
Vi 25 vy 426 (3.7)

Obviously, the deficiency increases to three (singly) or four (doubly) electrons,
increasing its effective charge. Although possible, this process may be less likely to occur
and “control” the curves obtained in Figure 3.14, being possible and more likely that
the energies estimated in these thermally activated processes are associated with the
movement of the charge carriers themselves. Figure 3.15 shows, schematically, possible

movements of charge carriers when accelerated by the electric force.
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Figure 3.15: Possible movements of charge carriers. (a): by changing equilibrium positions, (b):
ring, (¢): knock-on, (d): through lattice interstices, and (e): through lattice vacancies. Adapted
from [140].

Of the five possible movements, the most likely to occur due to defects are those

represented by (d) and (e), movements between vacancies or interstices in the crystal
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lattice. The temperature variation of the process (thermal activation) provides more
energy to the charge carriers and facilitates conduction through the lattice (mostly ionic
conduction), with the energy of each movement corresponding to a specific energy, but

which, on average momentum, suggest the values observed in Table 3.6.

Table 3.6: Activation energies of grain and grain boundary of samples. The color red represent
the energy for the singly ionization process, and blue to the energies for the doubly ionization
process, as categorized by other authors. The value in black (BFO-500 in grain boundaries) is
not categorized neither in singly nor in doubly ionization process.

Activation energy (eV)

SAMPLES BFO-500 BFO-580 BFO-600 BFO-620 BFO-640
Grain 0.78 0.67 0.45 0.44 0.33 0.97
Grain boundaries 0.14 1.87 0.88 0.73 0.67 0.45 1.28

The samples BFO-500 and BFO-640 exhibited two distinct values of activation
energy corresponding to the grain boundaries and the grains. This observation suggests
a change in the charge carrier movement mechanism. Among the samples analyzed, both
BFO-500 and BFO-640 were found to have the lowest and highest activation energy values.
It is important to note that the range of data used for the linear fit was selected based on
two criteria: ensuring an adequate number of data points while maintaining a high level
of accuracy for the coefficient of determination (R?). For instance, while the BFO-620
sample appears to exhibit a mechanism change at high temperatures due to data point
dispersion, treating this dispersion as a new linear segment would result in segments
defined by only three or four data points. This quantity is insufficient to accurately
characterize the behavior of a linear trend. Conversely, considering the entire dataset as
a single linear segment does not compromise the accuracy of the fit, as evidenced by an
R? value of approximately 0.973 for the BFO-620 sample.

Figure 3.16(a) shows the dc conductivity of the grain at 400 K and 500 K.
Among the samples, BFO-620 exhibited the highest conductivity, while BFO-600 and
BFO-640 showed the lowest conductivity values within the grains. Figure 3.16(b) presents
the dc conductivity of the grain boundaries at 400 K and 500 K as a function of the crys-
tallization temperature. It is important to reaffirms that the dc conductivity of the grain
boundaries represents the overall dc conductivity of the samples. This is because, as the
frequency approaches zero, the conductivity function converges to the grain boundaries’
conductivity, as discussed in Equation 2.14. The virgin sample (BFO-500) is excluded
from this discussion due to the coexistence of secondary phases, which prevents accurate
correlation of the conductivity curves to the perovskite phase, as well as BFO-640. Sample
BFO-600 demonstrated the lowest dc conductivity at both temperatures, while sample
BFO-580 exhibited the highest. Considering that oxygen vacancies are the primary charge
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carriers in impedance spectroscopy, this behavior is consistent with predictions from Fig-
ure 3.6 and Equation 3.1, on what BFO-600 showed the lowest concentration of ideal
oxygen vacancies, whereas BFO-580 had the highest, perfectly aligning with their respec-
tive dc conductivity values. Additionally, as discussed in the structural characterization
using Raman spectroscopy, the defects are partially influenced by the material’s interface
and surface, as illustrated in Figure 3.4(b). Reiterating this analysis, BFO-600 exhib-
ited the highest values in both position and band width in the Raman spectra (from

deconvolution), which aligns with the expected concentration of defects.
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Figure 3.16: IS dc conductivity of samples at 400 K and 500 K. (a): dc conductivity of the
grain boundaries (0g4cgp), and (b): dc conductivity of the grains (og4c4), both as a function of
the crystallization temperature, and the dot-lines are guides for the eyes.

It can be observed that all samples maintained the same behavior and relative
relationship with one another at both temperatures. As expected from the electrical
behavior of ceramics, the conductivity increased with rising temperature. Furthermore,
although sample BFO-500 was excluded from the primary discussion, it is noteworthy
that this sample, actually, exhibited the lowest dc conductivity in the grain boundaries (or
overall dc conductivity). Additionally, as shown in Figure 3.6(b), BFO-500 also displayed
the lowest experimental oxygen vacancy concentration. This observation aligns with its
conductivity behavior, even though we are not considering the experimental (oxygen
vacancies ratio calculated directly from the O 1s spectra) curve concentrations due to

the accuracy.

3.6 Leakage Current Density

For the characterization of the leakage current density, the measurements were
conducted in four distinct regions of the samples to analyze the electrical behavior across

the entire surface. Each measurement cycle was repeated at least three times, with the
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final cycle being recorded for analysis. The measurements were performed under two
conditions: in the absence of light (dark) and under green light illumination (A = 532
nm)?. From the data, we tested the models that could be dominant in the electrical
behavior, thus, Figure E.1, in Appendix E, shows the hysteresis cycles that it was possible

to find a conduction mechanism.

These curves provide a direct evaluation of the leakage current as a function
of the electric field, which represents a key limitation for the technological application of
BiFeO3. Table 3.7 summarizes the average maximum leakage current values observed in
the extreme positive branch of the hysteresis curves under dark conditions, (Jy.), and
green light illumination, (Jycen), for different electrodes. To present an overall behavior,
we calculated the average leakage current values corresponding to the number of non-
short-circuited hysteresis loops. The values of the leakage current of each electrode are
contained in Table E.1.

Table 3.7: Maximum values of the average leakage current ((J)) given by the positive branch
of the J-E hysteresis. A(J) represent the relative increase, in percentage, of the average leakage
current, when submitted to the green light. Average values of the estimated conductivity in
dark ((0gark)) and under green light ({(ogreen)), and their relative increase in percentage (A(o)).

T (Jaark) (Jgreen) A(J) (0dark) (Ogreen) A(o)
(°C) (1073A/m?) (10=%A/m?) (%) (10-°S/m) (107°S/m) (%)
640 (3+2) (17£10)  (4914460) (0.6+£0.3)  (5£3)  (7334570)
620 (2530 (41£40)  (64£100)  (10£10)  (17420)  (70+110)
600  (17-+20) (39+£40)  (1334200)  (4+5) (948)  (125+190)

580  (140480)  (295+160)  (110490)  (55+40)  (119+70) (1164100)

To facilitate the analysis of this data, the values from Table 3.7 are presented
in Figures 3.17(a), (b), (c), and (d). Samples BFO-600 and BFO-640 exhibited the min-
imum average leakage current values (see Figure 3.17(a)), indicating a reduced presence
of conduction electrons or less electronic mobility, which are the primary variables in
this context. In contrast, sample BFO-580 showed the maximum average leakage current
value. Although samples BFO-600 and BFO-640 exhibited the lowest leakage current val-
ues, we emphasize that sample BFO-640 contained a fraction of a secondary phase. This
indicates that the observed properties of this sample, shown in Figure 3.7, are influenced
by contributions from the secondary phase, making it impossible to attribute the property

exclusively to the perovskite phase, as previously stated. Therefore, when comparing the

"It is appropriate to comment that, before measuring definitely one sample, we performed a test
measurement where we applied the voltage and kept it increasing until it presents an electric current
limit of 10™* A. Above those values, it can be dangerous to the equipment. Anyway, aiming to analyze
by comparing samples, their light sensitivity and response to the voltage stimulus, we preferred to fix the
electric field on them that resisted the test the least, a range of £30 kV /cm, as seen in Figure E.1.
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results of samples BFO-580, BFO-600, and BFO-620, the largest relative increase was
observed in sample BFO-600, in approximately 133%, as shown in Table 3.7(b).
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Figure 3.17: Visual representations of values contained in Table 3.7.(a): Average leakage current
in dark and under green light conditions as a function of the crystallization temperature. (b):
Relative increase of average leakage current between dark and under green light conditions. (c):
Average values of the conductivity in dark and under green light conditions as a function of
crystallization temperature with their error propagation (given by the linear fit), and (d): the
relative increase of average conductivity between dark and under green light conditions. The
solid lines in Figures (a) and (c) are guides for the eyes.

To investigate the conduction behavior of the samples and clarify the influences
on leakage current, we linearized the curves to determine the slope of each plot. Based
on the measurement conditions, we predicted which conduction mechanism was most
likely to dominate. Due to the low range of the electric field and the isothermal regime
at room temperature, Schottky emission and Poole-Frenkel emission were initially ruled
out. Similarly, Fowler-Nordheim tunneling was considered unlikely due to the thickness
of the samples, as discussed in Section 2.3. Therefore, Ohmic conduction and the space-
charge-limited current (SCLC) mechanisms were tested using the same plot of the y- and
x-axes. Figure E.2 presents the log-log plot for all samples. All samples exhibited Ohmic

conduction, confirmed by a slope of approximately 1 in the straight-line regions of the
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curves. Despite minor fluctuations around the ideal slope, it is reasonable to conclude
that the Ohmic conduction mechanism dominates in all samples. To further analyze the
data, a linear fit was applied to the curves in the linear plot (corresponding to the same
data as in Figure E.2) to estimate conductivity from the slopes and calculate the average
conductivity. The fitted curves are presented in Figure E.3 (see Appendix E), and the
conductivity values for each electrode are summarized in Table E.1. Similar to the leakage
current, the average electric conductivity values and their relative increase as a function

of the crystallization temperature are visually represented in Figures 3.17(c) and 3.17(d).

As expected, the conductivity behavior is consistent with the leakage current
trends shown in Figures 3.17(a) and (c). Sample BFO-600 exhibited the lowest conduc-
tivity values, in approximately 4x1072S/m under dark conditions and 9x1072S/m under
green light. In contrast, BFO-580 exhibited the highest values of both leakage current
and conductivity. Another observation, as seen in Table 3.7 and Figures 3.17(b) and (d),

is the relative increase in conductivity between dark and green light conditions.

Under green light illumination, sample BFO-600 stands out by exhibiting an
increase in both leakage current and conductivity. The leakage current increased in ap-
proximately 133%, while the conductivity increased in approximately 125%. Since the
only altered condition was the illumination, we can conclude that electronic mobility re-
mains constant, and the observed changes are due to an increase in charge carrier density.
Green light provides sufficient energy to enhance the probability of promoting electrons to
the conduction band, a process attributed to excitation through radiation. This leads to
an increase in leakage current and conductivity. It is likely that this interaction between
light and the material induces a potential difference within the material, generating an
electric current and thereby increasing the conduction electrons (or charge carrier density).

In other words, these processes are likely related to the photovoltaic effect.

Regarding the relative increase in conductivity, several factors may influence
this behavior, including band gap values, decay time of excited particles, recombination
centers, and the photovoltaic effect, among others. Assuming the photovoltaic effect as the
dominant factor, it can be inferred from the data and discussions presented thus far that
BFO-600 exhibits the most optimized electrical properties among the samples, in contrast
to BFO-580. Unlike impedance spectroscopy, where oxygen vacancies are the primary
charge carriers, the conduction electrons and holes are the main charge carriers influencing
the behavior of the curves in this type of measurement. Based on Equation 3.1, it can be
concluded that each oxygen vacancy leaves two electrons in the crystal lattice, which bond
with the nearest reducing agents, primarily iron, reducing Fe3* to Fe**. Consequently, it
is reasonable to expect that a sample with the lowest concentration of oxygen vacancies
also exhibits the lowest concentration of reduced iron, resulting in lower leakage current

and conductivity in the J-E curves. Conversely, a higher concentration of oxygen vacancies
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would lead to higher iron reduction, leakage current, and conductivity. This conclusion
aligns with the observations in Table 3.7. Sample BFO-580, which exhibited the highest
concentration of reduced iron, also presented the highest values of leakage current and
conductivity, coupled with one of the lowest sensitivities to light. In contrast, sample
BFO-600, which showed the lowest concentration of reduced iron, exhibited the lowest

values of leakage current and conductivity, along with the highest sensitivity to light.

However much we considered the photovoltaic effect of BiFeOsthe dominant
in the increase behavior of leakage current and conductivity, it is necessary a proper

photovoltaic measurement to confirm all statement in the paragraph above.

As a final discussion in this section, to clarify and rule out the presence of the
Fowler-Nordheim (FN) mechanism in sample BFO-500, as previously discussed in Section
2.3, we plotted the FN plot for this sample, shown in Figure E.4, which is also located
in Appendix E. From this figure, representing the data from the selected electrode, it is
evident that the behavior does not exhibit a straight-line trend. This observation confirms
that the FN mechanism is not dominant in this sample; instead, the electrical behavior

is governed by the ohmic mechanism.

3.7 Ultraviolet-Visible Spectroscopy

Although Ultraviolet-Visible Spectroscopy (UV-Vis) is an optical characteri-
zation technique for materials, we chose to include this section in this chapter due to the

recent discussions regarding the relative increase in electrical properties under green light.

One of the hypotheses proposed in the previous section to explain the relative
increase in leakage current and conductivity under green light is that radiation generates
a potential difference within the material, leading to an electric current—a phenomenon
similar to the photovoltaic effect. However, a necessary condition for the photovoltaic
effect to occur is that the energy supplied by the radiation (photon energy) must be
greater than the material’s band gap. The UV-Vis technique allows us to estimate the
band gaps of the films by plotting the data using the Kubelka-Munk function, as discussed
in Section 2.4. Figure 3.18 presents the UV-Vis characterizations, plotted through the
Kubelka-Munk function.

Table 3.8 summarizes the estimated band gap values derived from the data in
Figure 3.18. The band gaps appear to increase almost linearly with the crystallization
temperature. However, statistically (considering the dispersion), the band gap values are
essentially the same. It was expected that BFO-600 would exhibit a distinct band gap
compared to the other samples, consistent with the significant sensitivity to light observed
in its behavior. This raises the question: if we can clearly distinguish the relative increase

in sensitivity to light under green illumination in the J-E curves, why do we not observe
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a similar trend in the band gaps derived from UV-Vis measurements?
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Figure 3.18: UV-Vis spectra plotted based on the Kubelka-Munk function. The open symbols
represent the experimental data, and the straight-line is the linear fit to estimate the band gap.
In the last figure, the estimated band gap as a function of the crystallization temperature, the
deviation was calculated through the fits’ accuracy, and the solid line is a guide for the eyes.

The increase in leakage current and conductivity under green light illumination
is understandable, as the wavelength used for characterization in the previous section was
532 nm. This corresponds to an energy E = hv = he/)\ 8, which is approximately 2.33 eV.
This energy is very close to the estimated band gap values listed in Table 3.8. However,
the band gap is not the only property influencing the photovoltaic effect and its behavior.
For charge carriers to contribute to the observed increase in conductivity, they must be
excited by the radiation and promoted to the conduction band. The energy required for
this promotion is the band gap. Hypothetically, even if all charge carriers absorb the
incoming energy and transition to the conduction band, the relaxation time (decay time)
of these carriers plays a crucial role. If the relaxation time is too short, these effects might

not be fully captured or reflected in the UV-Vis measurements.

To conclude, we must address the intrinsic photovoltaic properties of bismuth
ferrite (BiFeO3 ). Various models propose mechanisms to explain the photovoltaic effect
in ferroelectric materials, including surface and interface effects [1411], ferroelectric do-
main contributions [142], spin polarization [143], and bulk effects [144], among others.
Additionally, it is well-established that oxygen vacancies, along with other defects, can

act as traps, altering the recombination centers of charge carriers and deviating from

8E is the photon energy, h is Planck’s constant (6.626x1073% m?kg/s), v is the wave frequency, and
¢ is the speed of light (299792458 m/s).
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Table 3.8: Estimated bandgaps of samples.

Samples Ba(r;(\:lfg)ap

BFO-640 (2.22+0.08)
BFO-620 (2.17+0.11)
BFO-600 (2.14 £+ 0.08)
BFO-580 (2.09+0.16)
BFO-500 (2.07+0.08)

their regular behavior [94]. Assuming that oxygen vacancies are the primary factor re-
sponsible for the degradation of the photovoltaic effect?, BFO-600 has shown the most
significant increase in properties under light illumination. This sample also exhibited a
lower concentration of oxygen vacancies and iron reduction, as well as fewer interface and
surface defects, as indicated by Raman analysis. These observations are consistent with
the trends observed in the electrical and optical properties, reinforcing the role of defect

minimization in enhancing the photovoltaic performance of BiFeOj3 ceramics.

3.8 Piezoresponse Force Microscopy

To investigate the polarization of the samples, we performed the Piezoresponse

Force Microscopy (PFM). Figure 3.19 shows the polarized regions of the samples.

Amplitude (a.u.)

4

BFO-640

BFO-580 BFO-600 BFO-620

Figure 3.19: Positive and negative poled area of samples. Scale-bar = 1 um.

We are not including sample BFO-500 in figure because there is not a clear
piezoactive region. All samples topography are contained in Appendix F, in Figure F.1.
In Figure 3.19, we can clear see and distinguish the polarized region (piezoactive region)
in all samples, however, with an asymmetry between the PFM amplitude for the neg-

atively and positively poled areas. BFO-600 has present a less pronounced asymmetry.

9Tn our single-phase samples, there are no significant bismuth vacancies, and iron reduction is generated
by oxygen vacancies.
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Performing the SS-PFM in local domains, we could record the local ferroelectric hystere-
sis, in Figure 3.20(a). In figure amplitude vs applied voltage, we observe that the coercive
field is decreasing as a function of the crystallization temperature, meanwhile, all samples
presented an asymmetry but BFO-600. The coercive fields fluctuate around 40x10° V/m
(20 V). The values and trending can be analyzed in Figure 3.8(b).

In Figure 3.20(a), the plot of Rcos(¢) versus the applied voltage shows that
the hysteresis loops are tilted. This unusual behavior may indicate that the created
domain is unstable, continuing to grow even as the voltage decreases, but shrinking when
the voltage polarity is reversed. Among all the samples, BFO-600 exhibited the most
stable switched domains. The red lines drawn above the loops indicate the maximum
values of the hysteresis. The collected saturation (c¢) and remnant (d) polarization data,

along with their respective trends (line guide for the eyes), are in Figure 3.20(c-d).
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Figure 3.20: (a): Coercive fields and local ferroelectric hysteresis loops of samples, obtained
through SS-PFM mode. (b): Values of the coercive voltages (Vi), (¢): maximum polarization
(saturation, Pp,4;), and (d): remnant polarization (P,.) as a function of the crystallization
temperature. The solid lines in Figures (b-d) are guides for the eyes.
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From the perspective of hysteresis (polarization and coercive fields), several
mechanisms influence the relative increase or decrease of these values. However, for a
more regular behavior, the coercive field is generally expected to follow the same trend as
the saturation and remnant polarization, as illustrated in Figure 2.6, which depicts the
"ideal” hysteresis of a single crystal compared to a real polycrystalline one. Interestingly,
as shown in Figures 3.20(b-d), the coercive field exhibits a gradual decrease, while both

saturation and remnant polarization reach a maximum-—contrary to expectations.

To further understand the observations above, we revisit the formation of oxy-
gen vacancy defects, as discussed in Section 3.2. Our analysis of oxygen vacancy concen-
tration curves focused on complex defects. In the system studied here, oxygen vacancies
originate from the reduction of iron or from bismuth vacancies, both of which increase
with crystallization temperature. This phenomenon is expected, as higher crystallization
temperatures provide more thermal energy, facilitating vacancy formation. However, for
the BiFeOj phase to crystallize in an ambient atmosphere, oxygen must enter the struc-
ture according to stoichiometry, a process that is enhanced by increasing temperature. In
other words, oxygen vacancies formed by non-stoichiometric (free defects) particles can
be reduced with increasing temperature. There is a distinction between free and complex
vacancies, both of which impact polarization. Free vacancies in ferroelectric materials
reduce saturation and remnant polarization by disrupting the cooperative alignment of
dipole moments. Additionally, they restrict ferroelectric domain motion, allowing only
switching and growth, as free vacancies pin domains, thereby increasing the coercive field.
Conversely, complex vacancies affect all three domain mechanisms—switching, nucleation,
and growth—leading to a reduction in both polarization and coercive field values. Thus,
based on Figures 3.20(b-d), we hypothesize that sample BFO-580 is predominantly in-
fluenced by free vacancies, resulting in lower polarization (compared to BFO-600) while
maintaining a high coercive field. Sample BFO-600, in contrast, appears to reach an
“equilibrium point” between free and complex defects, exhibiting the highest polariza-
tion values while maintaining a relatively high coercive field. Beyond this crystallization
temperature, the formation of complex defects becomes more dominant, leading to a

significant decrease in both polarization and coercive field values.

The above discussion is particularly relevant, as it provides a plausible hy-
pothesis to explain the three curves observed in the defect ratios obtained from the XPS
technique (Figure 3.6(b)). Throughout this study, we observed that many characteristic
properties of single-phase samples align with the patterns of iron reduction and ideal oxy-
gen vacancy curves. However, the oxygen vacancy curve derived directly from the O 1s
spectrum does not appear to correlate well with results from other techniques. As noted
earlier and in Section 2.1, defect formation increases with temperature, particularly in

the case of complex defects, which is consistent with the OI/OII curve. Regarding the
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formation of free defects, higher temperatures promote diffusion, reducing their formation
rate. Given the instrument’s precision, these free defects were not detected in the O 1s
spectrum. However, as reiterated from Equation 3.1, iron—being heavier than oxygen and
more easily detectable—undergoes the effects of both types of vacancies, leading to the
Fe*t < Fe** reduction process. Between 500 and 580 °C, increasing temperature reduces
the formation of free vacancies, though complex defects continue to form. At 600 °C, a
peak emerges, suggesting a minimum in defect concentration—interpreted as a “balance
point” between free and complex vacancy formation. Beyond this temperature, complex
vacancy formation becomes predominant. In summary, from this perspective, the red
curve in Figure 3.6 represents complex vacancy formation, the black curve reflects the
combined effects of both vacancy types on iron, and the blue curve indicates the oxygen

vacancy concentration resulting from the interplay of free and complex vacancies.



CHAPTER 4

Conclusions

In this study, we conclude that the crystallization temperature in the syn-
thesis of BiFeOjs thin films via the acetate route plays a crucial role in modulating their
physical and chemical properties. The selected temperature directly influences the for-
mation, type, and concentration of defects, which in turn impact the material’s overall
performance. Among these defects, we observed variations in surface and interface de-
fects, point defects (free and complex), and the competition with secondary phases, all
of which contribute to the final characteristics of the synthesized thin films. Our results
demonstrate that, within the studied temperature range, the optimal crystallization tem-
perature for achieving high-quality BiFeOgs thin films with minimal defects and enhanced
functional properties is 600 °C. This conclusion is based on an analysis of the structural,
electrical, and optical properties of the synthesized samples. At this specific tempera-
ture, the thin film exhibited a substantial reduction in defect density, which was directly
correlated with improved material properties compared to samples synthesized at other
temperatures. More specifically, the sample prepared at 600 °C showed lower electrical
conductivity and leakage currents, which are essential for the stability and reliability of
electronic applications. Additionally, the film synthesized at this temperature displayed
a pronounced increase in conductivity and electric current under green light illumination,
highlighting its potential for optoelectronic applications. Moreover, higher electric po-
larization values were observed, along with more symmetrical coercive fields, indicating
enhanced ferroelectric properties. These improvements suggest that careful control of
the crystallization temperature is a key factor in optimizing the functional behavior of
BiFeOg thin films. Therefore, based on the experimental conditions and synthesis pro-
cess employed in this work, we establish that 600 °C is the most suitable crystallization
temperature for producing BiFeOg thin films with reduced defects and superior physical
properties. This study reinforces the importance of temperature modulation in thin-film
synthesis and provides valuable insights for future research focused on optimizing the

performance of BiFeOs-based materials in various applications.
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APPENDIX A

Raman spectroscopy’s attachments

Table A.1: Parameters of Raman spectra fits in samples BFO-620 and BFO-640. The parame-
ters in red indicate that it was not possible to estimate the values.

Sample Peak X-center FHWM Area Height
< 100 - - -

—_

2 141.50 29.50 264865.99 5715.96
3 173.89 15.39 67259.53  2782.14
4 231.09 42.08 45272.07  684.84
5 271.97 37.72 57782.00  975.06
BFO-640 6 300.26 28.62 45465.74 1011.16
7 344.70 51.88 71602.15  878.55
8 372.18 15.50 8693.41 357.07
9 420.66 59.57 44863.53  479.47
10 472.86 26.94 11798.90  278.85
11 527.57 70.65 51026.07  459.78
12 570.62 3.21 1151.27 228.31
1 102.40 80.54 513206.91 4056.68
2 141.56 31.75 246038.68  4933.36
3 173.53 12.80 45954.12  2285.50
4 226.55 113.17  178136.40 1002.03
5 260.69 56.10 71216.39  808.14
BFO-620 6 304.71 95.02 135865.60  910.27
7 347.93 29.37 23562.13  510.81
8 374.07 7.95 4811.25 385.24
9 420.35 68.93 65607.36  605.96
10 468.18 8.61 2258.54 166.89
11 520.33 65.21 42852.78  418.35
12 566.38 2.04 483.76 151.16
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Table A.2: Parameters of Raman spectra fits in samples BFO-500, BFO-580 and BFO-600.
The parameters in red indicate that it was not possible to estimate the values.

Sample Peak X-center FHWM Area Height
< 100 - - -

—_

2 142.44 36.92 141623.71 2614.73
3 174.75 19.66 39701.66  1285.34
4 223.87 78.43 133709.55 1085.37
5 265.00 40.85 36807.44  573.55
BFO-600 6 302.78 61.35 99821.27  1035.87
7 340.00 18.29 9825.71 341.92
8 362.57 42.02 33906.73  513.71
9 418.00 82.20 108892.05  843.34
10 438.00 6.47 449.45 44.21
11 518.19 52.99 38569.36  463.34
12 574.65 26.23 9296.75 128.54
1 < 100 - - -
2 141.98 32.36 160346.95 3154.53
3 172.66 15.27 35583.89  1483.62
4 229.04 84.53 04662.08  411.69
5 269.51 84.53 04662.08  411.69
BFO.580 6 301.62 34.37 29565.38  545.75
7 340.40 29.81 19918.97  425.36
8 371.09 19.32 8066.45 265.80
9 421.82 94.14 01521.83  348.40
10 474.49 30.79 8539.58 176.57
11 521.45 53.43 33196.32  395.50

12 595.98 3.50 1466.10 266.42
BFO-500 None - - - -
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Figure B.1: Microscopic images of samples in three different regions.
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Kinetic reaction studies’ attachments
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Figure C.1: Experimental data converted to In[g(c)/T?] using each of the models shown in
Table 3.5 and respective fits with the Coats-Redfern approximation.
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Figure C.2: (a): Pre-exponential constant and (b): activation energies obtained with each

kinetic model for the studied BFO thin films. Error bars are the fit residuals.
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Table D.1: Impedance spectroscopy parameters of BFO-500.

T (K)| AmSHz™) n Ry (GQ) Cyp (nF) R, (kQ) f, (kHz)
400 4.16 0.71 1.14 2.37 31.64 0.49
405 4.40 0.71 1.14 2.38 31.13 0.50
410 4.91 0.70 1.12 2.38 21.05 0.65
415 5.31 0.70 1.11 2.38 16.17 0.79
420 5.69 0.71 1.09 2.38 12.11 0.99
425 6.01 0.71 1.07 2.38 9.67 1.17
430 6.44 0.71 1.05 2.38 6.96 1.44
435 7.01 0.71 1.02 2.37 4.95 1.84
440 7.39 0.71 0.99 2.38 3.92 2.46
445 7.94 0.71 0.97 2.38 3.38 3.12
450 8.14 0.71 0.96 2.39 3.02 3.66
455 8.67 0.71 0.65 2.39 2.51 4.31
460 9.12 0.71 0.51 2.39 2.12 4.97
465 9.85 0.71 0.44 2.39 1.78 5.81
470 10.2 0.72 0.12 2.39 1.50 6.81
475 10.9 0.72 0.10 2.39 1.20 8.35
480 11.2 0.72 0.05 2.39 1.03 9.86
485 11.9 0.72 0.04 2.39 0.79 12.30
490 12.4 0.72 0.02 2.39 0.64 14.37
495 12.9 0.72 0.02 2.38 0.51 16.10
500 12.0 0.74 0.01 2.36 0.49 16.70
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Table D.2: Impedance spectroscopy parameters of BFO-580.

T (K)| AnSHz™) n Ry MQ) Cyp (nF) R, (kQ) f, (kHz)
400 3.88 0.68 4.78 0.37 10.80 0.22
405 3.53 0.70 3.85 0.36 9.78 0.27
410 4.28 0.70 3.48 0.37 9.30 0.31
415 4.70 0.68 3.11 0.37 6.79 0.40
420 4.80 0.69 247 0.37 4.55 0.65
425 5.01 0.69 1.97 0.37 2.95 1.02
430 5.23 0.69 1.57 0.37 2.38 1.47
435 5.45 0.70 1.21 0.37 2.18 2.14
440 0.68 0.70 0.94 0.37 1.97 2.92
445 5.92 0.71 0.72 0.37 1.66 4.05
450 6.12 0.71 0.55 0.36 1.46 5.67
455 6.31 0.72 0.44 0.36 1.33 7.41
460 6.62 0.72 0.31 0.36 1.12 9.73
465 7.03 0.72 0.24 0.36 0.88 12.97
470 7.37 0.73 0.18 0.36 0.71 17.32
475 7.56 0.73 0.14 0.35 0.64 21.40
480 7.76 0.74 0.11 0.35 0.57 25.88
485 8.11 0.74 0.09 0.35 0.49 31.01
490 8.67 0.74 0.07 0.35 0.37 39.09
495 9.05 0.74 0.06 0.35 0.30 48.66
500 9.09 0.75 0.05 0.34 0.27 56.61
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Table D.3: Impedance spectroscopy parameters of BFO-600.

T (K)| AnSHz™) n Ry MQ) Cyp (nF) R, (kQ) f, (kHz)
400 2.81 0.58 75.6 0.34 34.67 0.37
405 3.23 0.57 73.6 0.34 30.08 0.41
410 3.5 0.57 64.3 0.34 21.99 0.55
415 3.99 0.56 61.2 0.35 18.97 0.60
420 4.25 0.57 45.4 0.35 16.12 0.74
425 4.26 0.58 35.1 0.35 15.51 0.83
430 4.83 0.57 28.1 0.35 13.77 0.96
435 5.16 0.57 22.7 0.35 12.38 1.13
440 5.50 0.57 19.1 0.35 11.16 1.32
445 5.74 0.58 17.2 0.35 10.12 1.55
450 6.89 0.57 16.2 0.36 9.19 1.82
455 6.14 0.58 10.2 0.36 6.13 3.04
460 6.59 0.58 7.73 0.36 5.65 3.51
465 6.28 0.59 2.79 0.36 5.21 3.98
470 6.85 0.59 5.05 0.36 4.79 4.51
475 7.43 0.59 4.53 0.36 4.41 5.06
480 6.22 0.62 3.14 0.36 4.36 5.16
485 7.98 0.60 2.90 0.36 3.82 5.39
490 8.49 0.60 2.72 0.36 3.67 6.03
495 11.7 0.58 2.51 0.37 3.26 6.81
500 8.46 0.62 1.69 0.36 3.19 7.01
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Table D.4: Impedance spectroscopy parameters of BFO-620.

T (K)| AnSHz™) n Ry MQ) Oy (nF) R, (Q) f, (kHz)
400 0.638 0.70 37.00 0.36 210.87 29.68
405 0.750 0.70 32.60 0.37 200.68 31.19
410 0.905 0.69 26.60 0.38 185.50 33.54
415 1.02 0.68 22.70 0.38 168.46 36.42
420 1.13 0.68 19.80 0.39 151.81 39.83
425 1.23 0.68 17.00 0.39 135.12 43.29
430 1.29 0.69 14.50 0.38 116.92 46.57
435 1.36 0.69 12.30 0.38 99.24 49.63
440 1.46 0.69 10.40 0.38 84.20 52.22
445 1.55 0.69 8.90 0.38 71.29 53.69
450 1.67 0.69 7.90 0.37 59.75 63.49
455 1.81 0.69 6.25 0.37 49.51 73.41
460 2.08 0.69 5.25 0.37 42.89 86.14
465 2.48 0.68 4.40 0.36 40.40 108.20
470 3.03 0.66 3.74 0.36 35.03 140.45
475 3.56 0.65 3.30 0.36 32.02  185.80
480 4.59 0.64 2.62 0.37 30.68 246.14
485 5.32 0.63 2.03 0.37 30.44 298.20
490 5.65 0.64 1.43 0.38 30.16 305.65
495 6.08 0.65 1.03 0.38 29.95 309.50
500 6.64 0.65 0.75 0.38 2896  316.88
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Table D.5: Impedance spectroscopy parameters of BFO-640.

T (K)| AnSHz™) n Ry MQ) Cyp (nF) R, (kQ) f, (kHz)
400 1.05 0.81 30.10 0.41 44.71 0.22
405 1.05 0.82 21.40 0.40 34.26 0.31
410 1.07 0.82 16.70 0.40 28.80 0.39
415 1.10 0.82 13.80 0.40 24.64 0.50
420 1.15 0.82 11.80 0.40 21.31 0.63
425 1.21 0.82 10.30 0.40 19.08 0.78
430 1.32 0.81 9.40 0.40 17.78 0.91
435 1.45 0.81 8.20 0.40 16.99 1.04
440 1.64 0.80 7.61 0.40 16.38 1.16
445 1.92 0.79 7.00 0.40 15.76 1.29
450 2.25 0.78 6.46 0.41 15.08 1.42
455 2.72 0.76 5.92 0.41 14.16 1.58
460 3.24 0.75 5.34 0.41 13.01 1.78
465 3.96 0.74 4.56 0.41 11.68 2.03
470 4.58 0.73 3.44 0.41 8.96 2.77
475 5.69 0.72 2.24 0.41 6.66 3.87
480 6.62 0.71 1.99 0.41 5.37 4.97
485 6.86 0.71 1.31 0.40 4.22 6.48
490 7.62 0.71 0.96 0.40 3.22 8.75
495 8.64 0.70 0.68 0.40 2.63 11.00
200 8.52 0.72 0.45 0.39 2.24 12.88
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Table E.1: Values of the leakage current (J) at the maximum applied electric field and the
estimated conductivity (o) in the Ohmic region for each electrode. “Elec.” is the abbreviation
for electrode; thus, the numbers in parentheses indicate the locator vector of the electrode, as
demonstrated in Figure 2.4. The term “I™” represents the crystallization temperature of the
samples.

T Jdark: J, reen Odark O green
Elec. J J
(°C) (x1073A/m?) (x1072A/m?) (x107%S/m) (x107?S/m)
(2,1) 1.79 5.84 0.61 2.07
oo 29 1.60 10.23 0.19 3.73
(2,4) 2.27 24.54 0.48 7.11
(3,1) 5.95 28.00 0.95 8.26
(1,1) 55.54 83.57 23.02 32.70
FUCE) 1.17 9.70 0.29 3.09
(3,3) 43.10 67.89 18.25 30.11
(4,4) 0.58 3.5 0.19 1.31
(5,1) 17.27 34.02 5.36 9.78
GRS 2.18 3.31 0.41 0.80
(5,3) 3.56 21.39 0.77 6.55
(5,5) 44.66 98.71 11.12 19.45
(1,4) 71.03 204.35 28.60 81.50
CA) 133.42 221.64 52.40 87.70
(4,2) 96.17 218.08 32.20 86.20
(4,4) 261.05 533.37 107.40 220.00
-30
Fowler-Nordheim plot
-314 —O—Dark J
—O—Green
=32 - 4
g Q
TIJ_33- 4
=
= -341 ]
=35 - 4
-36 - 4
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0.000 0.005 0.010 0.015 0.020 0.025
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Figure E.4: Fowler-Nordheim plot of the representative electrode of sample BFO-500. The
solid lines are guides for the eyes.
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Figure F.1: Topography of samples collected through PFM technique.
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