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THESIS ADVISOR : PROF. SANTI MAENSIRI, D.Phil. 126 PP.

THIN FILMS/FERROIC/ANTIFERROMAGNETISM

In this research, Cu-doped bismuth ferrite thin films were fabricated and studied
structural, electrical, and magnetic properties. The Cu elements were doped to bismuth
ferrite structure (BiFeOs) for substitution Fe elements as concentration x=0.01, 0.02, 0.03,
0.05,0.1,0.2and 0.3 (1, 2, 3, 5, 10, 20 and 30 mol %). The BiFe1xCuxOs thin films samples
were investigated crystallite phases structure and crystallite sizes by x-ray diffraction
(XRD). Surface morphology and thickness were revealed by scanning electron microscope
(SEM). Oxidation states of films elements (Bi, Fe and Cu) were investigated by x-ray
absorption spectroscopy (XAS). The elements (Bi, Fe and Cu) oxidation states and
existence of oxygen vacancy were confirmed by x-ray photoelectron spectroscopy (XPS).
The electrical properties were investigated by Agilent4294A precision impedance
analyzer by measurement capacitance (Cp) and loss tangent (tans ). The magnetic
properties were investigated by vibration sample magnetometer (VSM). The crystallite
phase structure of the thin films was pure phase of bismuth ferrite (BiFeOs) only on
undoped bismuth ferrite thin films. For Cu-doped thin films samples were compounded
with some impurity phase of dibismuth tetrairon oxide (Bi2FesOq). The films surfaces
morphology showed some inhomogeneous of mountain films. The films thicknesses
which were measured by SEM cross section technique, are about 200-300 nm. The

oxidation states



v

of Bi**, Fe** and Cu?*:3* elements were investigated by x-ray absorption spectroscopy
technique. The photoelectrons emission spectra which had been revealed valence
electron binding energy of Bi and Fe elements, were confirmed oxidation states of Bi**,

Fe** and existence of oxygen vacancy.

The electrical properties of the thin films were revealed by dielectric permittivity

constant and complex impedance spectroscopy. The grain boundary conductance (o )

decreased with increasing Cu content elements for 1.9-0.13x 107 S.cm as x = 0.01-0.3.
Increasing of grain boundary related to crystallite size effect. So, grain boundary

resistance (R, ) was increased trend when doped Cu elements as x = 0.00-0. 03,

according to decreasing of grain boundary conductance. The magnetic properties of the
thin films were found that saturation magnetization (1), remanent magnetization (M)
and coercive force ( H.) increased with increasing of Cu- doped concentration.
Susceptibility (x) versus variant temperature (50-400 K) graph of the thin films showed
antiferromagnetic behavior, according to Curie- Weiss law. Néel temperature (Tn) of
the BiFe1.xCuxOs thin films were about 55 and 70 K, as Cu-doped x = 0.05 and 0.2. The
Néel temperature forward shifted with increasing Cu doping concentration may be
because increasing weak ferromagnetic magnetic of copper oxide’s electrons orbitals

interaction (CuO, Cu203).
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CHAPTER |

INTRODUCTION

1.1 Background and Motivation

Nowadays, transition metals oxide semiconductor (MOS) have been widely used
for electronic devices such as gases sensor, solar catalyst, microelectronic devices
because of its excellent properties (Khajonrit et al., 2017). Some MOS materials have
interesting properties as follows: ferromagnetic, ferroelectric and ferroelastics. The
MOS materials which consisted of ferromagnetic, ferroelectric and ferroelastics
properties (Qian et al., 2017) are called multiferroic materials. Bismuth ferrite BiFeOs
is one of multiferroic materials which have been interested by materials scientist
association. Multiferroic materials BiFeOs is a perovskite structure (Xue et al., 2004)
which the structure of perovskite was formed as ABOs. This wonderful structure of
BiFeOs have optical properties of blue range visible sun light (Zhai et al., 2015),
through magnetic and electrical properties. Normally, BiFeOs perovskite structure was
found as rhombohedral distorted (R3c) structure which both Bi and Fe cation are center
position of perovskite structure (Yotburut et al., 2017). The BiFeOs materials were
widely studied in forms of nanoparticle structure, micro-fiber structure, thin films, rare
earth doping distorted structure (Sharif et al., 2018). Those study were done to improve
and enhance magnetic, optical, dielectric, electrical properties of BiFeO3 because those

properties are too weak at room temperature. So, natural BiFeOz did not sufficient adapt



to electronic and magnetic application devices. The curie temperature and néel
temperature of BiFeOz nanoparticles stayed at 1,103 K and 643 K, respectively (Dong
et al., 2014; Singh et al., 2006; Wang, 2003). Improvement multiferroic properties of
BiFeOs by using thin films form have been known well. This structure form can be
prepared by variant methods such as high radio frequency RF sputtering deposition,
pulse laser deposition, spin coating method, dip coating method. The difference
preparation methods are conductive to differ quality, thickness and morphology yield
of the films. The differences of those yield are conductive to differ magnetization and
electrical polarization, light absorption (Kumar et al., 2010). Thin films form is an
optional way for saving materials precursor source because films preparation requested
a little initial precursor. Magnetization and electrical polarization of thin films can be
inducted with external magnetic field and applying electric current frequency. So, these
inductions can be applied to magnetic and electrical controller devices. The magnetic

and electrical properties of BiFeOs nanoparticles which were reported by literature

reviews, had magnetization about M ~ 0.07 emu/g and remanent polarization about
P ~0.232 pC/cm? at room temperature (Shah et al., 2015).

In this research, Cu-doped bismuth ferrite thin films were fabricated for
studying morphology structure, crystallite structure and magnetic/electrical properties.
In the first, the BiFe1xCuxOz thin films were doped Cu elements to distort structure
BiFe1-xCuxOs3, at Cu-doped concentration x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, and
0.3. The variants concentration of Cu doping was done for studying optimal doping
concentration versus each properties of BiFe1.xCuxOs thin films. Initial precursors were
prepared by using sol-gel method because it’s a simple process and low cost. The thin

films were characterized by x-ray diffraction (XRD) for indicating crystal pattern of



BiFeOs structure. X-ray absorption spectroscopy (XAS) was used to reveal oxidation
state of Bi, Fe and Cu elements in the thin films structure. X-ray photoelectron
spectroscopy (XPS) was used to confirm oxidation states of Bi, Fe elements and
existence oxygen vacancy. Homogeneous of thin films surface and film thickness were
revealed by scanning electron microscope (SEM). Vibrating sample magnetometer
(VSM) was used to investigate magnetic properties of the thin films. Agilent4294
precision impedance analyzer was used to reveal complex impedance and conductivity

of thin films.

1.2 Objectives of the research

1.2.1 To fabricate bismuth ferrite thin films by using sol-gel method and spin
coating technique.

1.2.2 To characterize bismuth ferrite thin films by using advanced Xx-ray
measurement techniques (XRD, XAS and XPS) and analysis techniques.

1.2.3 To study structure of bismuth ferrite thin films.

1.2.4 To study magnetic properties of bismuth ferrite thin films.

1.2.5 To study electrical properties of bismuth ferrite thin films

1.2.6 To study the effect of Cu-doped bismuth ferrite thin films on structure,

magnetic and electrical properties.

1.3 Scope and limitation
1.3.1 The research is about fabrication BiFe1.xCuxO3 thin films, at Cu doping

concentration x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3 by using sol-gel method

and spin coat technique.



1.3.2 The morphology, particles size effect of Cu-doped bismuth ferrite thin films
was studied and compared with standard and literatures review.
1.3.3 The structural, magnetic and electrical properties of Cu-doped bismuth

ferrite thin films were studied and compared.

1.4 Location of the research

1.4.1 Advanced Materials Physics Laboratory (AMP), School of Physics, Institute
of Science, Suranaree University of Technology, Nakhon Ratchasima, Thailand.

1.4.2 Department of Physics, Faculty of Science, Khon Kaen University, Khon

Kaen, Thailand.

1.5 Anticipated outcome

1.5.1 To achieve fabrication Cu-doped bismuth ferrite thin films prepared by spin
coating technique.

1.5.2 To understand characterization Cu-doped bismuth ferrite thin films.

1.5.3 To comprehend magnetic and electrical properties of Cu-doped bismuth
ferrite thin films.

1.5.4 Skillful of analysis magnetic/electrical properties of Cu-doped bismuth
ferrite thin films.

1.5.5 Publishing this thesis research.



1.6 Outline of thesis

This research consists of five chapters. The initial chapter has introduced about
motivation and reasons for concerning in this topic research. Chapter Il consists of
literature review reports of the materials information, synthesis method,
characterization method, investigation of magnetic/electrical properties, theory of
magnetic/electrical properties, and analysis methods which involved with bismuth
ferrite. Chapter 1l describes materials preparation, characterization methods and
investigation magnetic/electrical properties methods of Cu-doped bismuth ferrite
(BiFe1xCuxO3) thin films. Chapter IV shows experimental results and discussions.

Finally, the conclusion and suggestion are presented in chapter V.



CHAPTER II

LITERATURE REVIEW

2.1 Bismuth ferrite

Bismuth ferrite is materials which was well known by materials scientist. The
materials were studied by many research methods such as nanoparticles, thin films,
ceramic, solar cell catalyst, super capacitor. The perovskite structure ABO3 within
bismuth ferrite BiFeOs leaded to express multiferroic properties for magnetism,
electricity and elasticity (Zhai et al., 2015). Nevertheless, the magnetic and electrical
properties are poor in bismuth ferrite nanoparticles. Therefore, it is challenge points for
scientist to develop, improve, enhance, modified bismuth ferrite materials to better its
original properties.

The structures of bismuth ferrite were classified into 3 space groups as
rhombohedral R3c, cubic Pm-3m and orthorhombic Pbnm which are shown in figure
2.1. Each structure has different quantity of multiferroic properties. The most popular
structure of bismuth ferrite which researcher interested was rhombohedral R3c
structure. The lattice parameters of rhombohedral R3c are a=5.72 A, 0 =59.02 °, b =
572 A, p=59.02° c=5.72 A, and y = 59.02 °. The rhombohedral R3c structure can
occur at synthesis temperature 600 - 820 K, orthorhombic Pbnm 820-925 K and cubic
Pm-3m above 925K (Haumont et al., 2005; Zhou et al., 2012; Arnold et al., 2009;

Kadomtseva et al., 2006; Siemons et al., 2011).
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Figure 2.1 The bismuth ferrite space group @ rhombohedral R3c, (b) cubic Pm-3mand

(¢ orthorhombic Pbnm (materialsproject.org).

2.1.1 Bismuth ferrite nanoparticles

Initially, the bismuth ferrite was popular researched in nanoparticles field. The
nanoparticles are small size materials form which expressed better any properties than
bulk materials such as magnetic properties, charge capacity, high specific area per
volume (Yotburut et al., 2017). The researcher has concerned to modify structure of
BiFeOs nanoparticles such as substitution rare earth elements, changing precursor
elements sources, using variant preparation methods. The nanoparticle can prepare with
variant materials science methods such as sol-gel method, hydrothermal method, solid
state combustion method. Sol-gel method is a simple method for prepare bismuth ferrite
nanoparticles (Zhou et al., 2012). The sol-gel method is a technique which were used
to distribute initial elements by dissolving the elements in prepared solutions with
stirrer machine. The optimal thermal temperature was applied between dissolving for

homogeneous solution, this step is called condensation sol. Then, the precursors were



increased temperature to optimal temperature for forming gel, this step is called gelation
(Qi et al., 2006). Finally, the gel had been dried or super critical dried dependence of

each materials condition. The sol-gel forming is shown in figure 2.2.
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Figure 2.2 The sol-gel method for preparation initial precursor (Shirsath et al., 2017).

For instances bismuth ferrite nanoparticles, the crystallite structure phase of
bismuth ferrite nanoparticles show almost purity phase of rhombohedral R3c bismuth
ferrite BiFeOs and some impurity phase dibismuth tetrairon (I11) oxide Bi2Fe4Og for Cu-
doped bismuth ferrite BiFe1.xCuxOs that following figure 2.3. The crystallite sizes were

about 66-88 nm. The bismuth ferrite nanoparticles were investigated particles size by



scanning electron microscope. The SEM images revealed particles size about 100-200

nm that following figure 2.4 (Khajonrit et al., 2016)
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Figure 2.3 X-ray diffraction patterns of BiFe1.xCuxOs ( x = 0.0, 0.05, 0.1, 0.2 and 0.3)

Nanoparticles (Khajonrit et al., 2016).
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Figure 2.4 SEM images of BiFe1xCuxOs nanoparticles: (a) x =0, (b) x = 0.05, (c) x =

0.1, (d) x=0.2 and (e) x = 0.3 (Khajonrit et al., 2016).

The electrical properties of Sm-doped bismuth ferrite Bii-xSmyxFeOs
nanoparticles revealed non-linear electrical enhancement. The non-linear was observed
by increasing and decreasing of dielectric constant ¢ and loss tangent tans. The
dielectric constant ¢ increased with increasing Sm concentration x = 0.05-0.1, but
decreased when doped Sm concentration over than x = 0.2. The non-linear trend of
dielectric constante was same the trend of loss tangent tand dependence of Cu
concentration that following figure 2.5 and 2.6 (Yotburut et al., 2017). On the other
hand, La-doped bismuth ferrite nanoparticles of Bii.xLaxFeOsz revealed linear

decreasing electrical enhancement.
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Figure 2.5 Frequency dependence of dielectric constant s at room temperature of

Bi1xSmxFeOz ceramics (Yotburut et al., 2017).
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Figure 2.6 Frequency dependence of loss tangent tand at room temperature of

Bi1xSmxFeO3 ceramics (Yotburut et al., 2017).
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Figure 2.7 Impedance spectra as a function of applied dc bias for Bii.xLaxFeOsz as (a)
x = 0.0, (b) x=10.05, (c) x=10.1, (d) x =0.2, and (e) x = 0.3 samples and

high frequency region inset (b-d) (Yotburut et al., 2017).
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The decreasing of electrical properties were observed by complex impedance

spectroscopy which showed increasing of grain boundary resistance R, of La-doped

bismuth ferrite nanoparticles that following figure 2.7. The grain boundary resistance

R,, can be calculated by using brick-work model. The model proposes a parallel circuit

of 2 resistance R,,R, and 2 capacity C_,C that shows in figure 2.8.

The magnetic properties of BiFeOs nanoparticles were investigated by Cu-
doped BiFeOs nanoparticles samples which were prepared by simple solution method
(condensation part of sol-gel method) (Shirsath et al., 2017). The research presented
weak ferromagnetism of Cu doped bismuth ferrite nanoparticles (Khajonrit et al.,
2016). The saturation magnetization of Cu-doped BiFeOsz nanoparticles increased with
increasing Cu-doped for 0.07 to 0.55 emu/g, x = 0.0-0.3, respectively. The increasing
weak ferromagnetism behaviour of Cu-doped BiFeO3 nanoparticles were explained by
nanoparticles size effect due to increasing of multi-domain particles and increasing

crystallite structure of Bi>FesOo.

— N
11 11
]| 1

Figure 2.8 The ideal circuit of dielectric materials which shows circuit structure of

grain (Rg, Cy) and grain boundary (Rgn, Cgp).
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Figure 2.9 Room temperature M—H curves for BiFe1.xCuxOs (x =0, 0.05, 0.1, 0.2, and
0.3) nanoparticles. Inset: Variations in saturation magnetization as a

function of Cu content (%) (Khajonrit et al., 2016).

2.1.2 Bismuth ferrite thin films

Bismuth ferrite thin films were done for modifying bulk materials to films layer
dimension that leaded to better multiferroic properties because its surface effect. The
bismuth ferrite thin films can be prepared by variant films fabrication methods such as
high radio frequency sputtering, chemical vapor deposition, pulse laser deposition, dip
coating, spin coating (Sharif et al., 2018). The spin coating technique is a simple
method and low cost equipment price when compared with another techniques (Wang
etal., 2010). The spin coating method need to use initial precursor which were prepared
by sol-gel method. Then, the precursor had been deposited to optimal substrates, as
Pt/Si, PUTI/FTO, PUTI/SIO2/Si, SrTiO3/Si. Then, the dropped substrates were spun by
spin coating machine with optimum round per a minute spinning rate. Next, the spun

substrates were baked for drying the samples on substrates. Next, several cycles of
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spinning and baking were done until got the anticipation films thickness. Finally, the
samples were annealed at optimal temperature conditions. The bismuth ferrite thin films
expressed multiferroic properties better than bismuth ferrite nanoparticles, according to
multiferroic properties yield of rare earth doped bismuth ferrite thin films that shows in

table 2.1.

For instances bismuth ferrite thin films, the x-ray diffraction pattern of
bismuth ferrite thin films samples of BiFeOz and BFMC203 (BiFeo.924Mng.04Cuo.0203)
thin films are shown in figure 2.10. The homogeneous of the thin films surface and the

thin films thickness for 600-700 nm are shown in figure 2.11 (Dong et al., 2014).
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Figure 2.10 X-ray pattern of the pure BFO and BFMC:0 (BiFeo.94Mno.04Cuo.0203) thin

films deposited on FTO substrates (Dong et al., 2014).
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The electrical properties of Mn-doped bismuth ferrite thin films presented
improvement dielectric constant ¢and loss tangent tan® . The dielectric constant

increased for ¢ ~ 84-105 at 100 kHz. The same as loss tangent increased for tan® =
0.04-0.2 at 100 kHz (Ren et al., 2015) . Normally, magnetic behavior of BiFeOs thin
films are paramagnetism behavior. But, doping Mn elements enhanced weak
ferromagnetic properties which observed with increasing coercivity Hc = 50-150 Oe,
remanent magnetization M, = 0.1-0.5 emu/cm?® and saturation magnetic Ms = 0.8-5

emu/cm?,

Figure 2.11 FE-SEM images of the surface and the cross-cession micrographs BiFeOs

(aand b) and BFMC,03 (c and d) thin films (Dong et al., 2014).



2.1.3 Experimental results overview of BiFeOs
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Table 2.1 Shows synthesis method, dielectric constant, loss tangent and magnetic

parameters of rare earth doped BiFeOs thin films.

Materials Synthesis £, tan o Ref.
Ho-doped PLD 120 0.4 (Sharif et al.,
BiFeOs thin films 2018)
Mn-doped Sol-gel 150 0.1 (Riaz et al.,
BiFeOs Spin coating 2015)
this films
(1-x)BiFeOs- Solid state 800 0.09 (Qian et al.,
X(SrTiOs- reaction 2017)
BiosNaosTiO3)
La-doped Simple 5x10* 1.5 (Yotburut et
BiFeOs precipitation al., 2017)
ceramic
Sm-doped Simple 1.1x10* - (Yotburut et
BiFeO3 precipitation al., 2017)
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Table 2.1 Shows synthesis method, dielectric constant, loss tangent and magnetic

parameters of rare earth doped BiFeOs thin films (Continued).

Materials Synthesis £, tan o Ref.
BiFeOs CVvD 140 - (Tang et al.,

on Ni tapes thin films 2014)
La-doped Sol-gel 680 - (Wuetal.,

BiFeOs method 2015)
0.6SrBiNbOs-  Spin coating 380 0.02 (Xue et al.,

0.4BiFeOs thin films 2004)
BiFeOs RF 115 0.5 (Jian et al.,

deposition 2013)

thin films




Table 2.2 Shows saturation magnetization, remanent magnetization and coercive force

of rare earth doped BiFeOs thin films.

Materials Synthesis M, M, H., Ref.
Ho-doped PLD 18 KA/m 4 KA/m 15 (Sharif et
BiFeOs thin films kA/m  al., 2018)
Mn-doped Sol-gel 102 - - (Riaz et
BiFeOs Spin coating  emu/cm® al., 2015)
this films
(1-x)BiFeOs- Solid state 0.4 0.1 18 (Qian et
X(SrTiOs- reaction emu/g emu/g kOe al., 2017)
BiosNaosTiO3)
Cu-doped Simple 0.55 0.2 0.2 (Khajonrit
BiFeOs solution emu/g emu/g kOe etal.,
2016)
Ca-doped Sol-gel 8 0.4 40 (Dhir et
BiFeO3 method emu/g emu/g Oe al., 2017)
La-doped Sol-gel 0.29 0.14 5 (Wuetal.,
BiFeOs method emu/cm®  emu/cm®  kOe 2015)
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Table 2.2 Shows saturation magnetization, remanent magnetization and coercive force

of rare earth doped BiFeOz thin films (Continued).

Materials Synthesis M, M, H, Ref.
La-doped PLD 14.8 2.6 523 (Kumar et
BiFeOs thin films emu/cm®  emu/cm®  Oe al., 2010)
Pr, Mn Solid state 0.22 - - (Krishnaswam
co-doped reaction emu/g y et al., 2015)
BiFeO3
BiFeOs RF deposition 3.5 0.4 200  (Jianetal.,
thin films emu/cm®  emu/cm® Qe 2013)
Mn, Cu CvD 5.25 0.5 80 (Dong et
co-doped thin films emu/cm®  emu/cm®  Oe al., 2014)

BiFeOs3
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2.2 Polarization and electrical properties of materials

2.2.1 Dielectric polarization

The polarizations within materials were classified by relaxation time. Theses
polarizations responding depended on frequency and potential of electric field. The
materials which have stayed among electric filed, are spilt its charges elements (Hole
and electron) from its equilibrium atoms. Fundamentally, dielectric polarizations were
classified to electronic polarizations, atomic polarizations, orientation polarizations and
interfacial polarizations (Hench, L. L. and West, J. K., 1990). Basically, the definition

of each polarization is described follows.

2.2.1.1 Electronic/Atomic polarization

Occurrence of the electronic polarization when dielectric materials atoms
were separated holes and electrons charges within an atom. These separations have
occurred due to applied external electric field to dielectric materials. Then, these
separations created off-center charges element within materials atoms and leaded to
electric/atomic polarization. The optimal frequencies of the polarization are above 10

Hz. However, it needs to consider to optimal potential voltage of external electric field.

2.2.1.2 lonic polarization

The ionic polarization is involved with bounding between positive ion and
negative ion of dielectric materials paired atoms, which the paired atoms have been
applied external electric field. Then, the paired atoms created a dipole moment between
positive ion and negative ion due to difference electronegativity of an ion atom. The

optimal frequencies of the polarization are about 10*2-10% Hz.
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2.2.1.3 Dipole/Orientation polarization

The dipole polarization is used to describe dipole molecules of dielectric
materials. The independence of dipole molecules can change direction charge poles
freely within dielectric materials. The directions of dipole are thermal randomization
when the externals electric field have been applied through the dipole molecules of
materials. Then, the dipole molecules directions are arrayed following direction of net
externals electric field. The optimal frequencies of the polarization are about 10%-108

Hz.

2.2.1.4 Interface/Space-Charge polarization

The interface polarization is a polarization which dependent on charge
mobility or limitation of charges mobility within dielectric materials grain. The charges
mobility involved with grain, grain boundary of materials. The polarization is
considered on complex impedance spectra and electrode interface. The optimal

frequencies of the polarization are below 10° Hz.
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Figure 2.12 Frequency dependence of polarization of dielectric materials (https://npte
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2.2.2 Interaction of dielectric and polarization among electric field

The dielectric permittivity is related to total polarization yield of dielectric materials
which were placed among alternating electric field. The dielectric permittivity &* can
be described by occurrence polarization within dielectric materials by the following

equations

ip T Fine + (2.1)

Where P is restructure yield of total polarization, Pe is electrical polarization, Pien is ionic
polarization, Pojp is dipole polarization, Py is interface polarization and P_is another else
polarization. The relation between polarizations and dielectric permittivity can be

considered by occurrence polarization.

Ij L 80 E = total (22)
I:—j — g;ermittE (23)
IStotal ¥ E(‘gvig;ermitt - ‘90) (24)

Where D is total electric filed in dielectric materials, &,is permittivity in space, E is

electric field, P, is polarization within dielectric materials, g;ermm is dielectric

permittivity. So, the complex dielectric constant can be given by following equations
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g* _ gpermitt (25)

&

Where &"is complex dielectric permittivity constant. From equation 2.4 and 2.5, the

polarization can express following equation.

Pow = E(¢™ &, — &) (2.6)
. P
g =—ta g (2.7)
& E

2.2.3 Dielectric permittivity constant and alternating electric fields

Alternating electric fields are a factor of polarization and electrical properties
phenomenon within dielectric materials. Those electrical interactions can be changed
with dependence of frequency and alternating electric potentials voltage. The
interactions leaded to polarization theorem, complex impedance model, thought
piezoelectric effect. The relations of dielectric permittivity and alternating electric field
can be explained by time dependent charges mobility of alternating current with

sinusoidal potentials voltage that following equation.

| = dQ _ CdV,, (2.8)
dt  dt
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Where 1~ is electric current, Q = C'V" is electric charges, V" = Vexp'e' is time
dependent potentials voltage and C"is complex capacitance. So, the equation (2.8) can

be dispersed to real part and imaginary part by exponential property

. Clavt oL .
| = = joC'V (2.9)

|" = jaV'Cy(cos mt+ jsin wt) (2.10)

For ideal complex dielectric circuit, the Co(cos wt + jsin wt) has been replaced by

dielectric permittivity &". So, the question (2.10) were reduced to following form.
| = joV ' Cye” (2.11)
Which the dielectric permittivity " is consisted of real part and imaginary part.
g=¢—j&’ (2.12)

Where &' is real part of dielectric permittivity called dielectric constant and ¢” is

imaginary part of dielectric permittivity called dielectric loss.

The dielectric constant is used to indicate insulator properties of dielectric
materials. While the dielectric loss indicates to leakage current of dielectric materials.
The proportion of dielectric loss and dielectric constant is represented by dissipation
factor tern “tan ¢ . The dissipation factor is used to describe quantity of energy losses

in dielectric materials.
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2.2.4 Dielectric permittivity constant and complex impedance spectroscopy

The complex impedance spectroscopy is a theorem which are used to describe
electrical mobility interactions within dielectric materials. The interactions are defined
by essential parameters for studying and indicating structure of dielectric properties.
So, the ideal complex impedance gives dielectric properties in form of two RC circuits
parallel of Ry, Cg, Rgb and Cgo. Where Rgq is grain resistance, Cq is grain capacitance,
Rgb is grain boundary resistance and Cgb is grain boundary capacitance. The complex
impedance under alternating electric current and voltage potential are explained by

following equation.

L= (2.13)

Where Z" is the complex impedance, V" is alternating voltage potential and 1" is
alternating electric current. The Z* can calculate from following equation 2.13-2.14.

* 1

-1 ot (2.14)

Where ¢ =&'— j&", w=24,C, = —‘9%'6, &' is real part of dielectric permittivity, &"

is imaginary part of dielectric permittivity, Co is capacitance of sample, A is interface

area of sample and d is thickness of sample.

The complex impedance spectra Z* can explain grain, grain boundary and
electrical properties of dielectric materials with expression complex impedance Z* that

following equation.
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Z=7'-j' (2.15)

. 1 1
Z'—Jl" = gt o 2.16
R}'+joC, Ry +jaCy, (2.16)
e 2.17
1+ (@C,R,)? 1+ (wC Ry, 217

oC,R oC, R
ZER{%}R@{ S 2} (2.18)

1+(a)CgRg) 1+(a;CgbRgb)

Grain boundary

—Z"(Q.cm)

Z'(Q.cm)

Figure 2.14 Shows ideal complex impedance spectroscopy which consist of grain

part and grain boundary part.
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2.3 Magnetism and magnetic properties of materials

2.3.1 Magnetism materials

Magnetism materials are materials which express magnetic behavior
spontaneously or magnetic responding when applied external magnetic fields.
Naturally, the materials which occurred magnetism are called permanence magnet
materials. The materials which have occurred magnetic behavior after applied external
magnetic fields, are called magnetism materials. The magnetism materials can be
classified to types of magnetism by magnetic responding quantity with applying
external magnetic field (Supree Pinitsoontorn, 2015). The magnetism can be possible
applied to electrical device, communication technology, computer technology. So,

magnetic fundamental is an important knowledge which deserving study, and research.

2.3.2 Magnetic field

The magnetic field is a magnetic factor which leaded to indication magnetic
responding quantity of magnetism materials. The magnetic field occurred under
permanence magnetic because of strongly magnetic moments yield within permanence
magnetic materials which built magnetic dipole and magnetic field between the
magnetic poles. The strongly of magnetic field are dependence magnetic flux intensity

of magnetic poles that shows in figure (2.15).
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Figure 2.15 Magnetic field of permanence magnetism materials (www.electrical4u.co

m/magnetic-field).

The magnetic field can also occur under flowing charges around electric conductor
wire. The charges mobility can produce magnetic field around its mobility direction.
The direction of magnetic fields can be indicated by using Right-Hand rule (Supree

Pinitsoontorn, 2015).

—

- E TN i
Figure 2.16 Shows electromagnetic filed and Right Hand rule for indication direction

of magnetic field as I is electric current and and B is magnetic(https://s

cienceblogs.com/startswithabang/2009/04/10/the-left-hand-rule).


http://www.electrical4u.co/
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The quantity of magnetic field can be calculated by using Ampere’s law and
Biot-Savart law. For Ampere’s law, Ampere had observed behavior of magnetic field
and charge current, then explained that the occurrence of magnetic field is dependent
on direction and quantity of charges mobility. The Ampere’s law is presented in

integral magnetic field term of charges mobility’s closed direction.

§ Hdl =1 (2.18)

Where H is magnetic field, I is length of charges conductor wire and I is total charges

current.

For Biot-Savart law, sub magnetic field are expressed by charges cluster |

flowing within charges conductor wire dI that following equation.

1
Aar

dH =—IdI xF (2.19)
Where T is distance from charges conductor to sub magnetic field which was used to

calculate sub-magnetic field. The total magnetic field can be calculated by integral term

that shows in equation (2.20).

b
A = [ 1dl x7 (2.20)

The intensity of magnetic field can be considered in term of magnetic flux. The
magnetic flux supposed to describe magnetic field intensity that the magnetic field
consisted with many of magnetic fluxes. The relations between magnetic flux and

magnetic field are shown in equation 2.21.
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cp:ﬂOjH‘ -dA (2.21)
®=p,H-A (2.22)

Where @ is magnetic flux, 4, is permeability in space and A is an area which is used

to calculate magnetic flux. The importance law for describing magnetic flux are well
known as Gauss’s law and Faraday’s law. Gauss’s law had explained that the magnetic
field a direction is existence between magnetic dipole N, S. So, the summation of vector

magnetic field yield at closed surface must equal zero following equation.

yo§ H-dA=0 (2.23)

S
For Faraday’s law had described his discovery that alternating magnetic flux
dependence of induced occurrence electromotive force EMF phenomenon within

solenoid coin. This phenomenon has been applied the electric generator and called

dynamo. This phenomenon can be described by following equation.

EMF :—N%f (2.24)

Where N is number of solenoid coil.
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2.3.3 Magnetic inductor

Magnetic inductor B is a vector which almost is the same as H , but the magnetic
inductor is used to describe flux density per area within magnetism materials. The
equation which explained magnetic inductor that following equation (Maciej U. et. al.,

2012).

B =

@
A (2.25)

The magnetic inductor and magnetic field almost the same thing in space. However,

the relation of magnetic inductor and magnetic within middle can give by that equation.

B=H (2.26)

Where 4 is permeability within intermediary. The &£ can change dependence

intermediary.

2.3.4 Magnetic moment

Magnetic moment is a yield of magnetic moment torque which occurred within

magnetic materials. The magnetic moment mechanism was explained by orbital
magnetic moment M ,.;, and spin magnetic moment M spin OF electrons shell orbitals
within magnetic materials.

2.3.4.1 Orbital magnetic moment

The orbital magnetic moment in term of an atom can be described by

basically an atom model of a nucleus and an electron which the electron orbits around



34

the nucleus. From Ampere’s law, the magnetic moment in atom model was explained

by following equation.

ev
= 2.27
2rr ( )

1=Q_8
t T

Where e is electron charge, T is a time period of electron orbit (T =E ),and risa
v

distance between nucleus center and an electron. So, the orbital magnetic moment of

single atom can be considered by electron mobility orbits around nucleus center which

can figure out as small electric current mobility in a small circle conductor wire. So,

the orbital magnetic moment can be calculated by following equation.

Mo =1 - A (2.28)
M g = [E%)” r? (2.29)
Moroic = % - (%} L (2.30)
M grpit = (%} Lo (2.31)

Where Ais electron orbitarea, m,is mass of an electron, v is an electron velocity and

L, is angular momentum orbital (L, =m,vr).
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Figure 2.17 Shows orbital magnetic moment within a single atom model.

2.3.4.2 Spin magnetic moment

Other magnetic moment inside a single atom is a spin magnetic moment. The
spin magnetic moment occurred due to self-orbit of electron and neutron. These orbiting
are the same a small circular charge mobility. The orbited induced magnetic moment
which perpendicular with orbited direction. Spin magnetic moment was described by
the same equation as orbital magnetic moment. But, the spin magnetic moment is

multiplied by { parameter or called g-factor. This factor is a quantity which expressed

the magnetic moment characteristic of each particle. So, g-factor are difference for

different particles that following equation.

e
mele,spin =0 R Le (2.31)

[

Where My, ., is spin magnetic moment of electron, g, is g-factor of electron and L,

is angular magnetic moment of electron.
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@

Figure 2.18 Shows spin magnetic moment within a single electron.

2.3.5 Magnetic parameters and hysteresis loop

2.3.5.1 Magnetic parameters

The magnetic properties of magnetism materials can be indicated by variant
magnetic parameters such as magnetic field H, magnetic inductor B, magnetization M,
saturation magnetization Ms, remanent magnetization M, magnetic coercivity Hc,

magnetic susceptibility ¥ . Relations between the parameters are explained by basically

magnetic equations. However, an essential parameter is magnetic field H (Goldfarb R.
G. et al., 1985). The magnetic field H is a parameter which is used to induce
magnetization within magnetism materials. The density of magnetic flux per area of
magnetic field is shown in form magnetic inductor B, at equation 2.32. The magnetic
inductor B can change its quantity when change an intermediary. But, the magnetic
field H still be the original quantity. So, relation between magnetic field and magnetic

inductor can describe with following equation.

B =u,H (2.32)

B=H (2.33)
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Where 4, is magnetic permeability in space and [ is magnetic permeability in an

intermediary.

Magnetism materials are explained by expression of magnetization. The
magnetization of the materials is presented by proportional of material’s moment
magnet per volume or mass. So, the magnetization can consider in term of mass and

volume that are shown in equation.

(2.34)

VL (2.35)
w

Where My is magnetization magnet by volume, My is magnetization magnet by weight,

m is magnetic moment, V is materials volume and w is materials weight.

The relation between B and H parameters of magnetism materials were given

by following equation.

B =y, (H+M) (2.36)
B=yu,(H+M) (2.37)
B = u,H (1+%) (2.38)

== 0+ 2) (2.39)
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Where 7 is proportion of magnetization per magnetic field which is called magnetic

susceptibility.

2.3.5.2 Hysteresis loop

Actually, magnetic hysteresis loop is a magnetism measurement technique,
which is used to investigate magnetic properties of magnetism materials. The magnetic
hysteresis loop can be used to classify kinds of magnetism materials. The hysteresis
loop occurred due to changing of magnetic moment responding within materials with
applying external magnetic fields H. While the external magnetic field has been applied
from 0 to H, the material’s magnetization is induced from 0 to M. The initial slope of

M-H with applying any external magnetic is called initial susceptibility 7, that is shown

in equation 2.39. Then, the highest of magnetization is called saturated point or
saturation magnetization Ms (F. Karl et al., 1997). Then, the external magnetic field has
been increased from H to 0. So, the magnetization is decreased from Ms to M because
of decreasing of applying external magnetic field from H to 0. The M, is magnetization
remaining of magnetism materials when the applying external magnetic field. Then,
external magnetic field has been decreased from 0 to — H¢ while the magnetization is
deceased from M, to 0. The Hc is called magnetic coercive force, which induced
remanent magnetization to zero. Next, the magnetic field has been decreased from - H¢
to — Hwhile the magnetization is induced to saturated point again, but as the opposite
direction -Ms. Next, the external magnetic has been changed for -H->0->Hc
H.>H->0. Finally, the graph of magnetization M loop versus magnetic field H is

expressed. The hysteresis graph of M-H is shown in figure 2.19.
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Figure 2.19 Shows simulated magnetic hysteresis loop graph of M-H (Fabian and

von Dobeneck, 1997).

2.3.6 Classification of magnetism materials and theory

2.3.6.1 Classification of magnetism materials

The materials are classified to magnetic kinds by responding of its
magnetization with applying external magnetic field. Normally, the magnetism
materials can be indicated magnetic kinds by using magnetic susceptibility » and

coercive force Hc. So, the classification of magnetism materials is shown in table 2.3

and figure 2.24.
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Table 2.3 Classification table of magnetism materials and indicator parameters (Supree

Pinitsoontorn, 2015).

Magnetic kinds

Magnetic Behavior

Materials

Diamagnetic

Paramagnetic

The diamagnetism materials are
consisted of too small magnetic
moment, and express opposition
magnetic moment with applying
external magnetic field. The
magnetic susceptibility y is stayed

between -10° to 10°°.

The paramagnetism materials are
consisted of magnetic moment
random arrangements. The magnetic
moment yield expressed some mag
netization with applying external
mag netic field. The magnetic
susceptibility is stayed between 10°

to 1.

Normally, the
diamagnetism materials
are inert gases and some
materials such as Ar,
He, Ne, Cu, Au, Hg,

NacCl, CacCls.

Instance of
paramagnetism
materials are diatom
gases, metals element,
some salt compound
atom, rare earth oxide
such as Oz, NO, Al,

Mg, Bi20:s.
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Table 2.3 Classification table of magnetism materials and indicator parameters (Supree

Pinitsoontorn, 2015) (Continued).

Magnetic kinds

Magnetic Behavior

Materials

Antiferromagnetic The antiferromagnetism materials

Ferromagnetic

have occurred due to good alignment
of its magnetic moment, which are
consisted of 2 magnetic moments
alignment direction. The magnetic
moment yield is the same as para
magnetism materias at above neel
temperature. But, at below neel
temperature. The magnetic

susceptibility is between 10°to 1.

The magnetic moments of
ferromagnetism materials are aligned
by good regular alignment. So, the
magnetic moment yield is too strong.
The magnetic susceptibility more

than 1.

Instance of
antiferromagnetism
materials are some
transition elements,
metals oxide, ABOs
structures such as Mn,
COg2, Fe203, Cu20s,

MnO.

Instance of
ferromagnetism
materials are transition
metals, metals oxide,
alignment moment
magnet atom structure
such as Co, Ni, Fe, FeO,

FeO-Fe203, CuO-Cu20s.
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2.3.6.2 Diamagnetism materials

The diamagnetism mechanism occurred due to the electrons shell orbital
of atom were fulfilled with electron pair of every electron shells, according to Russell-
Saunders coupling and Hund’s rules. So, the responding of magnetic moment or spin-
orbit vector summation are too small with applying external magnetic field. These
hypotheses are reasonable of weak magnetization and small magnetic susceptibility,
which occur within diamagnetism materials. However, the diamagnetism materials can
be applied to scientist equipment with some devices for protection disturbance of

environment magnetic field such as magnetic earth.

Due to magnetism of materials was mostly descripted by orbital and spin
magnetic moment. So, the theorems for explaining spin and orbital magnetic of
moment yield are Russell-Saunders coupling and Hund’s rules (Supree Pinitsoontorn,

2015).

The Russell-Saunders coupling has been defined spin and orbital magnetic
of moment that interactions spin and orbital are consisted of spin-spin, orbital-orbital
and spin-orbital. Those coupling have been considered only spin-spin and orbital-
orbital coupling. The spin-orbital are ignored due to its too small quantity of magnetic
moment when has compared with spin-spin and orbital-orbital coupling. So, the yield

of total angular momentum is given by equation 2.40.

J=L+S,L+S-1..,|L-S]| (2.40)

Where $ is resultant yield of spin angular momentum, L is resultant yield of orbital

angular momentum and Jis spin-orbital summation yield. The Russell-Saunders
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coupling has been considered by vector of electrons spin and electrons orbit. So, for

example J of C®atom can be found J by following equation.
S=5+5,,5+5,—1..,[5,—5,] (2.41)
L=l +0,, 0 +1, =1L =1 (2.42)

The C® electrons orbital have been aligned following C®=1S?, 252, 2P2. So, the Russell-

Saunders coupling for 2P? electrons orbital can be described by following figure 2.20.

+1 0 W-1

Figure 2.20 Shows 2P? electrons orbital aligment of a C® atom.

From figure 2.20, the electrons spin are the same directionas s, =s, = % . The electrons

orbital are I, =+1 and |, =0. So, the electrons spin summation and electrons orbital

summation are calculated by following equation.
AL
tatol Z 2 2 ( )
Lo = E I=1+0,=1 (2.44)

The term of electrons spin summation is S, =1, and term of electrons orbital

summation is L, =1. So, the total summation J is consisted of S, =1,L, =1, and
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S, =0,L, =1cases. The spin and-orbital summation can be calculated by following

equation.

Jis=Jp;,=1+11+1-11-1=210 (2.45)

So, the spin and orbital summation of 2P? electrons orbital of C® can be replaced by its

possible state symbol for °P,, °P, and °P, for J,,, according to Russell-Saunders term

symbol. However, the Hund’s third rule has indicated the ground state of d?

configuration coupling that the ground state of under half fill fully electrons orbital is

the lowest of J . So the ground state magnetic moment of 2P? electrons orbital of C® is
°P,.

2.3.6.3 Paramagnetism materials

The paramagnetism materials have occurred because of the materials
atoms have small magnetic moments responding when were applied external magnetic
field. But, the magnetization and susceptibility are small quantity due to random
alignment position of magnetic moment within materials. The susceptibility of
paramagnetism materials can be changed with changing environment temperature,
according to Curie law. The Curie law equation were found by Pierre Curie, which
susceptibility of paramagnetism is inversely proportional with environment

ttemperature. The Curie law equation is shown in equation 2.46.

(2.46)

_C
7T

Where C is a Curie constant and T is an environment temperature in kelvin unit.
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Figure 2.21 Shows magnetic moment responding of diamagnetism and paramagnetism

materials with applying external magnetic field.

2.3.6.5 Ferromagnetism materials

The alignment of magnetic moments within ferromagnetism materials is
an indicator which to leaded to description ferromagnetic behavior. For the
ferromagnetism materials, the magnetic moments of ferromagnetism have been aligned
as the same direction. So, the strongly magnetization and highly susceptibility magnet
of ferromagnetism materials expressed. Normally, the ferromagnetism materials should
be permanence magnet materials. But actually, some ferromagnetism materials do not
be permanence magnet. This phenomenon can be explained by magnetic domain. The
magnetic domain has been defined that it is consisted of many magnetic moment
particles. Each magnetic moment particle is identity and unique magnetization
direction. So, that is the reason of why some ferromagnetism materials do not be
permanence magnet. The magnetization of ferromagnetism materials has been found

that its magnetization decreased with increasing environment temperature. The
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temperature points which destructed ferromagnetic magnetization or decreased

magnetization to zero is called Curie temperature T . The magnetic behavior of

ferromagnetif Ferromagnetism Antiferromagnetism letic behavior.
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Figure 2.22 Shows magnetic moment responding of ferromagnetism and Antiferro

magnetism materials with applying external magnetic field.

2.3.6.6 Antiferromagnetism materials

Antiferromagnetism materials is magnetism materials which consisted of
magnetic moment as same as ferromagnetism materials. But, magnetic behavior is the
as paramagnetism materials at above critical temperature. However, the magnetic
moments direction of antiferromagnetism atoms have been aligned as oppositional
direction with neighbor magnetic domains atoms at critical temperature. So, the yield
of magnetic moments at the critical temperature are dropped down with applying
external magnetic field. The critical temperature point is called neel temperature. The
temperature dependence of susceptibility has been explained by Curie-Weiss law. The
Curie-Weiss law had been modified to describe antiferromagnetism materials by adding

0 to the Curie law equation.

y=— (2.47)
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Where 6 is a constant unit which depends on antiferromagnetism materials.

At below neel temperature point, the antiferromagnetism materials are

described by two magnetic domain field of A and B atoms within materials.
Hy=—1pMg (2.48)
Hg =—pM, (2.49)

Where H, is magnetic field of magnetic domain A which induced magnetization in
domain B, H; is magnetic field of magnetic domain B which induced magnetization
in domain A, u,, is permeability of domain A and B, and Ma, Mg are magnetic

moment of domain A and B.

From equations 2.48 and 2.49, the magnetic field of each magnetic domain
induced oppositional magnetization of each other domain. At below neel temperature,
the moment magnet has destructed each other moment magnet to zero when do not

apply external magnetic field that show in equation 2.50.

Moo =M +M; =M, +(-M,) =0 (2.50)

tatol

When the external magnetic field H is applied to antiferromagnetism
materials at below neel temperature. The magnetization of domain A and B have been

considered by 2 events of vertical H  and parallel H,, external magnetic field. For the
vertical case, the H, and Hare bended to destruct external magnetic field, but the
magnetization M ,,M, are induced to the same direction of external magnetic field.

However, the quantity of M ,,M, are dependent of angle of the magnetic field of
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domain bending. The yield of magnetic field within antiferromagnetism materials is

expressed by following equation 2.51-2.55 and figure 2.21.

IH,[sina+|Hg|siha=H (2.51)
IH,|sin & =|H;|sin & (2.52)
2|H ,|sin o =H (2.53)
2UpgM pSsinx =H (2.54)
Mo = 2UpsM 4 SIN @ (2.55)

Where « is a bending angle magnetic field of magnetic domain from its original axis.

So, the magnetization of antiferromagnetic with vertical external filed are
union and increment tend. This effect also leaded to slightly increases susceptibility of

antiferromagnetism at below neel temperature.

Ma Ms

Ha Hs

H - Field
Figure 2.23 Shows effect of applying vertical external magnetic field to antiferromag

nettism at below neel temperature.

For applying parallel external magnetic field, the total magnetization of

antiferromagnetism are decreased because of effect of magnetic induction with
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applying parallel external magnetic field. In event, the direction of external magnetic

field have the same direction as magnetization M ,. The magnetization M , is increased
to M, +AM .. On the other hand, the magnetization M ; which is an oppositional

direction have been decreased to M ; — AM ;. So, the total magnetization is defined by

following equation.

M, =M, +AM,)-(M, —-AM)=AM, + AM (2.56)

M, =AM, +AM, (2.57)

tatol

From the equation 2.55 and equation 2.57, the total magnetization of
antiferromagnetism materials which applying parallel external magnetic field are less
than applying vertical external magnetic field. For the powder antiferromagnetism
materials, the direction of parallel and vetical external magnetics field do not effect to
magnetization yield because of its magnetic moments are arranged random address. So,
the total powder materials magnetization is consisted of vertical and parallel cases with
applying external magnetic field. The total magnetization of powder

antiferromagnetism materials M, are considered by following equation 2.54 and

equation 2.57.
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Figure 2.24 Shows ideal temperature dependence of magnetic susceptibility of

paramagnetic, ferromagnetic and antiferromagnetic.

2.3.7 Magnetism of 3d transition metal oxide

The 3d transition metals oxide are popular materials which were studied about
magnetic properties because of its special electrons orbital conducive to express
magnetic behavior interaction such as exchange force, super exchange, double
exchange, magnetic order, band theory (Seria Fizica, 2009). In this research, the
essential valence electron orbital interactions of 3d transition metals oxide are focused
to super exchange and double exchange interactions. The super exchange interaction is
a pair atoms of valence electrons alignment on the 3d transition metals oxide which the
3d transition pair atoms have been consisted of half-filled 3d orbital atom A and each
other half filled 3d transition orbital atom B. The intermediary between both atoms is

an oxygen atom which can be represented by A-O-B. So, the both half-filled 3d orbitals
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are forced to spin up for atom A and spin down for atom B because of electrons
bounding with oxygen atom. Those spin orbital direction lead to destruction of
magnetization between magnetic moment of atom A and magnetic moment of atom B.
Usually, the super exchange interaction occurs within antiferromagnetism materials.
However, the super exchange interaction does not always occur with 3d transition

metals oxide, which are half-filled 3d orbital such as EuS, ZnCr,Seu.

(O O OO

0 2p?
A 3d° B 3d°

Figure 2.25 Shows super exchange interaction of 3d° orbitals of a pair transition metal

oxide atoms.

Double exchange interaction is an interaction which looked like the super
exchange interaction. A little different things of double exchange interaction and super
exchange interaction are same transition element of paired atoms and difference of
oxidation state equal 1 such as Fe?* — O — Fe**, Mn®" — O — Mn*, Cu?" — O — Cu®*. The
interaction between different oxidation pair atoms have been conducive to electrons
coupling bonding of an oxygen and metal pair atoms. The electron coupling can force
spinning direction of the bounded-orbitals. The spinning direction yield of electrons
orbital pair atoms are the same direction because of forced-bounding orbitals under
double exchange interaction of an oxygen and metal transition pair atoms that shows
in figure 2.26. So, double exchange interaction leads to strong magnetization yield

within magnetism materials.
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Figure 2.26 Shows double exchange interaction of 3d® and 3d*electron orbital of a

pair transition metal oxide atoms.

2.3.7 Magnetic Units

Another essential thing for description magnetism materials are magnetic units of
magnetic parameter. In this research, the units are based on Gaussian and cgs/emu

units. So, those magnetic parameter units are shown in table 2.4.

Table 2.4 Magnetic parameters units (Goldberg et al., 1991).

Symbol Quantity Gaussian & cgs emu
B Magnetic induction Gauss (G)
d Magnetic flux G.cm?
H Magnetic field Oersted (Oe)
M Magnetization emu/cm?®
m Magnetic moment emu

v4 Magnetic susceptibility dimensionless



H Permeability dimensionless
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Table 2.4 Magnetic parameters units (Goldberg et al., 1991) (Continued).

Symbol Quantity Gaussian & cgs emu

U, Relative permeability dimensionless




CHAPTER 111

EXPERIMENTAL PROCEDURE

The chapter 111 consists of experimental procedures of this research. The outlines

of procedures are listed by following sections.

3.1 Fabrication of Cu doped BiFeOs thin films

3.1.1 Precursor preparation

The precursor BiFe1-xCuxOs thin films as x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2
and 0.3 were prepared by using sol-gel method. But, only condensation sol process of
the sol-gel method was used to prepare the precursor. Initially, the method was started
by calculation mass of materials element on suitable ratio and concentration of Bi, Fe
and Cu elements. In this research, the optimal proportional of Bi and Fe1-xCuyx elements
is 1.05:1.00, at concentration 0.0625 molar. Then, the mixed precursor solution of
bismuth (I11) acetate (Bi(CH3CO»)s), iron(ll) acetate (Fe(C2Hz0.)2) and copper (1)
acetate (Cu(CO2CHzs),) from Sigma-Aldrich as purity 99.99%, were dissolved by the
selected solvents of acetone, acetic acid, acetylacetone, deionized water and ethylene
glycol (Qi et al., 2006). Then, 20 ml of deionized water, 20 ml of ethylene glycol, 10
ml of acetone, 10 ml of acetylacetone, and 5 ml of acetic acid were stirred by a magnetic

stirrer machine. The precursor had been stirred at 80 "C for 30 hours, and 120 ‘C until



55

the precursor solution reached to condensation state. For this research, the sufficient
concentration of the precursor solution after heating are 0.125 molar because of the

precursor stickiness is optimal for spin coating on Pt/Si n-type substrates.

Table 3.1 list of materials and solvent for fabrication Cu doped BiFe1-xCuxOsthin films.

Materials/Solvents Source Purity
Bismuth(Ill)acetate Sigma-Aldrich 99.99%
Iron(ll)acetate Sigma-Aldrich 99.99%
Copper(Il)acetate Sigma-Aldrich 99.99%
Ethylene glycol SIAL 99.98%
Acetone Sigma-Aldrich 99.99%
Acetylacetone SIAL 99.5%

Acetic acid Sigma-Aldrich 100%




56

¢ \

’ \

\Q

-)

4
- 1 -

Mixed solvents Mixed elements Stirred 80°C ->3 hours Condensation sol
Stirred 120 °C -> 3 hours

Figure 3.1 Shows illustration of BiFe1-xCuxOz thin films precursor preparation of

condensation sol process.

3.1.2 Substrate preparation

The Pt/Si-n type substrates were selected to deposition BiFe1-xCuxOs thin films
because of high temperature resistance and undisturbance for materials purity. In the
first, the substrates had been started from SiO2/Si-n type. Then, the SiO2/Si-n type
plates were cut for 5x4 mm, and removed SiO: surface by hydrofluoric acid. The SiO»
surface had been polished by infusing the SiO/Si substrates to hydrofluoric acid for 10
minutes. Then, the Si-n type substrates were washed by Di-water and drying at 100 "'C
for 30 minutes. Then the Si-n type substrates had been coated Pt films by DC sputtering,
and were annealed at 800°C for 3 hours. The annealing method was done to

enhancement high stickiness of PT/Si films layers interfaces.
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Figure 3.2 Shows illustration of Pt/Si substrates preparation.

A

Figure 3.3 Shows DC plasma sputtering machine, SUT.
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3.1.3 Spin coating and annealing of Cu doped BiFeOs thin films

For spin coating method, the precursor had been deposited on Pt/Si-n type
substrates by dropping from micro-pipette device. Then, the precursors were spread by
spin coating machine at spin rate 1000 rpm for 1 minute, and 4000 rpm for 1 minute.
Next, the coated substrates were dried at 100 "C for 2 minute. Those methods were
done again until the samples had sufficient film thickness. For this research, the
samples had been done for 15 times per sample. Then, the coated substrates were
annealed at 600 "C for 6 hours with increasing temperature 1 "C /min. Finally, the

samples were cooled down to room temperature.

S
E_ N A SIS

Dropped precursor Spin at 1000 rpm and 4000 rpm Spun sample Dried at 100 C for 1-2 minutes

Figure 3.4 Shows spin coating methods to fabricate pre-annealing samples.

VTC-100
Vacuum Spin Coater

Figure 3.5 Shows spin coating machine, VTC-100, SUT.
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Figure 3.6 Shows scheme of annealing Cu-doped BiFeOs thin films.

3.2 Materials characterization

In this work, the sample of Cu-doped BiFeOsz had been studied crystallite structure
and crystallite size, local oxidation structure component elements, and binding energy
component of materials element. The technical characterizations details and methods

are listed by following sub-topics.

3.2.1 X-ray diffraction

The crystallite structure of Cu-doped BiFeOz thin films had been investigated by
X-ray diffraction technique. This technique was used to indicate crystallite structure
pattern of bismuth ferrite. The pattern of x-ray diffraction spectroscopy was compared
with standard x-ray pattern structure of bismuth ferrite. However, the x-ray diffraction
of the thin films samples was consisted by another x-ray patterns. So, the x-ray
diffraction standard has to have a huge data base for investigation, and comparison
those x-ray diffraction patterns. The importance theory of x-ray diffraction is Bragg’s
law scattering. Bragg’s law had described interference of x-ray diffraction that the

reflected beam had been constructed and destructed with each other beam. However,
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the construction and destruction are depended on its diffraction angles. Those

interferences are explained by following equation.
2dsin 0 =nA (3.1)

Where d is space between crystallite plan, @ is an angle of x-ray incident beam, 4 is
x-ray wavelength, which the wavelength is 0.15406 nm, and n is number of Xx-rays

beam interference as destruction and construction.

The x-rays diffraction pattern intensity and its pattern width were used to
calculate crystallite sizes of the thin films samples. The crystallite sizes had been
calculated by using Debye-Scherer equation that shows in equations 3.2 (Patterson,

1939).

D kA
pcosé

(3.2)

Where D is a crystallite size, k is a spherical factor, which the factor is k ~0.9,and g

is a full width half maximum (FWHM) intensity of x-ray diffraction peak.

Bragg-Equation for
constructive interference:

/7 AN
dnsfln(% \4:(9)

Figure 3.7 Shows x-ray incident and diffraction, according to Bragg’s law (www.didak

tik .physik.uni-muenchen.de/elektronenbahnen/en/index.php).


http://www.didak/
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Figure 3.8 Shows X-ray diffraction machine, D8-Bruker, SUT.

3.2.2 Scanning electron microscopy

The scanning electron microscopy (SEM) is a scientist equipment which has been
used to reveal morphology of object with high multiplier resolution for 1x — 100000x
of original object. The scanning electron microscopy had been operated by electron
scattering reflection detector. So, the sample of object need to dry out water molecules,
and coat with gold element. The SEM equipment can be used to indicate materials
components by using EDS technique. For this research, the SEM technique was used
to image surface morphology and thickness of the thin films. The measurement
technique for films thickness called SEM cross section. The SEM cross section
technique is the same as normal SEM, but the sample holder is different. The cross
section holder had been used to set vertical with the sample plane before the films

thickness were imaged. The scanning electron microscopy is shown in figure 3.9.
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Figure 3.9 Shows scanning electron microscopy, FE-SEM, SUT.

3.2.3 X-ray absorption spectroscopy

The x-ray absorption spectroscopy (XAS) is a technigue which is used to studied
materials elements structure by using absorption spectra of x-ray beam The
transmission and reflection intensity of x-ray incident beam are used to indicate
oxidation state of local elements inside materials sample. Due to, each electron orbital
of materials elements can absorb unique x-ray frequencies. So, the x-ray absorption
spectra of those element’s electron orbitals are used to describe materials structure. For
the thin films samples, the x-ray absorption is set by reflection mode because of high
intensity x-ray in transmission mode. The equation for measurement x-ray absorption

spectra are shown in equation 3.3.

pe oc - 33)
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Where u. is coefficient of reflection intensity, I, is x-ray reflection intensity and |,

is X-ray incident intensity.

The coefficient and energy of |,. Has been plotted in term of x_ versus E.

When E is energy of incident x-ray. The measurement technique scheme is shown in

figure 3.10.

If detector

X-ray R
lo detector 90‘0

Figure 3.10 Shows measurement scheme of x-ray absorption reflection mode.

3.2.4 X-ray photoelectron spectroscopy

The x-ray photoelectron (XPS) are used to measure electrons binding energy of
materials surface elements, according to phenomenon photoelectron emission. This
technique uses x-ray beam ejection to materials samples surface. The emission
electrons of the materials samples surface are measured Kinetic energy by spherical
electric field measurement probe. The data analysis consists of x-ray energy ejection

and electrons emission quantity. The electrons emission quantity reveals the binding

energy of each electrons orbital which are leaded to oxidation states of the electron

orbital. The equipment scheme is shown in figure 3.11.
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Figure 3.11 Shows equipment scheme of x-ray photoelectron spectroscopy (Applied

from Narong Chanlek, 2016).

3.2 Electrical and magnetic properties

3.2.1 Electrical properties

The Cu-doped BiFeOg thin films had been studied electrical properties by using

Agilent 4294A precision impedance analyzer for measuremente,, tans and Z

complex impedance. The Z complex impedance spectra are used to indicated grain

conductance o, and grain boundary conductance o . The conductance is an opposite

parameter of resistance. So, the o, and o, can be calculated by following equation.

1
1
Oy (3.5)

gb

Where R and R, are defined by equation 2.18. The high conductance parameter

indicates to high quantity of electrical properties of materials. But, the loss tangent
tan ¢ is used to indicate defective electrical properties of materials. The Agilent 4294A

precision impedance analyzer is shown at figure 3.11.
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Figure 3.12 Shows Agilent 4294A precision impedance analyser, KKU.

3.2.2 Magnetic properties

The magnetic properties of Cu-doped BiFeOs thin films had been revealed by
vibrating sample magnetometer (VSM). This machine is used to measure
magnetization of sample, which were applied external magnetic field. The external
magnetic field are applied through the sample for induce the magnetization of sample.
The magnetization is used to describe magnetism and magnetic behavior of the

materials samples by magnetic analysis methods such as susceptibility, temperature

dependence, ZFC — FCC, ZFC-FCW, m’ Versus % Those parameters explain to
c

magnetic behavior that are shown in equation 2.18-2.57. The vibrating sample

magnetometer is shown in figure 3.13.



Figure 3.13 Shows vibrating sample magnetometer, Versalab, KKU.
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CHAPTER IV

RESULTS AND DISCUSSION

Chapter IV is consisted of whole experimental results as characterization part and
properties part of BiFe1.xCuxOzthin films at x =0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3.
The experiment results have been proposed by science hypothesis method and specific
theory of each result part. The results and discussion are divided to five section of x-
ray diffraction results, scanning electron microscope results, x-ray absorption results,

x-ray photo electron results, magnetic properties and electric properties, respectively.

4.1 X-ray diffraction

The x-ray diffraction patters had been used to investigate BiFe1.xCuxOsz thin films
structure by theorem of Bragg’s law. In the first, this work was looking for an optimal
synthesis method to fabricate BiFe1xCuxOgz thin films. So, the initial synthesis had been
focused no synthesis pure BiFeOs thin films. Due to the many literature reviews had
reported that fabrication BiFeOs thin films were mostly synthesized by sol-gel method.
So, the research started from sol-gel method by using nitrate route of ethylene glycol
and metals element of bismuth nitrate and iron nitrate (Khajonrit et al., 2018). Then,
acetate route of deionized water, acetone, acetic acid of Bi acetate and Fe acetate (Qi et
al., 2006) were synthesized for comparison with nitrate route. Initially, the researcher
had used grazing incident x-ray diffraction mode because trying to reduce x-ray

diffraction background of the Pt/Si substrates (Lee and Wu, 2007). Then, the researcher
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had been advised to use normal incident x-ray diffraction mode because of low
resolution of the grazing incident x-ray diffraction mode. So, the x-ray diffraction
results are consisted of both x-ray diffraction grazing incident and normal incident x-
ray diffraction mode. The x-ray patterns of BiFeOs thin films were compared with
standard ICSD #15299 (Moreau et al., 1971), Si (Kasper and Richards, 1964), Pt
(Bredig and Allolio, 1927), PtO (Kumar and Saxena, 1989), PtO, (Muller and Roy,
1968), Bi2FesOg (Tutov and Markin, 1970), BixsFeOs (RANGAVITTAL et al.). The

first x-ray diffraction results of acetate route and nitrate route are shown in figure 4.1.

Both of the solutions had been prepared and annealed at 600 C for 6 hours.

BFO nitrate route

BFO acetate route

Intensity (Arb. units)

20 25 30 35 40 45 50 55 60
20 (degree)
Figure 4.1 Shows grazing incident x-ray diffraction pattern of BiFeOs nitrate route and

BiFeO3 acetate route.
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Figure 4.2 Shows x-ray diffraction pattern of substrate, Si, Pt, PtO, PtO2, Bi2FesOs,

BioxsFeOy and BiFeOs.

The impurity phase of BixFesOq had occurred in BiFeOs thin films structure,
which were prepared by nitrate route at x-ray diffraction angles for 26 ~ 27.3 degree.
While the impurity phase did not occur in BiFeOs thin films which prepared by acetate
route. So, the acetate route has selected to fabricate BiFe:xCuxOs thin films. Then,
mixture solvents of the acetate route were investigated an optimal proportion of the
mixture solvents, and also were compared with another solvent. Next, acetone solvent
was investigated by varying quantity of acetone solvent for 0, 2.5, 7.5, 10 and 20 ml

into acetate route precursor. The results are shown in figure 4.3.
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Figure 4.3 Shows grazing incident x-ray diffraction pattern of BiFeOs dependence of

acetone solvent quantity as 0.0, 2.5. 7.5, 10 and 20 ml.

From the figure 4.3, the optimal quantity of acetone solvent for fabrication
BiFeOs thin films is 10 ml. Then, acid kinds had been investigated by acetic acid and
citric acid. The x-ray diffraction yield of BiFeOs thin films which were prepared by

acetic acid and citric acid, are shown in figure 4.4.
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Figure 4.4 Shows grazing incident x-ray diffraction pattern of BiFeOg thin films which

were prepared by acetic acid and citric acid.

From figure 4.4, the x-ray diffraction pattern of BiFeOs thin films which was
prepared by citric acid solvent did not occurred purity phase of BiFeOs. Due to, the
sample restructured phase of BizFesO9 which can be observed by strongly diffraction
peak for 260 ~27-30degree. So, the acetic acid is an optimal solvent for fabrication
BiFeOs thin films. Then, quantity of acetic acid was investigated by varying quantity
of acetic acid solvent as 2.5, 5, 10 and 15 ml. The x-ray diffraction patterns dependence

of acetic acid quantity was shows in figure 4.5.
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Figure 4.5 Shows grazing incident x-ray diffraction pattern of BiFeOs thin films

dependent on acetic acid quantity as 2.5, 5, 10 and 15 ml.

From the figure 4.5, the optimal acetic acid quantity for fabricated BiFeOs thin
films is 5 ml and 15 ml. The acetic acid as 5 ml and 15 ml were considered crystallinity
quality of BiFeOs thin films. Then, the 5 ml of acetic acid quantity was selected because
it had a better x-ray diffraction intensity peaks sharpness for 26 =~ 56-58 degree. Due
to the literature review reported that temperature for forming BiFeOs orthorhombic R3c
was 600 ‘C (Kumar et al., 2010). Then, the experiment was concerned to find annealing
temperatures for forming purity phase structure of BiFeOs thin films. So, the selected
annealing temperature for comparison results are 600, 700 and 800°C . The x-ray

diffraction pattern dependence of annealing temperature is shown in figure 4.6.



73

BFO annealing 800 °C, 6 hours
BFO annealing 700 °C, 6 hours
BFO annealing 600 °C, 6 hours

Intensity (Arb. units)
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Figure 4.6 Shows grazing incident x-ray diffraction pattern BiFeOs thin films depend

ence of annealing temperature as 600, 700 and 800 C

From figure 4.6, the purity phase of BiFeOs thin films has expressed at
annealing temperature as 600 'C while another annealing temperature presented
impurity phase of BiFesQy, according to x-ray diffraction standard patterns peak in
figure 4.2. So, the optimal elements sources, solvents proportional, acid kind and
annealing temperature for fabrication BiFe1-xCuxOs thin films have been investigated.
However, the x-ray diffraction pattern of BiFeOs expressed unknown curve peak at
between 2 8 =~ 25-30 degree. The researcher tried to find a reason and info for describing
the unknown curve peak. Presumption of expert materials scientist expert, the unknown
curve peak may be peak of XRD holder. For proof the reason, the polyethylene

terephthalate XRD holder was done for replacement original XRD holder by following
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figure 4.7. The polyethylene terephthalate XRD holder were used to compare x-ray
diffraction patterns peak background yield with XRD original holder. The x-ray
diffraction patterns peak background of polyethylene terephthalate XRD holder and

XRD original holder are shown in figure 4.8 and figure 4.9.

Figure 4.7 Shows polyethylene terephthalate XRD holder from 3D printer.
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3D polymer XRD Holder
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Figure 4.8 Shows grazing incident x-ray diffraction pattern background of polyethyl

enee terephthalate XRD holder.

Glass slide XRD Holder

Intensity (Arb. units)

20 25 30 35 40 45 50 55 60

20 (degree)

Figure 4.9 Shows grazing incident x-ray diffraction pattern background of Glass slide

XRD holder.
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From the figure 4.8 and 4.9, it clearly that the unknown peak between
26 ~25-30 degree are peak of original XRD holder. Then, the prepared BiFeOs thin
films had been measured x-ray diffraction pattern on polyethylene terephthalate holder
and original XRD holder for comparison the x-ray diffraction pattern yields. The yields
of both x-ray diffraction pattern were used to confirm unknown curve peak effect, and

were used to check impurity phase of BiFeOgs thin films.

— BFO on Glass slide XRD Holder
BFO on 3D polymer XRD Holder

Intensity (Arb. units)

— Y I T+ T o0 © T ' 1
20 25 30 35 40 45 50 55

20 (degree)
Figure 4.10 Shows grazing incident x-ray diffraction pattern of BiFeOs thin films on

Glass slide XRD holder and 3D polymer holder.

From figure 4.10, the unknown curve peak has been confirmed. However,
the grazing incident mode of x-ray diffraction pattern cannot use to calculate crystallite
sizes because of its huge FWHM peak, and some diffraction peak were merged by
neighbor peak. So, x-ray diffraction normal beam is used to investigate the x-ray

diffraction pattern of BiFeOs thin film. The x-ray diffraction pattern yield of BiFeOs
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thin films which have been measured by grazing incident and normal incident x-ray

diffraction mode, are shown in figure 4.11.
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Figure 4.11 Shows x-ray diffraction pattern of BiFeOgz thin films which were measured

by measured grazing incident beam, and normal incident beam.

From figure 4.11, the x-ray normal incident x-ray diffraction pattern of BiFeO3
thin films reveals some impurity phase of BiFesOg as ICSD #20067 (Tutov and
Markin, 1970) which were hidden by grazing incident x-ray diffraction mode. For
higher resolution of x-ray diffraction pattern and convenient for calculation crystallite
sizes, the normal incident x-ray diffraction mode has been used to investigate crystallite
structure of all BiFe1-xCuxOz thin films samples. The x-ray diffraction pattern of BiFe1-

xCuxOs thin films as x = 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3 which were prepared by

modified acetate route at 600 C and annealed for 6 hours, are shown in figure 4.12.
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Figure 4.12 Shows normal incident x-ray diffraction pattern of BiFe1.«CuxOs thin films

as x=0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3.

From figure 4.12, the x-ray diffraction patterns of BiFe1.xCuxOs thin films as
x =0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3 reveal almost impurity phase of x-ray
diffraction pattern of BiFeOs orthorhombic R3c structure ICSD #15299 (Moreau et al.,
1971). But, some impurity phase of BioFe4Og ICSD #20067 (Tutov and Markin, 1970)
and substrate phase of Si [a3 0 ICSD #009282 (Kasper and Richards, 1964), PtO, P3m1
ICSD #1008935 (Muller and Roy, 1968) are also occurred within BiFe1.xCuxOs3 thin
films structure. The impurity phase intensity of BioFesOg increased with increasing Cu-
doped on crystallite structure of BiFe1.xCuxQOs thin films. The x-ray diffraction intensity
of bismuth ferrite structure increased with increasing Cu doping concentration as X =
0.01-0.05, according to the same result of literature review report (Riaz et al., 2015).

The literature review report had expressed that the variant of x-ray diffraction intensity
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did not change bismuth ferrite structure (Li et al., 2013). The increasing of x-ray
diffraction intensity peaks may because of substitution of Cu doing elements enhanced
crystallinity of the bismuth ferrite structure. The peaks shifting of x-rays diffraction
peaks are about 0.01 degree due to substitution of smaller Cu element, and consequently
peak shift forward (Li et al., 2014; Wu et al., 2015) . The peak shifting of Cu-doped

bismuth ferrite thin films are shown in figure 4.13.

x=0.30
W[\//\m X020
x=0.10
—
" ——x=0.05
=
g x=0.03
a —x=0.02
[ .
< x=0.01
S— |
>
= |
7]
c
[+}]
]
£

1 7 I I ! I N |

561 562 563 564 565 566 56.7 56.8
20 (degree)
Figure 4.13 Shows peak shifting of BiFe;.xCuxOgz thin films as x =0.0, 0.01, 0.02, 0.03,

0.05,0.1,0.2 and 0.3 at 20 =~56.42.

However, the phase shifting of x-rays diffraction peak did not occurred when
doped Cu elements as x = 0.2 and 0.3. The x-ray diffraction peak shifting stopped Cu
doping as x = 0.2 and 0.3 may because of BiFe1.xCuxOz thin films were doped Cu

elements more than optimal doping concentration. The crystallite sizes effect of Cu-
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doped bismuth ferrite thin films which were calculated by Debye-Scherer equation

(equation 3.2), are shown in figure 4.14.
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Figure 4.14 Shows crystallite sizes dependence of Cu content %.

The crystallite size of BiFe1.xCuxOs thin films increased with increasing Cu
content % as D=1.31, 1.28, 1.76 and 2.22 nm with x=0.0, 0.01, 0.02 and 0.03. Then,
the crystallite size decreased with increasing Cu content % as D =1.65, 1.41, 1.35 and
1.37 nm with x=0.05, 0.1, 0.2 and 0.3. The decreasing of crystallite sizes at Cu content
% as X = 0.05-0.3 because of over optimal doping of Cu doping contents (Khajonrit et
al., 2016), and consequently incompletely substitution and high impurity intensity
phase that can observe in figure 4.12. The increment feature of the crystallite size also
occurred with another perovskite structure materials as Dy-doped BiFeOz nanoparticles

(Priya et al., 2016), Mn-doped LaFeOs (Jeong et al., 2018).
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4.2 Scanning electron microscopy
The scanning electron microscopy has been used to revealed morphology surface
and films thickness of BiFe1.xCuxOs thin films. The samples were prepared by drying
sample method and gold coating method. The prepared sample were imaged by SEM
machine of SUT equipment facility center service. Initially, the BiFe1xCuxOs thin films
were placed to anneal as 1 hour, 3 hours and 6 hours for finding optimal grain forming
time of the thin films. But, 1 hour annealing of BiFeOz did not form grain, according to
SEM imaged of a literature review (Tang et al., 2014), also the same for 3 hours
annealing of Dy-doped bismuth ferrite thin films (Priya et al., 2016). So, the 6 hours
for annealing had been selected, according to sintering ceramic materials were initial
started at 6 hours (Boonlakhorn et al., 2014).
The SEM imaged and SEM cross section are shown in figure 4.15 and figure
4.16. Those selected images are the best of BiFe1.xCuxOs thin films SEM images as x
= 0.0 and 0.1. The figure 4.15 are SEM images of BiFe1.xCuxO3 thin films as x = 0.0.
Those images were multiplied as 3k, 10k, 30k and 50k, respectively. Films surface
morphology of the BiFe1.xCuxOs thin films revealed any nonhomogeneous of mountain
films, which occurred as the same resulted in literature review report of BiFeOs thin
films on Ni substrate (Tang et al., 2014). The SEM cross section images of the thin
films express films thickness about 200-300 nm that are shows in figure 4.15(e) and
4.15(f). The EDS technique had been requested for identifying the mountain films
elements was denied by SEM operator. A reason of denying was occurrence magnetism
behavior of BiFe1.xCuxOs thin films while had been measured electron black scattering,
and may consequently any destructive SEM detector probe. Form figure 4.16, the SEM

images show nonhomogeneous of mountain films over surfaces of BiFe1-xCuxOz thin
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films as x = 0.1. Due to incompletely sintering grain of BiFe;xCuxOs thin films, and
consequently metals oxide particles split out from the films surface. Increasing of Cu
doping contents were effect directly to increase nonhomogeneous films surface which
presented at many split out of the metals oxide in figure 4.16. The SEM cross section
images of BiFe1.xCuxOs thin films as x = 0.1 show films thickness about 200-300 nm.
The thickness of BiFe1.xCuxOz thin films as x = 0.0 and 0.1 are almost the same

thickness for 200-300 nm that are shown in figure 4.15(f) and 4.16(f).
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Figure 4.15 Shows SEM and SEM cross section images of BiFe1.xCuxOs thin films as
x =0.0 (SEM images as, a at 3k, b at 10k, c at 30k and d at 50k, and SEM

Ccross section images as, 50k of e, f)
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Figure 4.16 Shows SEM and SEM cross section images of BiFe1.xCuxOs thin films as
x =0.1 (SEM images as, a at 3k, b at 10k, c at 30k and d at 50k, and SEM

cross section images as, 50k of e, f).
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4.3 X-ray absorption spectroscopy

The x-ray absorption spectroscopy has been used to investigate local oxidation
structure of Cu-doped bismuth ferrite thin films elements. The x-ray adsorption mode
for measurement absorption spectra of the thin films samples is fluorescent mode
because of too much x-ray transition for thin film sample in transition mode. The theory
and analysis method of x-ray absorption fluorescent mode had been explained at
experimental procedure part. The absorption and x-ray incident energy are used to
indicate oxidation state of targets elements atom. The first derivative edge energy shift

of reflection intensity coefficient (x.) and Energy (eV) are used to plotted x-ray

absorption spectra graph. The facility of measurement x-ray absorption had been
provided by synchrotron light research institute, Thailand. The x-ray absorption
spectroscopy at Fe-K edge of BiFeixCuxOs thin films revealed first derivative
absorption edge of all samples at Energy~7,124 eV. The first derivative absorption Fe
K-edge of BiFe1xCuxOz thin films as x = 0.0-0.3 had been compared with Fe K-edge
standard of FeO and Fe2Os (SLRI BL 5.2). The first derivative absorption Fe K-edge of
BiFe1-xCuxOs thin films are the same Fe K-edge standard of Fe>Os. So, the oxidation
state of BiFe1.xCuxOs thin films as x = 0.0-0.3 samples are Fe*". The x-ray absorption
spectra Fe K-edge of FeO, Fe;O3 and BiFe1 xCuxOs thin films are shown in figure 4.17.
The software which have been used to normalize experimental results, are Athena

software (Ravel and Newville, 2006).
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Figure 4.17 Shows x-ray absorption spectra Fe K-edge of BiFe1-xCuxOz thin films as

x=0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3, and FeO, Fe»O3 standard.

Then, the Cu K-edge and Bi M5-edge of BiFe1.xCuxOs thin films as x = 0.0-0.3
were investigated the oxidation state as the same Fe K-edge method. But, the first
derivative absorption Cu K-edge of BiFe1.xCuxOz thin films as x = 0.0-0.3 are possible
consisted of Cu?* and Cu®" when compared with CuO and CuSOs standard (SLRI BL
5.2). Due to the first derivative absorption Cu K-edge of BiFe1.xCuxOz3 thin films as x
= 0.0-0.3 are slightly shifted more than CuO and CuSOs. The x-ray absorption
spectroscopy of Cu K-edge of BiFe1.xCuxOz thin films as x = 0.0-0.3, CuO and CuSO4

are shown in figure 4.18.
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Figure 4.18 Shows x-ray absorption spectra Cu K-edge of BiFe1-xCuxOz thin films as

x=0.0,0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3, and CuO, CuSO4 standard.

The Bi M-edge of BiFe:1xCuxOz thin films were measured x-ray absorption
spectra by gas (He) flowing technique because of low x-ray absorption of Bi M5-edge
had been disturbed by leakage air. The first derivative absorption Bi M5-edge of
BiFe1xCuxOs3 thin films as x = 0.0-0.3 are shown in figure 4.19. The oxidation state of
Bi M-edge of the thin films are Bi** when compared with Bi M5-edge of Bi,O3 standard
(SLRI BL 5.2). But, the weak absorption spectra Bi M-edge of BiFe1.xCuxOs thin films
leaded to fluctuate coefficient of reflection intensity which presented in figure 4.19.
However, the oxidation state Bi elements of BiFe1.xCuxOs thin films had been

confirmed again by x-ray photoelectron spectroscopy at next the section.
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Figure 4.19 Shows x-ray absorption spectra Bi M5-edge of BiFe1xCuxOs thin films as
x=0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3, and Bi>O3 standard.

4.4 X-ray photoelectron spectroscopy

The x-ray photoelectron spectroscopy has been used to reveal binding energy of
valence electron shell of materials elements. The electrons emission from samples
surface are separated by using kinetic energy measurement probe. The Cu-doped
bismuth ferrite thin films as x =0.0-0.3 were investigated valence electron emission
kinetic energy to reveal its valence electrons binding energy and its elements oxidation
state. The first Bi was the first element, which had been measured x-ray photoelectron
spectra because of the x-ray absorption spectra of Bi*" elements are too weak. So, the
electrons valence band Bi 4fs» and Bi 4f72 of Cu-doped bismuth ferrite thin films as x
=0.0-0.3 were investigated biding energy. The x-ray photoelectron spectra Bi 4fs/» and

Bi 4f7, of BiFe1xCuxO3 thin films are shown in figure 4.20 and figure 4.21. The
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electrons binding energy Bi 4fs;2 and Bi 4f72 of the thin films stayed at 164.5 eV and
159 eV. From figure 4.20 and figure 4.21, the electrons binding energy Bi 4fs» and Bi
4f7 indicate to Bi®" 4fs2 and Bi®* 4f7, when compared with Bi®" 4fs, and Bi®* 4f7;
binding energy standard (https://xpssimplified.com/elements/bismuth.php). So, the

Bi* oxidation state of BiFe1xCuxOs thin films as x = 0.0-0.3 are confirmed by XAS

and XPS.
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Figure 4.20 Shows x-ray photoelectron spectra valence electron Bi 4fs/2 and Bi 4f7; of

BiFe1xCuxOs thin films as x = 0.0, 0.01, 0.02 and 0.03.
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Figure 4.21 Shows x-ray photoelectron spectra valence electron Bi 4fs2 and Bi 4f7,, of

BiFe1xCuxOs thin films as x = 0.05, 0.1, 0.2 and 0.3.

Then, valence electrons Fe 2p12, 2p32 and Cu 2p12, 2ps2 of the BiFe1xCuxOs
thin films were measure binding energy at the same method of Bi 4fs, and Bi 4f7,. The
number of emission valence electrons Fe 2p12 and 2pss2 of the thin films are weak than
Bi 4fs2 and Bi 4f7,2, but it still enough for analysis its binding energy. The electrons
binding energy Fe 2p12 and 2ps2 of BiFe1xCuxOs thin films as x =0.0-0.3 are about
725.2 and 711.3 eV, respectively. From figure 4.22 and figure 4.23, the electrons
binding energy Fe 2p12 and 2ps2 of BiFe1.xCuxOs thin films as x =0.0-0.3 indicate to
Fe3* 2p12 and Fe®" 2ps2 when compare with biding energy standard (https://xpssimpl
ified.com/elements/iron.php). However, for the count number of valence electrons

emission Cu 2p12 and Cu 2ps/; of the BiFe1.xCuxQOs thin films are too weak and cannot
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identify the valence electron binding energy Cu 2p12> and Cu 2pz. of BiFe1xCuxOs3 thin
films. But, trying to fix binding energy valence electron Cu?" 2ps, of BiFe1xCuxOs thin

films as x = 0.0-0.3. are shown in figure 4.24 and figure 4.25.
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Figure 4.22 Shows x-ray photoelectron spectra valence electron Fe3" 2ps; and Fe®"

2p12 of BiFe1xCuxOs thin films as x = 0.00, 0.01, 0.02 and 0.03.
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Figure 4.23 Shows x-ray photoelectron spectra valence electron Fe* 2p1, and Fe®*

2p3/2 of BiFe1.xCuxOs thin films as x = 0.05, 0.1, 0.2 and 0.3.
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Figure 4.24 Shows x-ray photoelectron spectra valence electron Cu®" 2p12 and Cu®*

2p32 of BiFe1xCuxOs thin films as x = 0.01, 0.02 and 0.03.
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Figure 4.25 Shows x-ray photoelectron spectra valence electron Cu®* 2py2 and Cu®*

2p32 of BiFe1xCuxOz thin films as x = 0.05, 0.1, 0.2 and 0.3.

Another benefit of XPS technique, x-ray photoelectron spectra can be used to
indicate oxygen bounding metals element O 1s and defect oxygen Oy. So, the valence
electron O 1s and Oy of BiFe1.xCuxOz thin films as x = 0.0-0.3 were measured valence
electron kinetic energy. The electrons emission binding O 1s and Oy of BiFe1xCuxO3
thin films as x = 0.0-0.3 are about 529 eV and 531.2 eV. From figure 4.26 and figure
4.27, the O 1s and Oy binding energy of BiFe1xCuxOz thin films are confirm existence
of oxygen bounding metals and defect oxygen within the thin films when compared the
O 1s binding energy with binding energy standard (https://xpssimplified.com/
elements/iron.php), and with literature review reports (Mishra et al., 2012; Li et al.,

2013).
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Figure 4.26 Shows x-ray photoelectron spectra valence electron O 1s and Oy of

BiFe1.xCuxQOs thin films as x = 0.00, 0.01, 0.02 and 0.03.
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Figure 4.27 Shows x-ray photoelectron spectra valence electron O 1s and Oy of

BiFe1.xCuxOs3 thin films as x = 0.00, 0.01, 0.02 and 0.03.
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The binding energy position, counts valence electron intensity, full width at
half maximum, Gauss fixed quantity and Chisquared of photoelectrons emission values
of Bi®" 4fs, Bi®" 4f7, Fe®" 2p1s, Fe¥* 2ps2, O 1s and Oy are shown in tables 4.1, 4.2

and 4.3, respectively.

Table 4.1 Shows binding energy positions counts valence electron intensity, full width
at half maximum and Gauss fixed quantity Bi®" 4fs, and Bi®" 4f7, of

BiFe1.xCuxOs thin films as x = 0.0-0.3.

Cu doped B.E. position eV Counts number FWHM Gauss %
contents (x) Bid* Bid* Bid* Bid* Bid* Bi®* Bi®* Bi%*
4fs) 4f72 4fs2 4f72 4fs2 4f72 4fs) 4f7

0.0 164.1 158.7 11745 15211 1.50 1.58 85 85

0.01 164.1 1588 13317 17235 141 147 85 85

0.02 163.9 158.6 9797 12744 174 181 85 85

0.03 164.0 158.7 11925 15766 150 151 85 79

0.05 164.0 158.7 10472 12765 186  1.94 85 85

0.1 164.0 158.6 10359 13474 171  1.72 85 85

0.2 164.0 158.6 13739 17912 137  1.37 85 77

0.3 164.0 158.7 10679 13938 158  1.58 80 79
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Table 4.2 Shows binding energy positions counts valence electron intensity, full width
at half maximum and Gauss fixed quantity Fe®" 2p12 and Fe3" 2ps. of

BiFe1.xCuxOs thin films as x = 0.0-0.3.

Cu doped B.E. position eV Counts number FWHM Gauss %

contents () Fe® 2py, Fe** 2ps, Fe** 2py,  Fe** 2ps Fe** 2pye Fe** 2pse Fe®* 2py, Fe** 2psp

0.0 725.1 711.2 245 378 6.00 2.93 60 60
0.01 725.2 7111 267 510 6.00 5.05 60 60
0.02 724.6 711.4 250 429 4.34 4.34 60 60
0.03 724.6 711.2 252 426 4.30 4.34 60 60
0.05 724.6 710.6 222 396 4.34 3.84 60 60
0.1 725.2 7111 224 332 7.27 4.34 60 60
0.2 725.3 711.6 216 337 7.27 4.34 60 60

0.3 725.5 711.4 180 253 7.27 4.34 60 60
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Table 4.3 Shows binding energy positions counts valence electron intensity, full width
at half maximum and Gauss fixed quantity O s1 and Oy of BiFe1.xCuxOs thin

films as x = 0.0-0.3.

Cu doped B.E. position eV Counts number FWHM Gauss %

contents (x) O 1s Ov O1s Ov O1s Ov O1s Ov

0.0 529.6 5315 2860 1582 1.64 250 90 93

0.01 529.6 531.1 3022 1371 144 218 90 94

0.02 5295 5311 2113 1721 1.84 2.09 100 90

0.03 529.8 531.3 3083 1116 1.63 221 100 100

0.05 529.3 5311 220 196 2529 1014 100 100

0.1 529.9 5321 235 174 7673 1057 90 95

0.2 529.6 5311 133 183 3540 1320 90 100

0.3 529.8 5311 172 258 2241 1210 100 100

4.5 Magnetic properties

The magnetic properties of bismuth ferrite are well known as antiferromagnetic
properties (Li et al., 2013). In this research, the BiFei1xCuxOs thin films. Were studied
magnetic properties by analysis saturation magnetization, remanent magnetization,
coercive force and magnetic susceptibility. The BiFe1xCuxOs thin films were
investigated magnetic behavior by vibration sample magnetometer. The magnetization
of BiFe1xCuxOs thin films had been converted to emu/cm?® unit and Oe unit for
convenient calculation. Magnetic hysteresis loop had been used to study magnetic kinds
of BiFe1xCuxOs thin films as x = 0.0-0.3 at 298 K. The hysteresis loop of BiFe1.xCuxO3

thin films as x = 0.0-0.3 at 298 K are shown in figure 4.28.
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Figure 4.28 Shows hysteresis loop of BiFe1.xCuxOs thin films as x = 0.00, 0.01, 0.02,

0.03, 0.05, 0.1, 0.2 and 0.3.

From figure 4.28, the saturation magnetization of BiFe1xCuxOs thin films
increased forM, ~ 6.0, 7.7, 9.0, 9.1, 9.5, 10.1 and 12.5 emu/cm® with increasing Cu-
doping as x=0.0, 0.01, 0.02, 0.03, 0.05, 0.1, and 0.2. But, the saturation magnetization
had been decreased to M, ~10.4 emu/cm®when Cu doping contents were doped as X
= 0.3. It is the same increment as remanent magnetization and coercive force, which
increased forM, ~1.5,3.0,4.5,5.1,5.1,6.0,8.2 emu/cm?®, and H, ~55, 120, 185, 240,

250, 260, 650 Oe with increasing Cu-doping as x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2.

But, remanent magnetization and coercive force had been decreased to M, ~6.1
emu/cm®, and H, ~220 Oe when Cu doping content were doped as x = 0.3. The

increment graphs are shown in figure 4.29-4.30. The increasing of saturation
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magnetization, remanent magnetization and coercive force indicate to increase
ferromagnetic behavior of BiFe1.xCuxOs thin films. The increasing ferromagnetism of
the thin films are evident of CuO-Cu203 double exchange effect, which involved with
mixture oxidation state of Cu?" 3", The existence of Cu?" 3" had been investigated by
x-ray absorption spectra Cu K-edge of the thin films. Moreover, increasing of
ferromagnetic behaviour of the thin films are also evident of existence of oxygen
defects, which had been investigated by x-ray photoelectron spectra valence electron
O1ls and Oy of the thin films. Due to the oxygen defect lead to occur free single valence
electron of metals oxide materials (Li et al., 2013). The single valence electron of
metals oxide materials are easy induced its magnetic moment direction by applying

external magnetic field (Li et al., 2013)
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Figure 4.29 Shows hysteresis loop grid scales of BiFe1-xCuxOz thin films as x = 0.00,

0.01, 0.02 and 0.03.
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Figure 4.30 Shows hysteresis loop on grid scales of BiFe1.xCuxOz3 thin films as x =

0.05,0.1,0.2 and 0.3.

Another indicator which has been used to indicate magnetic behavior, is
temperature dependence of magnetic susceptibility. The theory and calculation had

been explained at literature review part (Lin et al., 2015). Normally, the susceptibility

is calculated by average proportion of % at small magnetization and small applying

external magnetic field. However, the coercive force of BiFe1xCuxOs thin films are

narrow hysteresis loop. So, the susceptibility had been approximated by susceptibility

point of % (Jun L. et al., 2010). Then, the environment temperature was varied from

400 K to 50 K for study temperature dependence of susceptibility. Due to
measurement temperature dependence of susceptibility need to use time for

measurement about 7 hours per samples. So, the BiFe1.xCuxOs3 thin films as x = 0.0,
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0.02, 0.05 and 0.2 were selected for survey of the susceptibility measurement. The
temperature dependence of magnetic susceptibility is shown in figure 4.31 and figure

4.32.
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Figure 4.31 Shows temperature dependence of susceptibility BiFe1.xCuxOs thin films

as x=0.0, 0.02, 0.05 and 0.2 at 2.5 kOe.

The coercive force of BiFeixCuxOs thin films revealed a little shifting of
magnetic hysteresis loop axis in figure 4.29 and 4.30. The shifting had occurred due to
mixture of antiferromagnetic materials and ferromagnetic materials, which lead to a
little shift of magnetic hysteresis loop axis. This phenomenon calls exchange anisotropy
or exchange bias, which possible applied to spin valve device in hard disk reader probe
(Choudhuri et al., 2014) . From literature reviews, the exchange bias phenomenon
occurred at low temperature T ~5 K (Schumacher et al., 2013). But in this work,

exchange bias occurred at room temperature, according to figure 4.29 and 4.30.
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From figure 4.32, the temperatures dependence of susceptibility BiFe1.xCuxOs
thin films reveals neel temperature point at nearly 50 K of Cu-doping x = 0.5, and at
80 K of Cu-doping x =0.2. The neel temperature increasing of BiFe1xCuxOs thin films
indicated to increase ferromagnetism behavior of BiFe1.x«CuxOz thin films. So, it clearly

that Cu doping have enhanced ferromagnetism of BiFe1.xCuxOs3 thin films.
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Figure 4.32 Shows temperature dependence of susceptibility of BiFe1xCuxOs thin films

as X =0.02, 0.05 and 0.2 at 2.5 kOe.

The saturation magnetization, remanent magnetization and coercive force

values of BiFe1.xCuxOs thin films as x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3 are

show in table 4.4.
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Table 4.4 Shows list of saturation magnetization, remanent magnetization and coercive

force of BiFe1xCuxOs thin films as x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and

0.3.
Saturation Remanent
Cu-doped contents Coercivity Force
Magnetization Magnetization
(X) Hc (OE)
Ms (emu/cmd) M (emu/cmd)

0.0 6.0 15 55
0.01 1.7 3.0 120
0.02 9.0 4.5 185
0.03 9.1 51 240
0.05 9.5 51 250

0.1 10.1 6.0 260

0.2 12.5 8.2 650

0.3 10.4 6.1 220
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4.6 Electrical properties

The electrical properties of the thin films had been measured by Agilent 4294A
Precision impedance analyser. The &"and ¢"are measured and calculated by dielectric
calculation method which were explained in literature review part. The conductivity of
the thin films was considered by dielectric permittivity and loss tangent parameters. The
loss tangent has used to indicate leakage current while the real part of dielectric
permittivity is used to describe resistivity. The complex impedance spectroscopy has
been converted to grain and grain boundary of resistance, and conductance by equation
(2.18). The real permittivity ¢"and imaginary permittivity &"of BiFe;xCuxOsz thin

films, and loss tangent of BiFe1.xCuxOz thin films are shown in figure 4.33, 4.34 and

4.35.
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Figure 4.33 Shows frequency dependence of real part dielectric permittivity of

BiFe1.xCuxOs thin films as x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3.
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Figure 4.34 Shows frequency dependence of imaginary part dielectric permittivity of

BiFe1xCuxOs thin films as x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3.
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Figure 4.35 Shows frequency dependence of loss tangent of BiFe1xCuxOs thin films

as x=0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3.
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From figure 4.33, the real part dielectric permittivity of BiFe;.x«CuxQO3z thin
films, were nonlinear trend with increasing Cu-doped content (Shah et al., 2015). The
highest of real dielectric permittivity constant of BiFe1.xCuxOs3 thin films are stayed at
Cu-doped as x = 0.1. The loss tangent and imaginary part dielectric permittivity also
are nonlinear trend with increasing Cu-doped content. The experimental results of real
part dielectric permittivity and conductivity of the thin films were considered by trend
for 2 case with Cu doping quantity. The first, the increment of real part dielectric
permittivity as Cu-doped x = 0.0-0.03 were describe by increasing of grain size due to
enhancement of crystallite sizes of the thin films. The increment of crystallite sizes
leaded to increasing of grain size, which conducted to increase complex mobility of
charges within the thin films (Rhidwan et al., 2017). However, some work the
increment of crystallite sizes did not lead to increasing of grain size (Lopez Maldonado
et al., 2014). The second case, decreasing real part dielectric permittivity of
BiFe1xCuxOs thin films as x = 0.1-0.3 were gave a reasoned explanation by increasing
of BizFesOg phase. Due to the decreasing of &' did not involve with crystallite size
effect, according to crystallite sizes in figure 4.14. So, increment of Bi2FesOg phase was
conducive to increasing of the real part dielectric. Imaginary part dielectric permittivity
trend looked like loss tangent trend because of straight related between ¢" and &' for
g"=¢'tans (Boonlakhorn et al., 2014). The conductivity also straight related to
imaginary part dielectric permittivity.

Moreover, the complex impedance spectroscopy was used to define
resistance and conductance indicator of the thin films by fitting parameter of

Ry Ry, Cy:Cypio, and o, according to ideal complex impedance circuit of two

gb

parallel of R and Cin figure 2.8. The original complex impedance spectra of
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BiFe1.xCuxOs thin films as x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3 are shown in

figure 4.36. The fitted complex impedance spectroscopy is shown in figure 4.37.
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Figure 4.36 Shows original complex impedance spectra of BiFe1.xCuxOz thin films as

x=0.0,0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3.
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Figure 4.37 Shows fitted complex impedance spectra of BiFei1-xCuxOsz thin films as

x=0.0, 0.01, 0.02, 0.03,0.05, 0.1, 0.2 and 0.3.

From complex impedance spectra of BiFe1xCuxOs thin films, the grain and
grain boundary of resistance increased with increasing Cu doping content for x = 0.0 to
0.03, and x =0.05 to 0.1. But, the grain and grain boundary of resistance decreased with
increasing Cu-doping element for x = 0.03 to 0.05, and x = 0.1 to 0.3. These increment
trend of grain and grain boundary resistance also occurred with another metals doped
bismuth ferrite (Riaz et al., 2015; Dong et al., 2014). The nonlinear of grain and grain
boundary resistance were gave a reasoned explanation by increasing of complex charge

mobility and increasing of Bi>FesOg phase. The grain and grain boundary conductive

. . 1 : :
were calculated by inverse relation of o=5 according to Arrheius’s law
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(Boonlakhorn et al., 2014). The R_,R

' Rgp: Cy,Cypy 0 and o, quantities of BiFe1xCuxOs

thin films as x = 0.0-0.3 are shown in table 4.5. The fitting software which used in this

research are EIS Spectrum Analyser (Ragoisha and Bondarenko, 2005).

Table 4.5 Shows list of grain and grain boundary of resistance, capacitance and

conductance of BiFe1.xCuxOs thin films as x = 0.0-0.3.

BiFe1xCuxOs Rg Rgb Cg Cgb O'g ng
thin films (x)
10°Q.cm  10°Q.cm F.cm F.cm 104S.cm  10“S.cm

0.0 2.9 5.2 9.0x10* 5.0x10° 34 19
0.01 4.3 8.2 1.2x10  5.1x10° 2.3 1.2
0.02 2.6 6.4 1.2x101  5.1x10° 3.8 15
0.03 53.7 74.5 2.5x1012  4.4x10° 0.18 0.13
0.05 2.9 3.8 2.5x101  6.1x10° 34 2.6
0.1 51.0 190.8 2.5x1012  5.2x10° 0.19 0.05
0.2 53 745 2.5x1012  4.2x10° 1.8 0.13
0.3 16.6 30.8 3.5x10? 5.6x10° 0.6 0.32




CHAPTER V

CONCLUSIONS AND SUGGESTIONS

In this research, the BiFe1.xCuxOs thin films as x = 0.0, 0.01, 0.02, 0.03, 0.05,
0.1, 0.2 and 0.3 had been successful fabricated by sol-gel method and spin coating. The
crystallite structure and crystallite size were investigated by x-ray diffraction technique.
Morphology of films surface and films thickness were observed by scanning electron
microscopy. The local oxidation state element of BiFe:1xCuxOs thin films were
investigated by x-ray absorption spectroscopy. The electrons valence binding energy
and oxidation state of the thin films elements were revealed by x-ray photoelectron
spectroscopy. The magnetic properties of the thin films were revealed by vibration
sample magnetometer. The electrical properties of the thin films were studied by
complex permittivity and complex impedance spectroscopy. The conclusion was
divided to four section of structure and characterization, magnetic properties, electrical

properties, and suggestions as follows.

5.1 Structure and characterization

The BiFe1xCuxOs thin films as x = 0.0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2 and 0.3 were
fabricated by acetate route and addition of solvents quantity. The phase structure of
bismuth ferrite rhombohedral R3C of the thin films were revealed. But, the thin films
were consisted of impurity phase BizFesOg orthorhombic Pbam phase ICSD #20067

(Tutov A. G. etal., 1980). The crystallites size of the thin film increased with increasing
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Cu-doped as x = 0.0 to 0.03. But, the crystallites size decreased with increasing Cu-
doped as x = 0.05 to 0.3. The peaks shifting of x-rays diffraction peak for 0.01 degree
the thin films confirmed substitution of smaller Cu element to Fe element, consequently

peak shift forward (Li et al., 2013)

The morphology films surface of the thin films was nonhomogeneous surface
because of mountain films occurred on the films surface. The nonhomogeneous of
BiFe1xCuxO3 thin films increased with increasing Cu-doped due to incompletely
sintered film grain of BiFe1.xCuxOsz thin films, and consequently metals oxide particles
spilt out from the films surface. So, increasing Cu doping contents effected directly to
increasing nonhomogeneous of films surface. The films thickness of BiFe1xCuxOs thin

films are about 200-300 nm.

The elements oxidation state of BiFe1.xCuxOs thin films were indicated to Fe®*,
Bi®" and Cu?" 3" by x-ray absorption spectroscopy. The oxidation state of Bi** and Fe%*
were confirmed again by x-ray photoelectron spectroscopy. The existences of oxygen
defect within BiFe1.xCuxOs thin films had been investigated. The x-ray photoelectron
spectra valence electrons of Cu elements are too weak, which leaded to unidentified

valence electrons state of Cu elements.

5.2 Magnetic properties

The BiFe1-xCuxOs3 thin films had been revealed antiferromagnetism by temperature
dependence of susceptibility. The antiferromagnetism of the thin film had occurred
because super exchange interaction of Fe.O3 and CuO within the BiFe1.xCuxOs thin

films (Zelenakova et al., 2010). The neel temperature and coercive force increased
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with increasing Cu doping content as x = 0.01-0.2. It clearly, the Cu doping enhanced
ferromagnetic behavior within bismuth ferrite thin films. The increasing of
ferromagnetic behavior of the thin films are evident of double exchange effect CuO-
Cu203 which involved with mixture oxidation state of Cu?" 3" (Garcia et al., 2005).
Moreover, increasing ferromagnetism of the thin films are also evident of oxygen
defects. Due to the oxygen defect lead to occur free single valence electron of metals
oxide materials (Li et al., 2013). The single valence electron of metals oxide materials
re easy induced its magnetic moment direction by applying external magnetic field (Li
et al., 2013). The coercive force of BiFe1.xCuxOs thin films revealed a little shifting
axis of magnetic hysteresis loop. The shifting had occurred due to mixture of
antiferromagnetic materials and ferromagnetic materials, which leaded to shift of
magnetic hysteresis loop axis. This phenomenon called exchange anisotropy or
exchange bias, which possible applied to spin valve device in hard disk reader probe
(Choudhuri et al., 2014). It clearly, ferromagnetic behavior existed within BiFei-
xCuxOs thin films, and Cu doping enhance ferromagnetic behavior to bismuth ferrite

thin films.

5.3 Electrical properties

The BiFe1xCuxOs thin films had been investigated by Agilent 4294A Precision
impedance analyser. The grain and grain boundary conductance of the thin films
decreased with increasing Cu-doping contents for x = 0.0-0.03, and x = 0.05-0.1. The
nonlinear of grain and grain boundary conductance of the thin films were gave a
reasoned explanation by increment of complex charge mobility, and occurrence of

Bi2FesO9 phase, respectively. However, the grain and grain boundary conductance
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increased with increasing Cu doping content for x = 0.03-0.05, and 0.1-0.3 (Kumar et
al., 2009). This increasing of grain and grain boundary conductance were gave a reason
by decreasing of complex charge mobility and increasing of Bi:FesOg phase,
respectively. So, the increasing of BiFesOg phase structure is a reasonable for
explanation increasing of grain and grain boundary conductance of the thin films.
According to electrical properties yield, the Cu doping are not optimal element for

enhancing electrical properties to bismuth ferrite thin films.

5.4 Suggestion

Due to the magnetic/electrical properties of BiFe1xCuxOs3 thin films revealed
antiferromagnetism behaviour and poor electrical conductance. The magnetic/electrical
properties results show unsuitable for applying magnetic/electronic application,
according to inaccurate increasing of the dielectric constant conductance and the loss
tangent. However, maybe the antiferromagnetism behaviour of the thin films possible
applies to magnetic head reader because of the phenomenon exchange anisotropy.
Therefore, advance films preparation method of high radio frequency sputtering is an
interesting method for upgrade films morphology quality of BiFe1.xCuxOs thin films.
Maybe the high quality morphology films of BiFe1.xCuxOs thin films express excellent
magnetic/electrical properties, which are useful for magnetic devices and electronic
devices. Furthermore, maybe the energy storage application and electrical generator are
studied base on BiFeOs films structure because of in the recent day, the BiFeOs were

reported to high capacitance of superconductor applications.
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