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ABSTRACT

Bismuth ferrite (BiFeOs) exhibits both ferroelectric and anti-ferromagnetic orderings
at room temperature (RT). In particular, polycrystalline BiFeOs films have attracted a lot of
attention, because they have large polarization values and environment-friendly materials
which can replace Pb-based materials. In order to prepare polycrystalline BiFeO; films,
various deposition methods have been used, such as pulsed laser deposition (PLD), chemical
solution deposition (CSD), and sputtering. So far, the research has focused on polycrystalline
BiFeO; films less than 600 nm which can be used in memory devices. On the other hand,
thick polycrystalline BiFeO; films above or near 2.0 um are required for a wide range of
practical applications such as actuators and sensors. However, little or no study has been
conducted concerning thick polycrystalline BiFeOs; films, and the understanding of their
characteristics is insufficient. The obstacle for the preparation of thick films is the significant
loss of Bi and Bi,O3 during the preparation of BiFeOs; films, and the cracking arising from
the mismatch of thermal stresses between the film and the substrate.

In this study, the preparation and the characterization of polycrystalline thick BiFeO3
films and epitaxial BiFeO; films have been performed using the magnetic-field-assisted
pulsed laser deposition.

Firstly, the behavior of the plume and the evolution of microstructures under a
magnetic field have been investigated through a simulation. The trajectory of the plume under
a magnetic field was modified and confined to the substrate, as opposed to that without a
magnetic field. Under the modified trajectory of the plume, the flux of the evaf)orated species
became conical and as a result, the formation of dynamical microstructures such as columnar
structures was predicted.

Secondly, in experiments, polycrystalline BiFeO; films on Pt/TiO,/Si0,/Si substrate

were prepared using magnetic-field-assisted pulsed laser deposition. The film thickness and
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the deposition rate depended on the magnetic field. The polycrystalline BiFeO; films
prepared under a magnetic field showed significant difference, displaying columnar structures
and changes in the orientation. 1.8 pum-thick BiFeOs; films with columnar structure were
successfully obtained for a magnetic field of 0.4 T and a deposition time of 30 min. For thick
BiFeO; films with columnar structure, the polarization value (P,) and the coercive field (E,)
were 62 pC/cm? and 198 kV/cm at 20 kHz and room temperature (RT), respectively. The
piezoelectric coefficient (d3;) was ~ 50 pm/V. In addition, polycrystalline BiFeO; films were
prepared by 90° off-axis deposition under a magnetic field. Droplets-free polycrystalline
BiFeO; films were successfully obtained, because the charge species were deflected towards
the substrate by Lorenz force, whereas the neutral species and large particles do not affected
by the magnetic field.

Finally, epitaxial BiFeOs films on a La-doped SrTiO; (001) substrate were prepared
successfully by controlling the magnetic field. The epitaxial BiFeO; films prepared under
magnetic fields of 0 T, 0.1 T and 0.4 T showed a rhomhedral structure including two spots,
(103) and (-103) with stress-relaxation. The increase in the magnetic field caused a high
deposition rate during a film growth, and the epitaxial growth mode was changed from layer-
by-layer to island mode. For the epitaxial BiFeOs films prepared under a magnetic field of
0.1 T, the polarization (P,) was 46 pC/cm? at 80 K, and a saturated ferroelectric polarization
versus electric field (P-E) hysteresis loop was obtained.

Magnetic-field-assisted pulsed laser deposition will likely prove to be useful in the
preparation of films of Bi-, Na-and K-based materials which have been difficult to prepare
due to their volatility. Also, it will enable for the fabrication of thick films with a dynamic
microstructure in short deposition times with this method, droplet-free films can be obtained

as the deflected charge species reach onto the substrate by 90° off-axis deposition.
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CHAPTER 1

INTRODUCTION

Bismuth ferrite (BiFeOj;) is a very interesting material. BiFeOs as multiferroics material
exhibits ferroelectric and anti-ferromagnetic properties at room temperature (RT). In
addition, the BiFeQs; film has attracted a lot of attention, because it has a giant polarization
value. In this chapter, the fundamentals for BiFeQOj; are explained, and the purpose of this
study is introduced.

1.1 Fundamentals

1.1.1 Ferroelectricity in perovskite materials

Ferroelectricity was first discovered in Rochelle salt in 1921. [1] After the discovery
of simple mixed oxides which exhibit a perovskite structure, the study of the ferroelectricity
accelerated rapidly fundamental understanding and exploring the practical applications of
ferroelectric materials, which have attracted a lot of attention. [2] Ferroelectric materials can
be used in such as nonvolatile ferroelectric random access memories (FeRAM), sensors and
transducers. [3]

Ferroelectricity possesses polar axes in the orientation which can be altered by an

external field. The paraelectric materials with a non-polar phase are reflected by a single
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potential, but ferroelectric materials exhibit double potential wells as shown in Fig.1.1. In the
presence of an electric field, two potential wells do not have the same position or energy and
are deformed by an electric field. [4] Moreover, ferroelectrics materials exhibit a spontaneous
polarization in the absence of an electric field. The spontaneous polarization can be switched
by applying an external electric field. When repeating the polarization reversal (or switching)
by an electric field in a ferroelectric material, the ferroelectric hysteresis loop is represented
as shown in Fig. 1.2. The coercive field (E.), remnant polarization (P,) and saturation
polarization (P;) in the ferroelectric hysteresis loop are important parameters for
characterizing ferroelectric properties.

Among all the ferroelectric materials, the perovskite-ferroelectric materials have
been studied extensively and used widely. The perovskite structure has the general
stoichiometry ABO3, where “A” and “B” are the cations and “O” is the anion. [5, 7] The
structure of an ideal cubic perovskite is shown in Figs.1.3 (a) and (b). The A cations are
located at the corner of the unit cell, and the B cations in the centre are located in an
octahedra consisting of oxygens. The perovskite structures in ferroelectric materials undergo
a structural phase transition from a paraelectric phase to a ferroelectric phase through the
Curie temperature (7). For example, barium titanate (BaTiO3;, BTO) is a well-known
perovskite-ferroelectric material. [8] Above T, BTO has a centrosymmetric structure and no
spontaneous polarization, such as a paraelectric phase. Below 7T, BTO has a ferroelectric
phase, including the displacement of the B site ion in the unit cell, as shown in Fig. 1.4.
Consequently, perovskite-ferroelectric materials depend on the Curie temperature and

transform to non-cetrosymmetric structures below 7.

1.1.2 Multiferroic materials

Both ferroelectricity and ferromagnetism exhibit that spontaneous electric and
magnetic polarizations exist in the absence of an electric field and magnetic field. Also, a
hysteresis loop is obtained, with the switching from one state to the other by either external

electric field or magnetic field. According to H. Schmid, some materials show two or three
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ﬁ* —
A site (a) (b)

Figure 1.3. (a) Perovskite structure with ABO3 formula, and (b) atomic position in for cubic
BaTiO:s.
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Figure 1.4. State of ferroelectric structure illustrating the phase transition at 7' > T,
(paraelectric phase) and T < T, (ferroelectric phase) for BaTiOs.
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orderings of ferroic properties such as ferroelectricity, ferromagnetism and ferroelasticity
simultaneously. These materials are called multiferroics. [9] Among multiferroic materials,
some materials, called magnetoelectrics, have a coupling between the electric and magnetic
orderings as shown in Fig. 1.5. [10] In a magnetoelectric material, the ferroelectric ordering
can be controlled by a magnetic field, and the magnetic ordering can be controlled by an
electric field. The physical phenomena arising from the coexistence of several orderings offer
possibilities for various applications, such as multi-functional memory devices different from
the ferroelectric random access memory (FeERAM) and magnetic random access memory
(MRAM), which are driven only by electric field and magnetic field. [11] As multiferroic
materials with a single phase, BiFeO3;, YMnO3, HoMnO3;, and TbMnO3 have attracted a lot of
attention and their physical properties have been investigated. Their basic properties are

summarized in Table 1.1.

Multiferroics >

m
Oy

Ferro- Ferro- Ferro-
electricity magnetism elasticity

D A
f—’ L

O Bt
E

Magneto-electric effect

Figure 1.5. Definition and conception of multiferroics, exhibiting simultaneously ferroelectric,
ferromagnetic and ferroelastic properties. Mutual control inducing magnetization (M) by an

electric field (E) or polarization (P) by magnetic field (/) is represented in matter. [12]
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Table 1.1. Basic properties of reported multiferroic materials.

Materials Tc Ty Characteristics

TbMnOs [13] ~41 K | polarization induced
by magnetic field below 30 K

YMnOs [14] ~950K | ~77K 6 pC/em’

BiFeO; [15] ~1100K [ ~ 640 K P (001 ~ 75 pClem®
DyFeO; [16] ~35K |~645K| 0.4 uC/cm”under 90kOe
BiMnO; [17] ~800K |[~100K ~20 pC/cm”
HoMnO; [18] ~875K | ~76K ~5.6 pC/em”

Z-type hexaferrites and

SI‘3C02F824041 [1 9]

a low-field magnetoelectric

effect at room temperature.
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1.1.3 Bismuth ferrite (BiFeQ;)

Bismuth ferrite (BiFeO3) has been the focus of more attention than other multiferroic
materials, because it has a high transition temperature, such as the Curie temperature (7¢ ~
1100 K) and Neel temperature (T ~ 640 K). [20] In addition, its multiferroic characteristics
can be realized at room temperature (RT) and can be used in multifunctional devices. [11]

Bulk BiFeO; has been early reported on the crystal structure, ferroelectric properties
and magnetic properties as shown in Figs. 1.6. The crystal structure of bulk BiFeO; is a
rhombohedrally distorted perovskite structure with a space group of R3c, and a lattice
parameter of a = 0.562 nm, a = 59.35° [21] Although the characterization on electrical
properties of bulk BiFeO; has been difficult, due to the high leakage current arising from
lower resistivity of the sample, the ferroelectric properties of bulk BiFeOs; revealed a small
spontaneous polarization (Ps) of ~ 3.5 uC/cm2 and 6.1 uC /em? along the [001] and [111]
directions, measured at 77 K. [22] The magnetic properties of bulk BiFeO3; has a G-type
antiferromagnetic ordering, where the spin direction of each Fe’* is antiparallel to that of the
nearest Fe**, but the weak ferromagnetism exists, due to the spin canting. It has a long-
wavelength modulation whose the period of the spin cycloid is ~ 62 nm with a wave-vector
along the [110] direction. [23]

However, BiFeO; films show excellent ferroelectric properties in contrast to bulk
BiFeO;. In 2003, R. Ramesh’s group reported a larger polarization value of ~ 50 pC/cm?
measured at RT for epitaxial BiFeOs films on a conductive SrRuQO;-deposited SrTiO; (001)
single crystal substrate by using the pulsed laser deposition method. [24] On other hand, in
2004, M. Okuyama’s group reported a giant polarization of ~ 150 pC/cm?® measured at 80 K
for polycrystalline BiFeOs; films on Pt/TiO,/SiO,/Si substrate by using the pulsed laser
deposition as shown in Fig. 1.7(b). [25] Theoretically, the polarization value is affected by the
crystal symmetry, and the spontaneous polarization is expected to be ~ 100 ;LC./cm2 along the
[111] direction and ~ 150 pC/cm? along the [001] direction for rhombohedral and tetragonal
structures in BiFeO; films as shown in Fig. 1.7(c). [26] The theoretical result calculated by
the first calculation principle is almost consistent with the experimental results mentioned

above.
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Spin
canting

(c) (d)

Figure 1.6. (a) Crystal structure, (b) magnetic structure, (c) long range cycloidal spin ordering,
and (d) weak ferromagnetism, due to spin canting for BiFeOs. [27, 28]

Table 1.2. Basic properties of BiFeOs.

Phase I II I
State Ferroelectric Ferroelectric Paraelectric
Antiferromagnetic Paramagnetic Paramagnetic
or
Weak ferromagnetic
(due to spin canting)
Ty & Tc 370°C (Ty) 850°C (T¢)
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Figure 1.7. P-E hysteresis loops indicating the ferroelectric property in (a) epitaxial BiFeO;

films on SrTiO; (001), (101), and (111) single crystal substrate and (b) polycrystalline

BiFeOs film on Pt/TiO,/SiO,/Si substrate. (c) Estimated polarization values by first principle

calculation on BiFeO; films. [25, 26, 29]
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1.2  Purpose of This Study

Among other multiferroic materials as mentioned in chapter 1.1.2, BiFeOs3 has
attracted a lot of attention, because of its ferroelectric and anti-ferroelectric (weak
ferromagnetism due to spin canting) orderings at room temperature (RT). In particular, the
polycrystalline BiFeO; film on Pt/TiO»/SiO,/Si substrate has giant polarization values.
Further, as the Bi-based ferroelectric material, it is environment-friendly, have low processing
temperatures, making them better than Pb-based ferroelectric materials. So far, the
preparation of polycrystalline BiFeO; films has been tried by various deposition methods,
and considerable experimental progress has been made on understanding the physical
properties of BiFeO; films.

On the other hand, polycrystalline BiFeO; films grown on Pt/TiO,/SiO,/Si substrate
have one major problem which is the poor ferroelectric properties with a leaky ferroelectric
polarization versus electric field (P-E) hysteresis loop, due to the leakage current arising from
the Bi and Bi;O; loss. This problem is an obstacle to using polycrystalline BiFeO; films in
more applications. For example, in order to use it in sensors and actuators, the polycrystalline
BiFeO; film has to be at least 2 pm thick, while for manufacturing memory devices, it needs
to be below 600 nm. Recently, most experiments have focused on BiFeOj3 films with less than
600 nm in thickness. The limitation of the film thickness is due to the difficulty in controlling
Bi and Bi,0s loss in BiFeO; films during a deposition.

The aim of this study is to prepare and characterize polycrystalline BiFeOj3 films
which overcome the limitation of the thickness, and make the first step towards using them in
a wide range of practical applications. To attain the aim of this study, a magnetic-field-
assisted pulsed laser deposition method is employed as a new deposition method. Nothing has
been reported so far on the preparation of BiFeO; films using this deposition method. The
preparation of BiFeQ; films under various magnetic fields is a starting point. In next chapters,
the features of the magnetic-field-assisted pulsed laser deposition are clarified in comparison
with a conventional pulsed laser deposition, and the preparation of polycrystalline BiFeOs
films with a thickness of at least 2 pm is conducted.

The outline of this thesis is introduced in Fig. 1.8.
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In chapter 1, fundamental terms are explained and the purpose of this study is
introduced.

In chapter 2, in order to clarify the features of the magnetic-field-assisted pulsed laser
deposition in comparison with the conventional pulsed laser deposition, the behavior of the
plume and the evolution of the microstructures under a magnetic field are simulated.

In chapter 3, the deposition method and measurement tools for the preparation and
the characterization of BiFeQ; films are introduced. Their simple principles are described.

In chapter 4, polycrystalline BiFeOs films are prepared on Pt/TiO,/SiO»/Si substrate
by using the magnetic-field-assisted pulsed laser deposition method. The microstructure of
polycrystalline BiFeO; films prepared under various magnetic fields is compared with that of
polycrystalline BiFeO; films prepared by the conventional pulsed laser deposition, and the
dependence of the ferroelectric properties of polycrystalline BiFeOs films on film thickness is
discussed. In addition, polycrystalline BiFeO; films prepared by 90° off-axis deposition are
characterized.

In chapter 5, epitaxial BiFeO; films on La-doped SrTiO; (001) single crystal
substrate are prepared under various magnetic fields by using the magnetic-field-assisted
pulsed laser deposition method. The lattice parameter of epitaxial BiFeOj; films is discussed
in detail. The growth mode of epitaxial BiFeO; films on a La doped SrTiO; (001) single
crystal substrate prepared under various magnetic fields is compared with that of the
conventional pulsed laser deposition. Ferroelectric properties of the epitaxial BiFeO; films
are measured at room temperature and low temperature.

In chapter 6, finally, conclusions of this study are summarized.
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Chapter 1 INTRODUCTION

- Fundamentals

- Purpose of this study

A
Chapter 2 PLUME DYNAMICS AND
MICROSTRUCTURE EVOLUTION UNDER
MAGNETIC FILED

- Plume dynamics under magnetic field
- Microstructure evolution under magnetic field

v

Chapter 3 PREPARATION AND CHARACTERIZAION
- Preparation of BiFeO; films
- Characterization of BiFeO; films

Chapter 4 PREPARATION OF POLYCRYSTALLINE
BiFeQ; FILMS ON Pt/TiO,/Si0,/Si SUBSTRATE

- BiFeO; films prepared under various magnetic fields
- Thick BiFeQj films with columnar structure
- BiFeQs; films prepared by 90° off-axis deposition

Chapter S PREPARATION OF EPITAXIAL BiFeQO;
FILMS ON La-DOPED SrTiO; (001) SUBSTRATE

| Chapter 6 CONCLUSIONS

Figure 1.8. Outline of this thesis.
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CHAPTER 2

PLUME DYNAMICS AND
MICROSTRUCTRE EVOLUTION
UNDER MAGNETIC FIELD

The plume produced by a laser ablation plays an important role in the pulsed laser
deposition. In this chapter, the behavior of the plume under a magnetic field is investigated,
and the evolution of the microstructures caused by the plume under a magnetic field is

clarified based on simulations.

2.1 Introduction

In the conventional pulsed laser deposition method, the focused laser irradiates the
target, which is set in a vacuum chamber. A plume is formed as the interaction takes place
between the laser and the target. The evaporated species including atoms, molecules,
electrons, ions, cluster and particulates in the plume transfer onto the substrate. [1] This
deposition method can be divided into the following four steps [1]:

1. Formation of plume produced by a laser ablation.

2. Dynamics of the evaporated species in the plume.

3. Deposition of the evaporated species onto the substrate.

15
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4. Nucleation and growth of the film on the substrate surface.
In this study, the magnetic-field-assisted pulsed laser deposition, consisting of the application
of a magnetic field during laser ablation is proposed as a new deposition method. As
mentioned above, the plume is an important factor in the pulsed laser deposition and
contributes to the evolution of microstructures. Further, the plume produced by the laser
ablation under a magnetic field might cause the dynamic phenomena and modification.
Understanding the plume dynamics under a magnetic field is regarded as a prerequisite for
understanding of the evolution of microstructures if films are prepared by using the magnetic-
field-assisted pulsed laser deposition.

In chapter 2, to clarify the behavior of the plume under a magnetic field, the
trajectory of the plume under a magnetic field and without a magnetic field is simulated.
Based on the assumed trajectory of the plume obtained by a simulation, the evolution of

microstructures is estimated.

2.2 Plume Dynamics under Magnetic Field

To estimate the behavior of the plume under a magnetic field and without magnetic
field, the trajectory of the plume in a given space (5 cm x 3 cm) was simulated based on the

following equation:

d*r
ma? =qv X B, (2.1

where m, r, t, g, v, and B represent mass, position, time, charge, velocity, and magnetic field
of flux density, respectively. The estimation was considered for only charge species in the
plume. In most previous research, it has reported the fact that charge species are the majority
in the plume. [2-4] Of course, neutral species that typically include heavy and large
particulates exist in the plume, but they are not affected by the magnetic field and travel along

a straight path. The presence of the magnetic field promotes the ionization of the evaporated
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Figure 2.1. Trajectories of plume under magnetic fields of (a) 0.4 T and (b) 0 T, estimated by

simulation, under an oxygen pressure of 0.05 Torr, in a given space (5 cm x 3 cm).



18 Chapter 2. Plume dynamics and microstructure evolution under magnetic field

species in the plume, because the accelerated electrons caused by the magnetic field collide
with atoms and molecules. Therefore, in this simulation, the charge species were regarded as
majority species in the plume under a magnetic field, but the neutral species were negligible.

In simulation, the atomic masses were Bi (208.98), Fe (55.85) and O (16),
respectively. Atoms are assumed to be traveling toward the substrate with a little collision
under an oxygen pressure of 0.1 Torr, while the particle energy is 50 eV and time step is 10”
s. The magnetic field was set to 0 T and 0.4 T. The simulated results are shown in Figs. 2.1(a)
and (b). The trajectories of the plume under a magnetic field of 0.4 T and 0 T show a
significant difference, while the trajectories of each ion depend on atomic mass. The
trajectories of the plume are modified by a magnetic field and show a helical movement, as
opposed to the straight path observed under a magnetic field of 0 T. These results are
predictable. The magnetic field exerts Lorenz force, and the ions species are affected
according to the v x B. As shown in Figs. 2.1(a) and (b), the magnetic field deflects the ions
species away from the primary path of the plume responsible for the loss of evaporated
species, and this can result in confining the plume to the substrate. The angular distribution of
the plume is generally dominated by cos 6 function. From the simulated trajectory of the
plume under a magnetic field, it is considered that the angular distribution of the plume under
a magnetic field is dominated by the cos” @ function, where n > 1. [5-7] The n is associate
with a film thickness and a deposition rate. When 7 is increased by applying a magnetic field,
the film thickness is increased and a high deposition rate is achieved. Consequently, the ions
species deflected by a magnetic field predict the possibility of the high deposition rate
derived from the confined plume, with an effective deposition, unlike the loss of evaporated
species along the primary path. To simply prove this prediction, the distribution of stacking
was investigated in a given space (2 cm x 2 cm) indicating the real size of Pt substrate, while
10000 atoms of Fe ion species travel along the trajectory of the plume as shown in Figs. 2.1(a)
and (b).

Figures 2.2(a) and (b) show the distribution of the stacking for the Fe ion species
which travel along the trajectories of the plume under magnetic fields of 0.4 T and 0 T. It can
be seen that the distribution of the stacking along each trajectory of the plume is different.
The distribution of stacked species under a magnetic field of 0 T is broad, likely depending
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on the cos @ function. However, the distribution of stacked species under a magnetic field is
sharper, and concentrated in the given space, likely depending on the cos” @ function. This
result strongly supports the fact that high deposition rate is caused due to the magnetic field.
In addition, the deflected ions species arising from the modified trajectory reach the substrate
conically. This shows the conical flux of evaporated species until reaching the surface of the
substrate. In the growth of a polycrystalline film, it is well known that the flux of the
evaporated species affects the film growth and the evolution of microstructures in the film.
[8-10] In the conical flux under a magnetic field, the dynamic evolution of microstructures
might be predicted. The effect of the flux angle of the evaporated species on the evolution of

microstructures will be discussed in chapter 2.3.

2.3 Microstructure Evolution under Magnetic Field

The flux of evaporated species significantly affects the evolution of microstructures.
When the flux has an incident angle, the microstructure of films dynamically develops. It is
well known that films deposited under an oblique flux form a columnar structure. [5, 6]
When the flux is oblique making a large angle to the substrate or film normal, columns are
formed due to the shadowing effect. The columns also tend to tilt away from the substrate
normal and voids appear. The relationship between the flux and the column is explained by

the tangent law below, [11]
tanf = 1/2 tanao, (2.2)

where £ and a represent the angle of orientation of these columns and the deposition angle.

However, this law is applicable only for the oblique angle from one side. In chapter
2.1.1, it was confirmed that the deflected ion species arising from the modified trajectory
reach the substrate conically. The evolution of microstructures depends on the incident angle
of the flux. If the modified trajectory of the plume under a magnetic field causes the dynamic

flux of evaporated species, having various incident angles, a dynamic evolution of the
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microstructures might take place onto the substrate. Thus, to investigate the effect of the flux
angle on the evolution of microstructures, a simulation was carried out, and the eyolutions of
microstructures for both oblique and conical fluxes were compared.

In the simulation, the two-dimensional periodic boundary condition is assumed. A
uniform grid mesh of 100x100 was used for the calculation, as shown in Fig. 2.3. The surface
of the substrate assumed the existence of facets, indicating pre-coalescence. Each mesh
corresponds to a micro-facet in a grain. This model ignores the diffusion interactions between
grains or islands on the surface. In the case of polycrystalline BiFeO; films deposited on a
(111) Pt-coated Si substrate by using a pulsed laser deposition, the preferred orientation is
(100) and (110) planes. Therefore, the angles of the facet are chosen as 0°, +45°, and +45°/2
degrees, which correspond to (100) and (110) of these planes, respectively. The facets of the
initial nuclei are randomly distributed and each facet has a distinctive color. Surface

migration is ignored, and all surfaces have the same sticking coefficient ( = 1) calculated as in

the following equation,
v=n-J 2.3)

The growth velocity of each facet depends upon the flux and the incident angle. In this
equation, v is the growth velocity of the facet, n is unit vector normal to the facet, and J is a
vector parallel to the flux direction.
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Figure 2.3. Schematic of the two-dimensional periodic boundary. The grid mesh consists of
100x100 cells.
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A large number of species (10000) are irradiated, and the development of facets is calculated.
The objective of the simulation is to estimate the evolution of microstructures on flux angle
of evaporated species. However, the physical effects are negligible.

Figures 2.4(a)-(c) show the evolution of microstructures for oblique angles of 0°, 30°,
and 60° from the one side. For a normal angle of 0°, the microstructure was densely packed
without any voids. On the other hand, the microstructures were columnar at oblique angles of
30° and 60°. They displayed porosity with voids, and the columns were tilted in the direction
of the incident species. This result is consistent with results about the microstructures in
obliquely deposited films reported by other authors. In their results, the shadowing effect
gave rise to the voids between the columns, and the evolution of microstructures under the
oblique angle of the incident species from one side has been only reported. [12-14] For the
plume produced by a laser ablation, even though the trajectory of the plume is a straight path,
as shown in Fig. 2.1(b), the trajectory of the plume under a magnetic field is modified, and
the incident species have an oblique angles from both sides as shown in Fig. 2.1(a). Thus, the
evolution of microstructures for an oblique angle from both sides is considered.

Figures 2.5(a)-(f) show the evolution of microstructures for oblique angles from both
sides assumed for a plume modified under a magnetic field. It can be seen that the evolution
of microstructures for the same oblique angle from both sides significantly differs from that
for an oblique angle from one side. In the case of both sides, while the columnar structure is
formed due to the oblique angle, the columns are grown normal to the substrate, regardless of
the oblique angle of species. In the case of the oblique angle of 60°, the columnar structure is
not present, and the growth on 0° facet becomes dominant. The evolution of microstructures
under an oblique incidence angle greater than 60° could not be achieved in this simulation. If
the conical flux causes the modified trajectory of the plume under a magnetic field, the case
of a different oblique angle with respect to both sides should be also considered. Figures
2.5(e) and (f) show the evolution of microstructures for different oblique angles with respect
to both sides. The evolution of microstructures for different oblique angles from both sides
shows a similar trend to that for the oblique angle from one side. Even though the
microstructure is dense, the columns are tilted in one direction, having a large incident angle.

As aresult, the growth in the direction having a large incident angle is dominant.
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0° 45° 45°  225°  -225°

Figure 2.4. Evolution of microstructures for oblique angles of (a) 0° (b) 30°, and (c) 60° from

one side.
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Figure 2.5. Evolution of microstructures for oblique angles of (a) 30°, (b) 35°, (c) 40°, and (d)
60°, and for different oblique angles of (e) 50°, 30° and (f) 30°, 50° from both sides.
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In chapter 2.2, it was suggested that the charge species are the majority in the plume
under a magnetic field, and the neutral species were neglected in the observation of the
trajectory of the plume under a magnetic field. Nevertheless, neutral species exist in the
plume, while they are not affected by the magnetic field and travel along a straight path.

Therefore, the evolution of microstructures was estimated under the assumption on
real circumstances of a deposition, including both charge and neutral species. The 0°
representing the normal incidence for neutral species, and the oblique angles of 40° and 30°
from both sides were considered. Figures 2.6(a)-(c) show the evolution of microstructures
under various ratios of the incident angles of 40°, 30° and 0°. In the case of 10 : 10 : 1 as
shown in Fig. 2.6(a), a columnar structure was observed, when the ratio of the normal
incidence was smaller than that of the oblique incidence. However, when the ratio of the
normal incidence is close to that of the oblique incidence, the columnar structure is not
present, because the normal incidence is dominant in the evolution of microstructures, as
shown in Figs 2.6(b) and (c). These results demonstrate that the normal incidence derived
from neutral species does not affect the formation of columnar structure, and leads to the
formation of the granular structure. This is supported by the fact that under magnetic field,
the charge species are the majority in the plume. It can also be predicted that, if the columnar
structure is obtained by a laser ablation under a magnetic field, the charge species will play a
more important role than the neutral species. Consequently, the incidence angle of the species
contributes to the evolution of microstructures, and the conical flux of the charge species

influences the formation of columnar structures.

2.4 Summary

In this chapter, simulations were carried out to investigate the plume dynamics and
the evolution of microstructures under a magnetic field. Under a magnetic field, the plume
was dynamically modified and confined. Also, the magnetic field deflected the trajectory of

the plume away from its primary path of the plume without a magnetic field.
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Figure 2.6. Evolution of microstructure under various ratios of incident angles of 40°, 30° and
0°%.(a)10:10:1,(b)2:2:1,and(c) 1:1: 1.
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From those results, the high deposition rate is predicted due to the suppression of species loss,
induced by the primary path without a magnetic field. In addition, the conical flux is caused
by the modified trajectory of the plume under a magnetic field. The oblique incidence from
both sides formed columnar structures with columns normal to the substrate. In the case of a
different incidence angle to the normal substrate, the columns grew predominantly tilted in
the direction having the larger incidence angle. The neutral species resulting in the normal
flux did not affect the formation of columnar structures. Consequently, it can be considered
that the dynamic plume under a magnetic field significantly contributes to the deposition rate

and the evolution of microstructures.
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CHAPTER 3

PREPARATION AND
CHARACTERIZATION

In this study, magnetic-field-assisted pulsed laser deposition is employed as a new deposition
method. The preparation of BiFeOj; films is attempted, using the new deposition method. In
this chapter, the magnetic-field-assisted pulsed laser deposition method is introduced, and

characterization methods are described.

3.1 Preparation of BiFeO; Films

3.1.1 Pulsed laser deposition (PLD)

Film growth is very important for the advancement of the material science, and
device applications, when the new materials of the single crystal and bulk have discovered
and exploited. The film growth in vacuum processes has had an even greater impact. Among
vacuum processes, evaporation and sputtering methods are well known for the film
preparation. However, it is difficult to grow films of complex oxide materials by using
evaporation and sputtering methods, because of the partial vapor pressure and sputtering
yields of the composition. Therefore, by using a laser, complex oxide materials can be ablated

and deposited onto the substrate.

29
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Vacuum chamber
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Figure 3.1. Schematic of the conventional pulsed laser deposition method and the plume

produced by a laser ablation.
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This method is the so-called the pulsed laser deposition method.

Figure 3.1 shows the schematic of the conventional pulsed laser deposition method.
This method has attracted more attention after it was used successfully to grow high-
temperature superconducting films. [3-5] Recently, the growth of nano-tubes and quantum
dots by using a pulsed laser deposition method has been reported, the method was
successfully used to prepare polycrystalline films and epitaxial films. [6-9]

The pulsed laser deposition is very simple. A pulse laser produced by an energy
source in the outside chamber is focused onto a target. The interaction between the laser and
the surface of the target takes place. Absorption and thermal diffusivity occur inside the target,
as shown in Figs. 3.2(a) and (b). These phenomena allow the surface to reach a temperature
high enough to ablate the target compositions. When a certain laser fluence value of a target
is exceeded, naming ablation threshold, a plume is formed on the target surface, while all the
components in the target are evaporated as shown in Fig. 3.2(c). After the laser pulse, the
temperature around the surface is decreased to the initial temperature. The heated part that
has molten is re-solidified as shown in Fig. 3.2(d). In order to keep the stoichiometry of the
multi-component target, the fluence used for pulsed laser deposition is always above the
threshold as shown in Fig. 3.2(e). Of course, the threshold value depends on the ablated
material. The plume produced by a laser ablation above the threshold consists of highly
excited and ionized species such as ions, atoms, and clusters. They interact with themselves
or with the background gas. Electron excitation gives rise to the colored plume, and
characteristic to the charge gas. This is due to the fact that an electrical breakdown in the
material is generated by an electric field induced by the laser power density. [10] Next, the
evaporated species are deposited on the substrate and this results in a layer (or film) of the re-
condensed target material onto the substrate by migration and coalescence. During film
growth using the pulsed laser deposition method, various parameters are included such as gas
pressure, laser energy, pulse repetition rate (frequency), and distance between the target and
the substrate.

The pulsed laser deposition method has some advantages in preparing films as

compared with other deposition methods. One of the major advantages in pulsed laser
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Figure 3.2. Schematic illustrating the principle of laser ablation. (a) Initial absorption of laser
radiation represented by long arrows; initiation of melting and vaporization (the shaded area
indicates the melted material, and the short arrows represent the motion of diffusivity). (b)
Melt front propagates inside the target, vaporization continues and laser-plume interactions
start. (c) Absorption of incident laser radiation, and formation of plume. (d) Melt front

recedes leading to re-solidification. () Laser ablation threshold. [10]
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deposition is the fact that a wide range of materials including metals, oxides, and polymers
can be deposited, while the target area is smaller, due to the smaller spot size of the laser.
Other advantages are being able to maintain the desired target composition in the deposited
films and to aid crystallization under a lower substrate temperature due to the high kinetic
energy of ions existing in the plume. [2, 11]

In addition, the working pressure for the preparation of films is not limited like in the
case of the sputtering method using the plasma. Besides the advantages of the pulsed laser
deposition method, there are noticeable some disadvantages. As mentioned above, even
though a small target size is required due to the small spot size of the laser, unfortunately, the
deposition over lager area is limited, and the distribution of the thickness is not homogeneous.
Also, one of the major problems is the splashing, or droplets, associated with the laser
ablation onto non smooth and dense targets. [2, 11] The size of a droplet might be as large as
a few micrometers and the existence of droplets greatly affects the film growth as well as the
electric properties of the films. Recently, it has been suggested that the off-axis and inset of
the shadowing mask between the target and the substrate are effective when depositing large

areas with uniform distribution of film thickness, and preventing splashing. [12, 13]

3.1.2 Magnetic-field-assisted pulsed laser deposition

Chapter 3.1.1 introduced the conventional pulsed laser deposition method. As
mentioned above, the biggest advantage of the pulsed laser deposition method is that it is able
to maintain desired target composition in the deposited film. In this study, a magnetic field
was applied to the pulsed laser deposition method and this method is called the magnetic-
field-assisted pulsed laser deposition. Figure 3.3(a) shows a schematic of the magnetic-field-
assisted pulsed laser deposition method. Previously, several groups have attempted the
preparation of films though the application of a magnetic field during a laser ablation. [14-16]
They used a permanent magnet to apply a magnetic field. The distance affected by the
magnetic field is short, due to the characteristics of the permanent magnet. Moreover, most

experiments were conducted at low temperature or room temperature, because the magnetic
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Figure 3.3. (a) Schematic of magnetic-field-assisted pulsed laser deposition method

indicating magnet set in a vacuum chamber for applying magnetic field and (b) distribution of
magnetic field strength for I =40 A.
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characteristics of a permanent magnet are deprived above 200°C. The best features of the
magnetic-field-assisted pulsed laser deposition are the fact that the temperature does not need
to be limited depending on the type of films prepared, and that the magnetic field is applied
perpendicularly to the substrate during a laser ablation.

To apply a magnetic field, the cylinder magnet is set between the target and the
substrate in a vacuum chamber. The magnet consists of a solenoid coil of an oxide-
superconductive tape set in a liquid nitrogen container, of which inner diameter, outer
diameter, and length are 70, 280, and 83 mm, respectively. Figure 3.3(b) shows the
distribution of the magnetic field strength in a magnet for I = 40 A. A maximum magnetic
field of 0.4 T can be applied to the substrate perpendicularly during a laser ablation and can
be controlled from 0 T to 0.4 T. The use of a magnetic field with a laser-created plume has
attracted a lot of attention recently, as the magnetic field can be used to better control the
dynamic behavior of the plume. In the absence of the magnetic field, the collimation and
stable state of the plume appear. In the presence of the magnetic field during a laser ablation,
several interesting physical phenomena occur. It has been reported that the presence of a
magnetic field during expansion of the plume causes the conversion of the plasma thermal
energy into kinetic energy, plume confinement, ion acceleration, emission enhancement, and
plume instability. [17] Other reports have also pointed out that the effect of the magnetic field
on the dynamics of the laser-produced plume affects the film preparation. [18] The effective
reduction of debris (particulate) by using magnetically guided pulsed laser deposition has also
been demonstrated. [19] In these studies, the magnetic field was used to deflect the trajectory
of evaporated species to the substrate, and separate only charge species. However, these
works are very poor to understand film growth and the evolution of the microstructure and no
works related to film growth and the evolution of microstructures under a magnetic field exist.

As mentioned above, the plume under a magnetic field has dynamical behaviors and
includes interesting physical phenomena. The plume is an important factor in a pulsed laser
deposition and significantly will affect the film growth and the evolution of microstructures.
Accordingly, investigation of the effect of a magnetic field on film growth and the evolution

of microstructures is very valuable.
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In this study, the evolution of the microstructures of BiFeO; films prepared by
magnetic-field-assisted pulsed laser deposition as well as the behavior of the plume under a
magnetic field has been investigated in order to understand the effect of a magnetic field on

film growth. The results and discussion are detailed in the following chapter.

3.1.3 Deposition of BiFeO; films

Before depositing BiFeO; films, the substrates (Pt/TiO,/SiO,/Si) were cleaned to
remove any surface contamination. They were washed in acetone and 2-propanol with an
ultrasonic bath and dried by blowing nitrogen. The Bi; ;FeO; composition (Bi 10 % excess
due to Bi loss during film growth) was used as a ceramic target. To deposit BiFeO; films, an
ArF excimer laser with a wavelength of 193 nm was used. The laser repetition rate (f) was 5
Hz, and the laser fluence (J) was 3.7 J/em®. The pulse width was about 20 ns. The distance
from the target to the substrate was about 5 cm. The base pressure in the vacuum chamber
was ~ 5 x 10 Torr. A suitable oxygen pressure for the deposition of BiFeOs; films was
maintained in vacuum chamber. Under optimum deposition conditions, BiFeO; films were
deposited up to the desired thickness. The detailed deposition conditions are presented in the
following chapters. After the deposition of BiFeO; films, the substrate temperature was
cooled to around 370°C and maintained for 10 min at suitable oxygen pressure. Then, the

substrate temperature was cooled to room temperature (RT).

3.2 Characterization of BiFeO; Films

3.2.1 X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) is one of the most powerful techniques for qualitative and
quantitative analysis of crystalline compounds such as powder, bulk and film. The method

can obtain information, including the crystal phase, structure, degree of crystallinity, and
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orientation of any crystalline compound.

X-ray reflections from any crystal arise from the parallel planes inside the crystal.
The orientation of the planes is defined by three integers, 4, &, / called miller indices. The 4, £,
I cut the a-axis, b-axis and c-axis of the unit cell in 4, k,  sections. For example, the 110 plane
cuts the a-axis and b-axis in 1, but are parallel to the c-axis. These A, k, I induces show the
order of diffraction along the unit cell axes a, b and c. When X-ray irradiates on a pair of
parallel planes separated by spacing d, constructive or destructive interferences are scattered
by the crystal plane in crystal, and incident X-rays make an angle with these planes. The
diffraction peak is observed from the constructive interference of the X-ray scattered by

planes. This condition is given by the equation of Bragg’s law.

nA = 2dsinf. 3.)

The equation shows the relationship between the wavelength to angle of incidence and the
lattice spacing, where » is a numeric constant, A is the wavelength of the beam, d denotes the
distance between lattice planes, and @ represents the angle of the diffracted wave.

In this study, the crystal structure of BiFeOs films was identified by XRD analysis
(Rigaku, RINT 2000) which is a conventional #-26 scan. The 2 theta range was from 20°to
80°, and the scan speed was 0.02°/second; the slit was 0.15 mm. The radiation source was Cu

K,. The X-ray generator power was operated at 40 mA and 40 kV.

3.2.2 Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is a well-known tool that facilitates the
investigation of solid specimens. The electron microscope uses a scanning beam of electrons
to scan the surface of specimens, and it has a greater resolution than the optical microscope.
The SEM consists of an electron gun, magnetic lenses and a detector in vacuum column. The
basic principle of SEM is the following: A stream of electrons produced by an electron gun in

high vacuum is accelerated toward the surface of the specimen;
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It is confined and focused by passing through apertures and magnetic lenses. The surface of
the specimen is irradiated by the focused beam and an interaction occurs inside the specimen.
When the specimen interacts with the electron beam, various species from the specimen are
scattered. Among them, secondary electrons are topography associated. The collector serves
as a collection of electrons. They are subsequently transformed to an image.

In this study, the surface morphologies and cross-sectional images of BiFeO; films

were observed by SEM (Hitachi, S-4800).

3.2.3 Current density measurement

To measure electric properties such as current density, Pt dots as top electrodes were
formed through a shadow mask, using RF sputtering at room temperature (RT) as shown in
Fig.3.4. Circular Pt top electrodes are about 200 nm-thick and have a diameter of about 200
pm. In this study, leakage current versus electric field (J-E) characteristic was measured with
a semiconductor parameter analyzer (Agilent, 4155C). The leakage current characteristic
used staircase of waveform involving step and delay time as shown in Fig.3.5. The ramp step

and delay time were 0.01 V and 0.1 sec, respectively.

t (200 nm)

BiFeO, f|lm\\er mEmEwl -
Pt (200 nm)—F

TiO, (50 nm)

SiO, (600 nm)

Si (625 um)

Figure 3.4. Sample structure for measuring the electric and ferroelectric properties of

polycrystalline BiFeO; films.
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3.2.4 Ferroelectric properties measurement

The ferroelectric polarization versus electric field (P-E) hysteresis loop includes
important parameters such as remanant polarization (P,) and coercive field (E.), used to
characterize ferroelectric materials. The Sawyer and Tower circuit is the most conventional
method used in P-E hysteresis loop measurements. [20] Unfortunately, this circuit cannot
accurately evaluate ferroelectric properties such as polarization and coercive field in the P-E
hysteresis loop, as the leakage current is superposed on the capacitor current. Recently, the
virtual ground QV method has been employed. Because the virtual ground QV circuit has a
higher resolution than the Sawyer-Tower method, the ferroelectric properties can be
evaluated more accurately as shown in Fig. 3.6. [21]

In this study, the P-E hysteresis loops of all BiFeO; films were measured using the

ferroelectric test system (Toyo Co., FCE-1). The used signal was a triangular waveform.
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CHAPTER 4

PREPARATION OF
POLYCRYSTALLINE BiFeO; FILMS ON
Pt/Ti0,/S10,/Si SUBSTRATE

In this chapter, polycrystalline BiFeOj3 films on Pt/TiO»/SiOy/Si substrate are prepared under
optimized deposition conditions by using magnetic-field-assisted pulsed laser deposition. In
addition, thick BiFeOj; columnar films and BiFeOs films prepared by 90° off-axis deposition

are characterized.

4.1 Introduction

Polycrystalline BiFeOs films on Pt/TiO,/SiO,/Si substrate have giant polarization
values and have been prepared by using various deposition methods. [1] In this study,
magnetic-field-assisted pulsed laser deposition as a new deposition method was used for the
preparation of BiFeO; films. In chapter 2, the trajectory of the plume and the evolution of
microstructures under a magnetic field were investigated. The preliminary results obtained
from simulations were confirmed that under a magnetic field, the evaporated species in the

plume reveal conical flux, and the trajectory of the plume is modified and confined.
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In addition, the conical flux resulted in dynamic evolution of the microstructure, such as the
formation of the columnar structures.

In this chapter, based on the simulated results, the effect of the magnetic field on the
plume and the evolution of microstructures is investigated though experiments.
Polycrystalline BiFeO; films on Pt/TiO»/SiO,/Si substrate are prepared by using the
magnetic- field-assisted pulsed laser deposition under optimized conditions. The effect of the
magnetic field on the preparation of polycrystalline BiFeOs films is investigated, and the
microstructure, crystal structure, and electric properties of polycrystalline BiFeO; films

prepared under a magnetic field are characterized.

4.2 Polycrystalline BiFeO; Films Prepared under

Various Magnetic Fields

4.2.1 Preparation of BiFeQ; films

Polycrystalline BiFeO; films were prepared on a Pt (150 nm) / TiO; (50 nm) / SiO,
(600 nm) / Si (625 um) substrate using the magnetic-field-assisted pulsed laser deposition
method with a BiFeO; ceramic target (Bi 10% excess because of volatilization of Bi). The
films were deposited at 520°C and an oxygen pressure of 0.1 Torr for deposition time of 30
min, using an ArF excimer laser (A = 193 nm) with an energy of 130 mJ and a frequency of 5

Hz. The deposition conditions are listed as shown in Table 4.1.

Table 4.1. Deposition conditions for the preparation of polycrystalline BiFeOj3 films

Material | Temperature | O pressure | Frequency | Magnetic field | Depo. time
BiFeO; 520°C 0.05 Torr 5Hz 0T 30 min
BiFeO; 520°C 0.1 Torr 5Hz 0.1~03T 30 min
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4.2.2 Shape and emission spectrum of the plume under magnetic field

Before the preparation of the polycrystalline BiFeOs films, the shape of the plume
was experimentally observed by using a streak camera (Hamamatsu, C4187) as illustrated in
Fig. 4.1. In the measurement, the oxygen pressure in the vacuum chamber was set to 0.05
Torr, and the laser power was set to 130 mJ. The magnetic field was controlled from 0 T to
0.4 T. After laser was irradiated in the vacuum chamber, the exposure time for measuring the
shape of the plume was 1 ms, and each image was obtained from a single laser pulse. Figures
4.2(a)-(e) show the shape of the plume under various magnetic fields. Although the color of
each image represents the emission intensity, they are not necessarily representative of the
total flux, because a part of the plume is not luminescent.

The shape of the plume without a magnetic and under a magnetic field shows several
differences. The plume without a magnetic field expands freely, and the split of the plume
occurs. This is typical behavior in the case of the straight path of the plume without a
magnetic field. The split of the plume is often found due to the existence of both fast
components and slow components in the plume emitted from a target. On the other hand, the
shape of the plume under a magnetic field is modified. The confinement of the plume was
evident with increasing a magnetic field, while the plume expands vertically along the
direction of the magnetic field. These results are in agreement with the simulated result on the
behavior of the plume under a magnetic field as mentioned in chapter 2.1. The confinement
of the plume strongly supports the fact that the plume is made up mainly of charge species
deflected by magnetic field. Typically, the angular distribution of the plume is well known
that it follows cosine function. [2-5]

f(6) = cos"6. 4.1)

When 7 increases in the cosine function, the angular distribution of the plume is confined.
This relationship is often found for the plume which exists in various background gas
pressures. D. J. Lichtenwainer et al., observed the behavior of the plume over wide range of

an oxygen pressures. They reported that the confinement of the plume was observed under
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Figure 4.1. Schematic of measurement for observing the shape of a plume under magnetic

field by using streak camera.
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Figure 4.2. Observation of a plume under magnetic fields of (a) 0 T, (b) 0.1 T, (c) 0.2 T, (d)
0.3T,and (e) 0.4 T.
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a high oxygen pressure, and it caused a high deposition rate due to the confined angular
distribution. [6] In the present results, while the shape of the plume is controlled by only a
magnetic field, the plume could be confined by a magnetic field, regardless of the
background gas pressure. The » can be changed by changing the magnetic field strength.
While 7 is increased by increasing a magnetic field, the deposition rate is increased with the
confinement of the plume. This result proposes that applying a magnetic field is also useful
for the preparation of films under a high deposition rate in a wide range of gas pressures,
regardless of the gas pressure, although the background gas pressure is a sensitive factor in
the preparation of oxide films.

Figures 4.3(a)-(h) and (i)-(p) show the time-resolved plume images under magnetic
field of 0.4 T and 0 T, respectively. The exposure time for the measurement of the plume is
0.07 ps. The plume at 0 T and 0.4 T expands gradually with time. However, the expansion of
the plume under a magnetic field has a longer lifetime than that without a magnetic field.
This might be due to the dynamic plume confined by a magnetic field. Many authors have
already reported the influence of external magnetic field on laser-produced plume. These
reports confirmed that the plume is confined by a magnetic field and as a result, the emission
intensity of the plume is enhanced, due to the probability of electron-atom/ion collisions. [7-
10] In present result, the confinement of the plume was confirmed in the presence of the
magnetic field as shown in Fig. 4.2. Based on above fact, the enhancement of the emission
intensity can be suggested and as a result, the long lifetime of the plume might be contributed.

Apart from the changes in the shape of the plume under a magnetic field, observing
the spectroscopy of the plume under a magnetic field is also important. The information is
useful for understanding the dynamics of the plume and preparing films. In order to
investigate the spectroscopy of the plume, the optical emission spectrum of the plume without
a magnetic field and under a magnetic field was measured. The emission lines were identified
based on NIST atomic spectra database. [11] Figure 4.4 shows a comparison of the optical
emission spectra for the plume without a magnetic field and under a magnetic field at a given
range of the wavelength. The black and red lines represent the emission intensity of the
plume without a magnetic field and under a magnetic field of 0.4 T. The emission intensity

under a magnetic field of 0.4 T is significantly enhanced in comparison with that without a
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Figure 4.3. The time-resolved plume images for magnetic fields of (a)-(h) 0.4 T and (i)-(p) 0
T.
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Figure 4.4. Comparison of the emission intensity spectrum for the plume under a magnetic
field of 0.4 T and without a magnetic field. The red line represents the emission spectrum for
a magnetic field of 0.4 T, and the black line represents the emission spectrum without a
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magnetic field. The emission line intensity in the presence of the magneticfield was
significantly enhanced, although all emission line intensity under a magnetic field was not
enhanced. This supports the fact that the confinement of the plume under a magnetic field
causes the enhancement of the emission intensity. Also, this agrees well with results on the
optical emission intensity of the plume under a magnetic field. [7, 8, 12, 13] Consequently, in
the presence of the magnetic field, the plume is confined, and this can result in the
enhancement of emission intensity, whereas the free expansion of the plume appears without
a magnetic field.

Based on these results, the preparation of polycrystalline BiFeOs films was carried
out. The phase diagram based on the phases of polycrystalline BiFeOs films prepared under
various deposition conditions. The phase diagrams for polycrystalline BiFeOs films prepared
without a magnetic field and under a magnetic field are shown in Figs. 4.5(a) and (b). At
temperatures lower than 500°C, mixed Bi,O; and Fe;Os phases exist in both phase diagrams.
In the case of the film preparation without a magnetic field, the pure polycrystalline BiFeO3
phase could be obtained around 520°C and 0.05 Torr. At this regime, when increasing an
oxygen pressure, a BiO; phase with pure polycrystalline BiFeO3 phase exists. Also, when
decreasing an oxygen pressure, a Fe;O3 phase with BiFeO; phase exists. However, above
550°C, regardless of the oxygen pressure, a rich Fe;O3; phase with polycrystalline BiFeO;
phase is dominant, due to the Bi and Bi;O3 loss in the BiFeO; film.

On the other hand, the regime of pure polycrystalline BiFeO; films under a magnetic
field was shifted to a high oxygen pressure. The pure polycrystalline BiFeO3 phase could be
obtained around 520°C and 0.1 Torr. Also, when increasing a temperature, regardless of the
oxygen pressure, a Fe;O3 phase with polycrystalline BiFeO3 phase is dominant similar to the
case of the film preparation without a magnetic field. The shift in the regime of the pure
polycrystalline BiFeO; phase under a magnetic field is likely to be due to the difference of
the plume state. As shown in Fig. 4.4, the emission spectrum of the plume under a magnetic
field differs from that without a magnetic field. While the emission intensity of the plume
under a magnetic field is increased, the charge species in the plume is significantly enhanced
due to the enhancement of the ionization. These facts suggest that the plume under a

magnetic field causes dynamically chemical reaction. As a result, the shift in the regime of
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Figure 4.5. Phase diagrams of polycrystalline BiFeOs films prepared (a) without a magnetic
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the optimized deposition condition occurs.

4.2.3 Microstructure of BiFeO; films prepared under various magnetic

fields

Figures 4.6(a), (c), (¢), and (g) show cross-sectional images of polycrystalline
BiFeO; films prepared under various magnetic fields. In order to investigate the change of the
microstructure on the effect of the magnetic field, cross-sectional images of polycrystalline
BiFeO; films prepared under various deposition times are shown in Figs 4.6(b), (d), (f), and
(h). The cross-sectional images of polycrystalline BiFeOs; films prepared under various
magnetic fields can be seen that the thickness of polycrystalline BiFeOs films is increased by
increasing the magnetic field in a fixed deposition time of 30 min, whereas the film thickness
is increased with increasing a deposition time for polycrystalline BiFeO; films prepared
under various deposition times. The film thickness for a magnetic field of 0.3 T and a
deposition time of 30 min was about 1.1 pm, whereas the film thickness for a magnetic field
of 0 T and a deposition time of 60 min was about 1.2 um as shown in Figs. 4.6(g) and (h).
This means that in the preparation of polycrystalline BiFeOj; films under a magnetic field, the
film thickness depends on the magnetic field and the high deposition rate is caused. As
mentioned in chapter 2.2 and 4.2.2, the trajectory of the plume was concentrated to the
substrate, and its shape under a magnetic field was confined. Based on these results, the
possibility of the high deposition rate was predicted. In the present chapter, the predictions
are demonstrated through experimental results and it is evident that applying a magnetic field
gives rise to the high deposition rate as well as effective reaching of evaporated species.

On the other hand, the microstructure of polycrystalline BiFeO; films prepared under
magnetic fields and the deposition times is notably different. Even though the microstructure
of polycrystalline BiFeOs; films prepared under various deposition times is a granular
structure, polycrystalline BiFeOs films prepared under a magnetic field show a columnar
structure. The distinct microstructure is thought as consequence of the trajectory of the plume

modified under a magnetic field. As discussed in chapter 2, the simulation results were
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Figure 4.6. Cross-sectional images of polycrystalline BiFeOs; films prepared under
magnetic fields of (a) 0 T, (¢) 0.1 T, (e) 0.2 T, and (g) 0.3 T for a deposition time of 30 min,
and deposition times of (b) 30 min, (d) 40 min, (f) 50 min, and (h) 60 min without a magnetic
field.
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identified that the flux angle of evaporated species was attributed to the evolution of
microstructures. Under the conical flux caused by a magnetic field, the columnar structures
appeared as shown in Figs 2.4 and 2.5. Experimentally observed result confirmed the
columnar structure for polycrystalline BiFeO; films prepared under a magnetic field, and
demonstrated the predicted results through the simulation.

To help understanding of the present experimental result, the mechanism of the
microstructure evolution of polycrystalline BiFeOs films prepared under a magnetic field is
illustrated in Fig. 4.7. In the initial stage, the nucleus is formed by nucleation onto the surface
of the substrate for normal, oblique, and conical flux. In the case of the normal flux, after
nucleation, island growth and coalescence of islands occur, and a film growth continues. [14,
15] Finally, the growth of the lateral direction is significant while film thickening continues.
On the other hand, in comparison with the normal flux, the growth mechanism for the oblique
flux and the conical flux is different, because the flux is not parallel to the substrate normal.
The oblique flux without a magnetic field and the conical flux under a magnetic field arrive
onto the substrate at an incident angle. They predominantly reach the top of the nucleus,
rather than the surface of the substrate. [16-18] In the case of the oblique flux from one side,
the region behind the nucleus is not reached any evaporated species, because of a shadow
effect. [16-18] The evaporated species will only be deposited onto the nucleus, and the
columnar structure will develop. The feature for the oblique flux from one side is that
columns are tilted along the direction of the oblique angle, and the columnar structure
becomes porous, when the oblique angle becomes large. [16-18] In the case of the conical
flux from both sides caused by a magnetic field, the mechanism of the evolution of
microstructures shows somewhat difference. The growth rate on the top of the nucleus is
faster than that of the substrate surface, because the top of nucleus intercepts the evaporated
species before they can reach the substrate surface. However, in contrast with the oblique flux
from one side, the conical flux arrives from all directions, and this gives rise to dense
columnar structure in comparison with the columnar structure formed by the oblique flux
from one side. Consequently, the feature of the conical flux under a magnetic field is that the
dense columnar structure can be obtained, because of the flux from all directions.

Surface morphologies for polycrystalline BiFeOs films prepared under various
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Figure 4.8. Surface morphologies of polycrystalline BiFeO; films prepared under magnetic
fields of (a) 0 T, (¢) 0.1 T, (¢) 0.2 T, and (g) 0.3 T for a deposition time of 30 min, and
deposition times of (b) 30 min, (d) 40 min, (f) 50 min, and (h) 60 min without a magnetic
field.
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magnetic fields and deposition times show a great difference in grain size as shown in Figs.
4.8(a)-(h). Generally, the grain size of polycrystalline films with film thickening is increased,
likely due to the impingement of grains and the stress relaxation. [19] Even though the grain
size of polycrystalline BiFeO; films prepared under various deposition times becomes large
with increasing a film thickness, that of polycrystalline BiFeO; films prepared under various
magnetic fields become small with increasing a film thickness. This is originated from the
microstructure. As mentioned above, the migration of the grain growth to lateral direction is
suppressed, and this results in a small grain size because a formation of the columnar
structure is dominant to the growth of the vertical direction.

Based on above results, it can be considered that the plume under a magnetic field
has two features. One feature is the modified trajectory of the plume including the conical
flux. The other feature is a high deposition rate. As a result, a columnar structure was formed
in the preparation of polycrystalline BiFeOs films by using magnetic-field-assisted pulsed
laser deposition. Previously, it was suggested that the formation of columnar structures is due
only to the conical flux. Here, we come across the following question. “Is it possible to form
a columnar structure under a high deposition rate?” To investigate the microstructure at a
high deposition rate without a magnetic field, polycrystalline BiFeO; films were prepared at a
high deposition rate, by using the repetition rate as a kinetic parameter of the pulsed laser
deposition.

Figures 4.9(a), (c), (e), and (g) show cross-sectional images of polycrystalline
BiFeOs films prepared under various repetition rates for a deposition time of 30 min and a
magnetic field of 0T. The film thickness was increased with increasing the repetition rate,
from 5 Hz to 20 Hz, in a fixed deposition time of 30 min. The film thickness is 400 nm and
1.2 pm for 5 Hz and 20 Hz, respectively. Although the repetition rate is 4 times higher, the
film thickness is not proportional to the repetition rate. This result is thought to be derived
from the interaction between the laser and the target. Generally, the laser irradiates the
surface of the target and absorption and thermal diffusivity inside the target are triggered.
[20-22] While the heat is accumulated inside the target, it reaches temperature high enough to
ablate the target compositions. [23] When the ablation threshold of the target is exceeded, a

plume is formed. At a high repetition rate, the interval time between two pulses is not long
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Figure 4.9. Cross-sectional images and surface morphologies of polycrystalline BiFeOj; films
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enough to cool the material down to the initial temperature. [24] The heat accumulation
inside the target is due to the big number of pulses caused by the high repletion rate. This
ablation threshold at high repetition rate should be lower than that at low repetition rate. A
lower ablation threshold causes better ablation efficiency, but the laser fluence is decreased.
[23-25] It is suggested that the laser fluence contributes to the evaporation rate of species, and
when the deposition time is longer, the film thickness is not proportional to the repetition rate
due to the reduction of the evaporation rate. However, applying a magnetic field during a
laser ablation is more effective for a high deposition process, because the magnetic field only
influences the plume, regardless of the interaction between the laser and the target. In
addition, when the repetition.n rate is increased, polycrystalline BiFeO; films under high
deposition rate show a granular structure similar to the microstructure of polycrystalline
BiFeO; films prepared under various deposition times. It is demonstrated that columnar
structures are not formed by the high deposition rate, and the flux angle of the evaporated
species plays an important role for the formation of the columnar structure.

Figures 4.9(b), (d), (f), and (h) show surface morphologies of polycrystalline BiFeO;
films prepared under various repetition rates for a deposition time of 30 min and a magnetic
field of 0 T. This shows that the grain size increases with increasing repetition rate. This
result is similar to that obtained in the case of polycrystalline BiFeOs films prepared under
various deposition times. For a normal flux under a high deposition rate, as island density
onto the substrate increases, the coalescence of the island becomes more active. [26-28]
Grain growth is promoted under active coalescence, because the growth in the lateral
direction is promoted. Accordingly, when film thickening continues, larger grain size

develops.

4.2.4 Crystal structure of BiFeO; films prepared under various magnetic

fields

Figure 4.10(a) shows the XRD pattern of polycrystalline BiFeO; films prepared

under various magnetic fields. The films observed polycrystalline perovskite single phase
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Figure 4.10. XRD patterns of polycrystalline BiFeOs films prepared under (a) magnetic fields
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without secondary phases. The intensity of (100) peaks is increased, while the film thickness
is increased by increasing a magnetic field. It is necessary to confirm whether the nature of
polycrystalline BiFeO; films caused by the increase in film thickness or by the application of
a magnetic field. In the result of the microstructure, the thickness of polycrystalline BiFeO3;
films prepared under various deposition times and repetition rates, was also increased. In
order to compare the XRD patterns on the change of the film thickness, XRD patterns of
polycrystalline BiFeO; films prepared under various deposition times and repetition rates are
shown in Figs. 4.10(b) and (c¢). The XRD patterns of polycrystalline BiFeOs films observed a
single-phase perovskite structure. However, the XRD patterns with the increase of the film
thickness caused by various deposition times and repetition rates show the distinct tendency
in comparison with that under various magnetic fields. The (100) peak intensity of the
polycrystalline BiFeOs film prepared under various magnetic fields was increased with
increasing a film thickness, whereas the (110) peak intensity of polycrystalline BiFeOs films
prepared under various deposition times and repetition rates is further increased, in
comparison to the (100) peaks. In particular, the (110) peak intensity of the polycrystalline
BiFeOs; film prepared under various repetition rates was much stronger than the (100) peak.

To interpret distinct tendency of XRD patterns on film thickness under various
parameters (magnetic field, deposition time and repetition rate), the possibility is suggested as
illustrated in Fig. 4.11. The microstructure of polycrystalline BiFeOs films prepared under
various deposition times and repetition rates, is granular. The fluxes for the deposition time
and repletion rate are parallel to the substrate normal. But, they have different deposition rate.
In the initial stage, adatoms of (100) and (110) surfaces exist onto the substrate. Each adatom
migrates, because of the minimization of surface energy. In polycrystalline BiFeO; films
grown on a Pt substrate, the adatoms of the (110) surface are likely to have a higher
diffusivity than those of the (100) surface. This suggests that the growth of adatoms of the
(110) surface is faster in the lateral direction that that of the (100) surface, and this can result
in an increase of the (110) peak, as shown in Fig. 4.10. In particular, the growth of adatoms of
(110) surface under a high deposition rate caused by the high repetition rate is much faster
than that of adatoms of the (100) surface, due to an increase of island density onto the

substrate in the case of a high deposition rate. As shown in Fig. 4.10(c), the (110) surface is
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predominant, indicating that the intensity of (110) peaks is stronger than that of (100) peaks,
because adatoms of the (110) surface cover the substrate with faster growth.

On the other hand, the microstructure of polycrystalline BiFeOj3 films prepared under
a magnetic field is a columnar structure. The adatoms of the (110) surface also prefer the
diffusion in the lateral direction, as they have a high diffusivity in polycrystalline BiFeO;
films grown on a Pt substrate. However, in the case of the columnar structure, the growth rate
in the vertical direction is much faster than that in the lateral direction, because the top of
nucleus intercepts the evaporated species before they reach the surface of the substrate in the
conical flux. The diffusion in the lateral direction is suppressed due to the existence of
columns. As a columnar structure is formed, the growth of the (100) surface becomes faster
than that of the (110) surface, and as a result, the (100) surface is preferred in columnar
BiFeO; films. This trend is often found in the changes of microstructures from the granular to
the columnar structure caused by the modified flux. Consequently, the change in the
orientation which occurs when increasing a film thickness in polycrystalline BiFeOs films

prepared under a magnetic field might be related to the microstructure.

4.2.5 Dependence of ferroelectric properties of BiFeO; films on film

thickness

To investigate the ferroelectric properties, the polarization versus electric field (P-E)
loop of polycrystalline BiFeOj; films prepared under various magnetic fields was measured at
20 kHz and room temperature (RT), as shown in Fig. 4.12(a). In previous experimental
studies of polycrystalline BiFeOs; films, the understanding and characterization of the
dependence of the ferroelectric properties of BiFeOs films on film thickness is insufficient. It
mostly trends to leaky P-E hysteresis loop at RT due to higher leakage current. In this study,
the film thickness as well as the high deposition rate and the high plume density could be
controlled by magnetic field. As a result, ferroelectric P-E hysteresis loops of each BiFeO;
film were obtained at RT, and the dependence of the ferroelectric property on film thickness
could be interpreted. For a polycrystalline BiFeOs film prepared under a magnetic field of 0 T,
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Figure 4.12. (a) Ferroelectric P-E hysteresis loops of polycrystalline BiFeOs films prepared
under various magnetic fields and (b) polarization values (P,), and coercive field (E.) as a

function of thickness.
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the polarization value (P,) and coercive field (E.) were 85 pC/cm® and 264 kV/cm,
respectively. The polycrystalline BiFeOs films prepared under magnetic fields of 0.1 T, 0.2 T,
and 0.3 T also obtained P-E hysteresis loops at RT. The polarization values and coercive
fields for magnetic fields of 0.1 T, 0.2 T, and 0.3 T were 98, 72, and 65 uC/cm", and 220, 258,
and 270 kV/cm, respectively. Ferroelectric films are well known that ferroelectric properties
affect the thickness and grain size. [29-31] Figure 4.12(b) shows the polarization values and
coercive fields as a function of film thickness. The polarization value tends to somewhat
decrease with increasing a film thickness. This tendency is considered to be a consequence of
the change of the orientation in films, because the intensity of the (100) peak of
polycrystalline BiFeO; films prepared under a magnetic field is increased by increasing a
film thickness.

In BiFeOs, the polarization axis is along the <111> direction. [32] It is assumed that
P, (111) = (v/3/4/2)P, (110) = V3P, (100) in thombohedral BiFeO;. Thus, the polarization
value of the (111)-oriented film is the largest among the (100)-, (110)-, and (111)-oriented
films. However, the above assumption for polycrystalline BiFeO; films is not consistent due
to the existence of grains which include each orientation in polycrystalline BiFeOs films
unlike in the case of epitaxial BiFeO; films. However, from the XRD patterns as shown in
Fig. 4.10, as orientation of film is changed from (110) to (100) with increasing film thickness,
the volume fraction of (100) grains is increased in polycrystalline BiFeO; films.
Consequently, the polarization value is decreased, due to the projection of easy <111>
polarization direction. The change of the coercive field on thickness-dependence is
insignificant, excluding the case of the polycrystalline BiFeOs film under a magnetic field of
0.1 T. The reason is thought to be due to a consequence of the small grain size. A small grain
size in polycrystalline films causes an increase of the density of grain boundary, and this is
likely to prevent domain switching for the reversal domain. [33-35] The results are often
found in polycrystalline films having a small grain size, and applying a high electric field is
needed for a domain switching. [33, 35] Accordingly, the behavior of the coercive field in
polycrystalline BiFeOs films prepared under a magnetic field can be attributed to a grain size,

rather than a film thickness.
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4.2.6 Summary

Polycrystalline BiFeO; films on Pt/TiO,/SiO,/Si substrate have been prepared by
using the magnetic-field-assisted pulsed laser deposition method. Under a magnetic field, the
shape of the plume was modified and confined. As the plume was modified and confined by a
magnetic field, a columnar structure was obtained with the increase in film thickness. From
the XRD patterns, a single-phase perovskite structure was identified without secondary
phases. Also, the intensity of the (100) peak of polycrystalline BiFeO; films was increased
while film thickness was increased with increasing a magnetic field. A ferroelectric P-E
hysteresis loop for all polycrystalline BiFeO; films was obtained at RT. The dependence of
the ferroelectric properties of polycrystalline BiFeOs; films on film thickness could be
investigated. The ferroelectric properties of polycrystalline BiFeO; films prepared under

magnetic field are affected by their orientation and microstructure.
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4.3 Thick BiFeO; Films with Columnar Structure

In chapter 4.2, it was confirmed that the high deposition rate and the modified
microstructure are caused by the magnetic field application during film growth. Also, the
preparation and characterization of polycrystalline BiFeOs films with a thickness of less than
1 um were carried out. That thickness range can be used for application in memory devices.

On the other hand, the preparation and characterization of thick BiFeOs films also are
required because a thick film above or near 2.0 pm is required for actuator and sensor
applications. However, there are significantly fewer studies on thick BiFeO; films, and their
characteristics have not been reported yet. The reason is the difficulty which raises the large
leakage current caused by defects arising from the Bi and Bi»O; loss during the fabrication of
thick BiFeOs; films with long deposition times, as well as cracking in the film. As the
effective solution for overcoming the problem, a high deposition rate and a modified
microstructure are proposed to prepare thick BiFeO; films. The biggest features of the
magnetic-field-assisted pulsed laser deposition have the high deposition rate and the
formation of the columnar structure.

In this chapter, the preparation of thick BiFeO; films near to 2.0 pym has been
attempted by using the magnetic-field-assisted pulsed laser deposition. The obtained thick

BiFeO; films are characterized.

4.3.1 Preparation of thick BiFeO; films

To prepare thick BiFeOs; films by using magnetic-field-assisted pulsed laser
deposition, a magnetic field of 0.4 T was applied perpendicularly to the substrate during film
growth. The thick films were deposited at a 520 °C and 0.1 Torr for deposition time of 30 min
by using an ArF excimer laser with an energy of 130 mJ at a frequency of 5 Hz. The

deposition conditions are listed as shown in Table 4.1.
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Table 4.2 Deposition conditions for the preparation of thick BiFeOs films.

Material | Temperature | O, pressure | Frequency | Magnetic field | Depo. time

BiFeO; 520°C 0.1 Torr 5Hz 04T 30 min

4.3.2 Microstructure and crystal structure of thick BiFeQ; films

Figures 4.13(a)-(b) show surface and cross-sectional images of the thick
polycrystalline BiFeOj3 film. The surface morphology of the thick polycrystalline BiFeO; film
showed a compact and dense film with no cracking. The cross-sectional image shows a
densely packed columnar structure. The film thickness was about 1.8 um for a deposition
time of 30 min, whereas the thickness of polycrystalline BiFeO; films prepared by a
conventional pulsed laser deposition was a about 400 nm for the deposition time of 30 min,
as well as the granular structure as shown in Fig 4.6(a). In order to prepare thick ferroelectric
films, the formation of the columnar structure has been previously proposed. For the
formation of the columnar structure, the buffer layers on substrate, also the multi-coating
method were attempted to prevent films from cracking caused by film thickening. [36, 37]
However, the present result proves that the application of the magnetic field during a laser
ablation can easily lead to the formation of the columnar structure on the bare substrate with a
short deposition time, without a buffer layer and without the multi-coating method, due to the
modified trajectory of the plume as mentioned in chapter 4.2.3. In comparison to the granular
structure under a normal flux to the substrate, in the conical flux to the substrate, the growth
in the vertical direction is dominant, because the evaporated species are intercepted by the
nucleus before reaching the surface of the substrate. The advantage of the columnar structure
prevents the film cracking caused by the mismatch of the thermal expand coefficient between
the film and the substrate. Consequently, even when the film thickness was increased, crack-
free thick BiFeO; films with columnar structures and compact microstructures were
successfully obtained.

Figure 4.14(a) shows the XRD pattern of the thick BiFeO; film identified from the
conventional 6/26. In the XRD pattern, a single-phase perovskite structure was observed
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Figure 4.13. (a) Surface and (b) cross-sectional images of thick BiFeOs films prepared under

a magnetic field of 0.4 T for a deposition time of 30 min.
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Figure 4.14. (a) Out-plane, (b) 2D-XRD pattern, and (c) in-plane of the XRD pattern for thick
BiFeO; films.
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without secondary phases and a strong intensity of the (100) peak was observed. To more
investigate the crystal structure, two dimensional XRD (2D-XRD) was conducted. The 2D-
XRD pattern shown in Fig. 4.14(b) shows a strong (100)-preferred orientation with the (110)
orientation. The Debye-Sherrer ring indicating a polycrystalline structure was observed. This
result is in good agreement with the considerations mentioned in Fig. 4.11. The columnar
structure is predominant to the growth in the vertical direction. Even though the adatoms of
the (110) surface which have a high surface diffusivity, prefer to diffuse the lateral direction,
they are suppressed by the column. Consequently, the growth of the preferred (100) surface is
promoted, and when film thickening continues, the (100) surface will be preferred. This
shows that the intensity of the (100) peak for thick BiFeO3; columnar films prepared under a
magnetic field of 0.4 T is higher than that of polycrystalline BiFeO; films prepared under a
magnetic field of 0.3 T. On the other hand, the XRD pattern of the thick BiFeO3; columnar
film measured by in-plane scan (¢/26x) had a random orientation (JCPDS 72-2112),
indicating a strong intensity of only the (110) peak as shown in Fig. 4. 14(c), although the
XRD pattern of the out-plane scan (6/26) was the preferred (100) orientation.

4.3.3 Electric and ferroelectric properties of thick BiFeQ; films

Figure 4.15(a) shows the current density versus electric field (J-E) characteristic of
the thick BiFeO; film measured at room temperature (RT). The J-E curve at negative and
positive biases is symmetric, due to using the same electrode material. At an electric field of
200 kV/cm, the leakage current density was ~ 10> A/cm?. To investigate the leakage current
mechanism, it was fitted by various current mechanism equations, such as Schottky-emission
(SE) conduction, Poole-Frenkel (PF) trap-limited conduction, Fowler-Nordheim (FN)
tunneling, and space-charge-limited current (SCLC). [38-40] Among them, the J-E
characteristic is dominated by the SCLC mechanism.

Figure 4.15(b) shows the fitting of log(J) versus log(E) plot at negative bias
following space-charge-limited current (SCLC). The SCLC is bulk-limited conduction and it

can be represented as
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Figure 4.15. (a) Typical J-E characteristic of Pt/BiFeOs/Pt capacitor measured at room
temperature and (b) log(J) versus log(E) plot at negative bias, following space-charge-limited

current.
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- ___9€°;sz , 42)
where &, is the relative dielectric constant of films, &, is the permittivity of free space, y is the
charge carrier mobility, and L is the film thickness. It could separate three regions in a given
electric field. Region 1 is a linear plot with a slope ~ 1 at low bias, indicating the ohmic
contact behavior. Region 2 at above electric field of region 1 also is linear behavior with a
slope ~ 2. Region 1 and region 2 are in agreement with the SCLC behavior. However, the
slope of the region 3 at high applied field is increased swiftly. This is often found for leakage
mechanism of BiFeOj; films or bulk. This behavior is explained by trap-filled-limited (TFL)
region.

Figure 4.16(a) shows the polarization versus electric field (P-E) hysteresis loop of
the thick BiFeO; film measured at 20 kHz and RT. A saturated P-E hysteresis loop was
obtained at RT, and the polarization value (P,) and coercive field (E;) were 62 pC/cm? and
198 kV/cm at a maximum electric field of 490 kV/cm. Previous study has attempted to
prepare thick BiFeO; films above 1.8 pum by aerosol deposition, but the ferroelectric
properties proved to be insufficient. [41] Also, polycrystalline BiFeO; films mainly tend to
have the leaky P-E hysteresis loop likely due to defects caused by the Bi and Bi,Os loss.
Moreover, to fabricate thick BiFeO; films by conventional deposition methods, a long
deposition time is required. In the preparation of thick BiFeOs films by using magnetic-field-
assisted pulsed laser deposition, however, the preparation of thick films in short deposition
time is able to be due to the confined plume by a magnetic field. As a result, the problem on
the leakage current could be overcome, and the ferroelectric properties of thick BiFeO; film

could be evaluated.

4.3.4 Piezoelectric property of thick BiFeO; films

To investigate the piezoelectric property of thick BiFeO; films, atomic force

microscopy (AFM) was used. A cantilever is contacted onto the film surface.
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Figure 4.16. P-E hysteresis loop of the thick BiFeOj3 film prepared under a magnetic field of

0.4 T for a deposition time of 30 min.
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Figure 4.17. Piezoelectric hysteresis loops at given points on thick BiFeOj; film measured by

using a scanning probe microscopy.
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The voltage is applied through the silicon tip of the cantilever, coated with a Pt/Ir alloy for
electric conduction. When voltage is applied between the film surface and the tip, the film is
deformed in response to the applied voltage, due to piezoelectric property. The piezoelectric
constant can be obtained from the slope of displacement versus applied voltage.

Figure 4.17 shows the piezoelectric response of a thick BiFeOs film measured at each
point. Even though piezoelectric response of each point is slightly different, due to the
differences in crystallinity at the measured points, the piezoelectric hysteresis loop shows a
butterfly-shaped displacement curve. Piezoelectric coefficient (ds3) was about 50 pm/V. This
value is comparable to that of an epitaxial BiFeOs thin film on a (001) SrTiO; substrate. [42]

4.3.5 Summary

1.8 um-BiFeO; columnar films have been successfully obtained under a magnetic
field of 0.4 T for a deposition time of 30 min. In comparison with polycrystalline BiFeO3
films prepared without a magnetic field, the deposition rate is 4 times higher together with the
compactly and densely packed surface morphology. The XRD pattern showed the preferred
(100) orientation. A saturated P-E hysteresis loop was obtained at room temperature (RT),
and the polarization value and the coercive field were 62 pC/cm” and 198 kV/em,
respectively. The piezoelectric response measured by AFM showed a butterfly-shaped curve,
and piezoelectric ds; coefficient was about 50 pm/V. So far, there have been no reports on the
preparation and characterization of thick BiFeOs films, because of the limitation in thickness
on polycrystalline BiFeOj3 films. This study shows that the limitation of the thickness can be
overcome using the magnetic-field-assisted pulsed laser deposition as shown in Fig. 4.18. It is
suggested that thick BiFeO; films with columnar structure can be applied to piezoelectric

actuator and sensors.
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prepared by various deposition methods.
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4.4 Polycrystalline BiFeO; Films Prepared by 90° Off-

Axis Deposition

The pulsed laser deposition is a useful deposition method for preparing films using
complex materials. As mentioned above chapter 3, its biggest advantage is that is can
maintain the desired target composition in the deposited film. However, there exist several
big problems, such as splashing and droplet, due to the target density and the state of the
target surface. [2] These problems cause the degradation of the electric properties, or film
properties with undesirable phases. A shadow mask set in front of the substrate, or 90° off-
axis deposition has been known to prevent the droplets and the particulates on the film
surface. The superconductor films such as YBa,Cu3zO7 (YBCO) have reported that improved
film properties with smooth film surface and suppression of droplets were obtained by using
90° off-axis deposition. [52, 53] Even though a smooth surface without droplets and
particulates can be obtained by 90° off-axis deposition, a long deposition time is required to
obtain a desired film-thickness. As compared to YBCO films, long deposition times for the
preparation of BiFeO; films are more difficult, due to the fact that Bi and Bi,03 are relatively
volatile, which leads to Bi and Bi,O; loss in BiFeOs films during film-growth. The loss of Bi
and Bi,O; leads to the degradation of the electrical characteristics in BiFeOs films, including
a leaky P-E hysteresis loop, while undesirable phases which do not have ferroelectric
properties are formed.

To prepare polycrystalline BiFeO; films by 90° off-axis deposition, magnetic-field-
assisted pulsed laser deposition is employed. The major feature of this deposition method is
the high deposition rate by modified trajectory of plume. Under a high deposition rate, it is
proposed that polycrystalline BiFeO; films by 90° off-axis deposition can be efficiently
prepared as well as the suppression of Bi and Bi,Os loss.

In this chapter, the preparation of polycrystalline BiFeO; films by 90° off-axis
deposition has been attempted, and the obtained films are compared to polycrystalline
BiFeOs films prepared by on-axis deposition. They also are characterized on microstructure,

crystal structure, ferroelectric properties, and domain switching.
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4.4.1 Preparation of BiFeO; films by 90° off-axis deposition

To prepare BiFeO; films through 90° off-axis deposition by using a magnetic field
assisted PLD, the substrate was titled as shown in Fig 4.19. The magnetic field of 0.4 T was
applied parallel to the substrate during a film growth. The films were deposited at 500°C and
0.1 Torr for 30 min by using an ArF excimer laser with an energy of 130 mJ at a frequency of

5 Hz. The deposition conditions are listed as shown in Table 4.3.

Reactive gas

Laser

Sub
BFO target

Magnetic field \

Figure 4.19. Schematic of 90° off-axis deposition.

Table 4.3. Deposition conditions for the preparation of polycrystalline BiFeO; films by 90°

off-axis deposition.

Material | Temperature | O, pressure | Frequency | Magnetic field | Depo. time
BiFeO; 500°C 0.1 Torr 5Hz 04T 30 min

4.4.2 Microstructures of BiFeQs films prepared by 90° off-axis deposition

Figures 4.20(a)-(b) show the surface morphologies of BiFeO; films prepared by off-
axis and on-off deposition. The surface morphology of polycrystalline BiFeO; film prepared
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i~

Figure 4.20. Surface morphologies of polycrystalline BiFeOs films prepared by (a) off-axis

deposition and (b) on-axis deposition.
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Figure 4.21. (a) Surface morphology and (b) cross-sectional image (the insert is cross-
sectional image of polycrystalline BiFeO; films prepared by on-axis deposition.) of
polycrystalline BiFeO; films prepared by 90° off-axis deposition.
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by off-axis deposition shows a smooth surface without droplets and micro-sized particulates.
However, the surface morphology of polycrystalline BiFeO; film prepared by on-axis
deposition shows droplet-like particulates which have a bigger size than near grains. This
result which is suppressed from droplet and particulates on the film surface is commonly
found in superconductor YBa,Cu30; (YBCO) films prepared by 90° off-axis deposition
without magnetic field. [52, 53] However, as compared with 90° off-axis deposition without
magnetic field, the magnetic field separates the charge species. An applying a magnetic field
deflects the charge species from their primary path by Lorenz force. The charge species travel
along the lines of the magnetic field, whereas the neutral species, including heavy and large
particulates, are not affected and proceed along a straight path. [54] The charge species can
be collected on the substrate to produce films. As a result, this effectively solves the problems,
such as droplet and splashing.

Figures 4.21(a) and (b) show the surface morphology and cross-sectional image of
polycrystalline BiFeO; films prepared by 90° off-axis deposition. The large grain and
columnar structure appear. 400 nm-BiFeO; films could be obtained by 90° off-axis deposition
under a magnetic field of 0.4 T for a deposition time of 30 min. This result suggests that the
reduction of deposition rate in off-axis deposition can be easily compensated by high
deposition rate arising from the modified and confined plume by the magnetic field. The
difference of microstructures is thought as consequence of the modified trajectory by the

magnetic field.

4.4.3 Ferroelectric properties and domain switching in BiFeO; films

To investigate the ferroelectric properties of polycrystalline BiFeO; films prepared
by 90° off-axis deposition, polarization versus electric field (P-E) hysteresis loop was
measured at room temperature (RT) and 20 kHz. Figure 4.22 shows the ferroelectric P-E
hysteresis loop of polycrystalline BiFeOj3 films prepared by off-axis deposition. A good P-E
hysteresis loop was obtained at RT, and the polarization value (P,) and the coercive field (E.)

were 90 pC/cm? and 178 kV/cm, respectively. The coercive field of the polycrystalline
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Figure 4.22. Ferroelectric P-E hysteresis loop of polycrystalline BiFeO; films prepared by

90° off-axis deposition.

Table 4.4. Comparison of ferroelectric properties for on-axis and off-axis deposition.

(Film thickness for off-axis and on-axis is about 400 nm.)

Py E. Maximum applying field (V)

Off-axis deposition | 90 pC/cm” | 178 kV/cm 15V

On-axis deposition | 85 pC/cm” | 264 kV/cm 20V
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BiFeO; film prepared by off-axis deposition is significantly reduced in comparison with
polycrystalline BiFeOs; films prepared by on-axis deposition as shown in Table 4.4.

The coercive field is required to reverse domain switching, and domain switching
influences the coercive field in ferroelectric films. Figure 4.23 shows the piezoresponse force
microscopy (PFM) images measured by atomic force microscopy (AFM), representing the
behavior of ferroelectric domain switching as a function of applied scanning voltage on a
polycrystalline BiFeOs film prepared by off-axis deposition. The darkness and brightness in
the given images represent the up and down state of polarization. In as-grown, the region of
darkness and brightness coexist. By increasing the positive voltage, the region of darkness
indicating the up-polarization state expands. When applying a higher negative voltage, the
region of brightness indicating down-polarization state expands. This behavior means domain
reversal, indicating ferroelectricity. When applying -15 V in the polycrystalline BiFeO; film,
PFM image shows almost the region of brightness that represents down-polarization state. In
this case, the applied voltage is consistent with the maximum applied voltage for the
measured ferroelectric P-E hysteresis loop. Thus, it is considered that one direction is aligned,
while polarization is saturated. Again, when the applied positive voltage is increased, the
region of darkness gradually expands and domain switching occurs. When applying +15 'V,
the PFM image shows the region of darkness that represents up-polarization state. In this case,
the region of brightness also is observed a little in contrast to the PFM image for applying
voltage of -15 V. The difference of PFM images between -15 V and +15 V is thought that the
easy polarization for domain switching occurs when applying a negative voltage, whereas the
domain switching is difficult when applying a positive voltage. This confirms that the electric
field in point 8 is higher than that in point 3. However, the domain switching requires about 5
V, and this value is much smaller in the polycrystalline BiFeOj3 films prepared by 90° off-axis
deposition than that of the polycrystalline BiFeO; film prepared by on-axis deposition. The
reduced coercive field of polycrystalline BiFeOs films prepared by 90° off-axis deposition is
likely to originate from the microstructure. The clamping effect caused between the substrate
and the film prevents the domain switching in the ferroelectric film. However, the columnar
structure does not influence the clamping effect in comparison with the granular structure. As

a result, the easy switching is achieved by releasing the clamped polarization domains.
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Figure 4.23. Domain switching of polycrystalline BiFeO; films prepared by 90° off-axis

deposition as a function of applied scanning voltage.
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4.4.4 Summary

The preparation of polycrystalline BiFeOj3 films has been attempted by 90° off-axis
deposition. The surface morphology for off-axis deposition showed droplet-free BiFeOs films.
The reduction of the deposition rate caused by 90° off-axis deposition could be compensated
by the high deposition rate induced by the modified trajectory of the plume under a magnetic
field. For a magnetic field of 0.4 T and with a deposition time of 30 min, about 400 nm-
BiFeO; films with columnar structures were obtained. The ferroelectric polarization versus
electric field (P-E) hysteresis loop was obtained at room temperature (RT), and polarization
value (P,) and coercive field (E;) were 90 pC/cm?® and 178 kV/cm, respectively. In off-axis
deposition, the coercive field was significantly reduced in comparison with that of
polycrystalline BiFeOs films prepared by on-axis deposition, likely due to the microstructure
of the film.
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CHAPTER S

PREPARATION OF EPITAXIAL BiFeO;
FILMS ON La-DOPED SrTiO; (001)
SUBSTRATE

In this chapter, epitaxial BiFeOs films on La-doped SrTiOs (001) single crystal substrate are
prepared by the magnetic-field-assisted pulsed laser deposition. Epitaxial BiFeOj3 films under
various magnetic fields are prepared and their crystal structure, microstructure and

ferroelectric properties are characterized.

5.1 Introduction

An epitaxial BiFeO; film on conducting SrRuQ; layer deposited on a (001)-oriented
SrTiO; substrate has a large polarization value of about 50 uC/cm”. The fundamental works
on crystal structure, domain and ferroelectric properties under an epitaxial stress have been
recently conducted. [1] To prepare epitaxial BiFeO; films on a single crystal substrate,
various deposition methods have been used, such as pulsed laser deposition (PLD),
metalorganic chemical vapour deposition (MOCVD), sputtering and dual ion-beam sputtering.
[1, 2-4] Among many studies on epitaxial BiFeO; films, Eom’s group has reported the

preparation and characterization of high-quality epitaxial BiFeO; films on a single crystal
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(001)-oriented SrTiOs substrate by a high rate off-axis sputtering. [3, 5] They have also used
a miscut (001)-oriented SrTiO; substrate, having the angle, terrace, step, edge, and kink site
on the surface. The miscut substrate for preparing epitaxial BiFeOs films plays an important
role. Bi atoms, as a volatile species, have a bond more strongly to the edge and kink site than
to a terrace with increasing the miscut angle. As a result, a good hysteresis loop is obtained at
room temperature as it is possible to maintain a stoichiometry during a film growth. [6, 7] On
the other hand, Shelke et al. have reported that an epitaxial BiFeOs film on a non-miscut
SrTiO; substrate with a good P-E hysteresis loop was successfully prepared under a high
deposition rate by a kinetic growth parameter, using the pulsed laser deposition method. [8]

In this study, the magnetic-field-assisted pulsed laser deposition method as a new
deposition method was employed in the preparation of epitaxial BiFeOs films. One feature of
this deposition method is the high deposition due to the fact that the plume is confined to the
substrate as opposed to the plume in a conventional pulsed laser deposition. The high
deposition rate arising from the confined plume might induce the suppression of Bi
volatilization or deficiency. Also, the deflected trajectory of the evaporated species might
influence the effective deposition necessary for preparing the films. As a result, since the
stoichiometric composition in epitaxial BiFeO; film is maintained, a good hysteresis loop can
be obtained at room temperature, without a non-miscut substrate. In this chapter, epitaxial
BiFeO; thin films have been prepared on non-miscut La-doped SrTiO; single crystal
substrate by using the magnetic-field-assisted pulsed laser deposition method and the
obtained epitaxial BiFeO; thin films have been characterized crystallographically and

electrically.

Table 5.1. Deposition conditions for the preparation of epitaxial BiFeO; films.

Material | Temperature | O, pressure | Frequency | Magnetic field | Depo. time
BiFeO; 700°C 0.02 Torr 5Hz 0T 30 min
BiFeO; 700°C 0.04 Torr 5Hz 01T 25 min
BiFeO; 700°C 0.1 Torr 5Hz 04T 10 min
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Pt (200 nm)

Epitaxial BiFeO; film\k\fj i

La-doped SrTiO5 (001)
single crystal ™

Figure 5.1. Sample structure for measuring ferroelectric properties of epitaxial BiFeOs films.

5.2 Preparation and Characterization of Epitaxial BiFeO;

Films

La (3.75 wt%)-doped SrTiO; single crystal was used as the substrate in the
preparation of epitaxial BiFeOs; films instead of a SrRuOs-deposited SrTiO; single-crystal
substrate. The La-SrTiO; substrate is electrically conductive and can be used as a bottom
electrode without using the conducting epitaxial SrRuOs layer. Epitaxial BiFeO; films on a
La-SrTiO3 substrate were prepared by using the magnetic-field-assisted pulsed laser
deposition method. The magnetic field was 0, 0.1 and 0.4 T. The epitaxial films were
deposited at a substrate temperature of 600 ~ 700 °C under oxygen pressure of 0.01 ~ 0.1 Torr
by using an ArF excimer laser (A = 193 nm) with a pulse energy of 130 mJ and a frequency of
5 Hz. The crystalline structure of the epitaxial films was observed by using X-ray diffraction
(XRD) analysis (Rigaku, RINT 2000) and reciprocal space mappings (PANalytical X’Pert,
MRD). The microstructure of epitaxial BiFeOs; films was observed by using scanning
electron microscopy (SEM), (Hitachi, S-4800). To investigate the electric and ferroelectric
properties, circular Pt electrodes of 200 um were formed on the epitaxial films by using RF
sputtering through a shadow mask, as shown in Fig. 5.1. The current density versus electric
field (J-E) characteristic and ferroelectric polarization versus electric field (P-E) were
measured by using a semiconductor parameter analyzer (Agilent, 4155C) and a ferroelectric

test system (Toyo Co., FCE-1).
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5.3 Phase Diagram at Various Magnetic Fields

The influence of the magnetic field on the plume produced by a laser ablation and the
dynamical plume were confirmed as mentioned in chapter 4. This should affect the
preparation of epitaxial films. To investigate the effect of the magnetic field on the
preparation of epitaxial BiFeOj; films, a phase diagram was made. Figures 5.2(a)-(c) show the
phase diagrams for a magnetic field of 0 T, 0.1 T, and 0.4 T, respectively. As seen in the
figures, the preparation of epitaxial BiFeO; films under a magnetic field is more sensitive to
oxygen pressure than that of polycrystalline BiFeOs films. These mappings show that the
regions of pure BiFeO; phase were shifted to a high oxygen pressure with an increase in the
magnetic field. Fe;O; phases in the epitaxial BiFeOs films are predominant for the same
oxygen pressure for magnetic fields of 0 T, 0.1 T, and 0.4 T, although the temperature is
constant. The condition of the species included in the plume modified by a magnetic field
might depend on the magnetic field, when increasing a magnetic field, the Fe;O; phases
become dominant, and the deposition rate become higher. Therefore, film preparation in a
high oxygen pressure might be required.

Figure 5.3 shows the XRD patterns of the epitaxial BiFeO; films prepared under
magnetic fields of 0 T, 0.1 T, and 0.4 T. Only the (00£) diffraction peaks of the epitaxial
BiFeO; films on a La-SrTiOs substrate prepared under magnetic fields of 0 T, 0.1 T, and 0.4 T

were observed without secondary phases under optimized deposition conditions.

5.4 Reciprocal Space Mapping of Epitaxial BiFeO; Films

To better understand the crystal structure, the reciprocal space mapping (RSM) of
epitaxial BiFeOs films prepared under magnetic fields of 0 T, 0.1 T, and 0.4 T are shown in
Figs. 5.4(a)-(f). For a (003) reflection, all epitaxial BiFeO; films show splitting spots at the
central position, and the BiFeO; planes was not completely parallel to the substrate as shown

in Figs. 5.4(a)-(c). This is in agreement with reports in (001)-oriented epitaxial BiFeO; films



5.3 Phase diagiim at various magnetic fields 95

o BFO, BiO, FeO phase O BFO, FeO phase
A BFO, BiO phase o Pure BFO phase

Oxygen Pressure (Torr)

650 700 750 650 700 750650 700 750
Substrate Temperature (°C)

Figure 5.2. Phase diagrams at various magnetic fields of (a) 0 T, (b) 0.1 T, and (c) 0.4 T,

respectively.
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Figure 5.3. XRD patterns of the epitaxial BiFeO; films on La-SrTiO; (001) substrate prepared
under magnetic fields of 0 T, 0.1 T, and 0.4 T, respectively.



96 Chapter 5. Preparation of epi-BiFeOs films on La-doped STO (001) substrate

with 720 nm and 1 pm-thick. [9, 10] The splitting spot of (003) is due to the fact that residual
strain is relieved by the tilting. [10] The lattice constant of the out-of-plane is 0.396, 0.397,
and 0.396 nm for epitaxial BiFeO; films prepared under magnetic fields of 0 T, 0.1 T, and 0.4
T, respectively. For a (103) reflection, all epitaxial BiFeO; films show two asymmetric spots,
indicating the splitting of (-103) and (103) reflections as shown in Figs. 5.4(d)-(f). However,
other reflections such as (013) and (0-13) for 4 variant domains could not be found because
the peaks are very close existence and/or the resolution of the XRD optics is limited. The two
asymmetric spots of the (013) and (-103) reflections derive from the natural crystal structure
of BiFeOs;. The crystal structure of BiFeO; is rhombohedral. Unlike cubic and tetragonal
structures, it has different d-spacing for the (013) and (-103) planes. [11] Namely, the (013)
and (-103) planes of BiFeOs; are tilted at different angles and shifted to both sides of the
SrTiO; spot. The lattice constants of epitaxial BiFeO; films were calculated. The lattice
constants of the in-plane are 0.396, 0.397, and 0.396 nm for the epitaxial BiFeO; films
prepared under magnetic fields of 0 T, 0.1 T, and 0.4 T, respectively. As a result, these results
are confirmed that the lattice constants of the in-plane are almost the same as those of the out-

of-plane, and the crystal structure of the epitaxial BiFeOj; films in this study is rhombohedral.

5.5 Microstructure of Epitaxial BiFeO; Films

Figures 5.5(a)-(c) show the cross-sectional microstructure of epitaxial BiFeO; films
prepared under magnetic fields of 0 T, 0.1 T, and 0.4 T, respectively. The film thickness is
around 300 ~ 400 nm. The deposition time for obtaining the above mentioned film thickness
becomes much shorter by increasing the magnetic field. The cross-sectional images of
epitaxial BiFeO; films prepared under magnetic fields of 0 T and 0.1 T are significantly
similar, however the epitaxial BiFeO; film prepared under a magnetic field of 0.4 T with a
high deposition rate showed a columnar structure.

In chapter 4, it was confirmed that a columnar structure was formed in the
preparation of polycrystalline BiFeO; films by using the magnetic-field-assisted pulsed laser

deposition. In the case of a polycrystalline film, it is assumed that the formation of the
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columnar structure is due to the conical flux caused by the modified trajectory of the plume
under a magnetic field. However, it is difficult to interpret the formation of columnar
structures in the preparation of epitaxial films due to the fact that it has a different growth
mechanism. In the epitaxial growth mechanism, there are three classical growth modes: The
Frank-van der Merwe (FV), Volmer-Weber (VW) and Stranski-Krastonov (SK) modes which
refer to step flow, columnar growth, and screw-island growth, respectively. [12, 13] For FV
growth mode, a new layer is nucleated only after completely forming the layer below. By
repeating this process, the layer spreads over the surface. As shown in Fig. 5.5, the growth
mode of epitaxial BiFeO; films prepared under magnetic fields of 0, 0.1 T is likely to the FV
growth mode indicating the step flow. On the other hand, epitaxial BiFeOs; films prepared
under a magnetic field of 0.4 T is likely to be in the VW growth mode indicating the
columnar structure. The theoretical concept of textbook “epitaxy” is defined to be the
formation of a single-crystal film in a layer-by-layer mode on a single-crystal substrate
surface. [14] However, BiFeO; film grown on SrTiO; single crystal substrate has a lattice
mismatch indicating a strained heteroepitaxial growth. When the film thickness is increased
above critical thickness, the strain energy will be released through the formation of misfit
edge dislocations and twinning, local phase transitions, surface morphology transformations,
or a two- or three- dimensional growth transition. [14] Therefore, two possible causes are
thought for the formation of columnar structures. First might be derived from lattice
mismatch. Typically, the columnar structure for an epitaxial growth is often found in the case
of a large mismatch between the film and the substrate. However, the lattice mismatch
between the BiFeO; and the SrTiOj; in this study is small (compressive strain ~ -1.4 %). So,
this possibility is negligible. The second possibility might be the diffusivity caused by the
interfacial energy. For a high deposition rate under a magnetic field of 0.4 T, the migration of
adatoms to the lateral direction onto the substrate might be suppressed due to the
considerably faster growth of the nucleation onto the substrate. Since the interfacial energy of
the film is higher rather than the interfacial energy of the substrate, the tension of the film
exceeds that of the substrate. This might result in a columnar structure indicating an island

growth.
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Figure 5.5. Cross-sectional images of epitaxial BFO films prepared under magnetic fields of

(@) 0T, (b)0.1T, and (c) 0.4 T, and schematic illustration of epitaxial growth mode.
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5.6 Electric and Ferroelectric Properties of Epitaxial BiFeO;

Films

Figure 5.6 shows the current density versus the electric field (J-E) characteristic of
epitaxial BiFeO; films prepared under magnetic fields of 0 T, 0.1 T, and 0.4 T measured at
room temperature (RT). The epitaxial BiFeOs film prepared under a magnetic field of 0.1 T
shows the lowest current density, while that prepared under a magnetic field of 0.4 T shows
the highest current density at an electric field of 285 kV/cm. These behaviors suggest that for
a magnetic field of 0.1 T, the epitaxial film is free of Bi deficiency and/or defect, and Bi
volatilization is suppressed due to the high deposition rate. However, despite the higher
deposition rate, the high leakage current under the magnetic field of 0.4 T is due to the fact
that leakage paths are formed among the columns.

To investigate ferroelectric properties of epitaxial BiFeO; films prepared under
various magnetic fields, ferroelectric polarization versus electric field (P-E) hysteresis loops
were measured by using a triangular waveform at 20 kHz and RT, as shown in Figs. 5.7(a)-(c).
An epitaxial BiFeO; film prepared under a magnetic field of 0.1 T shows a good P-E
hysteresis loop, unlike the leaky P-E hysteresis loops for the epitaxial BiFeO; films prepared
under magnetic fields of 0 T and 0.4 T. The polarization (P,) and coercive field (E.) were 46
pC/cm? and 345 kV/cm at maximum electric field of 685 kV/cm, respectively. To investigate
the ideal polarization value, excluding the leakage current for an epitaxial BiFeOs; film
prepared under a magnetic field of 0.1 T, the P-E hysteresis loop was measured at 20 kHz and
80 K. The scanning frequency dependence from 100 Hz to 20 kHz is shown in Fig. 5.7(d). A
saturated P-E hysteresis loop was obtained at 80 K and 20 kHz and P, was 47 pC/cm? at the
maximum electric field of 1245 kV/cm. Eom’s group has reported that the polarization value
of an epitaxial BiFeOj3 film on a (001) oriented SrTiO; substrate, having a 4° miscut toward
[100] direction is better than that having a 0.2° miscut toward [100] direction. [14] The origin
of the enhanced polarization value is concluded as the consequence of the domain
engineering, where 4-variant domains for a 0.2° miscut SrTiOj; substrate changes to 2-variant
domains for a 4° miscut SrTiO3 substrate. The P, value obtained in this study is similar to the

P, value for the 4-variant domains reported by Eom’s group. This might be due to the lack of
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the domain control in the case of non-miscut SrTiO; substrate. Figure 5.8 illustrates the
consideration on the possible directions of the polarization axes by the domain engineering
for epitaxial BiFeO; films grown on various miscut substrates. Also, the coercive field of
epitaxial BiFeOs films on a La-SrTiO; substrate is much larger than that of epitaxial BiFeO3
films on a SrRuO;3/SrTiO; substrate. This might be explained from the mechanism caused by
the ferroelectric properties of an epitaxial BiFeOj; thin film on a conductive Nb-doped SrTiO;
substrate, as reported by V. Shelke et al. [8] They reported that the bonding strength between
the film and the electrode and strong bonding between the BiFeOs and the TiO, top layer of
the substrate might induce poor switchability in comparison with BiFeO; and the SrO
terminated substrate for SrRuO3/BiFeOs;. Consequently, the coercive field of the epitaxial
BiFeO; films on a La-SrTiO; substrate might also be larger than epitaxial BiFeO; films on
SrRuOj3/SrTiO; substrate due to the poor switchability induced by a stronger bond formed

between the film and the electrode.

5.7 Summary

Epitaxial BiFeOj; thin films on a La-SrTiO; substrate by using the magnetic-field-
assisted pulsed laser deposition method have been obtained successfully. Although epitaxial
BiFeO; films were prepared under different deposition rates by increasing a magnetic field,
only the (00£) diffraction peaks of the epitaxial BiFeO; films prepared under the optimum
condition could be observed without secondary phases. By changing the magnetic field
strength, the optimum condition of the pure BiFeOs; phase was shifted to a high oxygen
pressure and in magnetic field of 0.4 T, a modified microstructure was observed with highest
deposition rate. An epitaxial BiFeO; film prepared under a magnetic field of 0.1 T shows the
lowest current density, and a good ferroelectric polarization versus electric field (P-E)
hysteresis loop was obtained at room temperature for an epitaxial BiFeO; film under a
magnetic field of 0.1 T. Moreover, a saturated P-E hysteresis loop was obtained at 80 K. The

polarization (P,) value was 47 pC/cm? which is almost independent the scanning frequency.
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CHAPTER 6

CONCLUSIONS

In this study, magnetic-field-assisted pulsed laser deposition was proposed as a new
deposition method. Firstly, the behavior of the plume and film-growth under a magnetic field
was observed in simulations. Based on the simulation results, the preparation of
polycrystalline thick BiFeOs films was experimentally attempted by using the magnetic-ﬁeld-
assisted pulsed laser deposition. In addition, polycrystalline BiFeO; films by 90° off-axis
deposition. Moerover epitaxial BiFeOs3 films on a La-doped SrTiO; (001) substrate were
prepared.

The main conclusions can be summarized as follows:

The plume dynamics and microstructure evolution under

magnetic field

1) The behavior of the plume under a magnetic field was simulated. Under a
magnetic field, the trajectory of the plume was modified. The movement was helical, which
is different from the linear movement observed without a magnetic field. In addition, the
plume under a magnetic field was confined to the substrate and the confinement of the plume
predicted a high deposition rate.

2) The microstructure evolution was also modified, because of the modified

trajectory of the plume under a magnetic field. The flux angle affected the microstructure

107



108 Chapter 6. Conclusions

evolution. The conical flux arising from the modified trajectory of the plume under a
magnetic field caused the columnar structure as opposite to the granular structure observed in

the case of the normal flux.

Polycrystalline BiFeQO; films on Pt/TiO,/Si0,/Si substrate

1) To experimentally demonstrate the plume dynamics and microstructure
evolution under a magnetic field obtained from the simulated results, polycrystalline BiFeO3
films on Pt/TiO,/Si0,/Si substrate were prepared by using the magnetic-field-assisted pulsed
laser deposition. Before preparing the polycrystalline BiFeOj3 films, the shape of the plume
was measured. The shape of the plume under a magnetic field is confined, as the simulations
had shown and this results in a high deposition rate.

2) In a fixed deposition time, the film thickness was increased by increasing
magnetic fields from 0 T to 0.3 T. The microstructure of the polycrystalline BiFeO; films
prepared under a magnetic field reveals noticeable difference in comparison with that of a
film prepared without a magnetic field. The dependence of ferroelectric properties on film
thickness in the case of polycrystalline BiFeOs films prepared under a magnetic field could
be investigated.

3) Under a magnetic field of 0.4 T for a deposition time of 30 min, 1.8 um-
crack-free BiFeO; columnar films were obtained. A P-E hysteresis loop was obtained at 20
kHz and room temperature (RT). The polarization (P,) and coercive field (E,) was 62 pC/cm?
and 198 kV/cm, respectively. The piezoelectric coefficient (ds3) was ~ 50 pm/V.

4) To solve the problem of droplets in pulsed laser deposition, the preparation
of polycrystalline BiFeO; films was attempted by 90° off-axis deposition. Droplet-free
BiFeO; films were successfully obtained with the desired film thickness, due to the high
deposition and the modified trajectory of the plume.

Epitaxial BiFeO; films on La-doped SrTiO; (001) substrate
1) Epitaxial BiFeOs; films on a La-doped SrTiO; (001) substrate were prepared
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successfully by controlling the magnetic field. Epitaxial BiFeOs; films prepared under
magnetic fields of 0 T, 0.1 T and 0.4 T show a rhomhedral structure including two spots, (103)
and (-103), with stress-relaxation. An increase of magnetic field caused a high deposition rate,
and in epitaxial BiFeOs films prepared by high deposition rate, the mechanism of epitaxial
growth was changed from layer-by-layer mode to island mode. For a magnetic field of 0.1 T,
the polarization (P,) was 46 pC/cm” at 80 K, and a saturated P-E hysteresis loop was obtained.

Prospects

In this study, it was found that the magnetic-field-assisted pulsed laser deposition has
many advantages. These advantages can be applied in the preparation of films over various
materials, including the preparation of BiFeO; films.

1) Films of the desired thickness can be prepared in a short deposition time
while the stoichiometric composition of the target is maintained. Generally, the film
preparation of Bi-, Na- and K-based materials is difficult, due to the volatility of Bi, Na and
K elements. Loss of those elements in films can result in degradation of film properties. To
solve this problem, magnetic-field-assisted pulsed laser deposition proves to be useful.

2) Although preparation of thin film by using pulsed laser deposition is useful,
it is difficult to prepare thicker films. A modified microstructure is required to solve the
cracking arising from the mismatch of the thermal stress between the film and the substrate.
Using magnetic-field-assisted pulsed laser deposition is possible to obtain dynamic structures,
such as columnar structure because of the conical flux arising from the modified trajectory of
the plume under a magnetic field

3) Droplets are a well-known problem of the pulsed laser deposition. Magnetic-
field-assisted pulsed laser deposition can be used for the preparation of films under 90° off-

axis deposition, which can solve the droplet and particulate problem.

Future work

In this study, the thickness limitation of polycrystalline BiFeOs films was solved by
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using magnetic-field-assisted pulsed laser deposition. While polycrystalline BiFeO3 films can
be prepared over a broad range of thicknesses, the large polarization and piezoelectric
coefficient might provide many opportunities for future applications. The thickness of less
than 600 nm is required for the application of polycrystalline BiFeO; films in memory
devices. A thickness more than 2 um is required for the application in actuators and sensors.
The crack-free thick BiFeO; films with columnar structure obtained in this study might
provide the way for application in piezoelectric actuators or sensors. The polycrystalline thick
BiFeOs; films on silicon cantilever structure can be used for energy convertor from vibration
to electricity, and is part of my future work. The results obtained from this investigation could

provide useful information for the energy harvesting.

SiO; : 1 ym

\)

Si: 350 pm

SiO; : 1 um
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