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Abstract

Ferroelectric materials have been intensively explored because of their attractive
future in electronic industries. Among all kinds of ferroelectric materials, a
considerable amount of researches have been conducted on the applications and the
natures of BiFeOs3 owing to its improved ferroelectric properties. It has been
demonstrated that the electrical properties of the ferroelectric domain walls such as
the electrical conductivity can be different from that of the bulk ferroelectric domains.
Recently, 109° ferroelectric domain walls have been widely examined but inadequate
attention has been paid to the promising future of the 180° ferroelectric domain walls.
It has been stated that ferroelectric 180° domain walls may contribute to the
polarization response and possess enhanced electrical properties. Therefore, the study
on 180° ferroelectric domain walls is critical. However, the detailed atomic structure
at the ferroelectric 180° domain walls has not been fully established. Recent studies
have focused on the polarization configurations near the domain walls without

clarifying the detailed atomic structure.

In this work, we examined the atomic scale structure and the polarization

configurations using the aberration-corrected scanning transmission electron
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microscopy Z-contrast imaging with sub-Angstrom resolution. Results implied that
45° inclined ferroelectric 180° domain walls were obtained above the StRuO3 bottom
electrode instead of the 71° and 109° domain walls which may be due to the effect of
BiFeOs; thin film thickness. Besides, the customized Matlab image analysis
demonstrated that the lattice parameters depend on the polarization configurations.
The observed variations in lattice parameters across the domain walls are attributed
to the displacement of the Bi cations induced by the ferroelectric spontaneous
polarization. It is also demonstrated that the orientation of the ferroelectric 180°
domain walls will be affected by the monoclinic distortion of the substrate. More
importantly, substrate interface terminations also play a critical role on the formation
of 180° domain walls by switching the sign of the built-in electric field at the interface.
Considering the polarization discontinuity model at the heterostructure interface, the
polarization configurations of the domains will be strongly influenced by the
terminating layer of the substrate. Specifically, spatially varying the interfacial
atomic termination can produce both positive and negative built-in electric fields
along the interface, and the boundaries across which the built-in field switches sign
favor the formation of 180° domain walls in ferroelectric BiFeOs. This indicates an

effective strategy using precisely patterned heterostructure to ‘plant’ ferroelectric
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domain walls at the designated sites and to make artificial domain structure with
desirable polarization configuration, as demonstrated by theoretical calculations.
This work provided the preliminary understanding about the relationship
between polarization configuration and atomic scale structure at BiFeOs ferroelectric
180° domain walls and filled the knowledge gap in the field of ferroelectric materials
and pointed the way to optimize the multiferroic properties of BiFeOs. Finally, the
demonstrated polarization configuration and atomic structure mapping approach can
be applied to other ferroelectric materials, to explore the promising correlation
between atomic structure and ferroelectric property. Therefore, it could provide
critical insights into the application of ferroelectric materials in different electronic

devices.
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Chapter 1 Introduction

1.1 Perovskite oxides

Metal oxides have been widely studied due to their attractive physical and chemical
properties for both fundamental researches and potential applications. Oxides comprised
by two or more cations are classified as complex oxides while oxides with different
oxidation states for single cation are considered as mixed oxides [1]. The most
commonly investigated complex oxides are the spinel and perovskite oxides. Spinel
group is defined as the metal oxides with AB>X4, where A and B represent metal cations
while X represents chalcogenide anions such as oxygen and sulphur [1, 2]. The
conductivity of spinel oxides depends on the degree of cations disorder. Therefore, spinel
oxides exhibit a variety of physical properties with different structures which provides a
considerable potential for applications. However, among all kinds of metal oxides,
perovskite oxides show a widest diversity of properties.

Perovskite oxides have a chemical formula of ABOs; which consist of 12
coordinated A site cations at the corners of the unit cell, 6 coordinated B site cations at
the center of the unit cell and face centered octahedral oxygen anions [3, 4]. The A site

cations are generally the rare earth elements or alkaline earth metals while B sites cations
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are usually the d-block transition metals. Perovskite oxides are ideally in cubic structure
and the schematic diagram of a typical perovskite oxides structure is shown in Figure.
1.1. However, different degrees of symmetric distortions would occur in some
perovskite oxides which will become various structural variants such as the
orthorhombic and rhombohedral structures [4-6]. In order to fully understand the
structural variations of perovskite oxides, the stability of the structure can be ascertained
by the tolerance factor ¢ [3]. For an ideal perovskite cubic unit cell, the relationship
applies:

T+ 19 = V2 (rg +15)
where 74, rgand roare the ionic radius of A site cations, B site cations and oxygen anions
respectively. In addition, the tolerance factor should be taken into consideration for

structural distortions and the relationship among the ionic radii becomes:

TA+ To = t\/E(TB+To)

According to Goldschmidt tolerance factor, an ideal cubic structure can be established
when t is in the range of 0.9 to 1. For the range of 0.7 <t < 0.9, the perovskite oxides
could have orthorhombic or rhombohedral structures and for t > 1, the structure becomes

hexagonal [7]. Generally, the value of t is determined by oxygen octahedral tilting,

2
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octahedral distortion and cations displacement. It can also be seen that the ionic size of
the cations will lead to different tolerance factors and hence different structures. The
changes of perovskite structure induced by different ionic sizes of cations [1] are shown
in Figure 1.2.

Moreover, substitution of A site or B site cations by dopants will also result in the
distortion of perovskite oxides. It has been reported that dopants with different ionic
sizes than A or B site cations will permute the structures of the perovskite oxides and

therefore prompt diverse physical properties [8-9].

Figure 1.1 ABOs3 perovskite oxides cubic unit cell.
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Figure 1.2 The changes of perovskite structure induced by different ionic sizes of cations [1].

1.2 Multiferroic materials

Perovskite oxides with different structures possess a wide variety of physical
properties such as piezoelectricity, electrical conductivity, ion conductivity,
ferroelectricity and ferroelasticity [6, 10-11]. Ferroic properties including ferroelectricity,
ferroelasticity and ferromagnetism were extensively studied and applied in electronic
industries. Ferroic materials acquiring two or more ferroic properties simultaneously are
classified as multiferroic materials [6]. Apart from the intriguing independent ferroic
properties, the coupling between the properties is also fascinating for various

applications. The relationship among all kinds of properties is shown in Figure 1.3.
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Multiferroic materials have attracted much attention due to their ferroelectricity,

ferromagnetism, ferroelasticity and the magnetoelectric coupling. Next, the mentioned

properties will be briefly discussed.

Electrically
polarizable

Magnetically
polarizable

Ferromagnetic Ferroelectric

Magnetoelectric

= Multiferroic

Figure 1.3 Relationship and coupling among different ferroic properties.

1.2.1 Ferroelectricity

Recently, tremendous attention has been drawn on ferroelectric materials because of

their promising application in numerous electronic devices, for instance, capacitors, non

volatile memory devices and thermistors [12]. Ferroelectricity is defined as the dielectric

materials that exhibit a spontaneous polarization and the polarization direction can be
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reversed by applying an external electric field [12]. The nature of the spontaneous
polarization of the ferroelectric materials is restricted by the Curie temperature (7)) which
is the transition temperature between ferroelectric and paraelectric states. For temperature
above T, the materials become paraelectric and the spontaneous polarization will vanish.
For temperature below 7., they become ferroelectric and the spontaneous polarization
depends on the applied electric field. The behavior of the spontaneoues polarization is
characterized as a hysteresis loop and is reversible by applying different electric fields
[13]. In the hysteresis loop, the spontaneous polarization without applied electric field is
denoted as remnant polarization P,. The dependence of spontaneous polarization on
applied electric field is presented as Figure 1.4. Considering traditional tetragonal
perovskite ABOs3 structure such as BaTiOz and PbZrTiixO3 (PZT), a shifting of the
centered B site cations will be induced relative to the oxygen octahedra by the applied
external electric field. The shifting of the centered B site cations and the oxygen octahedra
are in different degrees, such that the displacement of oxygen octahedra is larger than that
of the centered B site cations, and hence the loss of symmetry from cubic to tetraganol
unit cells [14-18]. As a spontaneous polarization vector should be from the negative
charge to positive charge, the larger displacement of oxygen octahedra will lead to an

electric dipole pointing to the B site cations. Therefore, this results in a polarization

6
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opposite to the displacements of B site cations and oxygen octahedra relative to the centre
of the unit cell. The schematic diagram of the paraelectric phase of the perovskite ABO3
structure is shown in Figure 1.5a). The ferroelectric downward polarization with upward
displacement of the centered B site cation and oxygen octahera is demonstrated in Figure

1.5b) and the (010) plane of the unit cell is shown in Figure 1.5c).

Polarization (C/m?)

A

: Electric Field
(V/m)

Figure 1.4 Hysteresis loop of spontaneous polarization against applied electric field.
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a)

[100]

Ferroelectric

Figure 1.5 Schematic diagram of a) the ferroelectric downward polarization with upward
displacement of centered B site cation and oxygen octahedra and b) (010) plane of the polarized unit
cell.

For the rhombohedral pseudocubic perovskite unit cell such as BiFeOs, the
displacement of the centered B site cations is along one of the body diagonals together
with the tilting of the oxygen octahedra. The electric dipole moments or known as the
polarization vectors will point from the oxygen octahedra and B site cations to the centres

of the unit cells. As the B site cations and the oxygen otaheda are shifted relative to the

8
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position of A site cations, therefore, the polarization direction can be denoted by the
direction opposite to the displacement of B site cations or along the displacement
direction of A site cations relative to the centered B site cations [19]. The illustrated
diagrams of the atomic distortions of the ferroelectric pseudocubic pervoskite unit cell

are shown in Figure 1.6a) and b).

- [100]
Figure 1.6 Schematic diagram of a) ferroelectric BiFeO; pervoskite unit cell with [111] polarizaiton

vector and b) (010) plane of the unit cell.

1.2.2 Ferromagnetism and Antiferromagnetism
Ferromagnetism refers to the materials that possess stable spontaneous

magnetization and can be hysteretically controlled by the external magnetic field.
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Similar to ferroelectricity, the spontaneous magnetization without the applied magnetic
field is called remnant magnetization B,

The alignment of the magnetic moments is crucial to determine the magnetic
behavior of the perovskite oxides. In the case when all the magnetic moments are
aligned in the same direction, it is ferromagnetic. However, if the magnetic moments
are aligned in alternating opposite directions, it is classified as antiferromagnetic [6,
20]. For antiferromagnetism, there is no net magnetic moment as the neighboring spins
cancel out each other. Typically, there are three different types of antiferromagnetism
which are the A, C and G type antiferromagnetism. In A type, the magnetic moment in
the intra planes are in the same direction while in the inter planes are in opposite
direction. For C type, the intra plane is antiferromagnetic but the ferromagnetic plane
is along the (110) plane [21]. For G type, the magnetic moments are mutually opposite
to each neighboring spins [22]. In order words, it is antiferromagnetic in both inter
plane and intra plane. The schematic diagram of A, C and G type antiferromagnetism

are shown in Figure 1.7.

10
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Figure 1.7 Schematic diagram of A, C and G type antiferromagnetism.

1.2.3 Ferroelasticity

Ferroelastic is defined as the second order spontaneous tensor strain induced by

the applied stress. The spontaneous tensor strain can also be hysteretically switched by

the mechanical stress and it is known as the ferroelastic switching process [6].

Several ferroelastic domains with different orientations can be formed and

different ferroelastic states can coexist in the same perovskite oxide crystal since they

have the same elastic energy [23]. In multi-domains systems, ferroelastic domain walls

are the boundaries formed between two different ferroelastic domains. The existence

of ferroelastic domain walls is restricted by the strain compatibility which essentially

minimize the strain energy [24-25]. The mechanical deformation of two neighboring

domains in parallel to the domain walls should be identical and this will be discussed

11
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later. The domain walls are denoted by the angle difference between two adjacent
domains, such as 71°, 90°, 109° and 180° domain walls. Generally, the inversion
symmetry of the ferroelastic materials should not be broken by the spontaneous strain
[6, 26]. Therefore, considering pure ferroelastic materials, 180° domain walls cannot
be formed. Moreover, the 90° domain wall is the most common twin wall in the
tetragonal ferroelastic materials and the domain wall is oriented in 45° with respect to
the {001} plane [14]. The detailed strain compatibility and the restriction of forming

domain walls will be discussed in the later part.

1.2.4 Magnetoelectric coupling
Magnetoelectric coupling is described as the coupling between polarization and
magnetization of the materials [6]. The magnetoelectric effect can be described by the
Landau-Theory of free energy F in terms of applied electric field £ and magnetic field
H [27-30]. The expansion of the free energy F'is written as:
s s 1 1
F(E, H) = FO - Pi Ei - Mi Hi - EgogijEiEj - EHO/’LL]HLH] - aijEiHj
1 1
~ S BijkEiHiHi + SyicHi By + -
where i, j, k are the spatial indices, F), is the free energy without the electromagnetism,

P~ and M * denote the spontaneous polarization and spontaneous magnetization, &, is

12
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the permittivity of free space while ¢;; is the second order tensor permittivity, i, is the
permeability of free space and y; is the relative permeability, a;; is the magnetoelectric
coupling coefficient, fijx and y;x represent the higher order coefficients.
By differentiating the F' against £ and H, the polarization and magnetization with
coupling effect can be obtained as shown below:
Polarization:
oF 1
P,(E,H) = —=— =P’ + &,&;E; + a;;H; + Eﬁ”kHij + -

JE,

and Magnetization:

M;(E,H) = —aa;i = M; + popjH; + aiiE; + %VijkEjEk + -

The magnetoelectric coefficient a;; describes the effects of magnetic field on

polarization and electric field on magnetization. It is restricted by the relationship of:
afi < €5€jloMij

As ferromagnetic and ferroelectric materials have large permeability and

permittivity respectively, therefore, multiferroic materials that possess both

ferromagnetism and ferroelectricity are expected to obtain large magnetoelectric

coupling effect.

13



Chapter 1

&
THE HONG KONG POLYTECHNIC UNIVERSITY

1.3 Geometric orientations of ferroelastic domain walls

In rhombohedral perovskite oxides structure, the structural distortions are along
the four body diagonals in the <111> directions of the pseudo-cubic structure with the
ferroelectric polarization vectors in the same diagonals which may lead to the
formation of eight polarization variants. However, although there are eight polarization
variants, they can be considered as four different ferroelastic domain variants with
respect to the pseudo-cubic structure. This is the result of identical mechanical strains
of positive and negative polarizations. The ferroelastic domains with structural
distortions along the four <111> body diagonals are shown in Figure 1.8 with the
notations of ry, Iz, r3 and rs. The positive polarizations are denoted by +P;, +P,, +P;
and +P, while the negative polarizations are denoted by -P;, -P,, -P3 and -P..
Neglecting the polarization, the spontaneous rhombohedral structural distortions
induced by the variants I1, I, s and rs are assumed to be along the [111], [111],
[111] and [111] directions respectively. Different geometries of domain walls will
be formed by two neighboring ferroelastic domains which are the vertically oriented
and 45° inclined domain walls. Streiffer et al. [25] reported that the orientations of
ferroelastic domain walls should be mechanically compatible that the parallel

components of the structure deformation in the two adjacent ferroelastic domains with
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respect to the domain wall should be in the opposite directions. This can ensure a zero

shear strain on the domain wall produced by the two adjacent domains.

[010]

[100]

Figure 1.8 Rhombohedral ferroelastic domain variants of r;, r», 3 and r4 with four body diagonal
distortions. Green arrows represent the positive polarizations +P;, +P,, +P3and +P, Blue arrows

represent the negative polarizations -P;, -P», -P;and -Py
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1.3.1 Vertically oriented ferroelastic domain walls

It is believed that the two antiparallel structural distortion directions of each
domain variant can be regarded as identical in ferroelastic domains. For example,
[111] and [111] distortion directions are the same for domain variant r;, while
[111] and [111] are the same for domain variant r>. Considering the domain variant
r; with [111] distortion and > with [111] distortion, the parallel components of the
distortions with respect to the (100) domain wall are in the opposite directions and
hence it is mechanically compatible. The formation of the (100) domain wall by the
domain variants r; and > is shown in Figure 1.9. The domains are in a periodically
‘puckered’ pattern with (001) domain walls in between two different domains and the
shearing angle with respect to the substrate is represented by ws. Taking variants r> and
r4 as another example, the parallel components with respect to (010) plane are along
the [101] and [101] directions which are in the opposite directions. Therefore, the
(010) domain wall is also mechanically compatible for domain variants > and 7.
Remarkably, for a (001) oriented film, the domain wall along (001) plane would not be
obtained as there is no relief of strain energy. Hence, the (001) domain wall is not

considered in the vertical {100} plane family.
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(100) Domain wall

|

AN VHIN VRN

r; Fi| 2 ry |- r
r; rqr> ry |2 ry
wS
[001] [010]
substrate / (08 \
[100] [100]

Figure 1.9 Schematic diagram of the domain pattern formed by variants »; and r; with the (100)

domain wall. The shear angle is denoted by .

1.3.2 45° inclined ferroelastic domain walls

Using the same theory, 45° inclined {101} ferroelastic domain walls can also be
formed. For variants r2 and r4, the parallel components with respect to (101) plane are
along the [010] and [010] directions. As they are in opposite directions, the (101)
domain wall can be obtained. However, as the (110) and (110) domain walls are
vertical on the (001) oriented substrate, therefore, they will be excluded in the
discussion of 45° inclined {101} ferroelastic domain walls. From Figure 1.10, the (101)
ferroelastic domain wall is 45° inclined on the (001) oriented substrate and the shear

distortion of the domains is along the [010] direction with the shear angle .
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(101) Domain wall

|

/ / / r; FARp) fg| 12 ry
r; ry

r;

[001] [010]

substrate / W \

[100] [100]

Figure 1.10 Schematic diagram of the domain pattern formed by variants r; and r, with the 45°

inclined (101) domain wall. The shear angle is denoted by .

To conclude, examining all combinations of two adjacent ferroelastic domains

formed by the four variants, the allowed ferroelastic domain walls are shown in Table

1.1.

Table 1. 1 Possible ferroelastic domain walls formed by different structural variants.

The asterisk represents the unexpected domain walls.

Variant 1 2 3 4
1 (100) (010) (001)*
(011) (101) (110)*
2 (001)* (010)
(110)* (101)
3 (100)
(011)
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1.4 Geometric orientations of ferroelectric domain walls

In ferroelectric materials, surface charges will be induced by the spontaneous
polarization. The surface charges will result in the depolarization field if they are
unscreened. Compensation of surface charges can be achieved by adding conducting
electrodes which can provide free carries [31-35]. Moreover, ferroelectric domains
with oppositely oriented polarization and zero net polarization can cancel out the
surface charges. The formation of ferroelectric domains can release the total elastic and
electrostatics energy of the materials by the energy expense of forming the ferroelectric
domain walls [24, 36].

Ferroelectric domains are defined as the regions in which spontaneous
polarizations are oriented in the same direction. In bulk ferroelectric materials,
different orientations of ferroelectric domains can be formed under the mechanical and
electrical compatibility [25]. For the adjacent domains with different polarization
directions, a domain wall will be formed in between the domains and categorized by
the angle difference between the domains [37].

The formation and the orientation of the ferroelectric domain walls in
rhombohedral perovskite oxides are limited by the mechanical and electrical

compatibility. The above discussed ferroelastic domain walls are only mechanically
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compatible without considering the electrical compatibility. However, spontaneous
polarization should also be examined for ferroelectric domain walls in order to
maintain the electrical compatibility. Streiffer et al. [25] demonstrated that there are
two limitations on the formation of charge neutral ferroelectric domain walls. Firstly,
the mechanical deformation prompted by the two adjacent domains in parallel to the
domain walls should be in the opposite distortion directions in order to maintain the
mechanical compatibility. Secondly, as to fulfill the electrical compatibility, the normal
components of spontaneous polarization of the two adjacent domains across the
domain wall should be conserved which means they should be in the same direction or
with zero normal component.

For each structural variant, there are two polarization vectors which are in the
opposite directions. For example, domain variant 73 has the polarization vectors along
[111] and [111] directions and they are represented by +P3 and —P;. Evaluating
domain variant 73 with —P3 [111] polarization and r, with +P4 [111] polarization,
the normal components of the spontaneous polarization across the (100) domain wall
are both in [100] direction. Therefore, a charge neutral domain wall can be achieved
and the schematic diagram of the vertical ferroelectric (100) domain wall formed by

the polarization variants —P3 and +P4 is shown in Figure 1.11. Similarly, 45° inclined
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ferroelectric domain walls can also be obtained by using the same theory and all

possible charge neutral vertical {100} and 45° inclined {101} ferroelectric domain

walls formed by different polarization variants are shown in Table 1.2.

(100) Domain wall

|

(100) Domain wall

|

+P,
[001]

+P,

\

[010]

+P4\

7 A

/

[100]

Net Polarization

[100]

Net Polarization

Figure 1.11 Schematic diagram of the (100) ferroelectric domain wall between —P; and +P,

polarization variants.

Table 1. 2 Possible ferroelectric domain walls formed by different polarization

variants. The asterisk represents the unexpected ferroelectric domain walls. Where

h, k and [ represent the Miller indices and the summation should be equal to 0.

Variant -P; +P> -P; +P3 -P3 +Py -Py4
+P; (hkl) (011) (100) (101) (010) (001)* (110)*
-P; (100) (011) (010) 101) (110)* (001)*
+P, (-hkd) (001)* (110)* (101) (010)
-P> (110)* (001)* (010) (101)
+P;3 (-h-kl) (011) (100)
-P;3 (100) (011)
+Py (h-kl)
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Moreover, in rhombohedral perovskite oxides structure, there are three types of
ferroelectric domain walls which are the 71°, 109° and 180° domain walls while the
90° domain wall only occurs in tetragonal and orthorhombic perovskite oxides. The
illustration diagram of different types of ferroelectric domain walls is shown in Figure
1.12. The polarization directions are represented by the green arrows. The red, blue
and yellow arrows indicate the angle difference of 71°, 109° and 180° between two
neighbouring domains respectively. The geometries of the ferroelectric domain walls
formed by different ferroelectric domains can also be explained by the mechanical and

electrical compatibility.
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Figure 1.12 Illustration diagram of 71°, 109° and 180° ferroelectric domain walls. Green arrows
represent the <111> polarization directions. Red, blue and yellow arrows represent the 71°, 109° and

180° domain configurations respectively.

For all kinds of 71° ferroelectric domain walls, they should be 45° inclined on the
(001) oriented substrate due to the mechanical and electrical compatibility. An example
of the 45° inclined 71° domain wall formed by +P;and +P, polarization variants is
demonstrated in Figure 1.13. From Figure 1.13, the parallel components of the
polarization variants with respect to the (101) domain wall are antiparallel while the

normal components across the domain wall are in the same direction. Hence, the
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formation of the charge neutral 71° (101) ferroelectric domain wall is mechanically

and electrically compatible.

[001]

[010]

[100]

Figure 1.13 Schematic diagram of the 71° ferroelectric domain wall. Red, green dash and black dash

arrows represent the polarization variants, parallel components and normal components on the

domain wall respectively. The yellow plane demonstrates the inclined 71° ferroelectric domain wall.

For charge neutral 109° ferroelectric domain walls, in order to fulfill the

mechanical and electrical compatibility, the domain walls would be in vertical

24



Chapter 1

&
THE HONG KONG POLYTECHNIC UNIVERSITY

direction on the (001) substrate. Figure 1.14 shows the 109° (100) ferroelectric domain

wall formed by polarization variants -Ps and +P4,

[001]

[010]

[100]

Figure 1.14 Schematic diagram of 109° the domain wall. Red, green dash and black dash arrows
represent the polarization variants, parallel components and normal components on the domain wall

respectively. The yellow plane demonstrates the vertical 109° domain wall.

According to the same theory, 180° domain walls are also found to be 45° inclined
on (001) substrate. As there is no normal component of polarization variants on 180°
domain walls, it is electrically compatible. The formation of the 180° domain wall

formed by polarization variants +P;and —P> is shown in Figure 1.15.
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[001]

[010]

[100]

Figure 1.15 Schematic diagram of the 180° domain wall. Red and green dash arrows represent the
polarization variants and parallel components on the domain wall respectively. The yellow plane

demonstrates the inclined 180° domain wall.

1.5 Bismuth ferrite (BiFeO3)

Among all kinds of ferroelectric materials, there has been growing interest in
BiFeOs due to its promising properties. We had chosen BiFeOs; as a model system for
its high ferroelectric Curie temperature (7. ~1100 K) and large ferroelectric
polarization (Ps ~100 puC/cm?) when comparing with other typical ferroelectric
materials such as BaTiOs, PZT and PbTiO3 which are shown in Table 1.3. In addition,
it has a relatively lower bandgap energy from 2.6 eV to 3.0 eV which is promising for

the application in photovoltaic devices comparing to other wide-bandgap ferroelectric
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materials [38-39]. BiFeOs is classified as a rhombohedral perovskite oxide structure of
space group R3c with the lattice constant a = 3.965A, rhombohedral angle a = 89.4°
and the tolerance factor # = 0.96 [40]. The polarization of BiFeOs is along the <111>
directions and the rotation of the oxygen octahedral is around 11° to 14° about the
polarized <111> axis. The rotation of oxygen octahedral is denoted as a a a by the
Glazer’s notation and this would lead to the changing of Fe-O-Fe angle to be around
154° to 158° [41]. Moreover, BiFeOs is an archetype multiferroic material with a strong
coupling between ferroelectricity and G-type antiferromagnetism (with Néel

temperature 7y ~ 650K) at room temperature.

Table 1. 3 Characteristics of different ferroelectric materials.

Materials Spontaneous polarization Band gap
BiFeO; ~100 pC/em? 2.6-3.0eV
BaTiO; ~26 nC/cm? 3.2-3.5¢V
PZT ~30 uC/ecm? 3.3-3.4eV
PbTiO3 ~70 pC/cm? 3.5-3.9¢V

There are tremendous interests in BiFeO3; for both fundamental research and

technology applications due to its fantastic ferroelectric, optical and magnetic

properties as well as the inter-coupling between the properties.
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1.6 Motivation of research

Ferroelectricity provides a rich ground to explore both fundamental science and
technological applications such as electronics and solar cells. Owing to the promising
future of the applications of BiFeO3, a significant amount of research efforts have been
conducted to study the natures and the applications of ferroelectric BiFeOs. In order to
maintain a sustainable development of ferroelectric materials, apart from exploring the
mechanism of the domain structure formation, the analysis of ferroelectric domain
walls is also necessary. It has been discovered that the properties of ferroelectric
domain walls can be different from the domains including the electrical conductivity
and magnetic properties [42-44]. In addition, several studies on the functionalities and
the engineering of the ferroelectric domain walls have been conducted. Jan Seidel et
al. [42] revealed that the domain walls can be more conductive than that of the bulk
domains, a result of bandgap changing and polarization rotation inside domain walls
which allow more charge carries to be accumulated in domain walls. Besides,
photovoltaic performances at ferroelectric domain walls can also be improved, which

are attributed to the separation of charge carries across the domain walls [45].
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Despite the importance of ferroelectric domain walls, the detailed atomic structure
at the domain walls is far from fully understood. Conventional X-ray diffraction-based
structure determination requires periodic structure and is impractical to solve the non-
periodic local structure at interfaces such as the domain walls. The domain wall
structure has been mostly studied using theoretical calculations due to the lack of
experimental characterization approaches. Only recently, the advent of aberration-
corrected transmission electron microscopy (TEM) and scanning TEM (STEM) has
made it possible to directly resolve the atomic structure at domain walls in real space.
Using aberration-corrected STEM, Nelson et al. [35] observed the occurrence of
triangular-shaped vortex nanodomains at ferroelectric heterointerfaces. In addition,
another research in ferroelectric materials discovered that a tetragonal distortion in
charged domain walls is induced by the polarization bound charge of the charged
domain walls [46]. On the other hand, these pioneering work mostly focused on the
polarization configurations around domain walls, without clarifying the detailed
atomic structure around the domain walls.

In recent years, the 109° ferroelectric domain walls have been widely investigated
in BiFeOs. However, little attention has been paid to the promising future of 180°

ferroelectric domain walls. It has been demonstrated that 180° domain walls possess
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enhanced electrical conductivity and contribute to the polarization response [42]. In
addition, Fancher et al. [47] discovered that 180° domain wall motion could improve
the piezoelectric response of the ferroelectric BiFeOs. It shows that 180° ferroelectric
domain walls have the promising value to be studied.

This study will provide the detailed atomic structure at BiFeO; domain walls and
therefore fill the knowledge gap in the field of ferroelectricity. The obtained correlation
between polarization and atomic structure variation will significantly advance the
understanding of ferroelectric domain structure and point the way to optimize the
multiferroic properties of BiFeOs; for future applications. At last, the demonstrated
approach can be generalized to other ferroelectric materials, to explore the fascinating

interplay between atomic structure and ferroelectric property.

1.7 Scope of work

In this work, there are two main objectives. The first one is by using the state-of-
the-art aberration-corrected STEM to study the atomic structure variations and the
polarization configurations across the domain walls in BiFeO3 perovskite oxide. The
second one is to understand the relationship between the domain wall structure and

heterostructure interface.

30



Chapter 1
£

&
& THE HONG KONG POLYTECHNIC UNIVERSITY

This thesis is comprised of five chapters. In chapter one, it begins with the
fundamental introduction of the perovskite oxides, multiferroic materials with different
types of ferroic properties, ferroelectric domains and domain walls, BiFeOs3,

motivation and the objectives of the work.

In chapter two, it describes various techniques utilized in this work including
characterizing the materials using atomic force microscopy and piezoresponse force
microscopy, aberration-corrected STEM and atomic scale structure mapping by Matlab

program.

In chapter three, it presents the results of atomic structural variations at

ferroelectric BiFeO3 domain walls through polarization and lattice parameter mappings.

In chapter four, the effects of interface termination on structural variation of
BiFeOs will be discussed. Moreover, the polarization engineering of the domains will

be examined.
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In chapter five, there will be the conclusions of the whole work and some

suggestions for potential future work.
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Chapter 2 Transmission Electron Microscopy and

Other Experimental Techniques

2.1 Materials and characterization

The BiFeOs; thin films were grown by the pulsed laser deposition (PLD)
technique in Prof. Ramesh’s group at the University of California at Berkeley. PLD
can be used to deposit high-quality thin films by a wide range of deposition
parameters, including high temperature deposition to improve the crystallinity [48-
52].

PLD is classified as the physical vapor deposition process which requires a
high power pulsed laser beam. The laser beam will be focused on the target
materials and the materials will be vaporized to become a plasma. The plasma target
materials would then be deposited on the substrates. The vaporization of the target
materials is generally called ‘ablation’ and the ablation is carried on a rotating disc
which acts as a support for collecting the ablated materials [53]. In the PLD, the
nucleation of the materials is controlled by several factors including substrate
temperature, substrate surface, laser parameter and background pressure:

Nucleation density of the target materials would be decreased by the increase of
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substrate temperature. For the substrate surface, as there are miscuts of the
substrates and lattice mismatch between the target materials and the substrates,
therefore, the nucleation and growth of the target materials would be affected. In
addition, the laser parameters such as laser fluence, ionization degree and the laser
energy may alter the stoichiometry, nucleation density and the quality of the ablated
materials. Besides, a high oxygen pressure in the deposition chamber would ensure
the correct stoichiometry of the materials by preventing oxygen vacancies [54]. In
this work, the BiFeOs is deposited on the DyScO3 (110) substrate with a SrRuOs
(001) conducting layer in between the BiFeO3; and DyScOs. The PLD were carried
at 700°C with 100 mTorr of Oz pressure. The grown BiFeOs; film is then
characterized by atomic force microscopy (AFM) and piezoresponse force
microscopy (PFM). In order to examine the effect of the SrRuO; conducting layer
on the domain pattern of BiFeOs, a comparing sample without the SrRuOs layer is
also fabricated. The AFM and PFM images will be discussed.

On the other hand, the effect of epitaxial strain, substrate symmetry, substrate
miscut angles and the electrical boundary conditions should be considered for
selecting the growth substrate of the BiFeOs thin film. It has been reported that a

reduction of ferroelectric domain variants by the growth of conducting SrRuOs
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bottom electrode [55]. It is the result of the electrical properties of the STRuO3 layer
which can establish a built-in electric field from the thin film to the SrRuOs; layer
and hence lead to a downward polarization from the BiFeOs3 thin film to SrRuOs.
Therefore, the growth of SrRuO3 on the substrate can maintain the formation of
domain variants with only downward polarization. Furthermore, the selection of
different substrates would also affect the quality of the SrRuO3 conducting layer
and the symmetry of the BiFeOs thin film. It is demonstrated that the orthorhombic
(110) rare earth scandate substrates such as DyScOs, SmScO3 and GdScOs and high
miscut angle SrTiO3 can suppress certain types of domain variants [56-58]. Among
these substrates, Johann et al. [55] found that cubic SrTiO3; and DyScOj; can obtain
a better StRuO; quality than SmScO3 and GdScOs. It is due to the fact that the lattice
mismatch between SmScO3/GdScO3 and SrRuOs is too large which leads to the
strain relaxation in SrRuOs and prohibits the domain variant suppression. In
addition, comparing to DyScOs, SrTiO; has a larger lattice mismatch with BiFeOs
which causes the reduction of rhombohedral symmetry of BiFeOs; [59-61].
Therefore, DyScOs is used as the growth substrate due to its least lattice mismatch
with respect to both SrRuO3; and BiFeOs. The comparison of different substrates’

lattice constants are shown in Table 2.1.

35



8

Chapter 2

& THE HONG KONG POLYTECHNIC UNIVERSITY

Table 2. 1 Lattice constants of different substrates and lattice mismatch with

repect to BiFeOs; and SrRuO;s.

Lattice Lattice misfit with Lattice misfit with
constant (A) BiFeOs (3.96 A) SrRu0s3(3.93 A)
StTiOs 3.91 -1.4% -0.6%
DyScOs3 3.94 -0.3% +0.5%
GdScOs3 3.97 +0.2% +1.0%
SmScO3 3.99 +0.7% +1.4%
2.1.1. AFM

AFM is a scanning probe microscopy with high resolution up to A order and

it can be used to examine the surface topography of a sample. The working principle

of AFM is to apply a tip on the surface of the sample and measure the interaction

between the probe and the sample surface such as van der Waals force,

electromagnetic force and capillary force. There are two common types of operation

modes in AFM which are the tapping mode and the contact mode [62].

In the tapping mode, the tip of cantilever is vibrated at the resonant frequency.

During the scanning process, the tip would be tapping on top of the sample and the

disturbance of the oscillation by the sample is recorded. The phase contrast mode
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can be simultaneously operated with the tapping mode which provides the surface
properties of the sample including friction, adhesion and viscoelasticity.

In the contact mode, the AFM tip will be in contact with the sample and a
constant deflection of the cantilever would be obtained by adjusting the height of
the tip. The changes in the z direction of the signal would provide the detailed
topography of the sample. The major advantage of using AFM to probe the sample
is that it does not require special treatments which may damage the sample.
However, the disadvantages are the incapability for probing soft samples as the
probing process may lead to the damage of the sample and the tip is non-reusable
due to the destruction of the tip during the imaging.

In this work, the AFM images of BiFeOs film shown in Figure 2.1a) with
SrRuO; conducting layer, and b) without SrRuO; conducting layer were taken by
Prof Ramesh’s group at University of California at Berkeley. For the BiFeOs film
grown with the StRuO; conducting layer, the roughness of the surface morphology
indicates the formation of SrRuQj3 islands, instead of a uniform SrRuOs layer. It has
been demonstrated that the gradually increasing SrRuO3 growth rate will result in
the change of growth mode from step flow to island formation [63]. In addition, the

circular multi-terraces of the SrRuOs layer will also lead to the formation of
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different BiFeOs domains. For the BiFeOs; film without the SrRuO; bottom
electrode, the surface morphology is smooth. The effect of the presence of SrRuOs

islands on the ferroelectric domain structures will be investigated in Chapter 3.

Figure 2.1 AFM images of BiFeOs; film a) with SrRuO3 conducting layer, and b) without StTRuO3

conducting layer.

211. PFM

PFM is widely applied to study the ferroelectric domains of a material. The
technique of PFM is based on a conductive sharp tip. When the tip of PFM is in
contact with the ferroelectric or piezoelectric materials, an alternating current (AC)
signal is applied to the tip. Due to the converse piezoelectric effect of the materials,

there will be mechanical changes and these changes would then induce a deflection
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signal of the probe. The signal is then received by a photodiode detector and
amplified by a lock in amplifier [64-65]. Therefore, the PFM technique can be used
to investigate the ferroelectric domain pattern and the polarization state of the
sample. The PFM images of BiFeOs film with and without StRuO; are shown in
Figure 2.2. It is evident that there are two types of domains in the BiFeOs thin film
with the STRuO3 conducting layer while there is only one for the BiFeO3 thin film
without SrRuOs. The mechanisms of obtaining different domain walls with the

presence and absence of StRuOj3 bottom electrode will also be discussed in Chapter

Figure 2.2 PFM images of the BiFeOs film a) with SrRuO; conducting layer and, b) without

SrRuOj; conducting layer.
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2.2 Transmission electron microscopy (TEM) and Scanning transmission
electron microscopy (STEM)

TEM has become a crucial instrument for investigating the characteristics of
materials such as the nanostructure and the chemical composition. Imaging by TEM
is the application of an electron beam with a wavelength in picometers through the
samples to form the images. In TEM, the beam of electrons can undergo elastic or
inelastic scattering with the atoms of the sample [66-68]. The scattered electrons
would be diffracted according to the Bragg’s law by the crystallographic orientation
of the specimen. A diffraction pattern can be obtained at the back focal plane of the
lens in the TEM and the pattern can provide the information about the lattice spacing
and the atomic configuration of the specimen. For the beam of unscattered electrons,
it will transmit through the specimen and provide a two dimensional image which
is known as the bright-field image. As electrons are negatively charged, a specimen
with more electrons around the nuclei will hence induce larger amount of electron
scattering. Therefore, atoms with smaller atomic number will have a higher image
intensity. Besides, the thickness of the sample will also affect the intensity of the

images such that the thicker the specimen, the less electrons can be transmitted [69].
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In addition, another mode of imaging in TEM is the high-resolution
transmission electron microscopy (HRTEM). HRTEM provides a high
magnification of the specimens at atomic scale by the phase contrast between the
scattered electron beam and the transmitted electron beam. The phase contrast is
aroused from the interference of the electron wave and it is unnecessarily correlated
to the actual atomic structure of the specimens [70-72]. Even though HRTEM can
provide a high resolution image of the specimen, there are some disadvantages such
as the influence of the objective lens aberrations and the heavy dependence on the
thickness of the specimens.

Comparing with HRTEM, scanning transmission electron microscopy (STEM)
is extensively applied to study the atomic structure of the specimens such as
ferroelectric materials due to its better image contrast. In STEM, a fine electron
beam is focused and scanned over the specimen while parallel to the optical axis.
There are two types of imaging modes in STEM which are the bright field imaging
and the annular dark field imaging. For the dark field imaging, the scattered electron
beam is detected by the annular detector and provides an atomic resolution image
with intensity directly proportional to the atomic number (Z). However, light

elements with low Z are not visible in dark field imaging. Therefore, the bright field
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technique can be applied for both heavy and light elements imaging. In bright field
imaging, the transmitted electron beam is obtained by the detector. For heavier
atoms, the incident electrons will be scattered to a greater angle, therefore, the
corresponding spots will be darker in the image [73-75]. The bright field imaging is
usually used to provide complementary information for dark field imaging and
hence STEM can be used to locate the corresponding positions of the atoms in

ferroelectric materials.

2.3 Aberration-corrected scanning transmission electron microscopy (STEM)

Z-contrast dark field imaging

The atomic scale structure and polarization arrangement of BiFeOs were
investigated using aberration-corrected STEM Z-contrast dark field imaging with
sub-Angstrom resolution.

For Z-contrast dark field imaging, the incident electron beam is scattered to
high angles which is known as the high angle annular dark field (HAADF) image.
There is no interference effect for the imaging, as a result, the HAADF images can
be interpreted easily. The intensity of the HAADF is directly proportional to the

atomic number and only heavy cations such as Bi and Fe cations are visible. As this
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imaging has the advantages of no required post-processing and less sensitive to the
samples thickness, therefore, the positions of heavy cations (Bi and Fe) can be
precisely determined in Z-contrast images. In this work, the samples were prepared
by focused-ion beam with standard procedures. In addition, the STEM images were
taken by a doubled aberration corrected FEI Titan 80-300 FEG-TEM/STEM with
the operating voltage of 300 kV and the HAADF images were taken with the

collection angle of around 76 mrad.

2.4 Polarization and lattice parameters mapping

The STEM images were examined by customized Matlab image analysis using
2D peak-finding algorithm to determine the atomic positions of cations. Bi cations
in the STEM images were used to calculate the lattice parameters and the central
positions of individual unit cells. Fe cations were used to derive the displacement
from the unit cell centres. In the HAADF images, the brighter dots represent the Bi
cations and the darker dots represent the Fe cations. This is because Bi cation is
heavier than Fe cation, so the image intensity of Bi cations will be higher. In order
to locate the positions of all Bi and Fe cations, the noise was first eliminated from

the HAADF STEM images. Next, the centre of mass of every bright spot in the
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HAADF STEM images was identified automatically by the customized Matlab
script for defining the feature locations. The Bi and Fe cations can then be
distinguished by determining the size distribution of the identified spots. As the
oxygen anions are not visible in the HAADF STEM images, therefore, the exact
polarization of the unit cells cannot be directly visualized. However, the polarization
can be derived by the displacement of the Fe cations. By comparing the marked Fe
cations’ positions and the central positions calculated by the four corner Bi cations’
positions, the displacement vectors Drz of Fe cations can be measured. The detailed
procedures of locating the Bi cations, Fe cations and calculated central positions of
the unit cells are illustrated in Figure 2.3a) to d). The polarization vectors are
linearly proportional to the displacement of Fe cations by the equation of P; =
— %Zi DrpZ; [18, 35, 76-77], where P is the polarization, V is the volume of unit
cell, Drg is the displacement vector and Z; is the effective charge of the atom. As
the displacement vectors are towards the negatively charged oxygen, therefore the
polarization vectors are in the opposite directions which give rise to the negative
sign of the equation. The polarization configuration maps will be obtained by
mapping the opposite directions of the displacement vectors. Besides, the lattice

parameters of the unit cells were measured by the distance between two
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neighbouring Bi cations’ along [100] and [001] directions separately. Hence, the
direct lattice parameter maps along [100] and [001] directions can be obtained with
the lattice parameters in A represented by the colours.

Therefore, by examining the positions of Bi and Fe cations in the HAADF
STEM images, both unit cell structure and the polarization vectors were mapped
unit cell by unit cell. The relationship between polarization vectors and lattice

parameters were also illustrated using the maps.
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Figure 2.3 The schematic diagram of a) HAADF STEM image of BiFeOs thin film, b) locating

the Bi cations and Fe cations which are represented by the blue dots and red dots respectively, c)
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calculating the central positions which is indicated as the pale blue dots and d) calculating the

Drs.
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Chapter 3 Atomic scale structure variation at

ferroelectric domain walls

3.1 Introduction

Recent researches have demonstrated the novel properties of ferroelectric
domain walls in BiFeOs thin films such as the enhanced electric conductivity and
magnetization at the ferroelectric domain walls based on the coupling between
electric and magnetic behaviors [78-80]. Owing to the fascinating application
potential of BiFeOs; in the electronic industries such as photovoltaic and
ferroelectric memory devices [79], it is crucial to understand the underlying domain
wall structure and the selection of different domain structures. A significant amount
of study has been carried out to examine the domain architecture of 71°, 109° and
the charged domain walls (CDWs), both experimentally and theoretically[31, 43,
81]. For instance, a massive amount of research has been carried on the mechanism
of CDW formation and its atomic structure. A CDW is a domain wall formed by the
‘tail to tail’ or ‘head to head’ polarization configuration, so there are net charges
accumulated at the domain wall. Li et al. [47] have reported the existence of the

CDWs at 109° and 180° domain wall junctions using the HAADF STEM imaging
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and found that these CDWs adopt the tetragonal-like structure locally, instead of the
intrinsic rhombohedral structure. However, there is still inadequate research on the
neutrally charged 180° domain walls using the atomic resolution STEM and the

direct observation of structural variations at the domain walls.

3.2 Formation of 180° ferroelectric domain walls over 71° and 109°

ferroelectric domain walls

The domain configurations were investigated by Z-contrast HAADF STEM
imaging. From the HAADF STEM images, the polarization vector maps of BiFeOs
were obtained and the boundary which separates two domains with different
polarization orientations is defined as the domain wall. Figure 3.1a) shows the Z-
contrast STEM image of the BiFeO; film in (010) plane where vector a and ¢
represent the [100] and [001] direction. The polarization configuration map of
BiFeO; is shown in Figure 3.1b) which labels the domain wall as the red area. The

quantitative magnitude of the polarization vector is calculated by the simplified

uc
cm2-pm

equation of Py = —2.5 Drp proposed by Nelson’s group [35] where the 2.5

indicates the effective charges of the unit cell. As the measured displacement of the

Fe cation is 30.7 = 3.3 pm along the diagonal of the unit cell, the corresponding
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image plane polarization is calculated to be 76.75 + 8.25 nC/cm? with an equivalent
polarization of 54.27uC/cm? in both [100] and [001] directions. In the assumption
of the same polarization component of 54.27 pC/cm? in [010] direction which is
normal to the image, the total polarization of the unit cell is estimated to be 94
uC/cm? which is consistent with the typical polarization magnitude of 90 uC/cm? to
100 pC/cm? for BiFeOs. On the other hand, the polarization vectors of the two
domains are obviously in opposite directions and lead to a ‘head-to-tail” polarization
configuration at the domain wall as shown in Figure 3.1b). It is revealed that the
domain wall is 45° inclined instead of vertical. As stated in Chapter 1.4, the
formation of domain walls should be mechanically and electrically compatible.
Therefore, the 45° inclined domain wall can only be the 71° or 180° domain wall.
However, the polarization vectors of the two neighboring domains projected in (010)
plane should be the same for the 71° domain wall. Therefore, the domain walls
obtained in this work should be the 180° domain wall since the polarization vectors
of two neighboring domains projected in (010) plane are in opposite directions. In
addition, we have investigated more than 10 HAADF STEM images of the

neighboring regions and some of the examples are shown in Figure 3.2. It is
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observed that the ferroelectric 180° domain wall is obtained and the domain walls

are lamellae-patterned.

Figure 3.1a) Z-contrast STEM image of the BiFeOs film in (010) plane and b) Domain

configurations with the 45° inclined 180° domain wall labeled by the red area.
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Figure 3. 2 a-c) HAADF STEM images of different neighboring 180° domain walls of the BiFeO3

film in (010) plane.

Moreover, the mechanism of forming 180° domain walls instead of 71° and

109° domain walls is also critical. It is found that in the presence of conducting

layer, 45° inclined domain walls such as 71° and 180° domain walls are more

favorable than the vertical 109° domain wall [32, 57]. Without considering

ferroelectric polarization discontinuity at the substrate interface, the competition of
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forming the 71° or 109° domain wall strongly depends on the electrostatic boundary
condition and the elastic compatibility condition. A depolarization field will be
formed by the bound charges of the domains at the substrate interface. If the
depolarization field is unscreened, it will increase the electrostatic energy and hence
destabilize the ferroelectric domains [34, 82-83]. For a 109° domain wall, it has an
alternating upward and downward directions of spontaneous polarization and it can
reduce the depolarization field (if unscreened) at the substrate interface. However,
the spontaneous polarization across a 71° domain wall is consistently upward or
downward. Therefore, the 109° domain wall is more stable in the absence of the
electrode that can provide charges to screen the depolarization field. In the view of
elastic energy, as the 109° domain wall has a larger angle difference between the
two neighboring ferroelastic domains while that of the 71° domain wall is smaller.
As a result, the 71° domain wall has a lower elastic energy compared with that of
the 109° domain wall.

It has been reported that the thickness of the SrRuOs3 has an influence on the
metallicity and hence affect the formation of different types of domain walls [84-
85]. With a smaller thickness of STRuO; bottom electrode, the metallicity of SrRuO3

decreases and results in less free electrons to reduce the depolarizing field.
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Therefore, in the absence of or with an ultrathin (0-5 nm) SrRuOs; bottom electrode,
the 109° domain wall is more favorable than the 71° domain wall which can be
explained by the lower electrostatic energy of the 109° domain wall associated with
the lower depolarizing field.

In contrast, the 71° domain wall is expected to form in the presence of a
SrRuOs conducting layer with a thickness larger than 25nm [32]. As the number of
free carriers in the SrRuO; conducting layer increases with the SrRuOs film
thickness, the depolarizing field can be fully screened by the free carriers of the
SrRuO; conducting electrode. Besides, the 109° domain wall has a larger angle
difference between the two neighboring ferroelastic domains while that of the 71°
domain wall is smaller. As a result, when the depolarizing field is nearly fully
screened by the thick SrRuOs layer, the 71° domain wall is more favorable to form
as it has a lower elastic energy compared with that of the 109° domain wall.

It is also reported that 180° domain walls are usually obtained together with
the formation of 109° domain walls [32]. However, we observed pure ferroelectric
180° domain wall array patterns without the presence of 109° domain walls with
the presence of StRuO3 bottom electrode. The possibility of stabilizing 180° domain

walls in BiFeOs grown on the DyScOs3; with SrRuO; (5 nm) bottom electrode were
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mentioned by Crassous et al. [32]. As discussed above, the 109° domain wall is
more favorable for an ultrathin or without the SrRuO; bottom electrode.
Nevertheless, the effect of BiFeOs thin film thickness becomes critical when the
SrRuOs; thickness is 5 nm. Crassous’s group demonstrated that for the BiFeOs
thickness above 80 nm, the energy associated with the unscreened depolarizing field
dominates due to the larger thickness (V = Ed), the formation of the 109° domain
wall is still dominated as oppositely charged domain patterns can minimize the
electrostatic energy. Nevertheless, the 71° domain wall is found to be obtained for
the BiFeOs thickness less than or equal to 40 nm grown above the ultrathin SrRuO3
bottom electrode with a thickness of 5 nm. It is the fact that for the thin film
thickness less than or equal to 40 nm, the electrostatic energy due to the depolarizing
field of the domain structure is not much (V = Ed). Therefore, the role of the elastic
energy becomes dominant and the 71° domain wall which has a lower elastic energy
is more preferable. Moreover, it can also be explained by the mechanical
compatibility between the substrate and the two types of domain walls. As shown
in Figure 1.10 and 1.11, the domains with 109° domain walls are puckered above
the substrate due to the shear distortion, however, the domains are flat for 71°

domain walls which can provide a better mechanical compatibility with the flat
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substrate. Therefore, the enhanced accommodation of BiFeO3; 71° domain structure
also promotes the formation of the 71° domain wall over the 109° domain wall.
Interestingly, for the BiFeOs thickness between 40nm and 80nm, a mixture of 71°,
109° and 180° domain walls is observed. It suggests that the 180° domain wall
demonstrated in Figure 3.1 may be attributed to the effect of BiFeOs thin film
thickness. In this work, the BiFeO3 thin film with the thickness of 77 nm was grown
on the SrRuO3 bottom electrode. It shows the consistency with the work done by
Crassous et al. which 180° domain walls can be stabilized for 40 to 80 nm BiFeO3
film thickness. On the order hand, the formation of 180° domain walls is more likely
to be favored by the interface termination and the detailed discussion will be

established in Chapter 4.

3.3 Effect of DyScO3s monoclinic distortion on the orientation of 180° domain
walls
In addition, the HAADF STEM images were obtained at the
BiFeO3/SrRuO3/DyScOs interface. Figure 3.3 demonstrates two different domain
configurations with the 45° inclined domain wall at the substrate interface. As there

is the presence of SrRuO3 conducting layer, the vertical 109° domain wall is less
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favorable to form. Instead, the 45° inclined domain wall with lower elastic energy
is obtained. From Figure 3.3a), it shows that the 45° inclined 180° domain wall
originated from the corner of the SrRuO;3 conducting island. Figure 3.3b) shows
another 45° inclined 180° domain wall with a small horizontally-oriented region
which can be considered as an intermediate region. It demonstrates the upward
polarization above the SrRuO3 conducting islands and downward polarization on
the DyScOs substrate. Additionally, the polarization configurations at the domain
wall maintain a ‘head-to-tail’ gradual change from the two oppositely polarized
adjacent domains. This can ensure the charge neutrality of the 180° domain wall

which is more energy favorable.
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Figure 3.3 HAADF STEM image of a) the 45° inclined 180° domain wall, and b) the partially

45° inclined domain wall at BiFeO3/SrRuO3/DyScOs interface. The red area represents the region

of domain wall.

Besides, it is evident that the 45° inclined domain wall is laid on the (101)
plane of the BiFeOs thin film. This can be explicated by the monoclinic distortion
of the DyScOs3 (110) substrate. As reported by Z. H. Chen et al. [86], the BiFeO3
thin film will adopt the monoclinic distortion direction of the DyScOj3 substrate. In
order to maintain an energetic favorable domain structure, the domain variants will
be formed with a net shear distortion with respect to the monoclinic distortion of
the DyScOjs substrate. The schematic diagram of the DyScOj3 substrate viewed from

[001], direction with the monoclinic distortion along the upper left direction is
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shown in Figure 3.4, where the subscript o denotes the orthorhombic structure. In
Figure 3.5a), the domain wall is inclined along the (101) plane and labelled by the
red dash line. In Figure 3.5b), the sub-diagram demonstrates the corresponding
atomic configuration of the DyScOs3 substrate and reveals that the distortion of the
BiFeO; unit cells is along the same direction as the monoclinic distortion of the
DyScO;s substrate. It is also displayed that the presence of SrRuO3 conducting layer
will not change such a distortion inheritance. These observations prove the
consistency between our results and the previous works done by other researchers
[55].

On the other hand, it has been reported that the formation of different domain
structures can be controlled by the orientation of the substrate [48, 55, 56, 87]. Chu
et al. found that [87] the ferroelectric symmetry would be broken by introducing the
vicinal surface on the substrate. By increasing the miscut angle of the substrate, the
types of domain variants will be reduced to maintain an energetically favorable
condition. Besides, Giencke et al. [88] demonstrated that the miscut direction of the
substrate can also restrict the formation of certain BiFeO3; domain structure. With
the occurrence of step edges on the growth substrate, it can prevent the formation

of domains with unfavorable rhombohedral distortions. They also reported that the
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miscut directions of the substrate will affect the alignment of different domain walls.
However, in this work, the 180° domain walls with nearly the same orientation were
observed on different sides of the SrRuOs island as shown in Figure 3.3. It is
believed that the formation and the orientation of the 180° domain walls are mainly
affected by other factors such as interface termination instead of the surface steps

around the SrRuO3 conducting islands.
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Figure 3.4 Schematic diagram of the DyScOs (110), substrate viewed along [001], direction.
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Figure 3.5a) HAADF STEM image of BiFeOs thin film with the inclined 180° domain wall

labelled by the red dash line and b) the polarization vector map with the atomic configuration of

the DyScOj3 substrate shown in the sub-diagram.

3.4 Ferroelectric polarization configuration and lattice parameter maps

Besides the observation and interpretation of 45° inclined 180° domain walls,

the relationship between the polarization configurations and the lattice parameters

was also studied. It is found that the polarization change at the domain walls will

lead to the lattice distortions in both a and ¢ direction.

Figure 3.6a) shows the HAADF STEM image of BiFeOs domains and the

corresponding ferroelectric polarization vector map is shown in Figure 3.6b). Figure

3.6c) and d) represent the a and c lattice parameter maps respectively. It is

demonstrated that the 45° inclined 180° domain wall leads to the expansion of

60



Chapter 3

&
THE HONG KONG POLYTECHNIC UNIVERSITY

lattice spacing in a vector and the compression of lattice spacing in ¢ vector when
comparing with the lattice inside domains. Figure 3.6e) and f) show the line profiles
of lattice parameters across the domain wall respectively. The lattice parameter
changes across the domain wall can be explained by the displacement of Bi cations
relative to the Fe cations sublattice. Polarization can also be defined as the
displacement of Bi cations from the corner positions of the perovskite pseudocubic
unit cells. Therefore, the polarization direction can be regarded as the displacement
of Bi cations with respect to the Fe cation sublattice. This means that across a 180°
domain wall, the Bi cation displacements in the two neighboring domains are along
the two opposite polarization directions. The schematic model of Bi cations
displaced from the corner positions of the pseudocubic perovskite unit cell across
the domain wall is shown in Figure 3.7. The Bi pseudocubic unit cell in the bulk
domains is denoted by the blue frame and the deformation of Bi unit cell is
represented by the yellow frame. It is conspicuous that there is an expansion in a
vector and compression in ¢ vector. These are the results of the Bi sublattice of the
two neighboring domains distorted away from the domain wall in a vector but
distorted towards the domain wall in ¢ vector. Therefore, the a lattice spacing of Bi

cations across the domain wall increased while the c¢ lattice spacing decreased. It
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should be noted that the normal displacement vector of Bi cations with respect to
the domain wall is zero. Therefore, the 180° domain wall can remain neutrally
charged. In addition, from the ferroelectric polarization vector map, the width of the
180° domain wall is about two pseudocubic unit cells. It shows the agreement with
the schematic model of Bi cations lattice distortion across the domain wall shown
in Figure 3.6 and the result of Wang’s group [19] that the thickness of the 180°

domain wall is about two Fe/Bi columns width.
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Figure 3.6a) HAADF STEM image of BiFeOs; bulk domain, b) polarization configuration map of
the 45° inclined 180° domain wall, where the red area indicates the region of domain wall, c) the
a lattice parameter map, d) c lattice parameter map, ) and f) the lattice parameter changes across

the domain wall in a vector and ¢ vector respectively.
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Figure 3.7 Schematic model of Bi cations distortion from the corner positions of the pseudocubic

perovskite unit cell across the domain wall. The domain wall is labeled by the blue shadow area.

Furthermore, it has been discovered that there are two different types of

polarization configurations across the 45° inclined 180° domain walls which are the

clockwise and anti-clockwise polarization configurations. The comparison of the

two types of polarization configurations and the relationship between the lattice

spacing were examined. Figure 3.8a) shows the clockwise polarization

configuration map and the corresponding a and c lattice parameter maps are shown

in Figure 3.8c) and e) respectively. Similarly, the anti-clockwise polarization

64



Chapter 3

8
& THE HONG KONG POLYTECHNIC UNIVERSITY

configuration map is shown in Figure 3.8b) and the correlated a and c lattice
parameter maps are shown in Figure 3.8d) and f). It can be realized that the a and ¢
lattice spacing variations of clockwise and anti-clockwise polarization
configurations are in opposite trend. For the clockwise polarization configuration,
the a lattice spacing increases and c lattice spacing decreases. For the anti-clockwise
polarization configurations, the a lattice spacing decreases and the c lattice spacing
increases. This can be confirmed by the schematic model shown in Figure 3.7. In
the case of anti-clockwise polarization configurations, the Bi cations of the two
adjacent domains are displaced towards the domain wall in @ vector but away from
the domain wall in ¢ vector.

This demonstrated that the domain structures can be tailored by controlling the
epitaxial strain from the growth substrates. It has been reported that the compressive
strain induced by the substrate to the BiFeOs3 thin film can suppress the formation
of particular domain structures, and under the tensile strain, there is a rotation of the
BiFeO; unit cell with the increase of thickness so that the strain can be partly
released [55, 87, 89]. In this work, it is observed that for the anti-clockwise
polarization rotation, the BiFeOs film is compressed horizontally as shown in Figure

3.8b). Therefore, it suggests that such polarization configuration of BiFeO3 can be
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more favored by choosing the substrates with smaller lattice parameters which

provide a compressive strain on BiFeOs.
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clockwise polarization configuration and b) anti-clockwise polarization configuration, where the

red area indicates the region of domain wall, the @ lattice parameter map of c) clockwise
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polarization configuration and d) anti-clockwise polarization configuration, c lattice parameter
map of e) clockwise polarization configuration and f) anti-clockwise polarization configuration
respectively.

3.5 Other intriguing ferroelectric polarization configurations

Other than the above polarization configurations across the domain walls, there
are still some unusual domain patterns. The domain patterns were investigated by
the polarization configuration mapping and the lattice parameter mapping.

Firstly, we observed a triangular vortex domain structure at the substrate
interface with a SrRuOs conducting island from the polarization configuration map.
From Figure 3.9a), there are three different types of polarization domains which are
labelled as domain A, B and C. In addition, a 45° inclined 180° domain wall is
formed between the domain region A and B. The polarization configurations of the
two continuous domains undergo anti-clockwise rotation and the corresponding a
and c vector lattice parameter maps are shown in Figure 3.9b) and c) respectively.
It is demonstrated that the a lattice spacing decreases and the ¢ lattice spacing
increases at the domain wall. These variations in lattice parameter are consistent
with the results of Chapter 3.3. Meanwhile, a triangular vortex domain is formed

next to the SrRuOs island with a gradual clockwise rotation of polarization direction.
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The white dash line indicates the transition from domain region B to domain region
C. It appears that the polarization direction in domain C aligns with the side edge
of the SrRuOs island, suggesting that such a vortex pattern is related to the

morphology of the SrRuO3 island.

b) a lattice parameter map c) c lattice parameter map

= o . | == == Ca-—e—a

Figure 3.9a) Polarization vector map of vortex domain, b) « lattice parameter map and c) c lattice

parameter map.
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Secondly, it is found that there is another interesting polarization configuration
next to the triangular vortex domain. From Figure 3.10a), the domain with upward
polarization above the StRuO3 conducting layer is enveloped by the domain with
downward polarization. The boundaries formed between the domains are 180°
domain walls which acquire the same lattice parameter variations as mentioned

above, as shown in Figure 3.10b) and c).
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b) a lattice parameter map A ¢) clattice parameter map

4.2

Figure 3.10a) Polarization configuration map of enveloped domain structure with 180° domain

walls, b) a lattice parameter map and c) c lattice parameter map.

3.6 Conclusion

To conclude, we have successfully investigated the HAADF STEM images of
ferroelectric domain structures of the BiFeOs thin film. We discovered that there are
45° inclined 180° ferroelectric domain walls formed above the SrRuO;3 bottom

electrode and the orientation of the 180° domain walls are along the (101) plane.
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Furthermore, it is revealed that the lattice parameters in a and ¢ vectors vary at the
180° domain walls from the domains as discussed in Chapter 3.4. For the clockwise
polarization configuration formed by the adjacent domains, the domain walls
possess an increased a lattice spacing and a decreased c lattice spacing. On the
contrary, the changes of a and c lattice parameters reversed for anti-clockwise
polarization configuration. This is the result of the relative displacement of the Bi
cations along different lattice vectors. This confirms the ferroelectric polarization
in BiFeOs is mainly due to the Bi displacement relative to Fe and O. It is also
proposed that the domain structures of BiFeO3 can be affected by the mechanical
strain introduced from the growth substrates. Besides, there are some unusual
domain structures observed in the BiFeOs film. These can be further studied to
provide a better understanding of the formation of ferroelectric domains.

The orientation of the 180° domain walls is mainly attributed to the monoclinic
distortion of the DyScOs3 substrate such that the 180° domain walls are lying on the
(101) plane. Besides, previous studies suggested that the distortions of the BiFeOs
domains and the orientations of the domain walls will be influenced by the
morphology of the SrTRuOs3 bottom electrode such as the terrace alignment. However,

we discovered the same orientation of domain walls at both edges of the SrRuO3
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island which indicates that the formation and the orientation of the 180° domain walls
are independent of the surface morphology of the SrRuOs island. This provides a
notable understanding on the mechanism of ferroelectric 180° domain walls

formation.
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Chapter 4 Ferroelectric domain engineering by

interface terminations

4.1 Introduction

As mentioned in the previous chapter, we observed that the polarization vectors
above the SrRuOs3 is pointing upward while the polarization vectors above the
DyScO; is pointing downward. This is completely opposite to the majority of
studies on BiFeOs ferroelectric polarization orientations which showed that the
polarization direction is usually downward above the SrRuO3 bottom electrode [55,
87-88, 90-91]. The downward polarization above the SrRuO; layer can be
understood by the Schottky contact at the interface between the BiFeOs and SrRuO3
[90, 92-93]. According to the Schottky Mott rule [94-96], as the work function of
SrRuO3 and the electron affinity of BiFeOs are 5.2 eV and 3.3 eV respectively, a
Schottky barrier height of 1.9 eV will be formed at the interface and it can be
regarded as a ‘n type’ Schottky contact. Therefore, a built-in electric field would be
established pointing from BiFeOs; to SrRuO; and the polarization direction would
be pointing toward SrRuOs. The schematic diagram of the Schottky Mott model and

the formation of built-in electric field between BiFeOs; and SrRuOQs is illustrated in
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Figure 4.1 where Er, y, @sg, E and P denote the work function of SrRuO3, electron
affinity of BiFeOs, the Schottky barrier height, electric field and polarization
respectively. Surprisingly, however, the observed polarization direction above the
SrRuOs bottom electrode in this work is pointing away from SrRuOsz which is
totally different from the mentioned mechanism. This is most likely due to the effect

of interface termination on polarization direction.

a) \ b) P<:|
X -

o +
SB _ E +
SrRuO; | —— |, BiFeO,
+
E
SrRuO, BiFeO, Depletion
region

Figure 4.1 Schematic diagram of a) Schottky contact between BiFeO3 and SrRuO; and b) built-

in electric field across the depletion region.

Polarization discontinuity and the electrostatic boundary condition at the

heterostructure interface should also be considered in the mechanism of the domain

formation. It is because the atomic behaviors at the interface may differ from that

of the bulk domains. Therefore, the opposite trend of polarization directions above
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the SrRuOs bottom electrode and the DyScOs3 substrate can be examined by the
effect of interface termination which may also contribute to the formation of the

pure ferroelectric 180° domain walls.

4.2 Interface termination of BiFeOs and SrRuOs heterointerface

The atomic structure of BiFeOs/SrRuOs interface was investigated by the
HAADF STEM. The intensity profiles at the interface of different domain structures
were obtained to study the interface termination and hence the effect of terminating
atoms on polarization configurations. In the HAADF STEM image, oxygen anions
are invisible while cations can be shown and the intensity will increase with the
atomic weight of the element. Therefore, for the BiFeOs/SrRuOs heterointerface,
only Bi, Fe, Sr and Ru cations are shown in the HAADF STEM image and the
intensity profiles were taken along the cross section of the heterointerface with the
alternating layers of AO and BOx. The intensity profile along the white line across
the heterointerface with selected region labelled by the red box is shown in Figure
4.2, it is revealed that the peak of the intensity profile decreases with the sequence
of Bi > Ru > Sr > Fe according to their atomic weights. In the BiFeOs thin film, the

higher peaks correspond to the Bi cations while the lower peaks correspond to the
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Fe cations. Similarly, the higher peaks are the Ru cations and the lower peaks are
the Sr cations in the STRuO; bottom electrode. It is can be seen the layer between
BiO and SrO should be RuO; as the intensity is much higher than that of FeOa.

Therefore, it is RuO; terminated (B site termination) above the SrRuOs; bottom

electrode.
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Figure 4.2 The intensity profile across the BiFeO3/SrRuOj heterointerface with RuO; terminating

layer.

The polarization direction pointing from the SrRuO; bottom electrode to the
BiFeOs; film (upward) can be explained by the polarization discontinuity model.

Various researches have successfully demonstrated the influence of interface
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termination to the polarization direction resulting from the polarization
discontinuity at the heterostructure interface [92, 97-98]. As the structure of ABO3
perovskite material can be seen as the stack of AO and BO; alternating layers,
therefore, the interface termination can be defined by the terminating layer of the
bottom electrode or the substrate [99-100]. There are two types of interface
termination which are the A site termination with AO terminating layer and B site
termination with BO> terminating layer. N. Nakagawa et al. [101] found that at the
complex oxide interface with different interface terminations, charge rearrangement
or atomic reconstruction such as oxygen vacancies at the interface would be
required to accommodate the polar discontinuity at the interfaces. They proposed
that in order to prevent electrostatic potential divergence with the increase of film
thickness, charge rearrangement would occur for ‘n-type’ interface with Ti-O
termination, in which the excess electrons ¢ are denoted to the mixed valence states
substrate layer from the polar thin film through the interface. In contrast, for the ‘p-
type’ interface with Sr-O termination, oxygen vacancies would be introduced to the
substrate layer at the interface. Hence, for both ‘n type’ and ‘p type’ interface,

electrostatic potential divergence can be avoided.

78



Chapter 4
£

&

THE HONG KONG POLYTECHNIC UNIVERSITY
In addition to the elimination of electrostatic potential divergence, interface
termination can also determine the direction of polarization at the interface. P. Yu et
al. [102] have demonstrated the dependence of polarization direction on the
interface termination between the ferroelectric BiFeOs thin film and Lao.7Sro3MnOs
(LSMO) conducting layer. It is suggested that the polarization direction is pointing
to the bottom electrode from the BiFeOs; (downward) for the Lao 751030 terminated
layer (A site termination) at the Lao.7Sro.30/FeO2/Bi0O interface. Conversely, for the
MnO; terminated layer (B site termination) at MnO>/BiO/FeO; interface, the
polarization direction is pointing to the BiFeO3 from the bottom electrode (upward).
This can be elucidated by the polarization discontinuity model at the interface where
the Lag.7Sr030, MnO», BiO and FeO: layer carry a charge density of +0.7e, -0.7e,
+1e and -le respectively. For the Lao7Sro30 termination, the valence mismatch
between the Lag7Sr030 and FeOs: is -0.3e and the interface is negatively charged.
Therefore, the polarization vector is pointing from the interface to the bottom
electrode (downward). In contrast, for MnO> termination, the interface is positively
charged and the valence mismatch is +0.3e. Hence, the polarization direction is

pointing from the bottom electrode to the interface (upward).
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By using the same polarization discontinuity model, it can be applied to
explain the unusual polarization configurations above the StfRuOs conducting layer
as well as that of the DyScO3 substrate obtained in this work. The schematic
diagram of the RuO»/BiO/FeO, interface model is shown in Figure 4.3. It is
demonstrated that the valence mismatch between the RuO; and the BiO" layer is +1
and the nominal charge density at the RuO: terminated interface is positive.
Therefore, the polarization vector is pointing from the SrRuO; bottom electrode to
the BiFeOs film (upward). In addition, other BiFeOs3/SrRuO; heterointerface
regions shown in Figure 4.4 were also studied to confirm the upward polarization

configurations induced by the RuO; terminated layer.
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Figure 4.3 Schematic diagram of the RuO,/BiO/FeO; heterointerface model with upward

polarization.
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Figure 4.4 The intensity profile across the RuO,/BiO/FeO; interfaces with RuO, terminating layer

at different BiFeOs/SrRuQs; interfaces.
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4.3 Interface terminations at BiFeO3/DyScOs heterointerface

Conversely, it is indicated that the polarization direction of BiFeO3; domains
directly above the DyScOs substrate (no SrRuQ3) is pointing from the BiFeOs to the
interface (downward). The intensity profiles of the HAADF STEM images were
used to investigate the atomic arrangement of the BiFeOs/DyScOs interface.
Referring to atomic mass of the four cations, the peak intensity should be decreasing
in the order of Bi > Dy > Fe > Sc. From Figure 4.5, it shows the intensity profile of
the HAADF STEM image across the BiFeO3/DyScOs heterointerface labelled by
the red frame. Surprisingly, the intensity drops at the interface which does not
correspond to BiO or DyO layer. It can be proposed that the intensity is due to the
existence of SrO layer during the growth of SrRuQOs; island nearby. As the atomic
mass of Sr cation is smaller than both Bi and Dy cations, therefore, it shows the
consistency of the two lower peaks in the intensity profile. Even though the
terminating layer of the DyScOs substrate is ScO2 (B site), the additional SrO layers
alter the interface layer arrangement to be SrO/FeO2/BiO and hence the
heterointerface becomes SrO termination (A site). In order to prove the existence of
the SrO layers, the energy dispersive X-ray spectroscopy (EDXS) has been

conducted at the BiFeO3/DyScOs heterointerface. From Figure 4.6, it shows the
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atomic resolution EDXS map at the BiFeO3/DyScOs3 heterostructure. It is obvious
that there are layers of SrO between the BiFeOs3 film and the DyScOs; substrate. It
can justify the occurrence of SrO termination and the atomic arrangement of the

heterointerface layers becomes SrO/FeO»/BiO.
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Figure 4.5 The intensity profile across the BiFeOs/DyScOs heterointerface with SrO terminating

layer.
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Figure 4.6 Atomic resolution EDXS map at the BiFeO3/DyScOs3 heterostructure.
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The schematic diagram of the polarization discontinuity model of
SrO/FeO»/Bi0 heterointerface is shown in Figure 4.7 and it explains the mechanism
of polarization vectors pointing from the BiFeOs3 film to the interface (downward).
The valence mismatch at the interface becomes -1 because of the presence of SrO
terminating layer which carries zero electrostatic charge and the SrO/FeO,7/BiO"
has a negative nominal charge density. As a result, the polarization vector is pointing
from the interface to the DyScOs3 substrate. Additionally, the intensity profiles at
other BiFeOs3/DyScO; interfaces also demonstrate the SrO termination at the
interface and are presented in Figure 4.8. The M letter in the intensity profile
indicates the possible mixed layers of BiO and DyO. Nonetheless, the presence of
SrO layer still contributes to the downward polarization towards the DyScOs3
substrate. It is believed that the opposite polarization directions induced by the
interface terminations at the BiFeO3/DyScO3 and BiFeOs/SrRuOs interfaces must
contribute to the formation of 180° domain walls. It also suggests that the nucleation
sites of the domain walls can be preferentially controlled by the interface

terminations.

84



Chapter 4

&

SrO terminated

(BiO)*
‘ : Bi
(FeO,)

(SrO)

(Sc0,)"

Figure 4.7 Schematic diagram of the SrO/FeO»/BiO heterointerface model with downward

THE HONG KONG POLYTECHNIC UNIVERSITY

polarization.
a) Bi a8
’ § § 8 3
Bi
Bi
Bi Bi
Bi .
Bi
)
! Bi
Dy Sr
Dy Bi
M
D
Y Dy
Dy -= D
Y
é Q
H H H Dy
w o w
N o - Dy

Figure 4.8 The intensity profile across different StO/FeO»/BiO interfaces with SrO terminating

layer.
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4.4 Conclusion

To conclude, the polarization configurations above the SrRuOs; bottom
electrode and DyScOs substrate were examined by the polarization discontinuity
model at the heterostructure. The intensity profile of the HAADF STEM images
demonstrate the interface termination of the heterostructure alternating layers. It is
observed that the BiFeOs/SrRuO; heterointerfaces are RuO; terminated which
shows a positive charge density and leads to the upward polarization direction from
the bottom electrode to the BiFeO; film. Additionally, the intensity profile of the
HAADF STEM images and EDXS mapping demonstrate the occurrence of
additional SrO layers at the BiFeO3/DyScOs interfaces which results in a negative
charge density and hence the downward polarization at the heterointerface.

The opposite polarization directions aroused by the interface terminations of
BiFeO3/SrRuO; and BiFeOs;/DyScOs at the edge of the SrRuOs island reveal the
nucleation sites of 180° domain walls. It is believed that ferroelectric 180° domain
walls can be artificially obtained by controlling the interface terminations which

may be valuable for the future electronic applications.
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Chapter 5 Conclusions and future work

5.1 Conclusions

In this work, the aberration corrected HAADF STEM images of the BiFeOs
thin films have been successfully investigated. The atomic scale structure of the
ferroelectric BiFeO3; domains together with domain walls were studied by mapping
the polarization configurations and the lattice parameters of the BiFeOs thin films
using the customized Matlab image analysis program with 2D peak-finding
algorithm. The polarization configuration maps demonstrate that the 45° inclined
180° domain walls lying on (101) plane were obtained above the SrRuO3 bottom
electrode ‘islands’. The incline direction of the 180° domain walls is mainly
attributed to the DyScOs; substrate monoclinic distortion direction. The coherent
distortion direction between the BiFeOs thin film and DyScOs substrate enable a
favorable energetic stability for the domain structures. Additionally, it is proposed
that the surface morphology of the SrRuO3 will not affect the formation of the
domain walls. It is also observed that there are two types of polarization
configurations across the 180° domain walls which are the clockwise and anti-

clockwise polarization configurations. Moreover, the relationship between
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polarization configurations and lattice parameter variations at the domain walls are
established by examining the lattice parameter maps. For the 180° domain walls
with clockwise polarization configurations, the a lattice parameters increase and the
c lattice parameters decrease across the domain wall. On the contrary, the lattice
parameter variations across the domain wall reverses for anti-clockwise polarization
configurations. The lattice spacing variations at the 180° domain walls are due to
the relative displacement of the Bi cations in the perovskite unit cell driven by the
ferroelectric polarization. It also suggests that the domain structures can be
controlled by strain engineering. Besides, a triangular vortex domain near the
SrRuO; bottom electrode was also demonstrated by polarization configuration
mapping which needs further study.

Additionally, the polarization configurations above the SrRuOs bottom
electrode are found to be in upward direction which is opposite to other studies.
This is elucidated by interface termination based on the polarization discontinuity
model. Intensity profile of the HAADF STEM images are acquired to evaluate the
atomic arrangement of the heterostructure alternating layers. It is revealed that the
BiFeOs3/SrRuOs heterointerface is RuO; terminated which leads to a positive charge

density at the interface and hence the polarization vector is pointing from the bottom
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electrode to the BiFeOs film (upward). The interface termination at the
BiFeO3/DyScOs interfaces are also studied. It is discovered that there are additional
SrO layers between the BiFeOs thin film and DyScOs3 substrate by both STEM
imaging and EDXS mapping. The occurrence of SrO layers contributes to the
downward polarization at the BiFeO3/DyScOs interface as the interface becomes
SrO terminated and possesses nominal negative charge density. The oppositely
oriented polarization configurations induced by the BiFeOs/SrRuOs; and
BiFeO3/DyScOs interface terminations explain the formation of the 180° domain

walls at the edge of the StRuO3 bottom electrode.

5.2 Future work

The atomic scale structure variations at the 180° ferroelectric domain walls of
BiFeO; multiferroic material have been successfully investigated. The polarization
vector maps and lattice parameter maps reveal the relationship between polarization
and the atomic structure at the 180° domain walls. Moreover, the effect of interface
terminations on the orientation of polarization vectors and the formation of 180°
domain walls have been established. We believe that the attractive results will

provide a promising potential for the sustainable development of the ferroelectric
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materials and the applications on electronic industries. There are some suggestions
for the future work and listed as following.

The present atomic scale mapping technique on the polarization vectors and
lattice parameters can be applied to other ferroelectric materials. Therefore, it can
provide a comprehensive understanding about general relationship between
ferroelectric polarization and the atomic structure at other types of ferroelectric
domains and domain walls.

In addition, as the formation of ferroelectric domain walls and the polarization
configuration of the domains depend on the interface terminations, the effect of
interface terminations on different ferroelectric materials can be further studied to
discover the effect of interfacial atomic termination on the mechanism of domains
formation. It can also been used to obtain desirable artificial domain structures by
the interface termination engineering. This could contribute to the application of
ferroelectric materials on future electronic devices.

Moreover, owing to the difference in electrical properties between the
ferroelectric domain walls and the bulk domains, it is crucial to explore the

underlying reason of difference in electrical properties at domain walls. Therefore,
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the desirable domain structures with enhanced electrical properties can be obtained

through the interface termination engineering.
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