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ABSTRACT

Multiferroic characteristics of BiMnOs thin films offer great prospects to explore, either

in terms of ferroelectricity, ferromagnetism, or ferroelasticity. Ferroelectric and

ferromagnetic materials can be used in data storage due to their electrical and magnetic

properties. Ferroelastic can find its application in microelectromechanical systems

devices. This dissertation focused on the synthesis, characterization, and improvement of

the multiferroic properties of polycrystalline BiMnOz thin films as well as the elaboration

influence of Cu on the magnetism of BiMnOz thin films. BiMnOs films were grown on

three different substrates, Si (001), Pt-buffered Si (001), Nb-doped SrTiO3 (100), and also
doped with different amounts of Cu. The films were characterized using techniques such

as X-Ray diffraction (XRD), scanning electron microscope (SEM), HRTEM

observations, by energy-dispersive X-ray spectroscopy (EDS), atomic force microscopy

(AFM), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, Visible-near-IR

spectroscopy (Vis-NIR), electron energy loss spectrometer (EELS), nanoindenter,

superconductor quantum interference device (SQUID) magnetometer, and finally, the

polarization-electric field (P-E) hysteresis loops of the BiMnOs thin films were conducted
at 200 and 300 K. There are several studies on the growth of thin films, however, they are

not clear and in some cases contradictory, therefore, different parameters were controlled

during the deposition in terms of working pressure, RF power, substrate, deposition



temperature, and target to substrate distance. After deposition ex-situ thermal treatment

was carried out in order to compensate for the volatility of bismuth and also to eliminate

secondary phase.

Kramer’s—Kronig analysis was used to determine bandgap, via a polynomial fit in the

energy loss function (ELF) plot with an Eg = 1.63 eV, complex dielectric function, and

static dielectric constant, * = 4.68 of the grown BiMnO3 thin films. The reflection

coefficient I'l of the BiMnOs thin films was used to elucidate the reflection loss in the

BiMnOg thin films. XPS analysis revealed the existence of Mn charge transition of 3+

and 4+ states. Resistivity result describes BIMnO3z as a semiconductor. The

nanomechanical characterization demonstrated that the region of penetration depth was

below 10% of BiMnOs film thickness. Young's modulus (E), hardness (H), and Stiffness

(S) were measured to be 142 + 3 GPa, 8 £ 0.2 GPa, and 44072 + 45 N/m respectively.

Using the experimental mechanical properties, a finite element analysis was carried out

to understand the relationship between the irreversible work vs. depth curve and plastic-

deformation evolution of the thin film-interface-substrate system, associated with th

pop-in observed. The ferroelastic range for the BiMnOz material was observed between

0 to 12 nm, and the yield strength was found to be Y=2.6 £ 0.7 GPa. Using a finite

element, the Von Mises stress distribution of the BiMnOs3 thin film was determined.

Magnetic measurements showed a ferromagnetic behavior with Curie temperature of 37

K and strong short-range magnetic interactions. The Ferroelectric properties of BiMnOs

10



was found to improve at 200 K. Finally, understanding the effect of doping Cu on BiMnO3

on the electronic and magnetic properties, demonstrates that Cu-dopant and Mn atoms

couple antiferromagnetically, causing a reduced magnetic moment, in agreement with the

experimental measurements of magnetic hysteresis loops. Studies in this research project

reveal BiMnOg as an excellent candidate for electronic applications, such as in energy

harvesting, spintronics, spin valve, sensor, microelectromechanical systems devices, and

even in the recent field of spintronics and has unfold a new window for studying the

optical properties of BiMnOs multiferroic materials through VEELS-TEM analysis.

1. INTRODUCTION

At present, several key technologies require materials that exhibit simultaneously or
individually ferroelectricity (FE), ferromagnetism (FM), and/or ferroelasticity in the same
phase. This has driven the development of multifunctional materials that meet the needs
of these electronic components. These devices must have relevant characteristics that
allow them to improve their performance in different conditions and applications, such as
nonvolatile multistate memory (NMSM), spintronics, sensors, energy harvesters, and
[1][2][3]. The electronics industry seeks to develop devices that allow the storage and
movement of considerable amounts of electronic information. To achieve this they have
invested money, time, and effort; Unfortunately, there are few materials that have these

properties and are relatively expensive.

In view of the demand to propose new devices for nonvolatile multistate memory, as well

as to replace the current ones. Investigation of multiferroic materials has been developed,
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especially, with materials that have a perovskite-like structure, These materials possess
the coexistence of magnetic and ferroelectric order, called multiferroics, and display

magnetoelectric cross-coupling phenomena [2,4].

Ferroelectric materials have the quality of having a spontaneous polarization, which can
be activated at any time by an electric field. Antiferroelectric materials, on the other hand,
are those that possess ordered dipole moments that cancel each other out within the unit

cell.

Ferroelectric materials are dielectric or insulating materials, possessing spontaneous
polarization (P) that can be reoriented by an applied electric field (E). Ferromagnetic
(FM) materials, on the other hand, have a stable spontaneous magnetization and can be
activated at any time by an electric field [5][6]. At Curie point or Curie temperature, a
ferromagnetic material starts behaving as a paramagnetic substance, in BiMnOs is
ferromagnetic with Curie temperature (Tc) of 105 K and FE ~400 K [7,8]. Thus, it has a
simultaneous spontaneous magnetization and polarization that can be switched by

external magnetic and electric fields.

In materials with magnetoelectric coupling, the ferroelectric polarization can be
controlled by applying a variable magnetic field and vice versa for the magnetic one. The
construction of a single-phase magnetoelectric material is challenging, due to these
conditions: magnetism requires d electrons, ferroelectric distortion is suppressed by d

electrons. Also, the material must crystallize in a noncentrosymmetric space group.

Similarly, magnetoelectric materials are mostly synthesized and studied in bulk, but thin

films are gaining more interest as their properties increase compared to bulk materials.

1.1 Overview of the Perovskite Structure

12



There are a great number of ceramic materials, but some are in a more developed state
than others. Among these are those based on mixed oxides, like the ternary oxides:
BiMnOg, SrTiOz, BaTiOs, and BiFeOs. The chemical formula for the most stable phase

of perovskite is ABOs.

Figure. 1.1. (a) Schematic of the crystal structure of BiMnOs.

The A-site cation is located at the body center of the cube, and the B cation is located at

each of the eight corners, and the O anion is at each of the centers of the 12 edges.

as shown in Figure 1.1 (a); the 'A" atoms are generally larger than the 'B' atoms and
occupies a 12-fold coordination site, while the B-site cation occupies a 6-fold
coordination site. B cation is usually a transition metal of 4+, 3+, and 2+ valence and
clusters at the center of a coordinating octahedron six (neighboring oxygens). This
octahedron is connected to another octahedron formed by the cation A of the cubic
structure. Where cation A has a valence of 2+ or 3+ to balance the charge of the structure,
entering the cuboctahedral site, hence forming the basic structure of the perovskite

structure.
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The crystal structure of BiMnOs is known to depend on its oxygen stoichiometry [7,9—
13], due to structural modifications arising from the peculiar 6s? electrons and its four
interacting mechanisms (i.e. electric polarity, octahedral tilts, magnetism, and co-
operative Jahn—Teller distortion) associated with Mn** cations.[14]. Furthermore, the Bi-
6s lone pair is predictable to result in FE. Powder diffraction has indicated that monoclinic
BMO with space group C2 is non-centrosymmetric and possesses both FE and FM
behaviors [13-16]. Belik et al. [17]suggested, based on detailed experimental work, that
BMO has four different crystalline structures with space groups, namely: monoclinic I:
C2/c, monoclinic II: C2, monoclinic P2:/c and orthorhombic: Pnma [16,18]. The
structural change results from oxygen non-stoichiometry, and occurs at different
transition temperatures [13,16,19]. However, the existence of FE in this system has raised
doubt and questions by some reasonable analysis of electron and neutron diffraction data
showing that polycrystalline BMO is relatively centrosymmetric monoclinic structure,
therefore incompatible with proper FE [19,20]. The growth of a stabilized single BMO
phase in bulk or in thin films suffer the high volatility of bismuth at high growth
temperatures [14,21-24] Occurrence of Mn®" and Mn** valence attracts attention due to
their high electric permittivity and the possibility of double exchange interactions as the
origin of FM. [25]. Meanwhile, the ferromagnetic ordering in well stoichiometric

BiMnO; is originated by superexchange interactions of the Mn3* (3d*) ions [23,26,27].

1.11 Multiferroic materials and magnetoelectric coupling

Generally, Multiferroics are defined as those materials with one or more ferroic order,
and magnetoelectricity refers to the mutual coupling between spins and/or magnetic field
(magnetism) and electric dipoles and/or electric field (electricity). [28] Few multiferroic

materials have been identified; and in those that are known, the mechanism behind their
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ferroelectricity is always affected by their magnetism. Conventional, the mechanism
behind the magnetoelectric effect occurs as a result of magnetization and polarization in
multiferroic materials, introduced by means of an electric or magnetic field, respectively
[29]. It has been shown that a magnetic order can create superconductivity, it has also
been shown that a magnetic order can create (weak) ferroelectricity and vice versa. This
field of research, say multiferrocity and magnetoelectricity, is shown in Figure 1.2 [30],
the Figure shows the location of multiferroic materials within a small overlapping zone
of magnetic materials and ferroelectric materials respectively. The hysteresis of the
ferromagnet in a magnetic field is showed in blue, while that of ferroelectrics is in yellow,

then the resultant of their coupling is display in green.

Figure 1.2. Relationship between multiferroic and magnetoelectric materials [30].

The Possible cross-couplings in that can exist in Figure 1.2 are electric polarization,
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electric field, applied mechanical stress, strain, magnetic field, and magnetization.

The intersection in Figure 1.2 (green region) represents materials that are multiferroic.
The coupling between parameters of corresponding order opens interesting perspectives

for the design of applications in the field of microelectronics and spintronics.

1.12 Ferroelectricity in Perovskite-type materials

Ferroelectric Perovskite-type materials exhibited properties such as ferroelectric,
dielectric, piezoelectric and pyroelectric effect, this makes these materials useful in a wide
area of application, including nonvolatile memories, sensors, actuator and transducer. The
main characteristic of perovskites is that they exhibit a wide variety of structural phase
transitions. Generally, these compounds have the chemical formula ABO3, where A is a
divalent or monovalent cation and B is a transition metal cation [31]. Although its
structure at high temperatures shows a wide variety of structural instabilities, which can
present rotation and distortions of the octahedral oxygen as well as a displacement of the
ions from their defined crystallographic sites. The different types of crystal symmetries
manifested in this material and the types of phase transition behaviour depend on the

individual compound.

Ferroelectric material exhibits spontaneous electrical polarization that is reversible by an
applied electric field. Ferroelectricity was discovered in 1920, which is also called
Seignette or Rochelle electricity [32], Rochelle salt was the first material to be found with
ferroelectric properties in 1921 [33]. Similarly, magnetoelectric materials were
discovered more than a century ago by Pierre Curie, which have been gaining popularity

since the 1960s and the effect was first postulated in 1894.

The concept of electrical polarization is vital for the understanding of ferroelectricity.

Usually, Ferroelectric process is associated with an electrical hysteresis. A change in
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polarization orientation is accompanied by a change in the hysteresis loop. The induced
microscopic polarization can be reduced to zero by the presence of domains, which are
regions of opposite polarization within the sample. The electrical polarization tends to
change as a function of temperature. In this case, if the temperature increases, the
polarization decreases, with a phase transition to an unpolarized state, which generally
occurs at high temperatures. Additionally, the hysteresis that causes spontaneous
polarization in the absence of an applied field leads to storage applications in which the

direction of the electrical polarization represents the "0" or "1" of the data bit.

For a material to have spontaneous electrical polarization, it must have a non-
centrosymmetric structure of the constituent ions and electrons. For a material to be
classified as ferroelectric, it is necessary that the electrical polarization be
interchangeable, and a non-reconstructive transition between two stable states of opposite

polarization and must be accessible to known experimental fields.

Jahn-Teller (JT) effect can be define to be a symmetry-lowering of the geometrical
distortion be it a nonlinear molecule or a crystal as a result of the presence of a degenerate
electronic state [34]. JT distortion is nonpolar in nature, it usually results in two different
types of ferroelectric distortions namely: original JT effect and pseudo-JT effect (or
second-order JT effect) which is the stabilization of the bonding field of the perovskite
B-site transition metal cation by surrounding anions, as occurs with Ti in the BaTiO3
structure and is responsible for the ferroelectricity in some ferroelectrics such as BaTiOs

[35][34].

1.13 Ferromagnetism in Perovskite type materials

The magnetism in ferromagnetic materials is caused by a spontaneous magnetization of
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certain material that is stable and can be changed by the application of a magnetic field
[36]. The magnetic response of a material comes from the atoms or ions that make up its

composition. The magnetic moment of an atom or ion comes from three main sources:

e A change in orbital momentum induced by an electric field
e The spin of the electrons

e The orbital angular momentum of the electron around the nucleus

The first provides a diamagnetic contribution, while the last two effect give paramagnetic

contributions to the magnetization.

In a crystal, the magnetic properties depend on two factors:

e The interaction between these magnetic moments

e The magnetic response associated with each atom or ion

In the case of no unpaired electrons around each atom or ion, there will be no net magnetic
moment associated with them, thus the material will exhibit diamagnetic behavior. When
there are unpaired electrons, each atom or ion has a net magnetic moment. Depending on
the interactions between the magnetic dipoles, the material can show ferromagnetic (FM),
paramagnetic (PM), ferrimagnetic (FIM ) and antiferromagnetic (AFM) behavior [37]. In
a paramagnetic material, alignment of moments is not observed due to thermal
fluctuations. In ferromagnetic material the adjacent dipole moments are aligned parallel.
In an antiferromagnetic, the dipole moments are likewise aligned antiparallel. In a
ferrimagnetic material, the moments are aligned antiparallel but with different magnitude.
Ferromagnetism has a stronger magnetic response compared to paramagnetism and
diamagnetism. It is characterized by a transition temperature, called the Curie temperature
(Tc). In the case of bismuth manganese oxide, this is the Neel temperature (TN). Above
this temperature, the material becomes paramagnetic. Below this temperature, it is
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ferromagnetic and is characterized by a hysteresis-like response when an external

magnetic field is applied.

In perovskite-type oxides, direct spin-spin interactions do not exist. In this case, the
interactions are mediated by the so-called “superexchange” mechanism. Essentially, the
spin moments of the Mn®* ion on the opposite side of the O ions interact with each other

via the p-type orbital electrons of oxygen.
1.14 Optical Properties and Band Gap

Semiconductor material BiMnOs has a small band gap, of around (1.1 ~ 1.63 eV), [24,38—
40] while most of the other ABO3 perovskites, such as BiFeOs, and BaTiOz has been
evidence of having a large band gap [41,42]. However, BiMnO3s has demonstrated a
strong photovoltaic effect and larger electro-optic coefficients than any ferroelectric
materials, and thus gained great interests for its potential applications photovoltaic (PV)

EMI shielding, plasmonic and photonics applications. [43,44].

1.15 Methods of obtaining BiMnOs

There are several methods of obtaining bismuth manganese oxide, such as rf magnetron

sputtering, sol-gel

Method, solid-state reaction methods, mechanochemical synthesis and co-precipitation
method etc. The results of these techniques usually presents either one or two of these
problems: (a) extensive leakage of current in both bulk and in thin films, and (b) low

Curie temperature and magnetic moments for bulk and in thin films.

(a) One of the main obstacles in the application of BiMnQOs is the large leakage current

due to the existence of secondary phases and oxygen content of Bi>Oz [2]. Attempts have
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been made to obtain BiMnOs at the bulk level in the pure phase, for which various
synthesis techniques have been used. Currently rf magnetron sputtering methods have
received special attention. The variety of methods for obtaining BiMnOs films is quite
versatile, as there are methods that include the dissolution of the reagents and
subsequently the application of this solution on the substrate. There are methods that
include making a target, pulsed laser deposition (PLD), chemical vapour deposition
(CVD), plasma enhanced chemical vapor deposition (PECVD) and Radio frequency (RF)
and then eroding it to form the thin film. There are a wide variety of methodologies used
in the synthesis of bismuth manganese, among which are chemical methods and physical
methods. Both have been used in almost equal numbers, however the method chosen will
depend on the initial reagents. The advantage of chemical methods is that they manage to
obtain nanometric particle sizes and have better control over the morphology of the
particle, as well as the use of low crystallization temperatures. In the part of thin films
there are several techniques that are available, however the radio frequency deposition
technique is a technique that is accessible to a certain degree and with optimal results in

the growth of thin films of BiMnOa.

(b) Low Curie temperature is also common for bulk and thin films BiMnOs,
Ferromagnetism has a very strong magnetic response compared with paramagnetic and
diamagnetic behavior as shown in Figure 1.3. Curie temperature, (Tc) is characterized by
a transition temperature, which above this temperature, the material is paramagnetic and
below this temperature, it is ferromagnetic. BiMnOshasa TC = (50 ~ 105 K) [45][46],

which is likely to prevent it from working properly when used in some devices.
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1.2 Justification

The interest in bismuth manganese arises due to the successful growth of BiMnO3 films.
Ferroelectricity and magnetism require completely different criteria to obtained from a
material, this brings about the scarcity of multiferroics. BiMnO3z is one of the few
materials that exhibits coexist coupling of ferroelectric and magnetic orders at the same
time at room temperature as demonstrated by C.Q. Jin at. al at Beijing national lab for
condensed matter physics China [47]. The growth of single-phase BiMnO3z films is not
entirely easy. Bismuth manganese films generally present secondary phases, such as
bismuth oxide (Bi2Oz3), trimanganese tetraoxide (Mnz0a), and bismuth oxycarbonate
(Bi12MnOxy) [2,21] and/or non-stoichiometric phases, such as BiMnO2.94, BisMn20-[48].
The synthesis conditions affect the formation of these phases, forming heterogeneous
films and as such different phases may contribute to either or both ferroelectric and
ferromagnetic signals and may dramatically decrease or increase the ferroelectric and

ferromagnetic properties obtained.

In the research work, development of thin films of both pure and Cu-doped BiMnO3 in

this work had its starting point from the information found in the literature about BiMnO:s.
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In the growth of thin films of BiMnQOg, after the deposition process using RF Magnetron
sputtering, A selected number of the thin films was subjected to an ex-situ thermal
treatment due to the volatility nature of Bi, this was done with the purpose of studying
the morphology and trying to optimize the quality of the thin films. it was found that the
Monoclinic structure of the BiMnOgz has ferroelectric and ferromagnetic properties at
room temperature. While the Cu doped-BiMnOs resulted in Cu coupling
antiferromagnetically with Mn, and at a certain concentration effectively decreases the

net magnetic moment.

1.3 HYPOTHESES

The ex-situ thermal treatment for BiMnOs thin film given in our results eliminated Bi>O3
secondary phase, found on the as-grown BiMnOz film. Phase change was observed which

resulted in an improved physical property of the film.

1.4 OBJECTIVES

1.41 General Objective

» Synthesize thin films of BiMnOz/ SrTiOs, using radio frequency magnetron
sputtering technique, as well as the elaboration of its structural characterization,
chemical composition, nanomechanical, magnetoelectric, optical and

piezoelectric behaviour.

1.42 Specific objectives
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Deposition of thin film of BiMnO3/SrTiOs multiferroics material by radio
frequency magnetron sputtering to observe the feasibility of obtaining a pure

phase of bismuth manganese.

Structural characterization and chemical composition of the BiMnO3/SrTiOs by

means of Grazing or Glancing Incidence XRD (GIXD)

Study the morphology, thickness, and mapping EDS composition in the thin film

of BiMnQOz3/ SrTiOz by scanning electron microscopy (SEM).

Characterization of the interface of BiMnOz3/SrTiOs3 thin film by High-resolution
transmission electron microscopy (HRTEM) and nanobeam diffraction patterns

in TEM

Determine the physical properties of ferroelectric and magnetic measurements.

Perform Optical measurements by means of Valence Electron Energy Loss

Spectrometry (VEELS) analysis.

Evaluate the mechanical properties, such as: elastic modulus, stiffness, hardness

and fracture toughness of the thin film of BiMnOas/ SrTiOz using continuous

stiffness measurement (CSM) method by nanoindentation.
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2. RESEARCH METHODOLOGY

2.1 Radio frequency magnetron sputter deposition

Radio frequency (RF)-magnetron sputtering refers to a high-rate vacuum coating of thin
film deposition methods that involve Argon ions accelerated by a RF electric field to hit
a target made of the material to sputter onto a wide range of materials with thicknesses
up to millimeter. The target is sputtered in all directions, sputtered atoms will reach the
substrate placed in front of the target, but outside of the plasma, to prevent etching by the

plasma.
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Figure 2.1. Schematic of RF magnetron sputtering [49].

RF sputtering is commonly used for electrically non-conductive target materials
deposition. It runs an energetic wave through an inert gas in the vacuum chamber which
becomes ionized. The cathode or the target material which is to become the thin film is
bombarded by these high energy ions sputtering off atoms as a fine spray covering the
substrate. The recommended frequency normally used in this method is 13.56 MHz with
a bandwidth of 14 kHz to avoid expense of electromagnetic shielding. [50]. RF
magnetron sputtering has been reported to be other efficient methods to synthesize
uniform, stable, stoichiometric, and highly crystalline films. It also favours high-
deposition rates; ease of sputtering any metal, alloy or compound and formation of high-
purity films. [49,51,52]. RF magnetron sputtering has advantages, not only for deposition
of insulators but also conducting materials, ionic, covalent compounds, and polymer. The
drawback for RF magnetron sputtering equipment, could be the low deposition rate and
is also very complex and more expensive [53]. Figure. 2.1 shows the schematic of RF

sputtering system.
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It consists of a cylindrical magnetron sputtering plasma reactor operated at a frequency
of 13.56 MHz. The vacuum chamber must be high to create a low-pressure environment
for sputtering. The gas that comprises the plasma, are typically of argon gas, which enters
the chamber first. The distance between substrate holder and the target is adjustable
between 3 and 15 mm. The dense plasma which interacts strongly with the substrate
causes an intense ion bombardment of the growing layer. During the RF discharge, the
positive ions are accelerated and bombard the substrate with high energies, which are
dependent on the discharge excitation frequency. The following parameters can be used
to control the film quality such as: such as the argon pressure, substrate temperature, RF

sputtering power, and oxygen partial

Some RF magnetron sputtering systems are equipped with Reflection High Energy
Electron Diffraction (RHEED) for monitoring of the growth process and the film quality.
It makes use of an electron gun to send high-energy electrons at a grazing incidence to
the substrate. A very high vacuum is needed for its operation and can gather the real time
lattice information, which is a useful apparatus for the in-depth studies of the film growth

structures.
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Figure 2.2. Basic growth modes of thin films [54].

The modes of film growth and nucleation of thin films on substrate surface can be
summarised into three primary modes including (a) Volmer-Weber (island growth), (b)
Frank-van der Merwe (layer-by-layer growth), and (c) Stranski-Krastanov (combination
of Island and layer growth). Each mode is illustrated in Figure. 2.2. In island growth, the
interaction of the adsorbed atoms is much stronger among them than with the substrate
surface, which leads to the formation of three-dimensional islands or clusters. The layer-
by-layer growth which is also referred to as bi-dimensional growth, the atoms adsorbed
on the surface have a stronger interaction with the surface, leading to the formation of a
complete monolayer (ML) before another begins to grow. The mixed growth is
characterized by the island and layer growth. In this mode, the adsorbed atoms grow
layer-by-layer till the critical layer thickness is reached, which depends on the properties
of thin films and substrates. Each mode of growth is important because it has a particular

application.

2.2 Structural characterization

2.2.1 X-Ray diffraction
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X-ray diffraction (XRD) is a non-destructive technique which provides insights to
investigate the crystalline structures of materials. X-rays was discovered by William
Conrad Rontgen in 1895, this paved a way for important innovations in all scientific
disciplines. X-ray diffraction (XRD) by crystals was initiated by Laue, Friedrich, and
Knipping in 1912, this allowed new possibilities in the study of crystalline materials
(Friedrich et al., 1913) [55,56]. It provides information on the identification of the
preferred crystal orientation (texture), crystallite size, phases, and other structural
parameters in thin film materials. X-ray diffraction peaks are produced by constructive
interference of a monochromatic beam of X-rays scattered at specific angles from each
set of lattice planes in a sample. The diffraction, or Bragg diffraction, occurs due to the
constructive interference between the reflected X-rays from adjacent crystal planes. The

main idea of X-ray diffraction is Bragg’s Law as

nA=2dsing 1)

where n is an integer, A is the wavelength of coherent incident X-rays, the variable d is
the distance between atomic layers in a crystal and 6 is the incident angle. Figure. 2.3 is

a schematic description of Bragg’s Law
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Figure 2.3. Schematic description of Bragg’s Law [57].

2.2.2. High-resolution transmission electron microscopy

High-resolution TEM (HRTEM) is an excellent mode of imaging in TEM that uses both
transmitted and diffracted electron beams to create an interference image. In 1970s
(Smith, 1997) [58], first recorded the phase contrast of modulated electron waves passing
through the sample down to the angstrom level. It is a powerful tool for characterization
of real-space images of the local structure of thin specimens, which provide structural
information at better than 0.2 nm spatial resolution. It was developed to overcome the
limited resolution of optical microscopy. HRTEM characterization on thin films offers
information on distribution and atomic structure, defects, interfaces and grain boundaries,
thermodynamic decomposition, lattice spacing, crystal symmetry, dislocations, diffusion,
and phase transformations, nano-crystalline features in amorphous films, sub-micron
morphology, device features, and small particle analysis in heterogeneous catalysts. This
mode requires sample to be <10nm thick. Shown in Figure. 2.4 is a schematic view of

HRTEM.
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Figure 2.4. Schematic ray diagram of HRTEM [59].

The spatial resolution or resolving power limit of the microscope is theoretically based
on the Rayleigh criterion, which states that, two images are just resolvable when the
centre of the diffraction pattern of one is directly over the first minimum of the diffraction

pattern of the other.

The Rayleigh criterion defines the resolution of light microscope as:

__0.612)
usina

R

()

where A is the wavelength of light, p is the refractive index of the view medium (n =1 for
vacuum), and a is the semi-angle of collection of the magnifying lens. The variable of
refractive index and semi-angle is small, thus the resolution of light microscope is mainly
decided by the wavelength of the radiation source. Taking green light as an example, its

550nm wavelength gives 300nm resolution, which is not high enough to separate two
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nearby atoms in solid-state materials. The distance between two atoms in solid is around

0.2nm.

The HRTEM can operate in Bright-Field, Dark-Field, High resolution, SAED and CBED
modes, the diffraction mode and the imaging mode is shown in Figure. 2.5 diagrams.
Each mode can be controlled by changing the focal length of the intermediate lens. In the
diffraction mode, the beam is refocused on the back focal plane of objective lens. The
diffraction pattern is projected on the view screen with the selected area diffraction (SAD)
aperture inserted. While in the imaging mode, the image plane coincides with the image

plane of objective lens.
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Figure 2.5. Image and Diffraction pattern formation in HRTEM a) Diffraction mode b)

Image mode [60].

Another valuable imaging mode is transmission electron microscopy (TEM), it has the

ability to investigate the internal structure below the surface as the electron beam
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transmits an ultra-thin sample (~ 100nm). TEM provides projection of microstructure in
atomic level. It utilizes energetic electrons to provide morphologic, compositional, and
crystallographic information on samples. Scanning transmission electron microscopy
(STEM), where a focused beam is scanned over the sample in a raster illumination
system. It makes other analytical techniques possible, such as annular dark-field imaging
and Z-contrast (Z, atomic number), energy dispersive X-ray spectroscopy (EDS), and
electron energy loss spectroscopy (EELS). These signals allow direct correlation of

images and spectroscopic data.
2.2.3. Scanning electron microscopy

Scanning electron microscopy (SEM) consists in an electron source, electromagnetic lens,
and an electron detector. It uses a focused beam of high energy electrons as the
illumination source. The components and layout of SEM is likely to that of TEM,;
however, it has a different working principle. Rather than utilizing the transmitted
electrons, SEM detects scattered electrons emitted from the surface of the sample formed
by the interaction between electron beam and sample surface. Therefore, SEM could
provide the information of the morphology, topography, composition, orientation of
grains, crystallographic information of the sample. In addition, the accelerated voltage for
SEM ranges from 10 to 40 kV while for TEM is >100 kV. The resolution of SEM can
reach 0.4 nm, which is lower than that of TEM. Thickness of the specimen is not
important in SEM, while specimen thickness is very important in TEM. SEM requires a
very easy preparation technique, while TEM needs skill to prepare a very thin sample.
Figure. 2.5 shows the schematic of the components in a SEM. Unlike the TEM, the

objective lens and associated apertures are situated before the sample.
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Figure 2.6. Schematic showing the major components of scanning electron microscope

[61].

Scanning Electron Microscope use a focused beam of electrons to image the specimen
and gain information as to its structure and composition. The electron beam is focused to
a fine probe and scan across the sample in a raster scan pattern. The position of the beam
is combined with the detected intensity of the secondary species of electrons to produce
an image. When the incident electrons impinge in the solid sample, several interactions
occur due to different electron interaction volumes, which produces a variety of signals
as shown in Figure. 2.6. There are three primary types of signals in SEM: backscattered
electron (BSE), secondary electron (SE), and X-rays. The energy of BSEs is higher than
50 eV. They are closely related with the atoms with high atomic number Z, so the BSE

images are valuable for illustrating composition information, especially for the analysis
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of the composite. SEs are inelastic electrons with energy of less than 50 eV, which are
commonly used for the topographical information of the sample. The X-rays are produced
when incident electrons hit the electrons on discrete shells in the sample inelastically. As
the excited electrons return to the lower energy shell, they yield X-ray photons with a
fixed wavelength. They are related to the different energy levels of electrons on different
shells. Thus, X-rays are produced for each element and used for characterization. The
working principle is same with the characteristic X-rays in TEM. SEM analysis is a non-
destructive technology; in other words, X-rays generated by electron interactions do not
lead to volume loss of the sample, so it allows for the repeated analysis of the same

sample.
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Figure 2.7. Different types of signals generated during the interaction of beam-

specimen in SEM [62].
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2.3. Materials properties

2.3.1. Polarization-electric field measurement

Polarization as function of electric field are critical parameters for discovery of
ferroelectric properties of materials. They are usually measured using sophisticated
commercially available testers. In addition to the P-E measurement, several other
measurements can be performed, like capacitance-voltage, retention, imprint, fatigue, and
leakage current measurements on ferroelectrics, as well as resistive and dielectric

materials. The commonly use method is the Sawyer and Tower measurements as shown

in Figure 2.8.
®
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Figure 2.8. Circuit diagram of the Sawyer —Tower measurement [63].

From the Schematic illustration of Sawyer—Tower circuit for ferroelectric hysteresis
measurement Figure. 2.8 a voltage source is connected to the ferroelectric capacitor Cr

which is connected in series to a sense capacitor C; of known capacitance such that

Cr >> CF.
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The charge Q across a parallel plate capacitor is given by
Q=CV 3)

where C is the capacitance and V is the applied voltage. The charge can also be written

as
Q=2ErA (4)
where A is the cross-sectional area.

From Eqns. 3 and 4, the relationship between the capacitance and polarization can be

deduce to

dE,

Thus, the polarization is measured by observing the change in the voltage across the

reference capacitor.
2.3.2. Magnetic properties measurement

The magnetization measurements are performed by Magnetization dependence on the
temperature M-T curves was obtained with a superconductor quantum interference device

(SQUID), it is conFigured as a very sensitive magnetometer or gradiometer.

SQUID consists of two Josephson junctions connected in parallel on a closed
superconducting loop as shown in Figure. 2.8 (a) [64]. The two Josephson junctions forms
a superconducting ring, which in turn is the DC SQUID or double junction SQUIDs. The
highest flux variation SQUIDs can measure is in the order of ~ 107°®0 where ®0 = 2.07
x 1071 weber [65]. SQUIDs also function as magnetic flux-to-voltage transducers where
the sensitivity is set by the magnetic flux quantum. The flux applied to the SQUID and

flux contained within a closed superconducting ring operate distinguishably, the first can
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assume any value, while the other must be an integral number. Experimentally, the
voltage across the SQUID is measured and not the current. As shown in. 2.8 (b). This
quantum interference effect provides us with a digital magnetometer. Each "digit" denotes

one flux quantum.
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voltage quantum
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Figure 2.9. a) basis DC SQUID Magnetometer b) The output voltage as a function of

applied flux [61].

2.3.3. Mechanical measurement

A standard procedure to analyse the nanoindentation data was proposed by Oliver and
Pharr in 1992 [66], which have been widely applied to characterize the mechanical
behavior such as elastic modulus of different materials. Although, this method was
originally developed for single-phase materials. To prevent substrate influence on thin
film, the indentation depth must be small equated to the film thickness [67]. A widely
cited guideline is 10-15% of the film thickness. This method measures indent using a
calibrated diamond tip on the surface of a sample, and determine its local mechanical
response, penetration depths usually 100s nm to several micrometer, comprising Young’s

moduli (E) and nanohardness (H) [68].
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Figure 2.10. Schematic illustration of nanoindentation. a) Loading: b) Load c)

Unloading [69].

In Figure 2.10 a) indenter is pressed into the specimen, b) the load (or depth) reaches

maximum value, and c) indenter in retracted from the sample.

The processes are as follows: The tip and the sample are modelled as two contacting

bodies. From Hertz’ theory [70], elastic contact is incorporated, which states that the

stiffness
_dp
S = - (6)

of the contact between two elastic spheres (P = contact force, h = relative movement of

the centres of the spheres) is given by
_ny S
E=G) &) (7)

Direct measurement of S and A, allows E; to be evaluated, where Ay is the projected area
of contact. Figure 2.10 shows a schematic load—displacement curve during loading—
unloading nanoindentation experiment. The unloading curve does not follow the loading

curve because of the occurrence of plasticity.
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nanoindentation experiment.

Here, the contact stiffness S is measured as the slope of the unloading part of a
nanoindentation curve at the maximum load Pmax. Oliver and Pharr also suggested that if
the tip-shape function is known A, can be obtained by measuring the contact depth hc at
full load. There are some errors which can be encountered using the Oliver—Pharr method
to evaluate nanoindentation data. (i) thermal and electronic drifts (ii) pile-up and sink-in
effects, and (iii) creep effects. (i) and (iii) can be corrected, but (ii) may be difficult to

correct [71].
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3. EXPERIMENTAL METHOD

This chapter give the details of the synthesis of polycrystalline BiMnOs thin films. It
involves the pure and Cu-doped BiMnOaz. In addition, a brief explanation of the

techniques used for the characterization of these films will be given.
3.1. Thin film growth

Polycrystalline BiMnOs were grown on three different substrates, firstly on Si (001),
secondly Pt-buffered Si (001) and lastly Nb-doped SrTiOz (100), using RF Magnetron
sputtering. The Si (001) has a 5 nm surface layer of amorphous SiO2, which is known as
the native oxide and is present in all silicon substrates. The target was 1-inch diameter of

BiMnO3z with 99% purity obtained commercially.

The procedure of cleaning the three substrates were as follows: 1x1 cm? single crystal
section of each substrate was sonicated in acetone and ethanol for 10 minutes each and
rinsed with deionized water. Substrates were then dried in a flux of air. The substrates

were loaded into the growth chamber.

The optimal parameters used for the deposition on different substrates is as follows:
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Table 1. Parameters for BiMnOs deposited on Si (001)

Operating Parameters Values
Pre-sputtering 1hr, 70W
Immersion in Dil HF 12 hrs

Heat treatment, 600°C ,1hrs 30mins
Target to substrate distance 15¢cm
Sputtering gas 100 vol.% Ar
Base pressure 5x102 Torr
Working pressure 3x103Torr
Substrate Si (001)
Substrate temperature 700°C
Deposition temperature 600°C

RF power 60W
Deposition time 1hrs 5mins
Thickness 100nm

ex-situ thermal treament

600°C for 4 hrs.

Table 2. BiMnOs deposited on Pt-buffered Si (001) and Nb-doped SrTiOs (100).

Operating Parameters Values
Pre-sputtering lhr, 70W

Target to substrate distance 15cm

Sputtering gas 100 vol.% Ar

Base pressure 5x102 Torr
Working pressure 3x103Torr

Substrate

Si (001) / Nb-doped SrTiO3 (100)

Substrate temperature 6005 °C
Deposition temperature 600+5°C
RF power 60W
Deposition time 1hr 8 mins
Thickness 150nm

ex-situ thermal treatment

700°C for 7 hrs.

Parameters for Cu-doped BiMnO3z on Pt-buffered Si (001) was the same as table 2 above,
except that different deposition time and different RF power for Cu and BiMnO3 was used
in order to acquire different thicknesses of the thin films, with the aim of knowing the

influence of Cu on the magnetism of BiMnOz multiferroic thin films.

All the parameters were kept constant throughout the sputtering process.
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Figure 3.1 Cathodic spraying system (sputtering) Brand AJA Model Orion-5.

Ex-situ thermal treatment was performed in air, in a tubular furnace as shown in Figure
3.2, at temperature displayed in table 1 and 2, with heating and cooling rates of 3°C/min.
This was done to compensate the volatility nature of Bismuth. Bi powder was added in a

crucible within 2 mm of separation with the thin film to compensate for Bi loss.

Figure 3.2 1200°C Split Tube Furnace.
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3.2. Thin film characterization

The crystal structure of the films was characterized by X-ray diffraction (XRD) in Bragg-
Brentano geometry with Cu-Ka (A = 1.5405 A) radiation at room temperature. With
patterns collected in the 26 range (18° < 26 < 80°) with a scan step size of 0.01° and time
count of 20 s for each point. Microstructural characterization was performed by cross-
section high-resolution transmission electron microscopy (HR-TEM), with a JEOL TEM-
2200FS+Cs microscope operated at 200 kV. Elemental analyses of the thin films were
performed, during HR-TEM observations, by energy-dispersive X-ray spectroscopy
(EDS). Cross-sectional samples of the films were prepared with a JEOL JEM-9320
focused ion beam (FIB). Observation of surface morphology was conducted by calibrated
Asylum Research atomic force microscopy (AFM) model Infinity 3D equipment, in
tapping mode. Additionally, Raman spectroscopy was performed using Micro Raman
Labram HR VIS-633 Horiba with an Olympus microscope. The spectra were acquired
between 180 and 1050 cm ™ using an He—Ne laser with 632.8 nm wavelength. The power

and spot diameter were 14mW and 15 pum, respectively.

X-ray photoelectron spectroscopy (XPS) analyses were performed in a Thermo Scientific
Escalab 250 Xi spectrometer, using the AlKa radiation (1486.7 eV) as an excitation
source and a hemispherical analyzer. The surface of the BMO thin films was cleaned by
10 s of Ar lon bombardment at 2 keV beam energy on an area of 2 x 2 mm?, to remove
all adventitious species of carbon. The energy resolution was 0.1 eV, in ultrahigh vacuum
conditions, for an area of 0.625 mm in diameter. The XPS spectra were processed using
AAnalyzer® software [72]. For each fitted intensity, the Voigt and Lorentzian function
were used, and the Shirley method was employed for extracting the background needed

for the curve fittings. To perform the calibration of BiMnOs.; data, the binding energy
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analysis window in the XPS spectra was set to 83.98 eV which is the standard line energy
for Au 4f 71, to identify the chemical states related to BMO. The XPS apparatus energy
scale was calibrated using the binding energies of Au 4f7 at 83.98 eV, Ag 3ds/; at 368.27
eV, and Cu 2ps;2 at 932.67 eV, to correct the work function of the electron analyzer and
to check the scale linearity. Surface atomic ratios of Mn/Bi were calculated from the peak
area ratios, and the oxidation ratio between the Mn cations in oxidation states: Mn®/Mn**
were determined. The value of 6 was evaluated, following the procedure of C.D. Wagner
etal. [73]. Visible-near-IR Spectroscopy (Vis-NIR) was performed in transmission mode,
under ambient conditions, using an Evolution 220 visible ultraviolet spectrophotometer
Thermo Scientific, to evaluate the optical properties, estimate the energy gap, and
determine the charge transfer of the BMO thin films. The background was collected by
using a standard blank made of Polytetrafluoroethylene. The electrical transport studies
were conducted by measuring the electrical resistivity as a function of temperature, using
the two prop method. Magnetization dependence on the temperature M-T curves was
obtained with a superconductor quantum interference device (SQUID) magnetometer
(MPMS XL Ever cool model, M/s Quantum Design Inc., USA), with an applied magnetic
field of 7.96 x10* A/m in the temperature range from 10 to 200 K. Finally, the
polarization-electric field (P-E) hysteresis loops of the BMO thin films were conducted
at 200 and 300 K. The P-E loops were set at an AC voltage of 5 V and drive frequency
of 0.1 Hz with an LC analyzer with the VISION 5.6.0 software and an RT66 test system

from Radiant Technologies Inc.

HRTEM samples of BiMnOs films, used for the VEELS-TEM analysis, were prepared in
a focused ion beam system (FIB) (model JEM-9320FIB) to obtain the appropriate
dimensions to do the analysis using the VEELS-TEM technique. VEELS-TEM spectra

were acquired using an electron energy loss spectrometer (EELS) (EELS GAT-777
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STEM Pack) coupled to a JEM-2200FS (200 kV) system. The measurements were
performed at room temperature, using a semi-angle of collection f = 10.7 mrad and a
semi-angle of convergence a = 0 (parallel beam) with an energy resolution of 1.4 eV.
The electron probe beam size was < 1 nm diameter, with a 0.04 eV / channel chosen, for
the energy dispersion, to maintain the energy resolution. The zero-loss peak (ZLP)
removal was carried out taking the procedures and recommendations of Stoger-Pollach
etal. [74,75]. In consideration to eliminate the plural scattering from the VEELS, energy-
loss to be separated more effectively, to optimize the analysis of the BiMnOz films [76].

The EELS information can be provided using the formula[77].

d?c 1 1 -1
= | 1m | (8)
dEdQ m2a,myving |0%2+6¢ e(q,E)

Where, v is the speed of the incident electron, na is the number of atoms per unit volume,
(g, E) is the complex dielectric function at energy loss E, and momentum transfer g. ao
is the Bohr radius, mo is the electron rest mass, and &k is the characteristic scattering angle

for a particular energy loss (8 = E/ymov?).

Additionally, the Fourier-log method to remove plural scattering and the KKA on the
single-scattering distribution (SSD) were obtained using the Digital Micrograph™ Gatan

Microscopy Suite (GMS 3) software [77] according to the equation:

- Iot -1 ﬁ d%c
SSD(E) B A MoV Im (s(q,E)) [1 T \’ (95)] x dEdQ (9)

2
Where; ;—:ﬂ is described in equation (1), lo is the zero-loss intensity, t is the sample

thickness, €(q, E) is the dielectric function, E is the loss energy by inelastic scattering; f
iIs the collection semi-angle; for small g, &(q, E) varies very slowly with g and thus it can

be replaced by &(E) [77].
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Taking into consideration that dielectric constant of a ceramic in the classical dispersion
theory, the formula used as:

=g + ¢ (10)
In which, £" and &'’ are real and imaginary parts of the dielectric constant.

The dielectric function £* = ¢'(E) + €' (E) can be calculated systematically from the

following equations[77,78]:

| — Re(%) 11
€ _W/Re(1/8)+1m(1/£) ( )

g” — Im(—%) (12)
JRe(1/e)+Im(1/¢)

Where Re = (TIE)) is the dielectric response function and can be calculated using the

obtained experimental full frequency distribution of [Im (— i)]

Fresnel's law was used to calculate the loss in optical wave intensity observed in the
BiMnO3z films due to the reflection of the optical wave [79]. The formula used is

reproduced below:
Snell's Law: [80] nz sin 01 = nz sinB; (13)

For any angle of optical wave incidence on the surface of the BiMnOs films, the reflection

loss is calculated using formula (7):

_ l _ sin (91—92) 2 tan (91 92)
L= 2 (R +Rz) Ry = [sin (61+65) R, = [tan (01+65) (14)

For normal 0° incidence, the reflection loss is given by:

:(1)2 (15)

e+e
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Where Ve’ =ny =and V " =n;

Also, the electric modulus, which is the reciprocal of the complex dielectric constant (£*)
[81,82], the real and imaginary components of complex dielectric (¢*) can be transformed

into the complex electric modulus (M ™) using formula (9) below;
M* = 8—1*= (¢ =eNt= M +M" (16)

Furthermore, another way to determine the complex dielectric constant of BiMnQO3 is
using the CC plots (electronic relaxation time), as given by equation (10) developed by

K. S. Cole and R. H. Cole [83]:

(w) = o + _ &% _ (17)

1+(iwt)t %

Where €* is the complex dielectric constant, &, and &, are the dielectric constants, w is
the angular frequency of the optical wave, 7 is a time constant, and « is the exponent

parameter.

To measure the nanomechanical properties of the BiMnQOs, a diamond Berkovich indenter
was used for all measurements. The hardness, elastic modulus, and stiffness were
evaluated using standard procedures of the Oliver and Pharr method with controlled

cycles [84-86]. The stiffness was calculated by the Sneddon equation’s as follows [85]:

S =28 \/éEr (18)

where £ is a constant that depends on the geometry of the indenter (8 = 1.034 for a
Berkovich indenter), E; is the reduced elastic modulus, which accounts for the fact that

elastic deformation occurs in both the sample and the indenter, and A is the contact area
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that is a function of the penetration depth or displacement (h) [24]. The elastic modulus,
E was calculated by considering the compliance of the specimen and the indenter tip

combined in series, by the following equation:

(19)

Where Ej, E and vj, v are elastic modulus and Poisson’s ratio of diamond indenter and
specimen respectively. For the diamond indenter E; = 1140 GPa and vi =0.07 are used
(G200 Agilent manual, Agilent technology USA). The hardness (H) was calculated using

Equation:

Pmax
H = e (20)

Furthermore, the analysis depth was set between the 5 to 10% of the total thickness of the

film with the purpose of avoiding the substrate hardness influence.

The maximum load used was of 5 mN, with time during the nanoindentation of 10 s to
load and 10 s to unload. Peak hold time 1 s was used before to unloading. The Poisson’s
coefficient of v = 0.20 was employed. Before evaluation, the coatings of the nanoindenter
was calibrated using standard fused silica sample. Tests parameters of area function were:

Co=24.07, C1=-182.16, C> = 6831.20, C3=-25411.22 and Cs = 18732.10.
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4. Results and Discussion

4.1. Polycrystalline thin films of BiMnOas/ Si (001).

BiMnOz/ Si (001) polycrystalline thin films were grown by rf magnetron sputtering.
Material can be thoroughly described when the texture and morphology concept is
included, this two-aspect play a major role of controlling physical properties such as
magnetic, and electrical optical. The analysis between Bragg-Brentano and grazing-
incidence diffraction experiments from the perspective of texture characterization is

investigated.

4.1.1. Grazing Program

In Grazing, the modeling is systematized to obtain 1D-XRD patterns for Bragg-Brentano
and grazing incidence methods. In this software diffractograms are based on the
intensities obtained from equation (1) shown above. Required input data are the crystal
structure (space group, lattice parameters, atomic positions), experimental parameters
(e.g. wavelength) and proposed texture characteristics. Texture data are preferred
orientation indexes (hkl) and IPF width [87]. Based on these data, Grazing obtains
intensities without textures and applies the correct modulations for each method. For
Bragg-Brentano method, the inverse pole Figure, eq. (3), modulates the intensities of
peaks. In grazing incidence, the intensities’ modulation is produced by the direct pole

Figures, calculated by eq. (4).

The software has been developed with Python language [88]. It utilizes modules such as
Matplotlib [89], NumPy [90] and SciPy [91]. Grazing offers a representation of 1D-XRD
patterns of materials such as thin films and surfaces under the effect of texture measured

with the Bragg-Brentano and grazing incidence methods. Given the preferential
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orientation Grazing determines the 1-D XRD pattern for both methods, this to
demonstrate the quantitative difference of crystallites orientation at the same distribution

width.

4.1.2. 1D-XRD: Bragg Brentano vs Grazing incidence

The integrated intensities of x-rays diffraction peaks are affected by

crystallographic texture, differently, depending on the measurement geometry.

2 2
[=[ KI|F| p(LP)AD/v ]T (21)
_ ) Pn [¢(65ragg)] BTag'g —.Br'entano )
R(h k,1) Grazing incidence

I = Incident beam intensity, K = Instrumental constant, |F| = Structure factor, p =
Multiplicity factor, (LP) = Lorentz-polarization factor, A = Absorption, D = Debye-Waller
factor, v = Cell volume and T = texture factor. In Bragg-Brentano configureuration, the
intensities are modulated by the inverse pole Figure of the normal to the sample surface
direction. In grazing incidence experiments, the modulating factors are the corresponding

direct pole Figures, evaluated at the Bragg angles.

The model applied in the present work consists in proposing a Gaussian-shaped
inverse pole Figure and proceeding with further calculations on dependence of the

considered case.

Model texture:

R(h) = Rye05/)* (22)
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¢ denotes the polar angle, measured from the location of the IPF maximum, o is
the standard deviation of the orientation distribution and R, is a normalization constant,

such that the integral of R(h) over the whole unitary sphere has a value of 4.

Calculation of direct pole Figures from the symmetry axis inverse pole Figure

proceeds by application of the Fundamental Equation of Fiber Textures [92], eq. (4):

Pu(9) == J,"R(p, W) dy (23)

In order to analyze the two different diffraction geometries, Gaussian-shaped inverse pole
Figure was proposed, with two modulating factors, namely: inverse pole Figure and direct
pole Figure to analyze in detail the texture orientation of the film. Bragg-Brentano induces
significantly intense (-1 | 2) peaks. In the grazing incidence experiment, the (-1 | 2) peaks
were invisible, and peaks were less intense. Bragg prove to satisfy the condition.
BiMnOz/Si (001) were observed to undergo a dramatic change in crystal texture Figure

4.1.
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Figure 4.1. a) Grazing-incidence diffractogram of BiMnO3/Si (001), b) Inverse pole
Figure of a) ¢) Bragg-Brentano diffractogram of BiMnO3/Si (001), d) Inverse pole

Figure of c).

Hypothetically, Cu-Ka diffraction experiment with a BiMnOs3 thin film exhibit an
extremely sharp (-1,1,2) texture. The difference in results obtained by the two considered
experimental methods is striking. Bragg-Brentano produce significantly intense (-1,1,2)
peaks. On the other hand, in the grazing incidence experiment, the (-1,1,2) peaks

practically disappear.

4.1.3 X-Ray Diffraction (XRD) of BiMnOs on Pt-buffered Si (001)

X-ray diffraction (XRD) was performed on two optimized thin films, one as-grown

henceforth, named AG-BMO, and the other one, subjected to an ex-situ thermal treatment,
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named TT-BMO. The XRD patterns of the AG-BMO and TT-BMO thin films are shown
in Figures, 4.2 (a) and (b). Both thin films confirmed the formation of monoclinic-type
crystal structures. The plots are of a logarithmic scale to be able to visualize all the peaks.
Figure. 4.2 (a) is indexed with P21/c space group No. 4 reference code: 01-076-7062 while
Figure. 4.2 (b) conform to C2 space group No. 5, PDF: 1-089-4544. There is no
appreciable texture in both film structures, these make it a difficult task to completely
ascertain the growth orientation. Under each XRD pattern, the standard diffraction
patterns are shown. The intense peaks at 20 = 39.87° and 69.87° correspond to the
reflections of Pt (111), and Si (400), of the epitaxial Pt (111)-buffered Si (001) substrate.
The pattern in Figure. 1(a) shows the evidence of Bi,Oz as an impurity with a secondary
phase, located at 20 = 26.41°, and the reference PDF card end at 20 = 71.037. Similar
results have been reported by other groups for thin films deposited under similar
conditions over a temperature range of 500 — 600 °C [39]. In Figure. 1(b) no secondary
phases are detected by XRD, demonstrating that the addition of Bi and O during TT leads
to the formation of BiMnOs. These results show a remarkable structural phase transition
from P21/c to C2, which is a polymorph succession in the high-temperature evolution of
perovskite-type oxides, due to the ex-situ TT. There exists a slight shift to the right in Pt
(111) peak of the TT-BMO film, to a smaller angle due to the tensile stress, as the result
of the temperature in the furnace during the ex-situ thermal treatment. The addition of Bi
during TT leads to the formation of BiMnOs.; inaccordance with the XPS result in Figure

4.11.
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Figure 4.2. X-ray diffraction patterns of a) AG-BMO and b) TT-BMO on Pt (111)

template layers.

Additionally, the diameter D of crystallites in the AG-BMO and TT-BMO thin films were
calculated, from the full width at half maximum (FWHM) of the highest intense peak

(103) in AG-BMO and (113) in TT-BMO using the Scherrer equation:

kA
Bcos6

(24)

Where K is the shape factor = 0.9, 4 is the wavelength of the target = 1.54060 A, 6 is
Bragg’s angle and S represent FWHM of the diffraction peak. The crystallites D sizes
were 42 nm and 46 nm for the AG-BMO and TT-BMO films, respectively. In this sense,

the larger crystallites observed in the TT-BMO films correlate well with the grain’s
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distribution and height profile of the BMO films revealed later in this dissertation by the

AFM analysis.

107 4

%)
= 100
g 80 | —— BiMnO3/SrTiO3

60 —— BiMnO3 Theoretical

L |l|l‘l|‘| [ [T
80

Ll h i
20 40 60
20(deg.)

100

Figure 4.3. XRD diffraction pattern of BiMnO3 films grown on (100) Nb-doped SrTiOs.

XRD diffractions analysis of BiMnOs film at 293 K, and below the XRD patterns are the
standard diffraction patterns, shown in figure. 4.3. The diffraction peaks were indexed
based on monoclinic-type C», space group number 5 with reference code: (PDF: 1-089-
4544). All the peaks are associated with pure BiMnOs. The growth of the film was
heteroepitaxial with a small lattice-mismatch, approximately 0.14% with agmo and -
10.66% with bgmo. The lattice constant of the films was calculated to be 5.52 A,
comparable to that measured by T. Atou et al [93], indicating a fully relaxed strain state
and in the films. A logarithmic scale was used to visualize all the peaks. The most intense
peak in the XRD pattern corresponds to the substrate. The appearance of multiple peaks
emerges, because of the polycrystalline nature of the film. Having stoichiometry with
fully crystallized grains, as indicated by the several planes. In addition, the XRD spectra

shows no traces of impure phases such as MnO2/ Bi.Os.
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Figure 4.4. X-ray diffraction patterns of pure BiMnOs3; BiMng.9g4Cuo.01603;

BiMno.97Cup.0303; and BiMng.94Cuo.003 thin films.

The XRD patterns of pure BiMnO3z and three Cu-doped thin films grown on Pt-buffered
Si (001) substrate are displayed in figure. 4.4. The XRD diffraction peaks of all samples
are matched with those of the monoclinic-type C2, space group number 5 with Reference
code: 1-089-4544 [40,93] were Cu is consistent with the standard data [94]. All films are
of polycrystalline species. The two intense diffraction peaks are from the substrate (111),
and (400). The peaks seem to increase and become more intense with the increase of
dopant. There also exist an obvious shift in the peaks of the sample with the highest
amount of Cu, and it is toward the lower angle side, this indicates the manifestation of the
Cu. Variation in the intensity of the XRD peaks of the doped samples implies that the
doping has occurred effectively. Some peaks tend to merge with each other indicating
that the doping caused a structural change, but no phase transition occurred. From the
BiMnOs patterns, there is a predominant growth of BiMnogsCuoosOs and
BiMno.97Cuo.0303 microcrystal with the c-axis tilted around 54 degree towards the plane

of substrate at higher doping, while for slightly doped sample c-axis is perpendicular to
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the plane of the substrate. The average crystallite sizes of the film were calculated to be
46.2, 37.4, 28.5, and 25.9 nm, following the sequence in Figure. 1 from the pure BiMnO3
to BiMno.94Cuo.0603, using the Debye—Scherrer formula [95]. The crystallinity results
show a decreasing trend with the increase in doped samples thereby conforming to a
decrease in the net magnetic moment as shown in Figure 5.3. This behavior is common
when doping with transition metals [95-97]. In others recent research doped element

increase the magnetic properties of a multiferroic [98,99].
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Figure 4.5. Schematic 3D representations of the crystal structure for pure BiMnO3 and
the three Cu-doped samples: a) BiMnOs; b) BiMno.9gaCuo.01603 €) BiMno.97Cu0.0303; and

d) BiMno.94Cuo.060s.

Figures 4.5 a) — 1 d) schematically shows crystal structure of the perovskite phases found

in the samples under study. They illustrate the ideal perovskite structure having ABO3
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stoichiometry, which consists of a three-dimensional framework of corner linked Mn3*.
Mn3* is bonded to six O atoms to form corner-sharing MnOg octahedra. Bi®* is bonded
in a 6-coordinate geometry to six O atoms. The Cu according to it respective ions in (b),
(c) and (d) are bonded in a square co-planar geometry to four equivalent OZ. In total,
twelve coordinated A-cations fill the cavities formed by the framework. This arrangement

of ions generates a crystal structure described by the monoclinic C2 space group.

4.2. Microstructure characterization

Figure 4.6. a) Representative HR-TEM micrograph of a polycrystalline AG-BMO thin
film b) Fast Fourier transform of the square region in a), ¢) Inverse fast Fourier filtered

image from the pattern in b).

HR-TEM micrograph shows crystallites composed of the AG-BMO film, randomly
oriented in Figure. 4.6. a), Figure. 4.6. b) shows the fast Fourier transform emerging from
the square in figure. 4.6. a). Figure. 4.6. c) is the inverse fast Fourier filtered image
corresponding to the same region, in the white square that enabled the measurement of
two interplanar distances: 3.55 and 4.69 A corresponding to the d(210) and do11) planes of

the P21/c-BMO crystal, similar to the findings of Montanari et al. [21].
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Figure 4.7 a) HR-TEM image of a polycrystalline TT-BMO film, b) Fast Fourier
transform pattern of the region in a), ¢) Atomic periodicity obtained from the inverse

fast Fourier transform of b).

On the other hand, Figure. 4.7 a) displays HR-TEM micrograph of a TT-BMO
polycrystalline thin film. Figure. 4.7 b) shows the fast Fourier transform of various
crystals from the area inside the large white square in Figure. 4.3 a). Several crystallites
were involved; it is possible to notice the presence of a Debye ring pattern that clearly
shows the (310) and (112) crystalline planes. The inverse fast Fourier filtered image of a
small region of the film is shown in Figure. 3 ¢) indicating two interatomic distances that

match well with the ( 113) and (330) planes of the C2 phase of BMO.
4.3. Raman spectroscopic studies of BiIMnO3

To further analyse the structure, BiMnOs was investigated by using Raman spectroscopy,
which is known as a sensitive technique for detecting phase or more subtle structural
rearrangements due to coupling phenomena in ABO3z perovskites [19,20]. Figure 2

presents Raman spectra measured at room-temperature spectra.
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Figure 4.8. Measured Raman scattering spectra of the BiMnOs thin film (red dotted
line), fitting spectra (black doodling circles) and the decomposed active modes (gray
solid line) performed in the Raman spectral shape to identify the vibration modes of

BiMnOz using OriginPro software.

The Raman spectrum (black dotted line) acquired in a range of 180-1050 cm™ is shown
in Figure 4.8. Three prominent Raman bands emerged at 398.1, 620.8, and 1009.2 cm™!
on this polycrytalline BiMnOz sample. According to the Lorentz equation in OriginPro
software [100] the decoconvolution peaks of BiMnOs sum up to 52 close to the of the
calculated 57 phonons [101,102], for the monoclinic phase reported elsewhere with the
C2 space group ( C3 No. 5) [40]. The factor group analysis of all phonons with I point in
Brillouin-zone center predicts the following: T, = 294(z x? y?%2z%xy) +
31B(x,y,yz,xz)[101,103] where A and B denote acoustic vibrations. in the bracket
shows the Raman, and IR activity respectively. At the I" point, long-range electrostatic
forces split the active modes into transverse (TO) and longitudinal (LO) oscillation modes
represented in table 3. The Raman modes were obtained by fitting the experimental

spectra (black doodling circles), peak fitting curve (red solid line), and fit peak (gray
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solid line) with Gaussian-Lorentzian shape components according to the Raman active
modes [104,105] The strong bands are located at 234.5, 374.1, 398.1, 620.8, 665.8, 729.3,
and 1009.2 cm™, their respective oscillation modes (TO) and longitudinal (LO) are

illustrated in table 3.

Tabel 3. Raman frequencies of IR, and Raman active modes in the BiMnOs thin

film.
Type cm? IR
TO 2345 Bg
TO 374.1 Ag
TO 398.1 Ag
LO 620.8 Bg
TO 665.8 Ag
TO 729.3 Bg
LO 1009.2 Ag

The most instense band at 398.1 cm™ belongs Ag symmetry of transverse optical (TO)
phonon mode [Ag, (TO)]. The second intense and broad band is located near 374.1 cm™;
this feature is associated with Bg (TO) phonon [39,106]. The sharp low intensity band
near 620.8 cm™! is associated with Bu symmetry of longitudinal optical (LO) phonon
mode [Bu, (LO)], and high frequency band near 1009.2 cm™* is related with Ag, (LO)
phonons. These bands are characteristic for BiMnOs ferroelectric phase with monoclinic
symmetry [101,107]. The peaks at 260 and 1009.2 cm™ can be attributed to the lattice
and stretching vibrations of the Mn-O bond. It is important to note that, the observed
bands corresponds to several phonons because frequencies of the modes are relatively
close. Raman activity can arise due to several reasons, such as: grain boundaries,
intergrain stresses and phonon anomalies which are common for multiferroics if not all.
BiMnO3s, HOMnOgz, LUMnO3, and YMnOs3 [108]. To our knowledge there is no report on
C2 space group of BiMnO3 to compare the modes and frequencies to our experimental

result.
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Figure 4.9 a) TT-BMO film shown in cross-section by TEM. EDS elemental mappings

of b) Bi, ¢) Mn, and d).

A low magnification TEM micrograph of the TT-BMO thin film is shown in Figure. 4.8
a). Au capping layer was used for the FIB cross-section preparation. Several regions were
observed in order to measure an average thickness of 150 nm. Figures. 4.8 b) — d) are the
EDS mappings of Bi, Mn, and O, respectively, showing a homogeneous distribution along

with the thickness of the film.
4.4. Atomic force microscopy (AFM)

To assess the surface morphology of the samples, a 1x1 um? AFM scan was performed.
The micrographs obtained from the 100 and 150 nm thickness of BiMnQOs films are shown

in Figures 4.9 a) and b).
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Figure 4.10. AFM micrograph of the surface of BMO thin films grown on Pt (111): a)
AG and b) TT thin film c), and d) are the histogram plots for the particle size

distribution corresponding to the AFM images in a) and b).

Figures 4.10 a) and b) shows AFM micrographs of the AG-BMO and TT-BMO samples
respectively. The high root mean squared (rms) roughness of 25 nm and 32 nm, agrees
well with the z scale of 100 and 130 nm, respectively. These morphological changes were
induced by the ex-situ TT by the increased annealing temperature of AT = 100 °C. In
agreement with grain growth theory, the higher the temperature the higher the grain size,
as well as the crystallite size. This was expected to improve the stoichiometry of the thin
film. Figures. 4.10 c) and 5 d) represent a regular histogram plot for the grain size
distribution of the AG-BMO and TT-BMO samples. After obtaining the grain size
distribution curves through a Gaussian fitting, the calculated mean grain size was 110 nm,

and 150 nm (with a standard deviation of about 30 nm in both cases).
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4.5. X-ray photoelectron spectroscopy (XPS)

In view of the composition of TT-BMO sample, XPS analyses were performed to identify
the chemical states of Bi, Mn, and O. Figure. 4.11 a) shows the survey scan performed
over a binding energy range from 0 to 1400 eV. The XPS lines in the survey spectra are
associated with Bi, Mn and O ions. Figures. 4.11 b) - d) shows the survey scan of the Bi,
Mn, and O. The black line with doted circles represents the experimental data, red solid
line corresponds to the fitting curve, green and blue solid lines are associated with
chemical species, while the dotted lines correspond to the background. A Shirley-type
background was considered in all regions of the spectrum. The Bi survey scan in Figure.
4.11 b) clearly shows the spin-orbit coupling doublets of Bi 4f7,, and 4fs;> near 158.5 and
164 eV, respectively [14,20,109] confirming the trivalent oxidation state of bismuth
atoms in BMO [110]. The spectrum showing a doublet peak arises as a consequence of

the energy splitting due to spin-orbit coupling.
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Figure 4.11 a) XPS survey spectra showing the main photoelectric and Auger peaks
associated with the elemental analysis of the TT-BMO thin film. XPS spectra scans of

b) Bi 4f, ¢) Mn 2p, and d) O 1s regions.

Figure. 4.11 c) displays the XPS spectra for the peaks related to Mn atoms. As expected,
broadening of peaks for Mn 2p doublet is observed due to the formation of the oxide. The
presence of its signal is shifted toward higher binding energies. Four components were
considered to reproduce the broadening in the Mn 2p line, which is related to structural
defects [20]. The difference between the two peaks in each Mn 2pz, and Mn 2p1, orbitals
indicates that the oxidation state is not precisely Mn®* or Mn**, it is concurrently 3+ and
4+, This can be understood through the percentage contributions of Mn in BiMnOs.s,
which are Mn3* (72.98 %) and Mn** (27.32 %). Moreover, the deconvoluted core-level
XPS spectrum of surface oxygen is surveyed to study the status of surface oxygen, as
shown in Figure. 4.11 d). The O 1s spectra was fitted with three peaks at 529.7, 530.6,
and 532.1 eV. The O%, which is the main energy peak located at 529.7 eV is assigned to
bonding state in the BMO perovskite, while the O peak observed at 530.6 eV
corresponds to oxygen atoms participating in Mn- and Bi-oxides with 4+ and 3+ metal-
oxidation states, respectively [111-113]. The O 1s peak at 532.1 eV corresponds to
oxygen in chemisorbed species at the surface [14,114]. The fitted peak intensity was used
to estimate the oxygen content in its particular state, its content was found to be 43.2%
oxygen in perovskite lattice and 56.6% was chemisorbed. Surface charging was
compensated using a charge neutralizer, which is a combination of two charges
neutralizing an external and an inlens (the later is inside the electrostatic lenses of the
analyzer). The charge neutralization ensures that the peaks are not heavily shifted, a
confirmation of that is the peak position of O 1sin 529.7 eV approximately. As evaluated,

the oxygen non-stoichiometry in BiMnOs.s contributes a considerable fraction of partially
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occupied 3d orbitals of Mn states (Mn®* and Mn**) as observed in Figure. 6(c). Mn/Bi
atomic ratio was evaluated from the Bi 4f7, (158.5 eV), and Mn 2ps;2 (642.2 and 642.6
eV) for Mn®* and Mn**. Their respective ratios are: Mn/Bi (0.89), Mn®*/Mn** (0.13), and

d, was estimated to be 0.07, inducing the composition to BiMnO2.g3.

4.6 Optical measurements

This section comprises of a non-destructive and wear-free measurements of the optical
properties of BiMnOs using different technology: Ultraviolet-visible (UV-Vis)

spectrophotometry and Valence Electron Energy Loss Spectrometry (VEELS).
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Figure 4.12. Room temperature absorbance type UV-Vis-IR spectrum of a) AG-BMO

and b) TTBMO thin films.

UV-Vis-IR absorbance spectrum of AG- and TT-BMO thin films are shown in Figures
4.12 a) and 4.12 b), with a recorded wavelength region from 400-1400 nm. The optical
band gap of the samples has been calculated by the Tauc plot method [39,115-117] The
insets are the Tauc plots for both samples. Figure. 4.12 a) shows the spectrum of the AG-

BMO thin film and the estimation of the energy band gap of 0.9 £ 0.07 eV as shown by
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the red line in the inset. The inception of the absorption, located at about 406 nm, indicates
that the AG-BMO thin film has good white-light absorption properties in the visible light
regions (400 - 609 nm) [117,118]. Figure 4.12 b) shows an intense absorption band for
TT-BMO film at about 706 nm, which agrees well to a strong dipole-allowed toy — tog
(d-d) charge transfer transition, which is a distinguishing attribute reported in the
literature [119]. The other two intense peaks at 406 and 663 nm arise from the various
valence states of Mn. The broad range of absorbance spectra shows a greater absorption
in the wavelength region of 400 nm, which is extended up to 706 nm. The energy band
gap is 1.4 £ 0.03 eV, which is slightly larger than 1.25 eV of typical BMO nanoparticles
prepared by sol-gel [38] and bulk BMO with a band gap of 1.1 eV) [24,39]. The increase
of the values of the band-gap in nanometric materials is usually associated with crystallite
size reduction, which in this case, the present samples seem to be out of the trend,
probably indicating that the grain boundaries play a significant role in the diminution of

the band-gap of the AG-BMO thin film.
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Figure 4.13. Typical VEELS-TEM spectra from analysis of a BiMnO3 film: full

VEELS (black), ZLP (red), inelastic contribution (Green) and, ELF (dotted blue).

Figure 4.13. displays a VEELS-TEM spectrum in black line with energy-loss range (0—
50 eV) of BiMnOs, a red dotted line corresponding to the ZLP spectrum, a blue dotted
line correlated with the inelastic contribution, and the green line representing the ELF. To
deconvolute the ZLP spectrum, inelastic scattering was extracted using the reflected tail
model, then using the Fourier-log method. The SSD spectrum was obtained using
equation (1) and applied specific Gatan Microscopy Suite software routines. The SSD
spectrum was developed using the KKA function to obtained ELF and complex dielectric
function (¢’ and €'"), The fits described above are based on using the BiMnO3 refraction
index 2.16 [24,120]. Moreover, elemental analysis was performed in the range 0-50 eV,

where elements of BiMnOgz were obtained from references [24,121].

It is pertinent to note that the investigation of BiMnOs films using the VEELS technique

has not been reported in the literature.
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Figure 4.14. Experimental and polynomial fitting curve related to the ELF plot from

analysis of a BiMnOs film (intensity versus energy 10ss).

The analysis of ELF in Figure 4.14 is to obtain the bandgap of a BiMnOs film, using a
polynomial fit in the ELF (red dash line) in the energy loss range of 1.2-2.2 eV. The onset
energy of the spectrum in ELF was evaluated and the bandgap energy was calculated
using the Rafferty and Brown methodology [122], by using a polynomial fit as A +
C(E — Eg)?, where A and C are constants and E is the energy loss [123,124], for which
the fitting value obtained was E; = 1.63 eV. The extinction coefficient k and the
refractive index n = 2.16 were obtained using the dielectric function equation ¢* (E) =
¢'(E) + ¢"(E). These were taken into consideration during the application of K—K sum
rule to normalize the ELF curve. Different studies show a relatively small bandgap for
BiMnOz around 1.1 eV to 1.7 eV [16,121,125]. Other oxide-based photovoltaic and
multiferroic materials, exhibit large bandgap (3.1 eV) [83], which limits their conversion
efficiency in absorber-based photovoltaic devices [125,126]. BiMnO3 exhibits a narrow
bandgap, which may contribute to the development of a new strategy for designing high

symmetry BiMnOsz films for efficient optoelectronic applications with a strong

photovoltaic effect.
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Figure 4.15. Plot of the constants of the complex dielectric function. a) real part and b)

imaginary part.

Figure 4.15. a) shows a plot of the real part and b) imaginary part of the complex
dielectric function &* (E) = €'(E) + £"'(E) of BiMnQgs, from calculations using the KKA
function [127]. As it can be seen in a), for E=0 eV, ¢* = 4.68, the static dielectric [128],
identified by the real part of the dielectric constant. Moreover, a high peak ata’ = 6.24
eV and a lower peak at a’’= 18.43 though, the value of the dielectric constant at the zero
energy is approximately a square of the index (ng;yno,= 2.18). It is noteworthy that there
is no report on the complex dielectric function and static dielectric constant for BiMnO:s.
Figure b) shows two peaks, one peak at a’ = 5.31eV and a second peak at a"’ =
18.35 eV, with onset at 1.63 eV, which is directly associated with its bandgap [129].

These two signals show typical semiconductor material behavior.
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Figure 4.16. Intensity reflection coefficient of BiMnO:s.

Figure 4.16 shows the intensity optical reflection coefficient I', of pure phase BiMnOs.
The optical reflection coefficient is defined as the ratio of the reflected wave to the
incident optical wave. Similarly, T; of dielectric material is related to the reflection of
light. Reflection of light usually occurs whenever light travels from one medium of a
given refractive index to another [130]. The intensity of reflected light from BiMnO3 vs
the energy loss by the wave is such that the light reflection can be (calculated from
equation 9). It is related to the outcome of the two media marked as n, and n, for
BiMnOz interchange with normal incidence, the reflection loss is 0.41%. This method
used to obtain the optical properties of BiMnQOg, is recommended for a polycrystalline

thin film.
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Figure 4.17 a) Cole-Cole plot with an intertwined semi-circle lying directly to the real
part of the dielectric constant. b) Calculated total effective number, Neff (E) of electrons

contribution in the inter-band transitions of BiMnOs.

A plot related to the complex dielectric function of BiMnO3s which was calculated using

the CC model. In this sense, is displayed in figure. 4.17 a). It illustrates the relationship
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between the real €' and imaginary part €” component of the dielectric function with
positive values. The plot exhibits an intertwined semi-circle lying directly to the real part
of the complex dielectric function, which allows for the identification of two principal
electronic components. The black bold line joining <« a to < ¢ could be attributed to the
plasmon region and the second with red dotted chain joining « b and <« <c component
could be attributed to the bandgap [131]. The semi curve corresponding to the bandgap
appears to have two noticeably intertwined patterns, this explicitly differentiates the
highest occupied energy state of the valence band and the lowest vacant state of the
conduction band in polycrystalline monoclinic-type C> BiMnOgz, which is the bandgap.
The <« a, <b, and «c form a right-angled triangle, which can be utilized in the possibility
of calculating the area, height, and perimeter of the triangle, thus allowing the description

of the spectral shape of the CC model.

(“d” and “e” are the intertwined layer). In the optical domain (101%-10'" Hz), the CC plot
is used to monitor the electronic contributions (inter-band transitions and plasmons)
[131]. It is worth noting that limited data are available on polycrystalline monoclinic-type
C2 BiMnOas. Hence, this work is of high importance in terms of the method applied here
to determine the optical properties, such as the complex dielectric function, static
dielectric function, and reflection coefficient in BiMnOs. The advantage of this method
is that no information on the morphology of the sample is needed and is a stand-alone
technique. This means that it is possible to obtain the optical properties of any surface
polycrystalline thin film by using the VEELS-TEM analysis technique together with the

KKA and the CC model.

Figure 4.17 (b) illustrates the calculated total effective number, Neff (E) of electrons
contribution in the inter-band transitions. The obtained calculated image was obtained by
using the Gatan Microscopy Suite software. From physical observation, the Neff (E)
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increases with an increase in energy. As the Neff (E) increased gradually, starting from
the bandgap region and slops at 18 eV and a high step is found at 30ev the Neff (E), then

increases in energy to the peak at 50 eV. This confirms that no saturation value was

observed in the plot [131].
4.7. Electrical resistivity measurement

Electrical resistivity (p in Ohm-m), measures how much a BiMnOs film resists the flow

of electricity. It is related to electrical conductivity (o in Siemens/m) by a simple inverse

relationship: 6 =1/ p.
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Figure 4.18. Temperature dependent resistivity curve for TT-BMO thin film (p—T curve).

The electrical resistivity Figure 4.18 displays, TT-BMO as a function of temperature,
within a range of 83-300 K at room temperature. Noticeably, the resistivity (p) decreases
drastically with the increase in temperature (T), showing a typical semiconductor

behavior. p (T =300 K) ~ 1.85 x 102 Q-m and p (T = 100 K) ~ 7.71 x 10? Q-m, similar
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to the value reported for an electrical resistivity for a polycrystalline ceramic at room
temperature, 2 x 10* Q-cm [10,36] Hence, TT-BMO sample has ample and profound

physical properties that influence the behavior of electrical transport sample.

4.8 Electrical and magnetic characterization

‘€ 10{(a) [——200K] a4 (b)[——300K]

Q

[ -

9 O 0_....._

©

= 5] 2 7~

[0}

0 10 al 4

10 8 6 -4 2 0 2 4 6 8 10 06 -04 D02 00 02 04 06

\ Electric field (kV/cm) /

Figure 4.19. The P-E hysteresis loops of BiMnO3z samples at a) 200 K, b) 300 K, ¢) M-
T curve of the BiMnOg thin film. The inset shows dM/dT plot for accurate measurement

of TC.

Ferroelectric hysteresis loops of the BiMnOs at 200 K and 300 K are shown in Figure
4.19 a) and b). The Figures establish the ferroelectric behaviour of the BiMnO3z displaying
saturated and unsaturated hysteresis loops respectively. Both samples show distinct
hysteresis characteristics due to the different temperature of measurment for the samples.
The room temperature BiMnOz shows a leakage current while at 200 K it indicates typical
ferroelectric hysteresis loop as shown in table 4 a), under an applied electric field of 15
kV/cm. A saturated loop was obtained at 300 K, likewise the report of M. Grizalez at al.

[8]. It is difficult to have good measurements of ferroelectric in perovskite materials at a

74



temperatures higher than 300 K and below 100 K [132,133]. We suggest that this behavior
may be due to change in the structural orientation of the film. The temperature
dependence of the magnetization of the TT-BMO thin film study in Figure 4.19 c), exist
a progressive increase of magnetization with reducing temperature from ~50 to 10 K. This
is a clear signature of FM ordering in the sample. The FM is related to superexchange
interactions of the Mn3®* ions and in a smaller amount to double exchange interactions
between Mn®* and Mn** ions. The linear trend in the range 200 to ~50 K represents short-
range magnetic interactions above the inflection point. This region usually appears with
a zero net magnetic moment; hence the non-vanishing magnetization is a signature of
strong short-range magnetic interactions in the BiMnQOg thin films. The inset in Figure. 9
shows the derivative of the M-T plot to accurately measure Tc. The obtained value of Tc
is ~ 37 K, lower than the bulk form, which is around 105 K [10,47,134]. This can be
attributed to the grain size of the film and the existence of oxygen non-stoichiometry
[135-138]. Samples with small grain sizes are expected to have low curie temperature Tc

[136]. This may be the case for the BiMnO3 sample.

4.9. Mechanical characterization
The mechanical properties of BiMnOs thin film are characterized with

nanoindentation measurements. This has led to a deep understanding of the microscopic

processes responsible for the mechanical behavior of this materials.

Figure 4.20 displays a characteristic load-depth penetration curve of an single crystal
BiMnOz Thin film with the maximum penetration load of 0.7 mN and the

loading/unloading rate of 0.58 mN/s. A frist single sudden discontinuity (Frist, pop-in) in
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the load—displacement curve was observed at a specific depth (14-40 nm) of the BiMnO3

thin film.
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Figure 4.20. P—h curves of the first and second pop-in events for BiMnOs single crystal

in the thin film, at nanometer scales.

The physical mechanism responsible for the ‘pop-in’ event in this thin film may be due
to the interaction behavior of the threading dislocations during the mechanical
deformation. On the other hand, the second pop-in is normally attributed to failure of the
material due to fractures [139,140], or in the case of coatings on a substrate it could be
the failure due to adhesion between the substrate and the film, this is clarified later in the
simulation part. In other word, the elasto-plastic transition is clearly observed by a sudden
penetration effect called pop-in. This sliding effect is related to the onset of permanent or
plastic deformation due to the origin of the dislocations. This pop-in is characteristic of
each material where it is directly related to the yield point [141,142]. Static indentation
hardness tests usually imply the application of load to a spherical or pyramidal indenter.
Experiments show that hardness between the indenter and the sample is directly

proportional to the material’s yield, and can be expressed as; H~ CY, where Y is the yield,
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or flow stress, of the material and C is called the “constraint factor,” the value of which
depends upon the type of sample and indenter geometry. Invoking the Tresca shear stress
criterion, gives: H=Y (I + «), (taken a = 70° to Berkovich indenter), therefore C = (1 +
o) and with the von Mises criterion gives C = 3 [142,143]. Therefore, the yield point value
for the monoclinic BiMnOs films is Y = 2.6 £ 0.7 GPa. According to the Oliver-Pharr
method [144], stiffness, hardness, and elastic modulus measured for the BiMnO3 Thin
films were, S =44072 £ 45 N/m, H=8 + 0.2GPa and E= 142 + 3GPa respectively. The
mechanical properties is presented in the table 4 b). The thin film was subjected to an

elastoplastic deformation.

Table 4. a) Ferroelectrics and b) nano-mechanical properties of BiMnOs Thin film.

(a) Ferroelectrics properties (b) Nano-mechanical properties

Temp. | Ps Pr Hc Nmax Stiffness, | Young Hardness, | Yield

(K) (uC/ecm | (uClem | (kV/cm) | (nm) | S[N/m] | modulus, | H [GPa] Strength,

2) 2) E [GPa] Y
200 |9.14 |223 |o077 48 | 44072+ |142+3 |8+02 |26+07
300 |406 |062 010 +0.2 |45

Thus, part of the total energy involved in the nanoindentation test is recovered as elastic
energy, while the other part associated with the plastic deformation of the material during
the indentation is dissipated as plastic energy. The area below each of the loading curves
(total energy applied) and unloading curves (elastic energy) it is possible to determine the
percentage of plastic energy dissipated for the sample [145-147]. Moreover, another way

to visualize the interval of the ferroelastic behavior is through the load penetration curve
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of Figure 4.20. In this curve the first elastic behavior delimited by the first penetration
values and the yield limit Y, which is the ferroelastic behavior where the redirection of
domains, either by the direct or indirect effect as some other authors have visualized
[148,149]. So, it is important to visualize this ferroelastic behavior to see the performance
of the piezoelectricity in a indirect way. In this case, the ferroelastic range for the BiMnOs3
material in thin film form is between 0 to 12 nm, of the curve depth penetration delimited

by the yield strength, Y=2.6 £ 0.7 GPa.
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Figure 4.21. Modeling nanomechanical properties in BiMnOs thin film; a) residual
Bercovich area, b) and c) von-Mises stress distribution of BiMnOg thin film at first and

second pop-ins respectively and c) Total energy versus displacement.

Regarding the simulation of the mechanical properties by finite element, as shown in
Figure 5, where the different behaviors of von Mises stress distribution at different depths

of penetration in the BiMnOs film are clearly observed. Figure 5a) demonstrates the
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Berkovich-type residual area image, which was modeled by finite element, using the
experimental load-displacement curve. This Figure shows that there is no crack around
this residual area as in other report in similar material [139,140]. So we can say that the
second pop-in of the mechanical load-pretraction behavior of Figure 4.20, does not
correspond to facture in the BiMnOs thin film, but to the failure of the interaction between
the BiMnOs film and the SrTiOz single crystal substrate or abrupt change from passing
to the substrate, called an interfere filere. In the Figure b) is display the von Mises beneath
of the first pop-in where propagation to the deformation plate has already started by
means of the dislocations or twins in the BiMnOs thin film. On the other hand, Figure 5
c) illustrates the von Misess stress maps of the second pop-in, which corresponds to the
failure mentioned above due to the delamination between the BiMnOs film and the SrTiO3
substrate. Figure 5d) shows the curve of irreversible energy involved (Wirre) Vversus

displacement or depth of penetration normalized with the thickness of the thin film (h/t).

5. Cu-doped BiMnOs on Pt-buffered Si (001)

This section shows the magnetic results obtained from the study of Cu-doped BiMnOs3
thin films. First-principles calculations of the electronic structure were carried out using
density functional theory (DFT), with the Vienna Ab Initio Simulation Package (VASP).
We observed that Cu-dopant and Mn atoms couple antiferromagnetically, causing a
reduced magnetic moment, in agreement with the experimental measurements of

magnetic hysteresis loops.

5.1. Computational methods

First principles calculations of the electronic structure were carried out using Density
Functional Theory (DFT), using the Vienna Ab Initio Simulation Package (VASP) [150—

152]. The electronic structure has been calculated using the projector-augmented-wave
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(PAW) method [153,154], within the GGA exchange—correlation energy in the Perdew—
Burke—Ernzerh of (PBE) approach [155], and a local Hubbard-U (GGA + U) was also
added to the transition metal atom (Mn) to give accurate results for strongly correlated
systems. In this work, we used U = 3.5 eV and J = 0 [156]. The starting point was the
monoclinic structure of BiMnOs, symmetry space group C2 with the experimental lattice
constants a = 9.5262 A, b =5.6029 A, and ¢ = 9.8453 A; 0. =90°, f =110.634° and y =
90°, reported elsewhere [40]. We used the primitive cell with 40 nonequivalent atoms, 8
Bi, 8 Mn, and 24 O. Next, we created three supercells of 1x2x1, 2x2x1, and 2x2x2, to
generate the Mn-doped structures: BiMno.gsCuoosO3, BiMno.g7Cuo.0303, and
BiMno.9gaCuo.01603, with 80, 160 and 320 non-equivalent atoms, respectively. These
structures are close enough to the experimental doped structures studied, without the need
to generate supercells with a large number of atoms and with considerable computer time-
savings. Next, one Mn atom was substituted by a Cu atom in each one of the supercells,
generating doped structures with the formula BiMn15CusOz, with values ¢ = 0.06, 0.03
and 0.016 for 1x2x1, 2x2x1, and 2x2x2 supercells, respectively. The structures were
fully optimized until the Hellmann—Feynman forces became negligible. Finally, a self-
consistent field calculation was carried out for the pure and three doped structures, and it
was considered to be achieved when the total energy variation from iteration to iteration
did not exceed 108 eV, on a mesh containing 366, 108, 16 and 5 k-points in the

irreducible Brillouin zone (IBZ).
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Figure 5.1. Behavior of x(T) in the range of 2-300 K using a magnetic field of 100 Oe
for pure MnBiOs thin film. The ZFC curve shows a clear ferromagnetic transition

temperature at 45 K. While the FC curve shows an antiferromagnetic transition at 40 K.

The first step was the magnetic characterization of the BiMnOs thin film. Magnetic
susceptibility, x-T, was measured following the ZFC and FC protocols with an applied
magnetic field of 100 Oe from 2 to 300 K, see Figure 5.1. The FC curve shows a FM
transition around 45 K, which is attributed to the Tc, higher than 10 K as reported in
[157]. Below this temperature, the magnetization increases rapidly. Moreover, the ZFC
curve shows a maximum value at 40 K, the highest value is a characteristic of the blocking
temperature associated with the crystallite size. This behavior was reported in BiMnO3

nanoparticles [14]. To confirm the presence of the two magnetic orders. Similarly, Figure
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5.2 a) displays the magnetization measurements of the pure thin film of BiMnO3 as a
function of the magnetic field at different temperatures. At the lowest temperature (10 K,
in black curve), hysteresis loop is seen as deployed in Figure 5.2 b), the magnetization of

the sample saturates at 3000 Oe, M, = 14.17 emu/cm®.
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Figure 5.2 a) Magnetic behavior of pure MnBiOs thin film at 10K, 40K and 100K. At
100 K. b) Zoom image of Figure 5.2 a), ¢c) Comparative of hysteresis loops of pure and
Cu-doped BiMnOs thin films at 10 K. d) Zoom image of Figure 5. ¢) showing the

behavior at low applied magnetic fields.

Figure 5.2 c) displays the M-H curves for BiMnO3z and Cu-doped BiMnOs thin films at

10 K. The presence of copper atoms does not contribute to the ferromagnetism observed
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in the BiMnOs sample, but decreases the magnetic properties of the material. At low

applied magnetic fields, the raise in magnetization values is negligible, but hysteresis is

observed. Figure 5.2 d) is the zoom of Figure 5.2 c). The curves for Cu-doped BiMnO3

did not intercept on the Y-axis, making it impossible to determine coercivity (Hc), but

(M) values were obtained to be 8.13 emu/cm?®, 3.60 emu/cm?, and 1.76 emu/cm? for

BiMno.984CU0.01603, BiMno.97Cu0.0303 and BiMno.94Cuo 0603 respectively. At high applied

magnetic field, the diamagnetic contribution appears at low temperature and decreases as

the amount of copper increases.

5.2. Theoretical analysis
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Figure 5.3 Total density of states for pure BiMnO3z, BiMno 984CU0.01603,
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Figure 5.3. shows the total density of states of the four structures, showing the spin-up

and spin-down contributions. The electron distribution with spin-up and spin-down,

exhibits an asymmetry, giving rise to a ferromagnetic order in four structures. However,
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doping with Cu atoms causes a decrease in the net magnetic moment, given that Cu
couples antiferromagnetically with Mn, in agreement with our experimental results. The
magnetic moment is due almost entirely by Mn and Cu atoms, as Bi and O do not produce
an appreciable contribution. The magnetic moments arise, mainly, from Mn- and Cu-d

orbitals, as can be seen in Figure 5.4.
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Figure. 5.4. Partial density of states for BiMnOs3, BiMno.984Cuo.01603, BiMno.97Cu0.0303

and BiMng.94Cuo.0603 for Mn and Cu d-states.
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Table 5. Summary of the magnetic properties for BiMnOs, BiMno.98aCuo.01603,

BiMno.97Cu0.0303 and BiMno.94Cuo.0603

Magnetic Magnetic Magnetization
moment/atom moment/cell (Ug) (emu/g)
(UB)
BiMnOs Mn: 3.9 31.0 69.4
BiMno.9g4Cuo.01603 | Mn: 3.9 242.3 67.2
Cu: -0.6
BiMno.97CU0.0303 Mn: 3.9 118.3 66.2
Cu: -0.6
BiMno.94Cu0.0603 Mn: 3.9 56.3 62.9
Cu: -0.6

Furthermore, from the total density of states, we can see an interesting result concerning
the electrical properties. The BiMnOz is a semiconductor of narrow band gap, Eq = 1.22
eV and this gap decreases as Cu concentration increases in BiMno.ggsCuoo1603 and

BiMno.g7Cup.0303, until it becomes a conductor for BiMng.gaCug.0603.
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6. CONCLUSIONS

BiMnOs thin films were successfully grown via RF magnetron sputtering technique on
three different substrates, namely Si (001), Pt-buffered Si (001), Nb-doped SrTiOz (100),
and also doped with different amounts of Cu, with an optimum condition of base pressure
6.7x10° Pa, RF power source (13.56 MHz) at 60 W growth temperature of 600 + 5 °C.
A rotating speed of 3 RPM, an Ar flow rate of 13 SCCM, a target distance of 16 cm from
the substrate holder to the 1" magnetron, and a working pressure of 4.0x10 Pa. Powder
X-ray diffraction is a powerful tool in the identification and characterization of BiMnO3
thin film structure, in collaboration with Raman analysis, a monoclinic phase with the C2
space group was confirmed. EDS revealed the homogeneous distribution of each element
of Bi, Mn, and O in BiMnOs thin films, proven by the XPS analysis and the existence of
Mn charge transition of 3+ and 4+ states. A clear interface between the thin film and
substrate was observed in the HRTEM results. The existence of strong ferroelectricity in
the BiMnOs thin film showed saturation polarization of 9.14 pC/cm? at 200 K. Resistivity
result describes BiMnOs to possess a semiconductor behavior. Magnetic measurements
for BiMnOs thin film showed a ferromagnetic behavior with Curie temperature of 37 K
and strong short-range magnetic interactions. The optical property of BiMnOz have not
been extensively investigated, this work has opened a new window for studying the
optical properties of BiMnOs multiferroic materials through VEELS-TEM analysis,
indicating that BiMnOz could be relevant to the application of ferroelectric films to in
photovoltaic and optical devices. The pop-in characteristics and mechanical properties of
BiMnOgz were systematically studied by Oliver and Pharr method in nanoindentation. The
nanomechanical properties evaluated, such as: elastic modulus, hardness, and stiffness,
with obtained values of S =44072 + 45 N/m, E=142 + 3GPa, and H=8 * 0.2GPa

respectively. Values deduced from the mechanical and ferroelectric measurement of
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BiMnO3 thin film revealed that BiMnOg thin films are attractive materials for energy
harvesting, spintronics, spin valve, sensor applications, and microelectromechanical
systems devices. The investigation on the effects of Cu on the structure and magnetic
properties of pure BiMnOsz, and three Cu-doped samples: BiMno.9g4Cuo.01603,
BiMno.97Cu0.0303, and BiMno.04Cuo.0603, obtained via RF magnetron sputtering, resulted
that BiMnO3z with an appropriate amount of doped Cu will have good application

prospects in spintronic photo-sensing devices.

X/
L X4
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