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Bismuth ferrite (BFO) is one of the most studied and attractive multiferroic
materials; however, low electrical polarization and sizable leakage current still prevents
real device applications. In this project, we studied ferroelectric domains in barium
titanate BaTiOs (BT) and samarium (Sm) doped BiFeOs (BFO), Bii.xSmyFeOs
ceramics. For the BT sample, we study change in PFM responses on Au-nanoparticles
modified barium titanate as a function of DC voltage bias. The obtained results point
towards possibility of control the polarization switching of the AuNPs-modified BT
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(PFM) is used to acquire an image of polarization amplitude and phase of ferroelectric
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domains. PFM images analysis demonstrated that average out of plane polarization
amplitude increases as the Sm-substituted into the material before diminishing at
doping 15% doping due to the phase transition at doping level 15%. Conductive AFM
shows an average conductivity decreases at 7.5% doping, and I-V characteristics of the

BFO domains shows diode behavior with similar ideality factor for different doping.
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CHAPTER

INTRODUCTION

1.1 Ferroelectricity

Ferroelectricity is a characteristic of certain materials that have a spontaneous
electric polarization that can be reversed by the application of an external electric field.
All ferroelectrics are pyroelectric and some of them are piezoelectric, with the
additional property that their natural electrical polarization is reversible.
Ferroelectricity was discovered in 1920 in Rochelle salt by Valasek (Valasek, 1921).
Thus, the prefix ferro, meaning iron, was used to describe the property regardless of the

fact that most ferroelectric materials do not contain iron.

P “Domain L
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“Domain Down”

Figure 1.1 Ferroelectric hysteresis loop.



When most materials are polarized, the polarization induced, P, is related to the
applied external electric field E; so the polarization is a linear function. This is called
dielectric polarization (Figure 1.1). The electric permittivity, corresponding to the slope
of the polarization curve, is not constant as in dielectrics but is a function of the external
electric field. In addition to being nonlinear, ferroelectric materials demonstrate a
spontaneous nonzero polarization, even when the applied field E is zero. The
distinguishing feature of ferroelectrics Is that the spontaneous polarization can be
reversed by a suitably strong applied electric field in the opposite direction; the
polarization is therefore dependent not only on the current electric field but also on its
history, yielding a hysteresis loop. They are called ferroelectrics by analogy to
ferromagnetic materials, which have spontaneous magnetization and exhibit similar
hysteresis loops.

Typically, materials demonstrate ferroelectricity only below a certain phase
transition temperature, called the Curie temperature (Tc) and are paraelectric above this
temperature: the spontaneous polarization vanishes, and the ferroelectric crystal
transforms into-the paraelectric state. Many ferroelectrics lose their piezoelectric
properties above Te-completely, because their paraelectric phase has a centro-

symmetric crystal structure (Safari and Akdogan, 2008).

1.2 Ferroelectric Materials

Ferroelectric materials have internal electric dipoles of a ferroelectric material are
coupled to the material lattice so anything that changes the lattice will change the
strength of the dipoles (in other words, a change in the spontaneous polarization). The

change in the spontaneous polarization results in a change in the surface charge. This



can cause current flow in the case of a ferroelectric capacitor even without the presence
of an external voltage across the capacitor. Two stimuli that will change the lattice
dimensions of a material are force and temperature. The generation of a surface charge
in response to the application of an external stress to a material is called piezoelectricity.
A change in the spontaneous polarization of a material in response to a change in

temperature is called pyroelectricity.

Generally, there are 230 space groups among which 32 crystalline classes can be
found in crystals. There are 21 non-centro-symmetric classes, within which 20 are
piezoelectric. Among the piezoelectric classes, 10 have a spontaneous electric
polarization that varies with the temperature, therefore they are pyroelectric. Among
pyroelectric materials, some of them are ferroelectric.

Ferroelectric phase transitions are often characterized as either displacive (such
as BaTiOzs) or order-disorder (such as NaNOy), though often phase transitions will
demonstrate elements of both behaviors. In barium titanate, a typical ferroelectric of
the displacive type, the transition can be understood in terms of a polarization
catastrophe, in which, if an ion is displaced from equilibrium.slightly, the force from
the local electric fields due to the-ions. in the crystal increases faster than the elastic-
restoring forces. This leads to an asymmetrical shift in the equilibrium ion positions
and hence to a permanent dipole moment. The ionic displacement in barium titanate
concerns the relative position of the titanium ion within the oxygen octahedral cage. In
lead titanate, another key ferroelectric material, although the structure is rather similar
to barium titanate the driving force for ferroelectricity is more complex with
interactions between the lead and oxygen ions also playing an important role. In an

order-disorder ferroelectric, there is a dipole moment in each unit cell, but at high



temperatures they are pointing in random directions. Upon lowering the temperature
and going through the phase transition, the dipoles order, all pointing in the same
direction within a domain.

An important ferroelectric material for applications is lead zirconate titanate
(PZT), which is part of the solid solution formed between ferroelectric lead titanate and
anti-ferroelectric lead zirconate. Different compositions are used for different
applications; for memory applications, PZT closer in composition to lead titanate is
preferred, whereas piezoelectric applications make use of the diverging piezoelectric
coefficients associated with the morphotropic phase boundary that is found close to the
50/50 composition. Ferroelectric crystals often show several transition temperatures
and domain structure hysteresis, much as do ferromagnetic crystals. The nature of the

phase transition in some ferroelectric crystals is still not well understood.

1.3 Nanoscale Ferroelectricity

Ferroelectric materials exhibit a wide range of functional properties, including
switchable polarization, piezoelectricity, high non-linear optical activity,
pyroelectricity, and non-linear dielectric behavior. These properties are essential for
application in electronic devices such as sensors, micro-actuators, infrared detectors,
and, non-volatile memories (Dawber et al., 2005). Because of this unique combination
of properties researchers and engineers have been focusing on ferroelectric materials
for a long time. Several classical articles supported as an inclusive introduction into the
field for a number of generations of scientists. However, modern developments in the
synthesis and fabrication of micro and nanoscale ferroelectric structures brought to life

new physical phenomena that need to be studied and understood at this scale. As



structure dimensions are getting smaller, ferroelectric materials show a noticeable size
effect expressing itself in a significant unconventionality properties of low-dimensional
structures compared to the bulk properties. To understand the scaling behavior, several
fundamental issues need to be addressed, including the intrinsic limit for a stable
domain, extrinsic effects on polarization stability, mechanism of domain wall motion

and switching in nanoscale volumes.

1.4 Scanning Probe Microscopy for Nanoscale Ferroelectricity

Progress in modern science is impossible without reliable tools for
characterization of structural, physical, and chemical properties of materials and
devices at the micro-, nano-, and atomic scale levels. While structural information can
be obtained by such established techniques as scanning and transmission electron
microscopy, high-resolution examination of local electronic structure, electric potential
and chemical functionality is a much more daunting problem. Local electronic
properties became accessible after the development of Scanning Tunneling Microscopy
by G. Binnig and H. Rohrer in 1981 at IBM Zurich 25 years ago an invention that
earned its authors the Nobel Prize in Physics five years later. Scanning Probe
Microscopy (SPM) techniques are particularly useful for micro and nanoscale
characterization of ferroelectric materials. SPM techniques have revolutionized the
field of ferroelectricity, for providing an opportunity for nondestructive imagining of
domain structures in ferroelectric thin films at the nanoscale. Among the SPM
techniques for the nanoscale characterization of ferroelectrics, by far the most popular
one is Piezoresponse Force Microscopy (PFM). Application of PFM, well known as

critical role in the recent advances in science and technology of nanoscale ferroelectrics



(Gruverman and Kalinin, 2006). The PFM applied for high-resolution characterization
of ferroelectrics domain wall (Tybell et al., 2002), nanoscale ferroelectric switching in
inhomogeneous electrical and elastic fields (Gruverman et al., 2001), and mechanisms
of ferroelectric fatigue (Shvartsman et al., 2005). Another importance is made on
investigating the electrical and mechanical properties of ferroelectrics with a viewpoint
of fabrication of nanoscale domain structures that can be used both for fundamental

studies and for application related purposes (Terabe et al., 2003).

1.5 Replaced Lead-Free Ferroelectric Materials

Lead zirconate-titanate Pb(Zr,Ti)Oz or PZT is the most widely used piezoceramic
material for electromechanical device applications. The toxicity and environmental
impacts of lead have been known, and many researchers has been finding lead-free
alternatives (Jaffe, 2012). However, it was not until 2002 that directives regulating the
use of Pb and other toxic elements in commercial products were introduced in the
European Union (Directive, 2011, Directive, 2003). These regulations have stimulated
renewed interest-in lead-free piezoelectrics. In 2004 (Saito et al., 2004) reported
alkaline-niobatebased lead-free piezoelectrics with properties comparable with those
found in PZT. This report triggered an exponential increase in the number of both basic
and applied research investigations related to lead-free piezoelectrics. The expanding
research community soon revisited the pioneering work performed by Tadashi (Tadashi
et al., 1991), which had reported on alkaline-bismuth-titanate-based piezoelectrics.
Thereafter, research efforts focused on strategies to improve the piezoelectric properties

of these materials. These strategies have included searching for systems with



morphotropic or polymorphic phase boundaries, microstructure optimization, and

texturing.

1.6 Barium Titanate

BaTiOz (BT) was the early polycrystalline ceramic material ever learned that
exhibited ferroelectricity. In the 1950s, it was considered a serious candidate for lead-
free piezoelectrics transducer applications (Jaffe, 1950) and the basic
phenomenological principle for the monodomain, monocrystalline state was
established (Devonshire, 1949; 1951). Recently, great utilizations of lead-free
ferroelectric ceramics particularly in the development of data storage devices for the
next generation of information technology have been realized based on increasing
sophisticated ferroelectric domain patterning. In connection with this, perovskite BT-
based compounds are of particular interest as they are one of the most popular lead-free
ferroelectric/piezoelectric materials employed in numerous existing commercial
devices (Buscaglia et al., 2004; Fuentes et al., 2010; Tan et al., 2015).

Microstructural engineering is an effective strategy to tune functional properties
of BT-based compounds. Gold nanoparticle (AuNPs)-modified BT ceramics which
showed significantly almost 3-times-improved dielectric constant maxima and around
2-times-reduced dielectric loss values compared with unmodified BT ceramics,
reported (Nonkumwong et al., 2015). Thus, the minor aim of this work is to explore
domain evolution processes in polycrystalline BT-based ceramics containing various
amounts of AuNPs. This is of significance because understanding the structure of these
polarized BT-based ceramics and their polarization procedure is a fundamental

necessity both for the development of novel materials and to improve their potential



device performance (Kim and Huber, 2015). Moreover, to date, no conclusive

experimental data of such materials are available.

1.7 Bismuth Ferrite

BiFeOs (BFO) is a candidate for a lead-free piezoelectric material owning to its
high remnant polarization, piezoelectric coefficient, and additional multiferroicity
(Catalan and Scott, 2009). However, a large leakage current limits a number of BFO
applications. Therefore, a number of studies report improved BFO properties by
chemical substitutions either at A- or B- sites. Among these works, the A-site
substitution with trivalent rare-earth elements with ionic radius smaller than Bi, such as
Sm¥*, Gd*", Dy**, and La®", is of interests (Cheng et al., 2010; Fujino et al., 2008; Kan
etal., 2011; V. A. Khomchenko et al., 2010; Walker et al., 2016; Yotburut et al., 2017;
Yuan and Or, 2006). The chemical pressure from replacing Bi with a smaller atom
causes structural transition from rhombohedral to orthorhombic with enhanced
dielectric constant (Cheng et al., 2010), piezoelectric coefficient (Cheng et al., 2010;
Fujino et al., 2008; Kan et al., 2010; Walker et al., 2016; Yeotburut et al., 2017), and
remnant magnetic polarization (Yuan and Or, 2006) at the phase boundary. This phase
boundary is called morphotropic phase boundary similar what is found in lead-based
ferroelectric materials (Lallart, 2011). Furthermore, the chemical substitutions also
reduce the number of oxygen vacancies and Fe?* ions, which are the major sources of
leakage in BFO (Coondoo et al., 2012; Makhdoom et al., 2012; Mishra et al., 2008).

Recently, much attention is paid to transport behaviors at a metal-BFO interface,
such as polarization-modulated rectifying behavior (Choi et al., 2009; Lee et al., 2011,

Wang et al., 2011) , photovoltaic effect (Choi et al., 2009; Paillard et al., 2016), and



ferroelectric resistive switching (Lee et al., 2011; Wang et al., 2011). These transport
properties are greatly influenced by impurities and chemical defects (Kim et al., 2012;
Yang et al., 2009); therefore, the properties should also change upon chemical
substitutions. In this work, we study piezoresponse and transport property of
ferroelectric domains in Sm-substitute BFO ceramics using piezoresponse force
microscope (PFM) (Alikin et al., 2015; Soergel, 2011) and conductive atomic force
microscope (C-AFM). These techniques allow direct measurements local
piezoresponse, polarization direction, conductivity current-voltage (I-V) characteristic
of the same ferroelectric domains (Choi et al., 2009; Lee et al., 2011; Paillard et al.,
2016) to understand effects of chemical substitution and local polarization towards the

transport properties.

1.8 Scope of This Thesis

This research studies DC bias dependence of a gold nanoparticle modified barium
titanate (AuNPs-BT) using PFM. This work is published in Integrated Ferroelectrics
(Nonkumwong et al., 2018). This work addresses the domain evolution processes in
polycrystalline barium' titanate (BaTiO3; BT)-based ceramics containing various
amounts of gold nanoparticles (AuNPs) as an additive by using piezoresponse force
microscopy (PFM). This research study the polycrystalline BFO using scanning
electron microscope (PFM) and conductive atomic force microscopy (C-AFM)
spectroscopy. The PFM is used to determine the ferroelectric domain. X-ray diffraction
(XRD) is used to characterize the structure of crystals and to analyze crystal structures.
C-AFM is used to study the conductivity of a sample surface and a specific ferroelectric

domain. Using PFM, C-AFM and XRD technique simultaneously to observe the
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changes in electrical properties and polarization, which based on the crystalline

structure of BFO.



CHAPTER 11

LITERATURE REVIEWS

2.1 PFM Investigation of Barium Titanate

BT-based compounds are of particular interest as they are one of the most popular
lead-free ferroelectric/piezoelectric materials employed in numerous existing
commercial devices (Buscaglia et al., 2004; Fuentes et al., 2010; Tan et al., 2015). For
most practical data storage applications, additive modified polycrystalline BT ceramics
are more important than single crystal mainly because a good control over grain size
and electrical characteristics can be obtained by tailoring the additive type and
concentration, which lead to a wide range of applications (Rahaman and Manalert,
1998). In general, each area of the ferroelectric materials in which the spontaneous
polarization points in one direction only, so-called “ferroelectric domain”, are separated
by a domain wall(i.e..-domain boundary) (Kao, 2004). Under static conditions, several
techniques may be employed to visualize domain configurations of BT-based ceramics
including optical (Cheng et al., 2006) and electron microscopy (Reichmann et al., 2011,
Tan et al., 2015). One major source of the microscopic behavior of these ferroelectric
ceramics for switching processes has been the use of neutron/X-ray/electron backscatter
diffractions to indicate reorientation of the crystal lattice (Forrester et al., 2005; Park et
al., 2007; Reichmann et al., 2011) individual domains of such materials. Previously,
etching in conjunction with a standard optical microscope is a typical approach to obtain

an image of the domain structure and can be accomplished in any laboratory without



12

the requirement of any specific facilities. Although, the use of optical microscopy to
observe large domains in ferroelectrics is well-known, but this technique is unsuitable
for the submicron domains found in fine-grained and opaque BT-based ceramics (Kim
and Huber, 2015).

On the other hand, since the PFM was introduced by Glthner and Dransfeld in
1992 (Githner and Dransfeld, 1992), this technique has become a promising approach
for revealing ferroelectric domain patterns with a high lateral resolution of about 10 nm
and has also proven to be extremely sensitive as it allows measurement of local surface
displacements in the sub-pm regime (Jungk et al., 2010). Moreover, taking the
advantage of the fact that ferroelectricity entails piezoelectricity, the domain pattern
can be visualized by its piezo-mechanical deformation under the application of an
electric field. In the case of PFM, the electric field is applied locally to the sample with
the help of the tip (Soergel, 2011). Owing to its versatile, easy-to-handle, non-invasive
technique for imaging ferroelectric domain patterns on any kind of ferroelectric
material without the need of an elaborate sample preparation, PFM technique has been
attracting growing attention (Kim and Huber, 2015; Soergel, 2011). To the best of our
knowledge, no attempt has been made to use-PFM technique to investigate domain
patterns and also domain growth of AuNPs-modified BT ceramics which showed
significantly almost 3-times-improved dielectric constant maxima and around 2-times-
reduced dielectric loss values compared with unmodified BT ceramics, reported in our
previous work (Nonkumwong et al., 2015). Thus, the aim of this work is to explore
domain evolution processes in polycrystalline BT-based ceramics containing various
amounts of AuNPs. This is of significance because understanding the structure of these

polarized BT-based ceramics and their polarization procedure is a fundamental
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necessity both for the development of novel materials and to improve their potential
device performance (Kim and Huber, 2015). Moreover, to date, no conclusive

experimental data of such materials are available.

2.2 Ferroelectricity in Bismuth Ferrite

Bismuth ferrite, BiFeO3z (BFO), is multiferroic materials with high transition
temperature, Tn~370C, Tc~830C. Due to the high transition temperature application
refer to an application of multiferroic is possible at room temperature, so many
researchers was attracted to study multiferroic properties of BFO (Eerenstein et al.,
2006). The structure of BFO at room temperature is rhombohedral (space group R3c)
and polarization axis is along with the [111] presudocubic axis (Moreau et al., 1971).
Consider the atom in rhombohedral structure, Oxygen is pressed by surrounding atom,
and not stable (Goldschmidt, 1926). Therefore, it rotated around the axis [111]
presudocubic Cause the Fe-O-Fe bending angle estimate 154-156 degree (Moreau et al.,
1971). This little rotating angle allows superimpose of Fe-O orbital, which indicate the
antiferromagnetic properties. Although, BFO is being antiferromagnetic but it is
paraelectric, which s/ not practical for application. However, turning BFO into
ferroelectric and antiferromagnetic was engaged by Spaldin’s hypothesis (Filippetti and
Hill, 2002), which is suggest the transition-metal oxide with perovskite structure
(ABO:s), such as BFO, can be turn into ferroelectric and antiferromagnetic by ion-
substitution at B site. This hypothesis emerge research field that develop the perovskite
(ABOs3) oxide material as multiferroic materials.

In polycrystalline BFO, primary phase, rhombohedral (space group R3c) yielded

high polarization (Diéguez et al., 2011), is indicated multiferroic properties of the
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sample but the sample is naturally tended to contain other phases, such as BiFesOg, and
oxygen vacancy (Uchida et al., 2006). Polycrystalline sample must be purify by
removing the oxygen vacancy and impurity phase BiFesOg, therefore the idea of doping
ion to improve multiferroic efficiency was reported (Hu et al., 2009; Yan et al., 2010).
Recently, doping rare earth materials in BFO is seem to be a multi-purpose. For
example, doping rare earth are consequently fill the oxygen vacancy to lower the
leakage current (Das et al., 2012; Vanga et al., 2015), reduce impurity phase, turn BFO
from paraelectric into ferroelectric (Nalwa et al., 2008), and left the remnant electrical
polarization in sample surface (Lebeugle et al., 2007; Lobo et al., 2007; Uchida et al.,

2006).

2.3 Oxygen Vacancies in Bismuth Ferrite

Bismuth ferrite  synthesized in bulk and thin film form both have
antiferromagnetic, ferroelectric and piezoelectric properties. Bismuth ferrite is not a
naturally occurring and several synthesis methods have been developed. The wet
chemical synthesis methods based on sol-gel chemistry synthesis have been used to
make BiFeOz. The advantage of this methods is the campositional homogeneity of the
precursors and the much lower calcined temperatures needed, which provide reduced
impurity of bismuth. A precursor is calcined at 300-600°C to remove organic residuals
and to promote crystallization of the bismuth ferrite perovskite phase, while the
disadvantage is that the resulting powder must be sintered at high temperature to make
a dense polycrystalline. The problem of synthesizing single phase BFO is the remaining
of oxygen vacancies after synthesized. To reduce oxygen vacancies, the substitutions

of rare-earth in BFO also helped. Since, Sm substitution not only improve the electrical
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properties but also improved the ferroelectric behavior. In addition, the bond
dissociation energy of Sm-O bond (619+13 kJ mol™) being higher than of Bi-O bond
(3436 kJ mol™), so Sm substitution for using Bi®* will recover the oxygen. Thus, it
can be predictable that A-site substituted BFO samples will exhibit better ferroelectric,

improve the electrical properties, and reduce oxygen vacancies.

2.4 Temperature Induced Phase Transition of Bismuth Ferrite

Bismuth Ferrite (BFO) is synthesized from two precursor Bi>Ozand Fe2Oz in the
equal ratio. Phase transition from a -Phase (ferroelectric) to f-Phase (paraelectric)
occur at 825°C. Filippetti and Hill study BFO synthesis at difference temperature. They
reported that the yield trendy have high impurity phase (parasitic phases or secondary
phases) such as BiFesOg or BixFesOs. These impurity are change the transition
temperature and also effect the ferroelectric properties of bismuth ferrite (Filippetti and

Hill, 2002).

2.5 Pressure Induced and Phase Transition of Bismuth Ferrite

Pashkin report phase transition of bismuth ferrite from pressure, 7.5-10 GPa at
room temperature (Pashkin et al., 2007). From the experimental, pressure induced phase
transition occur at about 10 GPa and the structure change from Rhombohedral (R3c) to
Orthorhombic-Pnma (Pbnm). Afterward, Palai (Palai et al., 2007) perpose that the
phase transition from « -Phase (ferroelectric) to g-Phase (paraelectric) occur at 825°C.
However, this proposal is not accept until Redfern confirm the transition at 10GPa by

the experiment (Redfern et al., 2009).
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Another way similarly with pressure induced is metal doping, substitution of
atom in structure with equal ion but difference atomic size. This method called a
chemical pressure. For example, La** substitute Bi*® in BiFeOs. La and Bi size is not
significantly difference but lone pair electron of La is not equal with Bi, so it
consequently turn off Bi lone pare electron and also turn of ferroelectric properties

(Polomska et al., 1974).

2.6 Rare-Earth Substitution in Bismuth Ferrite

Many group of researchers modify bismuth ferrite to show ferroelectricity. In
1969, Smolenskii’s group (Smolenskii and Krainik, 1969) report that bismuth ferrite is
not purified, conductive and not practical with applications. However, the conductivity
is caused by oxygen vacancy and iron ion. After that, the new research is set to the
elimination of the oxygen vacancies and reduction of conductivity.

Recently, much attention is pay to the enhancement of bismuth ferrite. For
example, Ramesh’s group in 2003 report BFO with very high Remnant Polarization
(Pr), 15 times better than founded before (Wang et al., 2003), and also have better
ferromagnetism (1.0 Bohr magneton per unite celt). In 2006-2007, many research report
a successful synthesis methods, which obtain polycrystalline BFO with high intrinsic
polarization and almost zero intrinsic magnetization (Cazayous et al., 2007; Lebeugle
et al., 2007; Lobo et al., 2007).

Rare-earth substitution at A-site of ABO3z of bismuth ferrite cause the transition
of unit cell structure. Smaller atomic size will cause distortion and influence the
ferroelectric and piezoresponse. However, the rare-earth doping also cause impurity

phase such as BiFesOg and also form new structure which is not ABOs form. For
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example, Uchida (Uchida et al., 2006) study La and Nd substituted bismuth ferrite,
which not only improve piezoresponse but also form impurity phase.

Dieguez (Diéguez et al., 2011) used first principle calculation to predict all
possible structure of bismuth ferrite when doped with Samarium and calculate
piezoresponse coefficient. They report each possible structure have difference
piezoresponse. For example, piezoresponse of space group R3c is 90 C/m? and space
group Pnma is 0 C/m?. This results indicate that impurity phase effect the piezoresponse
of polycrystalline.

Doping content of rare-earth is influent the structure possible structure of Bi, Fe
and O. For example, the research of Khomchenko (V. Khomchenko et al., 2010)
reported an effect of Dysprosium (Dy) doping in bismuth ferrite and at 20% content the
structure rhombohedral (R3c) changed into orthorhombic (Pnma). This is called the
morphological phase transition.

Nalwa (Nalwa et al., 2008) study synthesis of BFO, focusing on the multiferroic
properties of as a function of samarium (Sm) doping content. The synthesis of Sm-BFO
is used the Solid-state-reaction with the precursor, Fe2Oz, BizOs and Sm2Os.
Temperature used in calcination-is vary from in order to-eliminate inessential organic

compound. From the experimental found that calcination BFO at 850°C and Sm-BFO

at 800°C for 1h can obtain the pure phase BFO without impurity, characterized by
XRD.

Finally, the rare-earth substitution at Bi or Fe site helps to relief the conductivity,
the loss factor, and also enhances the ferroelectric polarization is confirmed (Jun et al.,
2005; Qi et al., 2005),. The rare earth doping is induced the structure transition and also

confirm as a universal properties (Kan et al., 2010b) called a morphotropic phase
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boundary (MPB), which large piezoresponse and related electrical properties are

observed near this point.

2.7 Ferroelectric Domain of Bismuth Ferrite

Polarization direction of bismuth ferrite is pointing along the diagonal of
pseucubic (Polarization along [ 111] pseudocubic 8XiS), which have 8 possible directions.
However, they are 3 directions 71°, 109°, 180°, respect to the domain walls that separate
between two domains. Ferroelectric domain size is depend on thin film thickness, also
ferroelectric (Mitsui and Furuichi, 1953) ferroelastic (Zheng et al., 2004) and
multiferroic (Daraktchiev et al., 2008). Domain size is depended on a competition of
strain, depolarization, and demagnetization, which effect the domain wall. Domain wall
energy is a ratio between domain size and film thickness. The interesting relation of
domain wall size (w) and film thickness (d) is w= Av/d , where A is the constant (Chen
et al., 2007). These works show that the thickness of sample indicate ferroelectric
properties, however this work study bulk properties, which the thickness is not affect

the results.



CHAPTER III

EXPERIMENTAL MEDTHODS

3.1 Gold Nanoparticle-modified Barium Titanate (AuNPs-BT)

Jeeranan Nonkumwong from Chiang Mai University provided the BaTiO3 for
this research, which synthesized by employing a mixed-oxide synthetic route
(Nonkumwong et al., 2014). Starting precursors were commercially available powders
of BaCOgz and TiO: (Aldrich, 99% purity). The method of mixing, drying and grinding
of the products was similar to those employed in the earlier work (Nonkumwong et al.,
2014). The mixed powders were vibro-milled (McCrone Micronizing Mill) for 0.5 h in
ethyl alcohol, dried at 120°C and calcined at 1300°C for 2h. The citrate reduction
method was used to prepare 50 nm gold nanoparticles (AuNPs). Briefly, aliquot of 0.16
ml of 1% w/v CsHsNazO7 (Aldrich, 99% purity) was added into the boiled HAUC4
solution which composed of 1.00 ml of 1% w/v HAuC4 (Strem Chemicals Co., 99%
purity) and 50 ml of deionized water. After boiling for 15 min, purple-brown AuNPs
solution was obtained. The AuNPs were purified via centrifugation method and washed
with deionized water. Instead of using only 0.5% AuNPs, various amounts of AuNPs
ranging from 0.0 to 4.0% were mixed with calcined BT powders via a rapid vibro-
milling for 10 min without grinding media. Ceramics fabrication was successfully

performed without any binders by uniaxial pressing of all compositions into green
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pellets (15 mm in diameter) at 100 MPa and then sintered in a closed alumina crucible

at 1250°C for 2 h with heating/cooling rates of 5°C/min.

3.2 Sm-substituted Bismuth Ferrite (Sm-BFO) Samples

Samples are provide by Yotburut (Yotburut et al., 2017). Nanoparticles of Bis-
xSmyFeOz with x =0, 0.05, 0.1, 0.2, and 0.3 (abbreviated as BFO, BLFO-0.05, BLFO-
0.1, BLFO-0.2, and BLFO-0.3, respectively) were prepared by a simple co-
precipitation method. In this method, the raw materials used high purity chemical
reagents (>99%) Bi (NO3)2¢5H20, Fe (NOgz)2¢9H20, and Sm (NOz)3*4H.0 according
to the stoichiometric ratio. For the initial step, the metal nitrates were mixed in
deionized water at room temperature into the ready precursor solution. Second, the
nitric acid and PEG were subsequently added to the solution with constant stirring and
then increased the temperature to 60°C to form gel. Next, the ammonia solution was
added into the above mixture until the precipitation was complete, and the solution was
washed by deionized water for 5-6 times in order to remove the excess amine groups.
The resulting mixture was dehydrated in an oven at 70°C. The dried Bi1-«SmxFeO3
precursors were calcined in air-at 600°C for.3-h and-then were ground. Finally, the
ground powders were pressed into pellets of 10 mm diameter applying pressure of 200

MPa and sintered at 800°C for 3 hours in air.

3.3 X-ray Diffraction Patterns of BFO Samples
The XRD patterns of polycrystalline Bii.xSmxFeOs are showing in Figure
3.2(a). Pure BFO (x=0, or Sm 0%) structure is identified as rhombohedral (space group

R3c) and also have a small amount of impurity phase Bi>FesOq (space group Pbnm)
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mixed in the polycrystalline. The Sm substitutes on A-site of BFO, shown by shifting
of the XRD peaks, see Figure 3.2(b). Sm substitution has two effects on the
polycrystalline. First, the amount of secondary phase Bi.Fe4Og and Bi>Ozobserved at
20 ~ 28° are reduced after Sm content increased. Almost pure polycrystalline of
orthorhombic are observed at x = 0.10 (Sm 10%) and x = 0.125 (Sm 12.5%). Second,
the Le Bail refinement show that cell parameters and cell volume of the rhombohedral
structure are decreased as a function of Sm content. The morphotropic phase boundary
(MBP) and phase transition from rhombohedral (space group R3c) into orthorhombic

(space group Pnma) is observed at x = 0.15 (Sm 15%).
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Figure 3.1 Average grain size as a function of Sm-content. The square dot indicates the

average grain size and the * are outliers.

3.4 BFO Grain Size Analysis

Average grain size is using the Topography image from PFM to measure cross
average section of grain using ImageJ software. The images using to for grain size

analysis are 5-10 images for each doping and the results are showing in Figure 3.1.
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3.5 Piezoresponse Force Microscope Setup

The working principle of PFM is based on the atomic force microscopy, which use a

cantilever scan on sample surface for image acquisition. PFM required conductive

cantilever to apply external AC signal from function generator to the cantilever tip to

stimulate piezoresponse (Figure 3.3). This AC frequency is used as an operation

frequency for as well as reference frequency to detect piezoresponse vibration for lock-

in amplifier. Detection of a local piezoresponse vibration signal generated by the

converse piezoelectric effect when an external DC voltage is applied between the PFM

tip and the sample bottom electrode. The amplitude and phase signals of PFM are

directly related to the Out of Plane amplitude of the effective piezoelectric coefficient

and the polarization orientation, respectively.
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Figure 3.2 (a) The XRD patterns of BizxSmxFeOs (x = 0, 0.025, 0.050, 0.075, 0.125,

0.150) samples. * and * indicates Bi>FesOg and Bi>O3 phase, respectively. (b) Zoom in

of Intensity peaks of the Bi>FesOg phase and Bi>Os phase.
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Figure 3.3 Piezoresponse force microscopy set up.

The piezoresponse were imaged by commercial Piezoresponse Force Microscopy
(PFM), Park AFM (model XE-120). The PFM operated in contact mode of Atomic
Force Microscopy (AFM). In this case, we particularly study the vertical polarization
of polycrystalline, the lateral polarization components are certainly non-zero and
embedded as the spatial resolution of PFM images. The PFM cantilever is commercial
Platinum (Pt) cantilever (25Pt200B-H). The cantilever spring constant is 250 N/m and
the resonance frequency is 100 kHz, far from the reference frequency. SR-830 Lock-in
Amplifier was using as data acquisitions and feed data back to AFM controller as PFM
amplitude and phase. The lock-in Amplifier have reference frequency at 17 kHz,
amplitude 2.5 Vpp from function generator, Keysight33210A. Average piezoresponse
value from the images was done by XEI, the commercial image processing software
from Park AFM. Conductivity probe AFM or C-AFM, were performed using the same
Pt tip, and scan rate were 0.5 Hz. I-V spectroscopy data acquired by C-AFM is
characterized the diode effect using MATLAB. All scanning probe measurements were

performed in the ambient environment at room temperature Images data from PFM are
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Topography, PFM amplitude, and PFM phase. PFM calibration, PFM image of PZT
with out of plane domain, up and down domain, is showing in Figure 3.4. The PFM
amplitude show magnitude of piezoresponse and PFM phase show the polarization

direction -180° (bright) and 180° (dark) is up and down domain, respectively.

Domain Writing PFM Amplitude PFM Phase
(sample bias)

ov

180°

+10V

-10vV
+10M

Sample : PZT
Figure 3.4 To obtain PFM calibration, we write up and down domain on calibration

sample (PZT) by DC bias. PFM amplitude show magnitude of piezoresponse and PFM

phase show domain up (bright) and down domain (dark).

Figure 3.5 is the PFM image of Sm 5% BFO. On the surface, the polarized
domain in out of plane extend in out of plan with Az = d35|V,.|, (Kalinin et al., 2006).
This expanding is acquired in PFM amplitude and PFM phase. PFM amplitude is refer
to the piezoelectric coefficient, while PFM phase show the polarization direction

respect to the plane.
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Figure 3.5 PFM-Amplitude and PFM-Phase of Sm 5% BFO. Image acquired at DC

bias =0 -1 and +1 V ,which show piezoresponse and ferroelectric domain reversion

due to external electrical field.

3.6 Conductive Atomic Force Microscopy

To study conductivity of the ferroelectric domain, conductive atomic force
microscopy (C-AFM) is used. The C-AFM technique is able to perform on the same
region as PFM. Voltage bias on tip or sample drive the charge carrier to flow between
tip and sample holder. C-AFM can measure current as a function of tip or sample bias
and collect the Current-Bias voltage or I-V/ characteristic to demonstrate diode behavior

of BFO.

3.7 Images Analysis and Statistical Methods
Image analysis of PFM and C-AFM images are using XEI software, which is
Park-AFM software to collect statistical and average value. In this work, we use

biological sample collection statistical method (Cumming et al., 2007) to adapt for PFM
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and C-AFM to get average ds3 and conductivity. We assume the average data is a
representative of sample surface. For example, we scan 10 images (n = 10) and each
image have Root Mean Square (RMS) average value Vims,1, Vims2 Vims3... Vims 10, then
we calculate a started error (SE) and used as a confident interval. The condition we
using to consider stop adding scanning image (n) is when new scanning image have

average value in the confident interval (+SE).



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Barium Titanate Study

Representative topographic atomic force microscopy images obtained from BTO
ceramics containing various amounts of AuNPs additive are given in Figure 4.1. In
general, the bright and dark contrast in these micrographs represent topological
variations of the sample’s surface, in analogous to the typical scanning electron
microscopy (SEM) image where dark areas represent depressions of the surfaces and
brighter areas are relatively higher (Haugstad, 2012). Round-shaped and micron-sized
grains, and grain boundary regions are clearly seen in the topographic images of all
investigated samples (Fuentes et al., 2010; Silva et al., 2016). Clearly, the topographic
image of unmodified (i.e. 0.0% AuNPs) BTO ceramics (Figure 4.1(a)) presents several
grains with the grain boundaries distinguished by a sharp change in contrast, in
agreement with those observed by Buscaglia et al.(Buscaglia et al., 2004). Interestingly,
it is likely that individual micron-sized grains of AuNPs-modified samples (Figure 4.1
(b-d)) exhibited the dispersion of nano-sized particles which could be the AuNPs

additive. This finding is also similar to those observed by Shen et al. (Shen etal., 2012).
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Figure 4.1 Topographic images of BT ceramics with (a) 0.0%, (b) 2.0%, (c) 4.0%

and (d) 8.0% of AuNPs sintered at 1250°C for 2 h.

Moreover, the AuNPs-modified BT samples possessed the uniform microstructure with
relatively smaller grain size when compared with the unmodified BT sample, coherent
with previous research regarding their corresponding microstructures obtained by SEM
technique (Nonkumwong et al., 2015). The estimated grain sizes obviously measured
from the 8.0% AuNPs-modified BT samples (Figure 4.1(d)) are in the range of ~ 0.6 —
3.1 pum while larger grain sizes of unmodified BT ceramics are ~ 1.0 — 4.0 pm. This
observation strongly supported our previous discussion which was mentioned that
tailoring of BT ceramics with AuNPs additive could inhibit the ceramic grain-growth,
resulting in an increase of dielectric constant (i.e. in this case, the magnitude of the
dielectric constant strongly depends on the ease of polarization or the dipole switching
(Rai et al., 2013)) of the ceramics (Nonkumwong et al., 2015). To further investigate
the polarization mechanism related to ferroelectric/piezoelectric properties of the BT
ceramics containing various amounts of AuNPs content, PFM technique was conducted
for mapping the ferroelectric domains and studying the local polarization switching in
which variations in the orientation of the polarization can be distinguished through
changes in the phase of the piezoelectric deformation of the sample subjected to the

action of an oscillating electric field.
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To complete a piezoelectric image, both amplitude and phase parameters have to
be carefully monitored as shown in Figure 4.2. For PFM image recording, the
conducting tip is scanned in contact mode with upper surface of samples while different
Vpc is applied between the tip and Ag electrode at lower surface. As the domains in one
grain attempt to switch, they are constrained by the differently oriented neighboring
grains. The PFM phase features indicate the changing or inform the information of
domain orientation where 0° means in-phase (IP) piezoresponse to the driving voltage,
results in an expansion of the domain, while 180° means out-of-phase (OOP) response,
results in a contraction of the domain. The PFM phase images for all samples, except 8
% AUNPs-modified BT, indicate that applying positive Vpc (up to 5 V) causes
significant 180° phase changes, i.e. create more OOP domains, more than applying
negative Vpc (Figure 4.2, lower panels). It means that before applying voltage, most of
domains point upward to the scanned surfaces (Pramanick et al., 2012). Additionally,
when the positive Vpc was applied to unmodified BT samples, the 90° domains seem
to be observed. Both 180° and 90° polarization switching of ferroelectric walls can be
ascribed to the minimization of the electrostatic energy and the elastic energy,
respectively (Cheng et al., 2006). However, the maost obvious phase shift (180°
domains) can be observed from applying positive 2.5 V to 4.0% AuNPs-modified BT
ceramics. This information indicates that the amount of AuNPs affected on the
orientation polarization, i.e. the higher amount of AuNPs additive, the more
polarization reversal obviousness when the opposite Vpc was applied, revealing
superior piezoelectric characteristics. As a consequence, higher dielectric constant
values (because of the easier domain switching resulting in higher polarization) could

be obtained from the AuNPs-modified BT ceramics than that obtained from unmodified
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BT sample, as evidence in previous work (Nonkumwong et al., 2015). Nevertheless,
applying unsuitable Vpc for each condition such as applying positive 5 V to 4.0 %
AuNPs-modified BT does not provide more phase shift but the opposite result was
found. In this case, it might be explained by too much energy from too much applied
voltage can cause the creation of newly reverse domains. As a result, their effective
piezoelectric coefficients (dss) will cancel each other as the integrated effect of two
cylindrical head-to-head (tail-to-tail) domains in agreement with Kholkin et al.
(Kholkin et al., 2004). In the same way, the reason for no observed phase change by
applying positive Vpc only up to 5V to 8.0% AuNPs-modified BT sample as mentioned
above might be due mainly to insufficient energy to create the stable domains of
opposite polarity (Kholkin et al., 2004). These observations pointed out that the
orientation polarization of the samples might be tailored by applying the negative or
positive Vpc dependent on their chemical compositions. By the way, since the different
shade is referred to the direction of the polarization projection onto the samples, it can
be inferred that all investigated samples have average non-zero piezoresponse in this
poled state (£5 V). However, judging from only the phase image cannot provide the
exact characteristics 'such as those found in 8.0% AuNPs-modified BT case where it
looked like that no domains exist in the scanning area. Therefore, it is also important to

measure the PFM amplitude.
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Figure 4.2 Amplitude (upper panel) and phase contrast (lower panel) PFM images
of BT ceramics with (a) 0.0%, (b) 2.0%, (c) 4.0% and (d) 8.0% of AuNPs sintered at

1250°C for 2h.
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In this connection, the amplitude piezoresponse images of these samples are also
given in Figure 4.2 (upper panels). The different shade in images exhibited different
piezoresponse (weak; the darker area and strong; the brighter area) or degree of
effective dsz coefficient. By applying positive, all samples exhibit apparently strong
piezoresponse more than applying negative Vpc. The strong piezoresponse areas (i.e.
the brighter area) in 4.0% and 8.0% AuNPs-modified BT ceramics are much larger than
that of unmodified and 2.0% AuNPs-modified BT cases. These variations could
certainly support the differences in their dielectric properties, as mentioned earlier. This
finding especially for 4.0% AuNPs-modified BT sample which show the most obvious
phase change as described above could be comparable to Zhao et al. research (Zhao et
al., 2015). In this case, they applied a negative bias to Pb-based perovskite ferroelectric
system of lead magnesium niobate-lead titanate (PMN-PT) ceramics, with various
ratios of PMN/PT, from -10 to -70 V to create a reversed polarity domain and found
that the fluctuation of PT content affected on the domain configurations and domain
dynamic response. They reported that the reversed polarization of macrodomain area
in PMN-35%PT and PMN-25%PT exhibited a relatively higher response behavior and
better polarization retention performance than-that of microdomain in PMN-10%PT
and PMN-20%PT. Again, it was noticeable that applying positive 5 V to 4% AuNPs-
modified BT ceramics causes the decreasing of effective dzz coefficient compared with
applying only +2.5 V. This finding supports the previous explanation related to the
cancellation of the oppositely poled grains exist after applying more than +2.5 V. In
contrary to 8.0% AuNPs-modified BT case, although there were not phase changes
found in the previous discussion, this sample showed the highest amplitude among

others. These results emphasize that it is possible to control the piezoresponse of the
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AuNPs-modified BT ceramics by selection the proper applied Vpc for each AuNPs
content. Moreover, it is likely that homogeneous polarization state of the ceramics
could be induced by applying high bias and/or increasing AuNPs content. However, to
obtain a better understanding on ferroelectric domain evolutions and local polarization
switching, further research on applying higher voltage as found in Zhao et al. (Zhao et
al., 2015) is therefore attractive. Additionally, Kim et al. (Kim and Huber, 2015) work
which study the ferroelastic domain evolution under compressive loading in
polycrystalline lead zirconate titanate (PZT) ceramics by using PFM also provided the
interesting point to apply this method for our AuNPs-modified BT samples because
their results confirmed that applying different compressive loading revealed the
involved multiple domain switching processes. With these understandings, the
fundamental necessity both for the development of novel materials and an improvement

of their potential device performances as aimed could be surely achieved.

4.2 PFM and C-AFM Studies of Sm-substituted BFO

Figure 4.3 shows topography, PFM amplitude, PFM phase and C-AFM images
of Bi1xSmyFeOs (x =0, 0.025, 0.05, 0.075, 0.100 and 0.125) samples. The topography
show roughness of sample surface at difference doping. Grain size on surface have
decrease as a function of Sm doping. The amount of small grains decreased

corresponding to the impurity phase characterized by XRD.
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Figure 4.3 PFM results of BFO sample from Sm 0 -12.5%.

To discuss in to detail, Figure 4.5 shows AFM, PFM and C-AFM images of Bis.-
xSmxFeOs (x = 0, 0.050, 0.075, and 0.125) samples. From the AFM images, the BFO
ceramics are made of grains with difference sizes. A plot of average grain size for
different samples is summarized in a Figure 2.1. In the Sm 0% sample, we observed
two types of grains: large grains with diameter about 8 um and small particles with
diameter about 1 um clustered between the edges of the big grains. Since there are less
amount of large grains per area, they appear as outliers in the plot. The grain size
decreases as the doping level increases, which is attributed to the reduced in the volatile
Bi ions (Makhdoom et al., 2012; Yotburut et al., 2017). For Sm 5% - 7.5% samples, the
grain size is about 3 um and the small particles are still observed. At 12.5% Sm sample,

the grain size is rather uniform, ~ 1 um.
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Figure 4.4: Topography, PFM Amplitude, PFM Phase, and C-AFM images of
Bi1xSmxFeOz (x = 0 - 0.150) samples at various locations. The scale bars are 5 um for

the Sm 0% - 10%, 15% images, 1 pum for the Sm 12.5% images.

When comparing the PFM amplitude, PFM phase and C-AFM images of the Sm
0% sample (Figure 4.5(e), (i), and (m)), we found no correlation between the
polarization direction and conductivity. For example, the grains marked by the white
dash and white solid lines are both down domains but have different current signals.
The domains in the grains marked by the red dash and red solid lines are both up

domains, but only that marked by the red solid line has current signal
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Sm0%-BFO Sm5%-BFO Sm7.5%-BFO Sm12.5%-BFO

PFM Amplitude Topography

PFM Phase

Figure 4.5 (a) - (d) Topography, (e)-(h) PFM Amplitude, (i) - (I) PFM Phase, and (m)
- (p) C-AFM images of BiixSmyFeOs (x = 0, 0.050, 0.075; and 0.125) samples. The
arrow points to the 1 um particles located between the big grains. The white-dotted
line indicates regions with zero response in both PFM and C-AFM channels. Red and
white lines outline grains from the topography images with different PFM and C-AFM
responses (see main text for details). The scale bar are 5 um and 2.5 pum for the Sm 0%

- 7.5% and Sm 12.5% images, accordingly.

Moreover, closer inspection reveals some correlation between the polarization

direction and conductivity. Domains with polarization down (dark color in the PFM
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Figure 4.6 (a) — (b) average PFM response and average C-AFM signal as a function
of Sm content for Bi1xSmxFeOs (x = 0 — 0.150). For the average C-AFM signal, the
regions excluding the non-conducting regions were used. The lines are guide to the

eyes. (c)Areal fraction of the non-conducting region for x =0~ 0.075.

phase image, Figure 4.5(j)) are slightly -more conductive than the domains with
polarization up (light color in the PFM phase). Such polarization-modulated
conductivity is similar to what has been observed in BFO films (Chen et al., 2007; Kim
et al., 2012; Lee et al., 2011; Wang et al., 2011). Here, the effect is weaker since the
electric field is smaller in our thick ceramic samples. However, exception are found,
for example, the grain that has both up and down domains, but C-AFM signal are rather
similar. We speculate that the conductivities of these domains are also influenced by

local surface charges or the domain polarization change to the same direction under the
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bias. Similar behavior is seen in the Sm 7.5% sample, though the average C-AFM signal
is lower. Attempting to extract the correlation coefficient between the PFM images and
C-AFM images give no significant results since the up and down domains only have
small conductivity difference as showed by low conductivity correlation in Figure 4.7.

Figure 4.5(a) — (b) summarize the average PFM and C-AFM responses as a
function of Sm-content. For, the average PFM response, we use signals from the entire
images. For the average C-AFM response, we excluded the regions with current signal
lower than the noise level 1 nA. The error bars were calculate from images at different
locations. The average PFM response drops a little at 7.5% Sm doping, and raises again
at 12.5% and diminishes at 15% Sm doping. Average C-AFM responses are similar for
the Sm 0 — 5% sample. The decreased grain size does not interrupt conductive paths
and lower the conductivity as oppose to observation from other study (Lubomirsky et
al., 2002). A drop in the PFM response at 7.5% is accompanied by lower average C-
AFM response (Figure 4.5(h)). The current signal disappears at higher doping level at
Sm-substitution higher than 10%. At Sm 12.5% substitution, the sample has large

piezoresponse, but low leakage, a desirable property for applications.



39

1.0 [0 C-AFM & PFM Amplitude
A C-AFM & PFM Phase
Od
= Od
£ 051 . -
[5)
= Od
5 = Q N
3 H
2 00fF--g---=--"D------ O e
2 A A
ke A A
o
= A
S .05 A
10E T T T
0.0 2.5 5.0 75

Sm content (%)

Figure 4.7 Correlation of C-AFM, PFM phase, and PFM amplitude.
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Figure 4.8 PFM and C-AFM images of Sm 0% and 5% samples taken at sample bias

=0,+10Vand-10 V.
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4.3 Transport Properties of Sm-substituted BFO

Figure 4.11(a) shows typical 1-V curves plotted on semi-logarithmic scales
taken at conductive domains in the Sm 0 — 7.5% Sm samples. All I-V curves show
rectifying behavior with the forward current when applying positive bias to Vsampie (1-V
curves when applying tip bias see Figure 4.10. Small hysteresis was observed (see
Figure 4.8) and will be the subject of future study. The I-V curves indicate a p-type
carriers at the tip-sample interface (Choi et al., 2009; Lee et al., 2011; Miranda et al.,
2014). This different from a hot point probe test, which shows a bulk n-type carrier for
all samples. Different carrier type at the metal-sample interface from the bulk was
observed in other ferroelectric materials (Pintilie and Alexe, 2005). For this sample, it
can be explained an accumulation of the Bi and Fe vacancies (Pintilie and Alexe, 2005;
Yang et al., 2009) at the interface.

The I-V characteristic of Sm-substitute BFO are divided into two regimes. At
Vsample < 3 -7 V, the current increase exponentially suggesting a Schottky-like barrier at
the tip-sample interface (Miranda et al., 2014; Wu et al., 2010). Fitting the I-V curves
to the Schottky diode equation | = Is (exp(eV/pksT) — 1), where V is the voltage at the
junction, Is is saturation'current, € is electron charge, f is ideality factor, kg is Boltzmann
constant, and T is the temperature. Since, our I-V curves shows current above the noise
level at an offset voltage Vo, it is appropriate to use a correct Vsample by Vo. Figure 4.11
(b) plots V, as a function of Sm-content. Vo = 4.5 V for the Sm 0% sample, and Vo =1
— 2.5V for the Sm 2.5% — 7.5% samples. The higher offset V, for the Sm 0% sample
suggests larger screening effect in the bulk, likely from higher amount of oxygen

vacancies.
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Figure 4.11 (a) I-V curves of ferroelectric domains Bii1xSmyFeOs (x = 0 — 0.075).
The solid lines are exponential fits. (b) Offset voltages (Vo) extracted from the I-V

curves as a function of Sm content.

We obtained g ~ 45 for all samples. The ideality factor much larger than 1 were
found in previous studies (Choi et al., 2009; Wu et al., 2010) and were attributed to two
factors: highly doped sample or defective p-n junctions (Scott, 2009). Since the ideality
factor remains the same across different doping level, we believe that the large ideality
factor are likely due to defects. Therefore, the voltage at the junction is given by V =
Vsample - Vo. Furthermore, at VV > 1 V, the 1-V curves deviate from the diode equation
and can be described by space-charge limited conduction (SCLC). Figure 4.12 shows a
double log plots of the I-V curves, which give a straight light indicating the and | o V".
The slope of the double log plot is the power, n. We obtained n ~ 2.6 — 3.1. Then > 2
is referred as a trap-controlled SCLC (Lampert and Schilling, 1970).

The p-type rectifying behavior also explained the different conductivity for the
up and down polarization seen in the Sm 5% sample (Figure 3.5). Figure 4.6(c) shows
a band diagram at the tip-sample interface under a low forward bias, 3 > Vsample > 0.

Positive charge accumulation at the surface bends the band downward at the junction
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with some barrier potential, and the applied voltage lower the barrier causing the current
to flow. For the domain with polarization up, there is more accumulation of positive
charge, which further lower the barrier potential. The barrier is higher in the domain
with polarization down. Applying the negative sample bias Vsample < O, increases the
barrier height, thus no current flow. We emphasize that the voltage at the junction is
much lower due to the screening effect of oxygen vacancies. This also explain why no

polarization-modulation conductivity was observed in the Sm 0% BFO sample.
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Figure 4.12 Double log plot of the curves from x = 0.025 — 0.075 sample, which show

linear dependence at high voltage.



CHAPTER YV

CONCLUSIONS

5.1 Sm-BFO Study

In summary, we performed PFM and C-AFM study of Sm- substituted BFO
ceramics, doping level 0 - 15%, growth by co-precipitation method. XRD spectrums
indicate structural transition from rhombohedral to orthorombic at Sm 15% doping.
Sm-substitution has two consequences to BFO. First, it decreases the BixFesOg phase at
in the > Sm 7.5% samples as seen in the XRD spectrums. The second consequence is
seen from the transport behaviors. For Sm 10% — 12.5% samples, the leakage greatly
decrease, while the piezoresponse remain high due to decreased chemical defects. In
the Sm 0% — 7.5% samples, the ferroelectric domains are conductive with defect-
dominate transport properties. Weak polarization-modulation rectifying behavior is
seen in the Sm 2.5.% and 5% samples. Transport behaviors of the domains shows
interface-dominate Schottky conduction at low voltage and SCLC at higher voltage.
The tip-sample interface exhibit p-type rectifying behavior differ from the n-type bulk
suggesting accumulation of the positively charge defects at the interface. The Schottky
conduction is offset by an offset voltage with the largest value in the Sm 0% sample,

indicating screening effect from the bulk.
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5.2 AuNPs-BT Study

For barium titanate, Piezoresponse force microscopy was adopted to study the
complex domain evolution in polycrystalline BT-based ceramics containing various
amounts of AuNPs additives. Complex microstructures that are agglomerations of a
very large number of variously oriented grains were evidenced. Additive content
dependence was noticeable in AuNPs-modified BTO ceramics where higher amplitude
can be observed from applying positive Vpc to 0.4% AuNPs-modified BTO ceramics,
compared to other samples, revealing more polarization reversal obviousness, i.e.
Superior piezoelectric characteristics. The amplitude piezoresponse images indicate
that most samples exhibit stronger piezoresponse by applying positive Vpc than that by
negative Vpc. Interestingly, the strong piezoresponse areas of AuNPs-modified BTO
ceramics are larger than that of unmodified BT case indicating the possibility of control
the polarization switching of the AuNPs-modified BT ceramics by a selection of the
proper applied Vpc.

For BTO sample, AuNPs-modified BTO ceramics have polarization reversal
when we bias minus more than plus voltage. This behavior indicates the potentials in a
memory application, however the bulk or ceramics farm is not practical in nanoscale

memory. We expected to study thin films of BTO in the future.

5.3 Future Works

Future study, test and experimental have been left for the future due to the lack
of time and restriction of instruments. Future works concerns deeper analysis of

particular mechanisms, more data acquisitions, and simply curiosity.
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There are some idea that rushed into mind and | would like to try during the work.
This thesis are mainly focus on ceramics and in plan ferroelectric domains, but the
better way to study is considering both in plan (IP) and out of plan (OOP) ferroelectric
domains. The following idea could be tested:

Firstly, despite an output of scanning probe microscopy have one output
channel, but we could consider to use two output SPM model to acquire both IP and
OOP domain. We could interpret complete polarization direction and predict the
domain wall properties.

Secondly, obviously we study ceramics of polycrystalline bismuth ferrite (BFO)
and barium titanate (BTO), however we could study thin film BTO and BTO to
compare the phenomena of stress and thinness affect for polarization magnitude.

Thirdly, more advanced mode of SPM, Microwave Impedance Microscopy
(MIM), could address the dielectric constant and conductivity simultaneously. With
MIM we can investigate the dielectric effect in electrical loss and polarization
simultaneously.

In the future, we could perform the investigation in dielectric constant and local
hysteresis loop analysis, we could achieved.a reduction of a secondary phase and defect
in polycrystalline and thin film BFO. We attempt to research more and push the BFO

and BTO into the applications.
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