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Abstract

Multiferroic materials, which are materials that exhibit two or more ‘ferro’ orders in
a single phase, such as both ferroelectricity and ferromagnetism in the same phase,
are an attractive area of research due to their novel properties and potential uses.
Emerging areas of research for multiferroic materials include the biomedical,
photocatalytic and photovoltaic areas, four state memory devices and multiferroic

tunnel junctions.

Despite the increasing research interest there is currently a lack of genuine single-
phase multiferroic materials. Ferroelectricity and ferromagnetism arise from
fundamentally different conditions, where ferroelectricity requires ions with empty
orbitals to accept electron density donation and ferromagnetism requires partially
filled orbitals to allow unpaired electrons to align to give net spin. It is therefore
necessary to have materials capable of supporting different types of ions to provide

the conditions necessary for both ferroelectricity and ferromagnetism.

The Aurivillius phase materials (Bi2O2(Am-1BmO3m+1) m = 1-9) have a naturally layered
structure capable of accommodating a range of ions at the A and B-sites of the
perovskite units. The Aurivillius materials are well known ferroelectrics with the
electrical polarisation originating from polar distortions (rigid shifts of the Bi,0:
layers, displacements of the A-site / B-site cations) and tilts and rotations of the BOs
unit. Substitution of magnetic ions such as iron and manganese at the B-sites has

been shown to produce room temperature multiferroic materials.

Magnetic coupling between ions requires proximity between the magnetic ions. The
work presented in this thesis involves an investigation into two approaches for
improving the magnetic behaviour of the Aurivillius phase materials. The first
approach used is to increase the concentration of magnetic ions in the material,
which should increase the likelihood that the magnetic ions will be located close to
each other within the crystal lattice. The second approach used is to locally
concentrate the magnetic ions within the structure without the need to increase the

total concentration of the ions.



To increase the concentration of magnetic ions in the m = 4 Aurivillius material a
method known as aliovalent substitution was employed. The co-substitution of Fe3*
and Nb°* for Ti** was performed to maintain a material with a net neutral charge. For
the material BisTiz-2xFe1+xNbxO1s (x =0, 0.1, 0.2, 0.3 and 0.4) a solubility limit of x =0.1
was found before the appearance of secondary impurity phases became apparent.
The increased iron content resulted in an increased absorption in the visible light
region of the solar spectrum. It was found that there is generally a larger piezoelectric
response for materials with more iron due to the increased distortion of the
perovskite unit due to the substitution of the larger ions. Magnetic measurement of
the x = 0.1 material demonstrated ferromagnetic behaviour with remnant
magnetisation of Mg = 1.5 emu/cm3® at 300 K. Previous work of the
BisTi2.sFe152Mno 63018 material deposited using a very similar process exhibited a

magnetic response of Mg = 0.18 emu/cm3 [1].

A systematic study into the m =5 BigTixFeyMn,01g Aurivillius materials established a
threshold of 52 % Ti occupancy at the B-site of the perovskite unit below which the
structure undergoes rearrangement to the higher m = 6 phase. The driving force
behind this change is the net charge that results from the substitution of Fe3* and
Mn3* for Ti*. It is proposed that the structure responds with oxidation of Mn3* to
Mn** and rearrangement to the higher ‘m’ phase to accommodate a charge-balanced
material. Detailed transmission electron microscopy analysis confirms the presence

of mixed Aurivillius phases.

To examine the second approach outlined above, a modified direct liquid injection
chemical vapour deposition (DLI-CVD) method called sequential DLI-CVD was
employed. With this method, gaseous precursors enter the reaction chamber in the
order that mimics the Aurivillius structure. In this way it was hoped to impose order
on the location of the ions in the structure. Using this method, BisTi>.oFe1.1015 (BTFO)
and BisTiz.sFe1.1Mno 1015 (BTFMO) films were deposited on epitaxial substrates (LSAT
and STO) at 710 °C. The as-deposited crystalline thin films displayed a magnetic
response despite the relatively low concentration of magneticions in the material (30

% Fe and Mn in BTFMO compared to 44 % of Fe and Mn in previous B6TFMO room



temperature multiferroic material [2]). The influence of the strain applied by the
substrate was examined for its effect on the structure and magnetic behaviour of the
materials. A larger magnetic response was observed for materials deposited on STO
than on LSAT substrates (at 20 K, BTFMO on STO Mg = 3.51 emu/cm? and BTFMO on
LSAT Mg = 1.50 emu/cm3).

Further work found that crystalline Aurivillius structures were formed on epitaxial
substrates at temperatures as low at 610 °C. A further modification of the sequential
DLI CVD recipe was introduced which was found to help maintain the levels of
bismuth within the materials throughout the growth process. Narrower FWHM of the
peaks obtained during XRD analysis suggest that fewer dislocations due to the
formation of different ‘m’ phases were occurring using the method. This modified
sequential DLI-CVD method involved an injection of the bismuth precursor
accompanying each precursor injection during the deposition. Finally, the work

presented here is summarised and some suggestion for future work are presented.

The work presented in this thesis has advanced the understating of the Aurivillius
phase materials and their potential as multiferroic materials. In particular, the in-
depth analysis of their structural response to changing chemical composition and the
development of experimental techniques to locally concentrate magnetic ions within

the Aurivillius structure will be critical to their future use in the area of multiferroic

research.
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Chapter 1

1. Introduction

1.1. Ferroelectricity
1.1.1. Overview and definitions

Materials can be classified into different categories of metals, semiconductors and
insulators based on the electron band structure of the materials. In metals, the
conduction and valence energy bands overlap, in semiconductors there is a small
band gap of 0 to 3 eV between the energy levels and in insulating materials there is

a larger band gap (>3 eV) between the conduction and valence energy levels [1].

Insulating materials that can be polarised through the application of an electric field
are known as dielectrics. The inhomogeneous distribution of electron density in a
material may originate in solid materials through either ionic or polar bonding
between atoms. In ionic solids, electron transfer occurs between two atoms forming
a positive cation and negative anion which then form an ionic bond. In polar solids
electrons are shared between atoms resulting in the formation of polar bonds
between atoms with different electronegativities. The dipole moment of a material

is the extent of separation between the positive and negative charges in the material.

In 1880, it was observed by Pierre and Jacques Curie that polarisation could be
induced in a material through the application of mechanical stress or load [2]. This
phenomenon was termed piezoelectricity from the greek ‘piezo’ meaning pressure.
Piezoelectric materials are defined as materials where the molecular dipole moment

can be changed through the application of mechanical stress [1].

The piezoelectric effect can be divided into two types, the direct and the converse
piezoelectric effect. In the direct piezoelectric effect, the application of mechanical
stress to a material produces a proportional electrical charge in the material. In the
converse piezoelectric effect, the crystal structure is changed through the application
of an electric field [1] (the piezoelectric effect is discussed in more detail in section

2.2.3).

The origin of piezoelectricity stems from the non-centrosymmetric nature of the
crystal structure of polar materials. Of the 32 crystallographic point groups, 21 are

2



Chapter 1

non-centrosymmetric of which 20 are classified as piezoelectric (note that for point
group 432, the combination of symmetry elements eliminates piezoelectricity). A
subsection of piezoelectric materials are experimentally determined to be
ferroelectric who possess a spontaneous polarisation which can be reoriented by
application of an applied electric field. This polarisation remains even when the

applied field is removed.

Ferroelectricity was first proposed and examined throughout the 1920s and 1930s.
In the 1920’s ferroelectric behaviour was first studied in Rochelle salt
(NaKCsH406.4H,0) by Joseph Valasek [3]. The name “ferroelectric” for this
phenomenon was coined due to its similarity to ferromagnetic behaviour. The theory
of ferromagnetism was well understood by this time and the hysteresis nature of
applied magnetic field and magnetic moment was analogous to an applied electrical
field and net polarisation. Further analysis by Valasek determined the presence of

two Curie points in Rochelle salt [4].

In the 1930’s, materials based upon KH2PQO4 [5] which exhibited ferroelectricity were
examined. The simple crystal structure of these materials compared to Rochelle salt
led to the development of a theory of ferroelectric transitions in 1940s with the Slater
model of ferroelectricity [6]. Macroscopic level understanding of ferroelectricity was
developed from Landau’s theory for solid state phase transitions. This theory was
applied to ferroelectric materials by Ginzburg [7] and Devonshire [8]. This became
the Landau-Ginzburg-Devonshire (LGD) thermodynamic theory of ferroelectric phase
transitions [1]. In the 1950’s, Kittle added theory explaining antiferroelectric
behaviour [9] and in the 1960’s a microscopic level understanding of ferroelectricity

was developed by Anderson [10] and Cochran [11] with the ‘rattling’ ion soft modes.

1.1.2. Origins of ferroelectricity

A ferroelectric material is defined as a material where a net polarisation, caused by
the alignment of electrical dipole moments, can be induced through the application

of an electric field. This net polarisation is maintained when the applied field is
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removed and the polarisation vector can be reversed or switched through the

application of an electric field [1].

The polar crystal structure of ferroelectrics can be spontaneously polarised and
switched through the application of an electric field. Above a certain temperature,
known as the ferroelectric Curie point (T¢), a ferroelectric material exists in a high
symmetry paraelectric state. Below Tc the material adopts a non-centrosymmetric
polarised state. Barium titanate, BaTiOs, is a well-studied ferroelectric material.
BaTiOs has a perfect perovskite cubic structure above 120 °C but below that
temperature it adopts the lower symmetry tetragonal structure where the
displacement of Ti** ions causes spontaneous polarisation of the material [1]. The
Jahn-Teller distortion describes the distortion of the crystal lattice in order to remove
degenerate energy levels and so lowers the energy of the system making it more
stable. This results in the distorted structure being a lower energy state than the
symmetric structure below the Curie point. Most perovskite ferroelectrics stabilise
their structure through hybridisation of empty d orbital (e.g. for Ti**) with the O 2p
orbitals [12]. Another origin of polarisation is lone pair electron displacement (e.g.

for stereochemically active Bi**, Pb?*) leading to ferroelectricity [13].

Landau theory can be used to describe the macroscopic behaviour of ferroelectric
materials. The Landau potential, described as the free energy potential vs
polarisation of a ferroelectric material, forms a double well potential when below the
Curie temperature. For a second order ferroelectric transition, at and above the Curie
temperature there is only one minima, corresponding to the centrosymmetric
nonpolar phase. The two minima that occur when the material is below its Curie
temperature represent the two ferroelectric polarisation states with opposite
orientations [14]. Most ferroelectrics are weakly first order, in first order transitions
two local minima occur below the Curie temperature but the behaviour shows a

discontinuity at Tc not observed in second order transitions (figure 1) [14].
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Figure 1: The energy potential vs polarisation of a ferroelectric material for First

(left) and Second (right) order ferroelectric transitions. Image adapted from [14].

Perhaps the defining feature of ferroelectrics is the ability to switch the electrical
polarisation vector or dipoles through the application of an electric field. The dipoles
will align along the direction of the applied electric field. An idealised ferroelectric
hysteresis loop of the polarisation (P) vs. electric field (E) is presented in figure 2. An
ideal hysteresis loop is symmetrical and the values for the positive and negative
coercive field and remanent polarisation are equal [15]. Factors which can affect the
shape of the hysteresis loop include the sample thickness, mechanical stress,
preparation conditions and thermal treatment [15]. An ideal ferroelectric material
which has not been subjected to an electric field will possess zero net polarisation
due to the random orientation of polarisation vectors. On initial application of an
electric field, a wake up cycle or poling is performed on the materials figure 2 (a). The
polarisation vectors will align along the direction of the applied electrical field
producing a non-linear increase in net polarisation. The point called the saturated
polarisation (Ps) is reached when all available polarisation vectors have the same
orientation figure 2 (b). When the applied field is removed, some polarisation vectors
may switch back, but a majority retain their orientation and the net polarisation at
zero applied field is called the remanent polarisation (Pg) of the material (figure 2 (c)).

If an electrical field is applied in the opposite direction, polarisation vectors will
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switch their orientation to align along this opposite field. The point at which the net
polarisation is zero (d) due to an equal magnitude of polarisation vectors being
orientated in opposite directions is called the coercive field (-Ec). A continued

increase in the negative electrical field will reach the saturation polarisation (-Ps) (e).

Polarisation

Electric field

Figure 2: Idealised ferroelectric hysteresis loop, electric field vs polarisation, (a)
wake up cycle, (b) saturation polarisation, (c) remanent polarisation (Pr), (d)

coercive field (Ec) and (e) saturated polarisation (-Pg).

In ferroelectric materials, areas of uniform polarisation minimise electrical and elastic
energy by forming domains separated by domain walls. Domains are regions where

dipoles or polarisation vectors align along the same direction [15].

1.2. Ferromagnetism
1.2.1. Origins of magnetic moments

Magnetism has been observed since Greek Antiquity and the practical use of iron
oxide (Fes304) as navigational aids began in the late 11t century in China [12]. The
modern study of magnetism began in earnest in the 1600s with the publication of De
Magnete by William Gilbert which proposed the existence of magnetic poles on the

Earth. In the late 1700s to early 1800s the developing theory of electromagnetism
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and the work of Michael Faraday and James Clerk Maxwell lead to the modern era of

research into magnetism [12].

The origins of magnetism at the atomic scale were examined by Pierre Weiss in the
early 20™ century who introduced the theory of the ferromagnetic molecular field
concept, or later understood as quantum mechanical exchange energy. This states
that electrons with parallel spins will have lower energy than electrons with
antiparallel spins [16]. In 1928, Heisenberg developed the spin-dependent model of
exchange interaction [17] and in 1932, Louise Néel put forward a theory explaining
antiferromagnetic behaviour [18]. The Stoner theory sought to account for the
deviation from the Cuire Weiss law observed. The Stoner theory proposes that while
the exchange energy is minimised if all electrons have the same spin, this is opposed
by the increasing band energy for moving electrons from low energy bands to higher

energy bands [19].

Magnetic behaviour arises out of the orbital movements and the spins of electrons.
The spin of an electron can be thought of as a small bar magnet with a north (N) and
south (S) orientation. Two electrons can only occupy the same orbital if the spins
align with the opposite spin orientation to each other, one N-S and the other S-N
(Pauli exclusion principle). The net atomic magnetic moment is the sum of all
moments form all electrons. If there is a greater alignment of electron spins along
one direction (due to the presence of unpaired electrons) then a net magnetic
moment exists. Orbital movements can also produce solenoid like magnetic

behaviour due to the movement of the electrons around the nucleus [20].

Degeneracy refers to the different physical arrangement of a system which has the
same energy. In the absence of an applied magnetic field, the orientation of the spin
of the electron is degenerate, i.e. N-S has the same energy as S-N. With the
application of a magnetic field, spin degeneracy can be removed due to the different
interactions that the N-S and S-N spin orientations will have with the applied field.
Orbital degeneracy can also be removed with the application of an external magnetic

field.
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There are different types of magnetic behaviour. Diamagnetism is a very weak form
of magnetism that is non-permanent. It occurs when the electron density of the
paired electrons is disturbed by the application of a magnetic field creating a small
electrical current. The induced magnetic field is in the opposite direction to the
applied field meaning that a diamagnetic material will be repulsed by the magnetic
field. This has the effect of the material weighing less when weighed in the presence

of a magnetic field.

Paramagnetism occurs only with the application of an external field. Unpaired
electrons align along the direction of the applied field. It is lost when the external
field is removed. In complexes that contain both paired and unpaired electron both
diamagnetic and paramagnetic behaviour may occur. The contribution of
diamagnetism is much weaker than paramagnetism and can be easily accounted for

when the empirical formula of the complex is known.

Ferromagnetism is a spontaneous magnetisation that persists after the removal of
an applied field. The magnetic moments align along the direction of the applied field.
In antiferromagnetic materials the adjacent magnetic moments align antiparallel to
each other resulting in a net zero magnetic moment at zero field. Ferrimagnetism is
where a majority of magnetic moments align along the direction of the applied field
but a minority are aligned antiparallel to the net magnetic moment. Canted
magnetism arises when the antiferromagnetic magnetic moments are deflected out

of plane resulting in weak ferromagnetism (figure 3).
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Figure 3: different types of magnetic behaviour. Image taken from O’Driscoll et al.

[21].

The movement of electrons around the nucleus creates a solenoid-like magnetic
behaviour. The angular momentum contribution is said to be quenched when it is
lost due to environmental effects such as chemical bonding or crystal field splitting.
Assuming the contribution of the orbital degeneracy has been fully quenched allows

the use of the spin-only equation (1.1) to calculated the effective magnetic moment

Meff.

Where n is the number of unpaired electrons. The spin-only equation can be used
reliably to calculate the magnetic moment for the first row transition metal elements.
It is unsuitable for the second and third row elements as the spin-orbital coupling is

much stronger.

Magnetism is observed in materials with unpaired electrons in the d orbitals or more
rarely in the f orbitals [1]. The d orbitals in an uncoordinated transition element are
degenerate with the same energy. When that transition elements exists in a complex,
it will interact with the ligands and the different orbitals will have different energies.
This is known as crystal field splitting. In octahedral systems such as the B-site ion in
perovskite structures (discussed in section 1.4) the interaction between orbitals and
ligands will result in energy level splitting. The ligands lie along the x, y and z axis and
so the dyy, dx. and dy, levels will be lower in energy (t2) and the d,?> and di?- 2 levels

will be higher in energy (eg) (figure 4).

A further splitting of the energy levels in the form of the Jahn Teller effect may occur
to remove degeneracy if there is more than one arrangement of the electrons
possible. This usually happens through the elongation of bonds along the z-axis.

Energy levels with a z component are now lower in energy (d;?, dx, dyz).
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Figure 4: Degenerate energy levels in the absence of any field. Degeneracy is
removed through Crystal Field splitting in the octahedral complex. Degeneracy is

further removed through Jahn-Teller distortion.

1.2.2. Magnetic exchange interactions

A direct exchange of electrons between atoms with overlapping orbitals is quite rare
in magnetic materials. More common in transition metal oxides are the
superexchange and double exchange mechanisms. The superexchange mechanism
involves the coupling of electrons between cations through an intermediate non-
metallic anion (oxygen). Due to the Pauli exclusion principle (electrons with the same
spin orientation cannot occupy the same orbital) the type of magnetic behaviour
resulting from this mechanism is usually antiferromagnetic (figure 5 (a)). It can result
in ferromagnetic behaviour if the cations are connected at 90° to each other as
opposed to 180° or when virtual electron transfer is from a half-filled orbital to an
empty orbital, for example between a half-filled e, orbital in high-spin Fe3* and an

empty eg orbital in Mn**,

The Double exchange mechanism involves a two-step process where the electrons
are delocalised along the cation - non-metallic anion - cation bond (figure 5 (b)). The
neighbouring magnetic ions must retain their spin orientation resulting in a parallel
alignment of spins in the material producing ferromagnetism [12]. This exchange
mechanism occurs between cations with different oxidation state i.e. Mn3* — O —
Mn#*,

10
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Dzyaloshinskii—Moriya interaction or antisymmetric exchange is a form spin canted
ferromagnetism in an antiferromagnetic system leading to a net magnetisation [22].
The antiparallel spins are canted off centre leading to a weak ferromagnetism

occurring usually at low temperatures.

(@) Mn3+ 0z Mn3+ (b) Mn3* 0z Mn#+
a tol . o [ 20 _-:*

Figure 5: Image depicting electron exchange mechanisms, (a) superexchange and

(b) double exchange. Image modified from Martin et al. [12].

The Goodenough- Kanamori rules [23-25] are a reliable guideline for predicting the
type of magnetism which may be present in a material based on the oxidation state
of the ions. The guidelines state that virtual electron exchange from an ion with filled
orbitals to an ion with partially filled orbital will result in ferromagnetic behaviour
and exchange between ions both with partially filled orbitals will result in

antiferromagnetic behaviour.

1.2.3. Ferromagnetic behaviour

Ferromagnets are characterised by a hysteresis loop where the net magnetisation (B)
does not follow a linear relationship to the applied magnetic field (H). In figure 6 an
idealised ferromagnetic hysteresis loop is presented. At the initial application of an
external magnetic field (a) the magnetisation increases as the unpaired electrons
align themselves along the direction of the applied field. When all the available
electrons are aligned along the same direction, the system has reached its magnetic
saturation point (b). When the field is reversed, most of the magnetisation is
maintained and the point at zero applied field (c) represents the remanent

magnetisation (Br). Further decreasing of the field decreases the net magnetisation

11
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as electrons reorientate along the opposite direction. At the net zero magnetisation,
the orientation of the spins in both direction is equal, this is known as the coercive
point (-Hc). At (e) the saturated magnetisation in the opposite direction is achieved

(-Br).

Magnetisation

Magnetic field

Figure 6: Idealised ferromagnetism hysteresis loop. (a) initial application of a
magnetic field, (b) saturated magnetisation, (c) remanent magnetisation, (d)

coercive field and (e) negative saturated magnetisation.

Magnetic domains are regions in a material where all of the magnetic moments are
aligned in the same direction. Domain walls exist between domain regions with
different magnetic moment orientations. Domain walls are areas where the magnetic

moment orientation gradually changes.

The temperature at which the transition occurs between the paramagnetic phase
and the ferromagnetic/ferrimagnetic phase is known as the magnetic Curie
temperature (Tc). On decreasing temperature, the Néel temperature (Tn) marks a

sharp decrease in magnetic susceptibility in antiferromagnetic materials [1].

1.3. Multiferroism

1.3.1. Overview and definitions

12
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The term multiferroism was coined [26] to describe materials which have two or
more of the ‘ferroic’ orders. Multiferroic materials are materials which exhibit two or
more of the following order parameters: ferroelectricity, ferromagnetism,
ferroelasticity and/or ferrotoroidicity. The term multiferroic encompasses a range of
materials, which can lead to confusion. For example materials with ferroelectric and
antiferromagnetic behaviour are also referred to as multiferroic. Another distinction
can be made between single phase and composite multiferroic materials. To
illustrate the complexity, figure 7 shown the four ‘roots’ of ferroelectricity and
ferromagnetism and the various branches formed from different combinations

leading to multiferroic materials.

Lone pair ferroelectricity,
d-electron magnetism

Oxyfluorides, Pb/Bi
ordered perovskites [
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Figure 7: Four origins of conventual ferroelectricity and magnetism combining and

leading to the many branches of multiferroic materials. Image taken from [27].

Research into the area of multiferroic materials began in the 1950s with the first
multiferroic being a complex nickel iodine boracite (Ni3B;7O13l) structure [28]. Early

research in Russia in the 1950s focused on the substitution of magnetic ions into
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ferroelectric perovskites. These often had low Curie or Néel temperatures due to the
dilute concentration of magnetic ions present [29]. The area of multiferroic research

has experienced a rapid increase in attention over the last 20 years [30].

The materials under study in this work were developed with the aim of producing
materials with both ferroelectric and ferromagnetic behaviours. When coupling
between ferroelectric and ferromagnetic order parameters occurs, this is termed a
magnetoelectric multiferroic material. Magnetoelectric multiferroic materials allow
switching of the magnetisation through the application of an electric field or
conversely, controlling the ferroelectric properties through an applied magnetic field.
‘Electrically written and magnetically read’ memory devices are an attractive
practical application of this property due to the potentially high memory density and
lower energy consumption (10-18 J per switch) [31] of such a device and a prototype
magnetoelectric-random access memory (MERAM) device has recently been
developed [32]. Another application is based on multiferroic tunnel junctions (MFTJs)
that consist of two asymmetric oxide and/or metal electrodes separated by an ultra-
thin multiferroic barrier layer [33]. Theoretically this could lead to four-state memory
based on simultaneous electric and magnetic resistance states and steps towards
developing CMOS compatible multiferroic materials which retain their
ferroelectricity behaviour when scaled-down to 5 nm thicknesses are being explored

[27].

The coexistence of ferroelectric and ferromagnetic behaviour in a single phase
material is challenging, as the two processes require different electronic
configurations present in the associated atomic orbitals. Ferroelectricity is usually
induced by a distortion to the crystal symmetry creating a non-centrosymmetric
structure. The electrical polarisation is commonly driven by electron density
donation (i.e. from oxygen) into the empty valence shell of a first row transition metal
(d°). On the other hand, ferromagnetic behaviour requires unpaired electrons (d") in
the valence shell. The alignment of the unpaired electrons is what produces the net
magnetic moment of the ferromagnet. A method for overcoming this incompatibility

between ferroelectricity and ferromagnetism is to have a chemical structure which
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can accommodate two or more different types of cations. For example in BiFeOs, the
most well studied multiferroic material at present, the d° electrons of Fe3* contribute
to the magnetic behaviour while the lone pair electrons on the Bi3* ions contribute
to the off-centre symmetry and electric dipoles necessary for ferroelectricity. BiFeO3
is ferroelectric, however the magnetic order in BiFeOs is primarily antiferromagnetic
and it only displays a weak, canted ferromagnetism moment [34]. While BiFeOs can
find uses in applications such as magnetoelectric random access memory (MERAM),
where by means of interfacial exchange coupling in a composite heterostructure, an
antiferromagnetic and ferroelectric magnetoelectric multiferroic can be used to
switch the magnetisation of the ferromagnet using a voltage [35], BiFeOs would not
be suitable for low-energy spintronics due to the cycloidal nature of its magnetic

order which prohibits linear magnetoelectric coupling.

1.4. Perovskites and related materials
1.4.1. Overview and definitions

The multiferroic BiFeOs belongs to a family of materials known as perovskites. The
name perovskite was given to the mineral CaTiOs which was discovered in the Ural
mountains in 1839 by the German scientist Gustav Rose [36]. Perovskite has since
come to refer more generally to compounds with the same ABXj structure as the
original CaTiOs. Perovskites have found many practical uses such as piezoelectrics,
ferroelectrics, spintronics, photovoltaic devices and high temperature
superconductors. Their wide range of practical uses is due to their enormous

chemical and structural flexibility [36].

In the ideal form, the crystal structure of the cubic ABX3 perovskite can be described
as consisting of corner sharing [BXs] octahedra with the A cation occupying the 12-
fold coordination site formed in the middle of the cube of eight such octahedra
(figure 8) [37]. When oxygen is the anion, the charge of A and B must equal to 6. This
can be achieved through a variety of combinations, such as A3* and B3* or A%* and B**.

It is also possible to have mixed compounds such as ABosB’0.5X3. [1]. While X is often
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O or F, some compounds containing nitride or hydride have been synthesised. A-site
cations are generally larger (> 110 pm radius) such as Ba2* or La®>* and B-site cations

are smaller (< 110 pm radius) such as Ti**, Nb>* and Fe3* [1].

Figure 8: Idealised perovskite structure ABXs, A (yellow) is the 12 fold coordinate

cation, B (red) is the 6 fold coordinate cation and green is the X anion.

An idealised perovskite has a high-symmetry cubic structure. However, perovskites
can adopt lower symmetry structures involving rotation of BXs octahedra, or where
some bond lengths are elongated and others are shortened. This distortion may be
due to Jahn Teller effect as the structure seeks a lower energy state by removing
degeneracy. The distorted perovskite structure leads to the distinct polarisation
states necessary for ferroelectric behaviour, as discussed in section 1.1.2. To
estimate the degree of distortion, the ratio of the two expressions for the cell length

can be used to calculate the Goldschmidt’s tolerance factor t [38],

_ (ra+ro)
t= Toatre) (1.2)

Where ra is the radius of the A-site cation, rs is the radius of the B-site cation and ro
the radius of oxygen (X-site anion). An idealised cubic perovskite has a tolerance

factor of 1. When the B cations are larger and/or the A cations are smaller than t < 1.
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1.5. Aurivillius phase family of materials
1.5.1. Overview and definitions

The Aurivillius phase family of materials is a homologous series of bismuth based,
naturally layered oxides. They have the general formula Bi2O2(Am-1BmO3zm+1) and
consist of mABO; perovskite blocks separated by [Bi,0,]%* interlayers, with the
primary growth axis along the c-axis direction and possess anisotropic properties.
This family of materials was first described by Aurivillius in 1949 [39] and since then
have practical use as high-temperature lead-free ferroelectrics due to their generally
high Curie temperature (Tc > 500 °C [40]). More recently, they have been increasingly
investigated as potential frameworks for magnetoelectric multiferroic materials. This
is due to their inherent ferroelectric behaviour and their potential to accommodate

magnetic ions within their structure.

The chemical composition of the perovskite blocks can vary widely within certain size
and valence constraints, with the A-site occupied by a large 12-coordinate cation and
the B-site occupied by a smaller 6-coordinate octahedral cation. Possible atoms for
occupying the A-site include Na'*, K'*, Ca?*, Sr?*, Ba%*, Pb?* and Bi3* and at the B-site;
Fe3*, Ti**, Nb>*, W, Ta>* and Cr3* [41]. This chemical variability can lead to Aurivillius
compounds such as BiaTizO12, SrBiaTisO1s or Bi;WQOs. Due to the constrains imposed
on the perovskite blocks by the [Bi202]?* interlayers Armstrong et al. [42] proposed
that the range of ions that can be accommodated at the B-site must have atomic radii
between 0.58 and 0.645 A. This upper size limit of atomic radii is actually lower than
that of an independent perovskite block because of the stain imposed by the [Bi,0,]**

interlayers.

The Aurivillius phase family of materials form a homologous series based on “m”, the
number of perovskite blocks between [Bi202]?* interlayers (figure 9). For example,
BisTizO12, BisTisFeO1s and BigTisFe;013 have m = 3, 4 and 5 perovskite units
respectively. Aurivillius phase structures with m = 1 to 9 have so far been fabricated
[40]. The accommodation of larger numbers of perovskite blocks would be

increasingly unfavourable due to the internal strain limitations [43].
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Figure 9: Aurivillius phase materials m = 2 and m = 3 Aurivillius phases, (a),
BisTiNbOg space group A21am and (b), BisTisO1s space group /4/mmm. Image
adapted form [41].

1.5.2. Polar and ferroelectric Aurivillius phase materials

The Aurivillius phase materials are well known ferroelectrics and have been utilized
as high-temperature lead-free ferroelectrics due to their generally high Curie
temperature (Tc > 500°C [40]). The origin of the ferroelectricity is in the perovskite
units. The fluorite-like [Bi,02]?* interlayer is paraelectric and does not retain electrical
polarisation. Structural basis of ferroelectricity in the perovskite units is due to the
displacement of the A-site and B-site cations accompanied by rotation tilt of the BOg
octahedral [44, 45]. As discussed in section 1.1.2 the low symmetry phase adopted
by the Aurivillius phases below their Curie temperature leads to the creation of
distinct polarisation states. Elongation of the c-axis due to the Jahn Teller distortion
to remove degeneracy reduces the energy of the system. As discussed in section
1.4.1, the Goldschmidt’s tolerance factor t can used as a measure of distortion of the
perovskite unit. Sudrez et al. demonstrated the relationship between Tc and

tolerance factor in Aurivillius materials [46]. The Tc was found to increase with
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decreasing values of t. A tolerance factor below 0.985 is necessary for octahedral
tilting in Aurivillius materials [47]. Increasing the tilt of the perovskite unit can affect
the polarisation values. For example when the A-site cation Bi3* was substituted by
Sr?* in the Aurivillius material SrBi;Ta20s it resulted in a greater structural distortion
and higher polarisation along the ag-axis. The substituted compound also had a higher

Curie temperature than the parent sample [48].

It has lately been demonstrated that ferroelectricity can persist in exfoliated
Aurivillius phase nano-flakes. These flakes were only 2.4 nm thick, which is half of the

normal crystal unit cell thickness [49].

Below their Curie temperature, Aurivillius phase structures with an odd number of
perovskite blocks such as BisTisO12 (m = 3) transition from the paraelectric space
group /14/mmm phase to the orthorhombic B2cb phase [44, 50]. Aurivillius structures
with an even number of perovskite blocks, such as BisTisFeOss (figure 10) and
SrBisTisO15 (M = 4) or SrBi;Ta;09 and SrossBi21Taz09 (M = 2), transition from the

14/mmm paraelectric phase to the A21am space group [51, 52] (figure 10).

Figure 10: The Aurivillius material BisTisFeOss in its (a) paraelectric /4/mmm phase

and (b) ferroelectric A21am phase. Image taken from [41].
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The main polarisation direction in Aurivillius materials is along the a/b axis. Aurivillius
materials with an even number of perovskite blocks between the [Bi,0,]** interlayer
retain a mirror symmetry perpendicular to the c-axis. This prohibits out-of-plane
polarisation in even-layered Aurivillius phases and the polarisation is confined to the
lateral plane. Retention of the mirror plane is not energetically favourable in

Aurivillius phase structures with an odd number of perovskite blocks [44].

1.5.3. Magnetic Aurivillius phases

Development of true room temperature multiferroic materials is difficult due to the
competing electronic requirements for ferroelectricity and ferromagnetism. The
conventional route to ferroelectricity is to have cations with an empty d orbital,
which enables hybridization between orbitals that stabilize the noncentrosymmetric
polar structure; while ferromagnetism requires transition metals with partially filled
d orbitals for exchange interactions to occur between unpaired electrons in nearby
atoms [29]. This contraindication between the origins of ferromagnetism and
ferroelectricity means that single-phase room temperature multiferroics are
exceedingly rare and thus their material properties are currently limited. Attempts
to overcome these contradictory requirements have included the creation of
composite materials of a ferroelectric material and a ferromagnetic material [53, 54].
An alternative approach is the design of single-phase materials that accommodate
two different types of cations, possessing both empty and partially filled orbitals to
drive both ferroelectricity and ferromagnetism, respectively. In this regard the
Aurivillius phase family of materials provides a versatile scaffold in which both of

these types of atoms can be accommodated.

Previous work from our group has demonstrated rare room temperature multiferroic
behaviour in the m =5 Aurivillius system, BigTixFeyMn,01s (B6TFMO; x = 2.80 to 3.04;
Y =1.32to 1.52; Z=0.54 to 0.64) [55]. Thus far this is the only multiferroic material
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demonstrating intrinsic ferroelectric / ferromagnetic properties to a defined

confidence level (= 99.5 %) in thin film form [56].

A vital aspect to the development of a multiferroic material is the percolation of
magnetic atoms within the Aurivillius structure. Long-range magnetic ordering
requires that magnetic ions be located close together in the crystal lattice.
Theoretically the percentage of magnetic atoms necessary for percolation in the
crystal structure is 31 % for nearest neighbours and 14 % for next nearest neighbour
interactions [50]. The promotion of NN (nearest neighbour) long-range order is
beneficial for multiferroic materials as NN coupling is stronger than NNN (next
nearest neighbour). The calculated magnetic Heisenberg coupling constants of the 4-
layered (m = 4) BisTisFeO1s NN interactions were Jyn = 40-50 meV as compared to

NNN which was Jynn = 1-2 meV [50].

The Aurivillius phase materials are highly anisotropic and this is reflected in their
magnetic behaviour. For example, a BizFe2.4Co6Ti3021 material had a Mg of 1.50 emu/g
parallel to the c-axis and Mg of 1.17 emu/g perpendicular to the c-axis. The
divergence in magnetic behaviour along different axis increased with an increasing
number of perovskite blocks [57]. Increasing the number of perovskite blocks was
found to increase the magnetic response in Bims1iFem-3TisOzm+« (M = 6, 7, 8, 9)
materials. This was attributed to the increasing lattice disorder and increased
probability of Fe3*- O - Fe3* coupling interactions in the larger Aurivillius structures

[58].

One important issue in the area of multiferroic research is the phase purity of the
materials produced. It is possible that magnetic behaviour observed in a sample may
actually be due to small concentrations of magnetic secondary phases. For example,
small concentrations of magnetic phase CoFe,«TixO4 in BisTisFeo.7C00.3015 were found
to be responsible for an observed weak magnetic response of 6.37 emu/cm? at room
temperature. The percentage volume of secondary phases in the bulk was
determined to be just 3.95 % [59]. The concentration of these secondary phases can

be very small and so avoid detection by analysis methods such a x-ray diffraction.
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Statistical methods can be employed to define a confidence level that the observed

magnetic response is intrinsic to the material and not due to secondary phases [56].

Secondary phases can form as a response to an unstable structure, due to changes
of the electroneutrality and/or size of the ions. One method to increase the magnetic
ion content while maintaining an electronically balanced stoichiometry is aliovalent
substitution. This involves the co-substitution of two atoms, one with a higher
oxidation state and one with a lower oxidation state than the atom that is being

removed [41].
2X3t > y4t 4 72+ (1.3)

Aliovalent substitution has been used at the B-site of Aurivillius materials such as in
BisTisFe1015s where Ti** was replaced by Fe3* and Nb>* [60] and at the A and B-sites of
BisTisFe101s; where Bi* was substituted with Th** and Ti** was substituted by Fe3*

[61].

1.5.4. Aurivillius phase thin films

The development of thin films materials has been highlighted as a pressing concern
for the practical use of multiferroic technologies [12]. A disadvantage of using thin
films is that the ferroelectric and ferromagnetic behaviour can be diminished at a
smaller scale. However, thin films have the advantage of experiencing epitaxial strain
applied by the substrate. For example, the multiferroic material BiFeOs showed
improved polarisation as a thin film (50 mC/cm?) than the bulk material (6.1 mC/cm?).
This was caused by the change in lattice parameters of BiFeOs imposed by the
substrate [62]. The use of SrTiOs epitaxial substrates allows the fabrication of the

metastable BiMnOs without the need for a high pressure environment [63].

The Aurivillius phase materials have a large c-axis growth direction meaning that thin
films may consist of only a few unit cells. Fortunately, ferroelectric behaviour has
been shown to persist in exfoliated Aurivillius phase nano-flakes which were only 2.4
nm thick [49] and in other BisTisFeOis thin films grown on epitaxial NdGaOs

substrates [64].
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Previous work on room temperature multiferroic Aurivillius materials
BigTixFeyMn,01s (B6TFMO; x = 2.80 to 3.04; Y = 1.32 to 1.52; Z = 0.54 to 0.64) [55]
found a preferred occupation of inner perovskites by Fe and Mn driven by strain- and
electrostatic-energy factors. This increases the probability of nearest neighbour
magnetic interactions in the central layer by up to 90 % [65, 66]. Computational
studies have proposed that the stain applied by substrates can further drive the
partitioning of Fe to the inner perovskites away from the [Bi,0,]%* interlayer [67]. This
strain engineering could be a valuable method of increasing Fe - Fe near-neighbour
interactions without the need to increase the overall concentration of Fe in a
material. This is important for the magnetic properties of the material, as long range

magnetic ordering requires proximity between ions.

In figure 11, the pseudo lattice parameters of some common substrates and
ferroelectric metal oxides are illustrated. Substrates with a smaller pseudo lattice
parameter than the film will induce compressive strain on the film and substrates

with a larger pseudo lattice parameter will apply tensile strain to the film.

A common concern in the deposition process of Aurivillius materials is the volatility
of bismuth. Growth on epitaxial substrates can produce crystalline films at lower
temperatures than on a non-epitaxial substrate. This can remove the need for a post
anneal step in the fabrication process. For Aurivillius phase materials composed of

bismuth this can avoid loss of volatile bismuth from the system.

As well as imposing strain on the lattice structure, epitaxial substrates can impose
specific orientations on the crystal growth. As the Aurivillius phase materials are
highly anisotropic in their properties, this can have large implications on their

properties such as electrical polarisation [68-70].
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Figure 11: Pseudo lattice parameters of some common substrates compared to

ferroelectric perovskite materials. Image taken from [12].

1.5.5. Optical properties of Aurivillius materials

Interest in the optical properties of Aurivillius phase materials has been increasing
over the last few years. Particularly their potential use as photocatalytic materials
which could find practical uses in the photodegradation of organic pollutants or in
solar water splitting applications [71, 72]. The photocatalytic splitting of water was
first demonstrated by Honda and Fujishima in 1972 with TiO, [73]. Absorption of
photons induces charge separation and generates electron hole pairs. Band bending
at the interface would drive the minority charge carriers to the interface. The
electrical potential difference at the material/liquid interface drives the water
splitting reaction. The band gap of a material is the energy needed to promote an
electron from its valence band to its conduction band. For a material to be used to
enable a water splitting process, the band gap must be sufficiently large to drive the
water splitting reaction. The theoretical minimum energy required is 1.23 eV
however, due to loss processes such as charge recombination, the actual energy
required is higher. The valence band should be lower than the oxygen formation
potential and the conduction band should be higher the hydrogen formation
potential (figure 12). Similarly in photodegradation the formation of charge carriers

can be used in chemical reactions to break down organic matter [74-76].
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Figure 12: The oxygen evolution reaction (OER) and hydrogen evolution reaction

(HER) during the water splitting process. Image taken from [77].

Bismuth based materials have attracted attention as photocatalytic materials due to
the Bi** lone pair and oxygen hybridised orbitals [78]. The Aurivillius materials
possess several characteristic which make them potentially efficient photocatalytic
materials. They tend to have band gaps suitable for the absorption of light from the
visible region of the solar spectrum (BisTisCrO1s has a band gap energy of Eg ~ 2.46
eV [72]). Aurivillius materials are often used in conjunction with TiO,. TiO; is a good
water splitting catalyst but it has the disadvantage of only absorbing light in the UV
region of the solar spectrum. By combining with Aurivillius materials it can utilised
the visible region of the solar spectrum [79]. The absorption spectrum of the
Aurivillius materials can also be modified through substitution [80] [81].
Furthermore, the spontaneous polarisation in the Aurivillius structures may help

charge separation of the negative electron and positive hole charge carriers [82].

1.6. Aims for this body of work
Despite their novel properties and variety of potential uses, there is currently a lack
of multiferroic materials. Common limitations to the development of multiferroic

materials are the difficulties for ferroelectricity and ferromagnetism to co-existence
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in a single phase, the persistence of ferromagnetic behaviour at room temperature
and issues with the occurrence of secondary impurity phases contributing to the

measured magnetic response.

Previous work by Keeney et al. [55] developed a the Aurivillius material
BisTiz.sFe1.52Mno 3018 that was found have genuine room temperature multiferroic
behaviour (saturation magnetization (Ms) value of 215 emu/cm? and in-plane
saturation polarization (Ps) values of > 26 uC/cm? [65]) and this was shown to be

intrinsic to the Aurivillius material to a 2 99.5 % confidence level [56].

The overarching aim of this thesis is to explore methods of increasing the magnetic
ion concentration or to locally concentrate magnetic ions within the Aurivillius phase

materials.

Ferromagnetic behaviour could be improved by increasing the concentration of
magnetic ions. However, there may a limit to the successful substitution of magnetic
ions before the formation of secondary impurity phases occurs. Due to changes in
valence or size there, is a limit to the amount of ions that can be tolerated within the
structure. To fully investigate the effect of ion substitution a systematic study of the
m =5 Aurivillius phase BisTixFeyMn,01g within this thesis will examine the structural

response to changes in the chemical composition (chapter 4).

A possible driving force behind the formation of secondary phases is the structural
response to an unbalanced stoichiometry in the material due to the substitution of
ions with a different valence than that of the parent material. To prevent a forbidden
net charge, structural rearrangement may occur yielding associated secondary
phases. To prevent the formation of an unbalanced stoichiometry, aliovalent
substitution has been proposed [50] as a method of increasing the concentration of
magnetic ions without producing an unbalanced stoichiometry in the material.
Aliovalent substitution involves the co-substation of ions of a higher and lower
charge, for example the co-substitution of Fe3* and Nb>* for Ti**in m = 4 BisTizFe101s
to maintain a net neutral charge. The aim of this investigation (chapter 3) is to

determine if the aliovalent substitution successfully allows for the iron content to be
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increased in the material without the formation of secondary phases. Materials will
be tested for their structural, optical, piezoelectric and magnetic properties.
Solubility limits on the successful co-substitution of iron and niobium will be

determined.

An alternative to increasing the concentration of magnetic ions is to locally
concentrate the magnetic ions in the structure. In order to achieve this, the work
presented here (chapters 5 and 6) utilises the sequential DLI-CVD method which
introduces the precursors into the reaction chamber in the order that mimics the
Aurivillius structure. Previous work by Deepak et al. successfully used sequential DLI-

CVD to fabricate m = 3 Aurivillius materials BisTizO12 [83] and BisTiz2sFeos012 [84].

In this work this method is further investigated to form the higher ‘m’ phases and the
inclusion of manganese into the material. Using the sequential DLI-CVD method
attempts to locally concentrate the magnetic ions, iron and manganese, to the inner
perovskite blocks will be investigated. Proximity between ions is necessary for long

range magnetic coupling to occur.
To summarise, the main aims of this work area as follows:

e Exploration of aliovalent substitution for the development of phase pure
multiferroic materials. The structural, piezoelectric and magnetic properties
will be examined and solubility limits for the inclusion of iron and niobium will
be established.

e A systematic study of the BisTixFeyMn,01g Aurivillius phase to establish
solubility limits for the successful substitution of magnetic ions, iron and
manganese.

e Development of sequential chemical vapour deposition methods to locally
concentrate magnetic ions to the inner perovskite units. The structural,

piezoelectric and magnetic properties of these materials will be examined.
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2. Experimental methods

2.1. Synthesis methods
2.1.1. Chemical solution deposition

Chemical solution deposition (CSD) is a facile and economical method for sample
synthesis. The relatively low cost of apparatus and chemical precursors needed for
CSD allows for the easy synthesis of relatively large sample sets. For example, as
shown in the work presented in chapters 3 and 4 of this thesis, an extensive series of
Aurivillius phase samples having different stoichiometries can be made and then
subjected to analysis. In this way a wide range of materials can be screened such that
the most promising materials can then be selected for synthesis via more specialised
vacuum-based growth techniques. In this work, CSD was used to produce an
extensive set of samples which facilitated the investigation of how changes in
chemical composition affects material structure (chapter 4) and permitted the
exploration of new chemical components (such as Niobium in chapter 3) before
investing in the more costly precursors required for vacuum-based growth

techniques.

In CSD, the precursors are initially maintained in solution. Following this, the
deposition and heat treatment steps are performed to form the product material. In
this work the precursor solutions for CSD are prepared in organic solvents and when
spin coated and heated form a film of the Aurivillius material. CSD is a growth method
that relies on mixing the correct ratio of precursors so as to achieve the desired
stoichiometry [1]. The stoichiometry can thus be easily controlled by varying the
amount of precursor used. The general procedure used for chemical solution
deposition of Aurivillius materials used throughout this work is shown in figure 1. This
recipe is based on previously published work [2]. The precursor materials and
solvents were chosen as they readily dissolve the precursors and produce stable
solutions without precipitation. The precursor materials have chelating ligands that
allow for the desired reactions to occur while also not engaging in side reactions

while in solution. The ligands must also be effectively removed by evaporation of the

39



Chapter 2

solvent during the heat treatment steps so as not to produce carbon contaminates

in the thin film material.

Bi(NO,)5.5H,0 | —# | CH;CHOHCOOH lactic acid |
1 Stir 1 day

‘ Bi®*/ Lactic acid solution ‘

| [stir 1 week |«— [ Tioc.t) |

‘ Bi®*/Ti** Precursor (Solution A) ‘

Fe(NO,);.9H,0/Mn(acac); as

1 Stir 2 hours | 4—— required in acetylacetone

(solution B)
BiZOZ(Bim_l(Ti/Fe/Mn)m03m+1); m=3
solution
1 Spin coating step hot plate baking
step
Bi,0,(Bi,, 1 (Ti/Fe/Mn), 05t ); M3
amorphous thin films
1 — Furnace anneal

Bi,0,(Bi, o(Ti/Fe/Mn), 05,.1); M23
crystalline thin films

Figure 1: The stepwise recipe for the chemical solution deposition of BTFMO

Aurivillius materials.

The precursors used are shown in figure 2 (a-g). The bismuth precursor is bismuth
(1) nitrate pentahydrate Bi(NO3)3.5H,0 (reagent grade, 98 %, Sigma-Aldrich) and was
weighed out in the correct amount necessary to have an excess of 17.5 % Bi present
in the solution. Having an excess of Bi is a common precaution taken to compensate
for the volatility of Bi. The optimal excess Bi content was determined in a previous
study involving the chemical solution deposition of Aurivillius compounds [2]. The Bi
precursor was added to lactic acid CsHsO3 (ACS reagent, > 8 5%, Sigma-Aldrich) in a
50 ml beaker with a magnetic stirrer bar and covered with Parafilm. This solution was
left to spin at room temperature for approximately 24 hrs. The Ti precursor titanium
(IV) butoxide Ti(OCsHo)4 (reagent grade, 97 %, Sigma-Aldrich) was then weighed and
added to the solution. This was labelled as solution A and it was allowed to stir
continuously for approximately one week. After that week, solution B was made. The
Fe precursor, iron (lll) nitrate nonahydrate Fe(NO3)3.9H,0 (ACS reagent, > 98 %,
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Sigma-Aldrich), was weighed and dissolved in acetylacetone (2 99.5 % (GC), Sigma-
Aldrich) and allowed to stir for one hour until fully dissolved. If either manganese (lll)
acetylacetone Mn(acac)s (99.9+ %, Strem Chemicals, Inc.) or niobium (V) ethoxide
(Nb(OCzHs)s) (99.9+ %, Strem Chemicals, Inc) was being added they would be added
after the Fe precursor had been fully dissolved (figure 3 (a)). Additional precautions
were taken when using the Nb precursor as it is air sensitive. The Nb precursor was
stored in a nitrogen environment and was added to the solution while been

maintained within a nitrogen filled glove bag (figure 3 (b and c)).

0
0 9H,0
H 5H,0 H
N —
0
N—o /

0 | S ‘ £t ‘ 0
. OEt o 0
Mn Eo SN ) e 0o P CH, H ‘
PN N Nb
— 7 Y ~
| “o o ? | Noo | Okt Y\OH /KA

OH

\ OEt 0Et
(d) (e) (f) (&)

Figure 2: The precursors used in this work during chemical solution deposition.
Bi(NO3)3.5H20 (a), Ti(OCsHs)a (b), Fe(NO3)3.9H,0 (c), Mn(acac)s (d), (Nb(OCzHs)s)
(e), lactic acid C3HeOs3 (f) and acetylacetone CH3COCH,COCHs (g).

When all the precursors were added, solution B was allowed to mix for a further hour.
Then solution B was added dropwise into solution A while it was still stirring gently
on the magnetic stirring plate. The combined solutions were allowed to mix
thoroughly for one hour. The solution was passed through a 5 um nylon filter
attached to a syringe and transferred to a glass bottle with a screw cap for storage.

Filtering was performed to remove any large particulates such as dust particles.
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The thin films were deposited on the same day that the final solution was made. The
solution was deposited by spin coating (figure 3) the solution onto 2-inch diameter
sapphire wafer substrates (University Wafer Inc.). The instrument used was the SCS
6800 spin coater series. The substrates were first preheated on a thermocouple-
controlled aluminium (Al) block attached to a hot place maintained at 300°C (figure
4 (d)). This was to remove any surface moisture, e.g., ambient H,0. The substrate
was allowed to cool for a minute and then placed onto the chuck of the spin coater.
If the substrate was still hot when the solution was applied, there could be issues
with incomplete coverage of the film over the substrate resulting from the rapid,
forced evaporation. The solution was drawn into a syringe and a 5 um nylon filter
attached. Several drops, (1-2 ml), which was enough to cover the substrate, were
dropped from the syringe onto the sapphire substrate. The substrate was then spun
with the typical setting being 2000 rpm or 30 seconds. The substrate with the freshly
deposited film was then removed and placed on the Al block heated to 300 °C. This
pre anneal step was maintained for ten minutes and was performed to remove the
organic ligands and solvents. The boiling point of acetylacetone is 138 °C and 122 °C
for lactic acid. The boiling point of the organic precursors bismuth (lll) nitrate
pentahydrate 80 °C, titanium(IV) ethoxide 150 °C, manganese (lll) acetylacetone 160
°C and niobium (V) ethoxide 142 °C. During this anneal step, the sample colour

changed from dark brown to a dull yellow (figure 4 (e)). The sample was removed

and allowed to cool before being placed carefully in its sample box.

O

I 11

(a) (b) (c)
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Figure 3: Diagram of the steps involved in the spin coat process, (a), several drops
of the precursor solution are dropped into the substrate, (b), the chuck spins and

(c), evaporation of the solvent occurs producing a thin film.

Since the as-deposited samples were found to be polycrystalline, further annealing
was necessary in order to crystallise the material. To do this, the samples were
annealed under atmospheric conditions in a laboratory furnace (Thermo Scientific
Thermolyne industrial benchtop muffle furnace) at 850 °C for 1 hour. The furnace
was left to cool down slowly to room temperature before the sample was carefully

removed.

Figure 4: (a), Solution A (left) and Solution B (right) on a magnetic stirring plate, (b),
storage of the Nb precursor under nitrogen in a glove box, (c), the glove bag filled
with nitrogen containing the precursor solutions, (d), the Al block on hot plate and
(e), the samples before annealing step (right) and the samples after annealing step

(left).

CSD is a versatile deposition method but has its drawbacks such as difficulty in
reliably making continuous ultra-thin films (< 30 nm) [3]. The crystalline Aurivillius
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platelets produced using the method outlined above had a range of thicknesses from
28 to 84 nm. The thickness of the materials can be controlled through the viscosity
of the solution, the rotation speed and duration the spin coating process to produce
thicker films. However, a more suitable deposition method for producing continuous

ultra-thin films on epitaxial substrates is chemic vapour deposition.

2.1.2. Chemical vapour deposition

Chemical vapour deposition (CVD) is a general term used for deposition techniques
that use gaseous precursors to deposit a film of solid material on a substrate. The
gaseous precursors react on or near the substrate through a chemical reaction to
produce the solid material. There are a range of techniques that belong to the CVD
family such as direct liquid injection CVD, metal-organic vapour CVD, atmospheric
pressure CVD, low pressure CVD, ultra-high vacuum CVD, aerosol-assisted CVD,

microwave plasma assisted CVD and atomic layer deposition (ALD) [4].

The principal of action of CVD is that a flow of gaseous precursors is passed over a
substrate and a chemical reaction occurs either near or on the substrate to form a

solid material film over the substrate,
Precursor reactants gy — Solid material;y + Gaseous productsg — (2.1)

The types of reactions than may occur during the CVD processes include, thermal

decomposition, reduction, exchange and coupled reactions [4].

In CVD it is very common to engineer the reactor such that a laminar flow of gases is
created over the substrate surface. The gas phase precursor reactants flow over the
substrate and due to the laminar flow gas dynamics, the gas directly over the
substrate will form a stagnant boundary layer. A boundary layer is an area of the fluid
(gas or liquid) where the flow velocity, temperature and concentration of the
precursor molecules is different to that in the bulk flow. The areas above the
substrate can be divided into different reaction zones shown in figure 5. Zone 1 is the
stagnant boundary layer where homogeneous reactions occur. Heterogeneous
reactions occur in zone 2 at the interface between the gas and the film surface. As
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CVD usually uses high temperatures there is sufficient energy available for solid state
reactions to occur in the material (zone 3). The substrate may also be involved in

reactions in zone 4 and 5.

Precursor gas flow

L

Boundary layer 11t g
) 7 2 a
Coating 13| &
4| 3

ps| 8

Yy s

o

(7]

Figure 5: Diagram showing the different reaction zones present over the substrate
in a typical laminar flow CVD process; (1) stagnant boundary layer, (2) substrate
surface interface heterogeneous reactions, (3) bulk material, (4) substrate film

interface and (5) substrate.

The physiochemical reaction steps of CVD are depicted in figure 6. Initially the
precursors are evaporated and transported over the substrate using a carrier gas
which may be either inert or reactive. The gas phase homogeneous reactions occur
in the boundary layer above the substrate and precursor reactants or the products
of homogeneous reactions are transported to the substrate surface (mass diffusion)
where adsorption occurs. Heterogeneous reactions occur between the gas phase
reactants and the surface. Then solid-state reactions occur, with diffusion and
nucleation of the material on the substrate to form a film. This is followed by the

desorption and removal of excess materials and any by-products.
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Figure 6: Diagram showing the physiochemical reaction steps of a theoretical CVD
reaction. Molecules AX and Z; are introduced in the gas flow. Adsorption occurs of

AX at the surface. The ligands X are removed through a reaction with Z,.

CVD instruments can be divided into hot and cold wall reactors. In hot wall reactors,
the walls of the reactor are heated as well as the substrate. This means that reactions
can also occur on the walls of the reactor. A build-up of material on the reactor
chamber walls may lead to contamination and introduction of impurities to the
material being deposited on the substrate. Homogeneous reactions in the gas flow
may also occur. In cold wall reactors, only the substrate is heated. This reduces the
risk of contamination from previous growth runs, however the large temperature
gradient can affect the fluid dynamics within the chamber and may lead to uneven

coverage on the substrate.

CVD has several advantages over CSD, such as deposition at higher temperatures
(100 °C to 1300 °C [5]), which can eliminate the need for a post anneal step. CVD
enables deposition of thin films of uniform thickness, low porosity and is suitable for
scaling up to cover large surface areas (15 x 4 inch or 8 x 6 inch wafers [6]). Epitaxial
films can be readily grown using CVD due to the high temperatures and low
supersaturation of precursor chemicals. The energy supplied by a high deposition
temperature results in a high surface mobility of the absorbed material at the

substrate and allows the material to adopt an epitaxial relationship to the substrate.
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In selective area CVD, an area of the substrate is selectively deposited either through
the uses of masks or by locally energising an area through microwaves or lasers. A
disadvantage of CVD over CSD is the higher cost of equipment and precursors and
the limited number of precursor injection lines, which limits the number of
precursors that can be attached to a CVD kit. For example, our instrument, the

AIXTRON AIX 200/4FE DLI-CVD, has four precursor lines.

CVD is particularly suited for the deposition of our Aurivillius thin films as it has a
higher oxygen pressure than other techniques such as pulsed laser deposition (PLD),
molecular beam epitaxy (MBE) or splutter deposition. The higher oxygen pressure
helps to prevent migration or desorption of volatile elements such as Bi which can

cause the formation of impurity phases in the material [3].

Important parameters in CVD that affect the quality of the film produced include the
nature of the precursors, the growth temperature and the reactor pressure. In terms
of precursor, ideal precursors will be volatile at moderate temperatures, be nontoxic
with a long shelf life and will be easy to handle. In addition they will possess a high
chemical purity, give a high yield, will be compatible with other precursors and will
display a sufficiently large difference between its decomposition and evaporation
temperatures [7]. The precursors used during this work are shown in figure 6. The
precursor materials were dissolved in toluene with the Bi(THD)s, Ti(O-iPr)2(THD)2,
and Fe(THD)s (supplier Epivalence Ltd) having a concentration of 0.1 M (where THD
represents tetramethylheptanedionate and O-iPr represents isopropoxide). The
Mn(THD)3 chemical (supplier STREM chemicals) was dissolved in toluene with a
concentration of 0.025 M. An advantage of liquid injection CVD is that the precursor

containers do not need to be heated and this extends their shelf life.
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(a)

(c)

Figure 7: Precursors used during chemical vapour deposition,(a), Bi(THD)s, (b),

Ti(0-iPr)2(THD)3, (c) Mn(THD)s and (d) Fe(THD)s.

The temperature of the reaction must be sufficient to provide the necessary energy
required for reactions to take place and for the evaporation of the precursors into
the gas phase. If the rate limiting step of a reaction is thermodynamic, the growth
rate is controlled by the temperature. If the temperature is too high the material may

begin to desorb form the substrate or unwanted side reaction may occur (figure 8).
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Figure 8: The effect of temperature on the growth rate of a material. Kinetic
control, diffusion control and desorption from the substrate of pre-reactions in a

typical CVD process.

Pressure affects the gas flow patterns which can lead to non-uniform coverage. At
low pressures, gas molecules have a longer mean free path than at higher, e.g.
atmospheric pressures. A shorter mean free path of precursors at higher pressures
can lead to gas phase reactions. Low pressure allows the gaseous precursors to reach
the thinner stagnant boundary layer to prior to reaction at the surface of the

substrate.

The CVD system used throughout this work was a direct liquid injection CVD system
(DLI-CVD). In DLI-CVD the precursors are liquid, or, as in our case, solids dissolved in
a solvent [7]. The liquid (the solution) is injected directly into a vaporiser to produce
an aerosol. The instrument used throughout these experiments was the AIXTRON AIX
200/4FE DLI-CVD system. Figure 9 and 10 shows some photographs of parts of the

reactor.
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Vaporiser

Quartz reactor chamber

Bi(THD); Mn(THD)s Fe(THD)s Ti(O-iPr);(thd). IR lamp heaters
(where THD = 2,2,6,6-tetramethyl 3,5-heptanedionate; O-iPr = isopropoxide)
Figure 9: Photographs of the Aixtron CVD kit used in this work. The precursor
bottles and lines connected to the vaporiser (left picture) and the reaction

chamber and heating lamps (right picture).

(a) W (b)
Figure 10: Pictures of the susceptor plate with samples on it before being closed

(a) and IR lamps heating the reaction chamber during a growth run (b).

The layout of the Aixtron system is shown in figure 11. The precursor solutions are
contained in stainless steel containers. The precursor solution is injected into the
vaporiser with flow meters controlling the volume of precursor being injected. A
TriJet™ evaporation unit is used on this Aixtron kit. This is a non-contact evaporation
system which means a flow of nitrogen gas along the walls of the unit prevents
contact between the precursors and the surface of the vaporiser. This helps to
prevent undesirable reactions occurring on the surface of the vaporiser walls. The

precursors are vapourised within the TrilJet™ evaporation unit and the gaseous flow
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is introduced to the reaction chamber. The lines are kept at an elevated temperature
to prevent condensation and blockage. The reaction chamber consists of a quartz
liner and rotating susceptor plate where the substrate is placed. This system is a hot
walled reactor meaning the deposition of material occurs on the walls of the quartz
liner. The instrument is designed to minimise this by directing most of the reactants
over the substrates. The quartz liner is removed periodically and cleaned in 1 M HCI
to remove any build-up of material. With these precautions in place, reactions at the
hot-wall have not become an issue affecting the quality of our thin film samples. The
chemical precursors, in oxygen and nitrogen gas, flow over the substrate and are
removed through the exhaust system. The vacuum pump creates the low-pressure
environment in the reaction chamber. Unreacted precursors and by-products are
removed by a scrubber system to prevent the release of potentially toxic or harmful

chemicals to the environment.

Mass Flow
Controller

Liquid

™ | Injection

Vaporise

Reaction Chamber

Substrate Holder
Vapour Outlet —

Scrubber

Precursor
Bottles

Vacuum
Pump

Figure 11: Schematic of the setup of the liquid injection-chemical vapour

deposition system.

Various parameters can be changed and the CVD recipe tailored for a particular

growth run to influence the material being deposited.
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e Pulse frequency - the number of pulsed injections per second. This parameter
influences the growth rate.

e Number of pulses - determines the thickness of the films deposited.

e Valve opening times — the stoichiometry of the Aurivillius materials is
controlled through control of the ratio of precursor solution volumes. The
volume of precursor is controlled through the valve opening times.

e Temperature — sufficient energy must be present for the desired reaction to
proceed. Temperature can also affect grain growth size.

o Offset — the pulsed injections can be offset in time to control the order that

precursors are introduced into the reaction chamber

The use of different offset parameters was used in the work in this thesis (chapters 5
and 6). This technique was developed in 2004 by Weber et al [8] and was named
atomic vapour deposition (AVD®). However, as the deposition is not restricted to the
deposition of a single atomic layer as in atomic layer deposition (ALD) this name will
not be used further. In this work it is called sequential DLI-CVD to distinguish it from
conventional simultaneous DLI-CVD. Sequential CVD has been used for the
deposition of metal oxide materials such as HfO, [9] metal-insulator—-metal (MIM)
capacitors [10] [11] and in a comparison study between AVD and ALD [12]. Sequential
CVD was used to deposit three-layered and four-layered Aurivillius materials

BisTisFe101s [13], BiaTizO12 [14] in previous work.

The difference between conventional simultaneous DLI-CVD and sequential DLI-CVD
is depicted in figure 12. This sequential DLI-CVD method was used to mimic the
structure of the Aurivillius material and to purposefully drive the occupation the
inner perovskite sites of the Aurivillius structure by the Mn and Fe ions. The benefit
of this would be to locally increase the concentration of the magnetic ions in the
material with the aim of developing materials with long range magnetic ordering,
which requires close proximity between the magnetic ions. In this thesis, another
growth recipe was developed (figure 12 (c)) that consisted of a constant Bi pulse to

prevent a local deficiency of Bi during the growth process (chapter 5).
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Figure 12: Schematic showing the recipes for the growth of an Aurivillius phase

material via the use (a) simultaneous DLI-CVD, (b) sequential DLI-CVD and (c)

sequential DLI-CVD with constant bismuth.

As well as variations to the order of the pulse injections in the growth recipe, other

parameters that were varied include the growth temperature (chapter 6) and the

pulse gap between precursor injections (chapter 5). The typical growth recipe

parameters are listed in table 1 and specific details about the growth recipes are

provided in chapters 5 and 6. The number of injections corresponds to the thickness

of the film produced. For the standard recipe used, consisting of 20 repetitions of the

recipe outlines in figure 12, the films produced on LSAT substrates deposited at 710

°C had a thickness of approximately 30 nm.

Table 1
Reaction chamber pressure 9 mbar
Reaction chamber
610—-710°C
temperature
Vaporiser temperature 220°C
Precursor line temperature 220 °C
Injector opening times 1to10ms
Injector pulse gap 1,5and 10s
Number of injections per pulse
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Frequency of injections 1Hz
Nitrogen flow 2000 sccm
Oxygen flow 1000 sccm

2.2. Structural analysis
2.2.1. X-ray diffraction

X-ray diffraction (XRD) is extremely important for the characterisation of the
Aurivillius crystalline materials. XRD can help to identify different crystalline phases
and mixed layered phases. In particular for Aurivillius phase materials the number of
perovskite blocks between the (Bi»0,)?* interlayers can be determined from an X-ray
diffraction pattern. The effect of the substitution of atoms with different ionic radii

can also be observed in changes to the XRD peak pattern.

The principal underpinning XRD is the interaction of monochromatic X-rays with the
ordered array of atoms in a crystalline structure. The monochromatic beam of X-rays
is generated by bombarding a metal target (commonly Cu) with an accelerated
stream of electrons. The stream of electrons ejects core electron close to the nucleus
of the metal atoms. Outer electrons then fall down to fill these vacancies emitting
energy corresponding to the energy difference between levels in the process. This
emitted energy is in the form of monochromatic X-rays. X-rays (A = 10! m to 108
m) are diffracted from planes of atoms within a crystalline solid (d-spacings = 101° m
to 10® m) and can constructively interfere to produce a diffracted beam. By the
analysis of these diffracted X-rays as a function of scattering angle, a crystal structure
can be determined. The diffraction of an X-ray beam from a sample under
examination enables angle resolved patterns, characteristic to a particular material.
The angle at which diffraction peaks appear can act as a fingerprint to identify the

material [15].

The angle at which the diffracted X-rays interfere constructively to yield a detected
peak at that scattering angle is given by the Bragg condition,
niA = 2dsiné (2.2)
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Where n is an integer, A is the wavelength of the X-ray, 8 is the angle between the

incoming X-ray the sample surface and d is the interplanar spacing (figure 13).

V74

RGN

Figure 13: Schematic representation of the Bragg condition. Incoming X-rays 1 and
2 are reflected off the crystal planes A and B in the material, the x-rays are

deflected an angle 8 and the deflected X-rays 1’ and 2’ are detected.

A library of patterns, such as that produced by the Joint Committee on Powder
Diffraction Standards (JCPDS), can be utilised as a reference source to determine
crystal structure. These reference patterns are mostly of powdered samples which
tend to be polycrystalline in nature. These have a random orientation of crystallites
and so several reflections over a wide range of diffracted angles will be observed. For
a thin film sample, there may be a preferred crystallographic orientation and so only
certain reflections will be observed. Aurivillius thin films, for example, have a
preferred growth axis along the c-axis direction and hence the majority of peaks in
the XRD patterns of Aurivillius phase thin films are related to the (00/) reflections.
Information about the material can be obtained from the peak position relative to a

reference pattern and the orientation of the crystalline material.

The full width-half maxima (FWHM) of the peaks can be used to indicate periodic
structural disorder in layered materials, such as the Aurivillius phases. As the

reflection patterns of different m Aurivillius phases can occur at similar 28 values the
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presence of intergrowths of two different m phases could be observed in the XRD
pattern as one broad peak instead of two separate reflections. Therefore, a trend in
increased FWHM throughout a series may indicate an increased presence of
intergrowths of different m Aurivillius phases. A mixture of phases having different
inter-atomic spacing may result in X-ray scattering over wider angles, thus resulting
in broader and less intense peaks. Detection of the presence of secondary phases is
also possible by XRD, provided that the detection limit of the XRD instrumentation is
lower than the concentration of secondary phases in the material. At low percent
volumes of secondary phases relative to the main sample, peaks or signals
corresponding to secondary phases may be lower in intensity than the instrument
noise and therefore not visible by the XRD technique. A detection limit of 1-3 volume

% was assumed for the XRD instruments used throughout these studies.

Data obtained from XRD can be used to characterise the physical properties of
materials. The Lotgering factor (f) provides a measure of the orientation distribution
of crystallites in a material and can indicate a preference for a particular orientation,

e.g. (00/) [16]. The Lotgering factor is given by,

f=1z (2.3)
where,
_ Y1(00D) _ Y1000,
= S 1(hkD) d Py = Y 1(hkl)o (2.4)

In these equations, ZI(hk/) is the sum of the intensities from all the peak reflections
of the sample under analysis, 21(00/) is the sum of the intensities of all (00/) reflections
of the sample and ZI(00/)o and ZI(hk/)o are the corresponding values from a randomly

oriented sample.

The pseudo lattice parameters of the Aurivillius phase materials can be obtained
using the relationship between the orthorhombic system and the interplanar

distances from the Bragg condition.

2 2 2
N 1)

d2 a? bz = ¢2
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The relative crystalline factor (Q) was derived from a modified form of the Scherrer
equation [17]. The equation is modified because Aurivillius phase materials are
orthorhombic and not cubic and so it is not possible to obtain a value for the particle

size, but rather the value of Q allows for a comparison of samples to each other:

1
Q - LCos6

(2.6)

Where B is the FWHM (in radians) and 6 is the angle of diffraction.

Most of the XRD analysis presented in this thesis are 28 scans of the Aurivillius
materials. 20 is the angle between the incident X-ray beam and the deflected beam.
Other angles that can used for complete analysis of a material are depicted in figure
14. The angle between the plane of the surface and the incident X-ray beam is
denoted as w. The angle @ represents the rotation of the sample around the axis
normal to the sample surface and U is the angle between the axis normal to the (hk/)

planes of the material and the diffraction plane.
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Figure 14: Schematic depicting the four different angles used in XRD analysis.

In this work two different instruments were used to perform XRD structural analysis.

A Phillips X’Pert PW3719 MPD diffractometer (Cu Ka radiation A = 0.1541876 nm)
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and a Panalytical X’Pert MRD diffractometer (Cu Ka radiation A =0.1541876 nm). The
exact experimental conditions employed are provided in the following chapters. The

typical scan range was from 6 ° to 40 ° 20 and a step size of 0.005 °.

Additional XRD analysis was performed in collaboration with the University of
Liverpool using a Rigaku Smartlab with a 16 kW Cu rotating anode, a 2-bounce Ge
monochromator and a Hypix detector. Out-of-plane scans (standard symmetric 6/20
configuration) and rocking curves (varying ® at a fixed 20 angle) were performed.
The schematic in figure 14 shows the four angles that can be used for XRD analysis.
In rocking curve measurements (also called omega scans) the sample is analysed by
varying w at a fixed 26 angle. Information about the phase purity and crystal quality

can be obtained from this type of analysis.

2.2.2. Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) that
was first developed in 1986 by Binning, Gerber and Quate [18]. Since then, it has
become a valuable tool for the analysis of sample topography at the micron to
nanometre scale. Materials such as semiconductors, polymers or biological materials
can be imaged using this technique [19]. AFM has advantages over SPM as it does
not need to be performed under vacuum conditions and does not require conductive
samples. AFM utilises the interactive forces between the cantilever tip and the
samples surface to produce images of the surface topography. The AFM probe is
raster scanned across the sample surface and the interactions of the probe tip with
the surface forces changes the position of the cantilever. This change is detected by
the reflection of a laser light off the flat top of the cantilever into a four-directional
photodiode. For example, as the tip interacts with a higher region of the sample, then
the amplitude of the cantilever adjusts. This adjustment changes the angle of
reflection of the laser. Such changes are detected and used to generate an image of
the topological features of the sample surface. The setup of an AFM instrument is

shown in figure 15.
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Figure 15: Schematic representation of the set up required for atomic force

microscopy

AFM analysis can broadly be divided into two different modes: static and dynamic.
The static mode (also called the continuous or contact mode) consists of constant
contact between the sample and the probe tip. The dynamic modes include tapping
mode (also known as amplitude modulation intermittent contact, AC or vibrational
mode), non-contact mode (also known as frequency modulation mode) [20] and

Peak-force Tapping mode.

In the continuous mode, the height above and the force between the tip and the
surface are kept constant. A computer-controlled feedback system maintains a
constant cantilever deflection. The applied voltage is adjusted to maintain constant
force and deflection. The adjustments to the phase and amplitude signals are utilised
to produce an image of the surface. This method is generally used for very flat and
hard samples where contact between the tip and surface will cause minimal damage
to either. The closer the AFM probe tip is to the sample surface the more it will
deflect as shown in figure 16. As the tip is initially lowered to the surface the voltage
is constant, indicating the free air deflection voltage. At the contact point, the tip

interacts with the forces exerted from the surface of the sample. The set point
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voltage is determined from the contact point and is set by the user. The deflection of
the cantilever away from its relaxed position at zero voltage will be associated with
a voltage. Deflection towards the surface will be a negative voltage and the deflection

away from the surface will be a positive voltage.
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b + 1
w 1
c 1
o ?60 I
g 5 |
L > !
= — 1
@ < I
> S !
(]
> o | ,
2 n | Free air
€ ' deflection
S Contact pointi €
~ | voltage
0

Tip-substrate distance

Figure 16: The potential force of intermolecular interactions on approaching the

sample surface.

The tapping mode of AFM utilises intermittent contact between the tip and the
sample surface. This is a more commonly used measurement technique for AFM
topography imaging compared with the constant mode. The tapping mode is
particularly useful to overcome potential issues caused by moisture. A film of
moisture is common on materials stored and measured in ambient conditions.
Capillary forces due to the moisture could drag the tip laterally if it were measured
in constant mode. Intermittent tapping also has advantages over constant mode as
it generally results in less damage to the probe tip. In this mode the amplitude of the
cantilever oscillations is kept constant at or near its resonance frequency. The tip is
brought down to the sample surface until it is in the repulsive regime. In the repulsive
regime the resonance amplitude of the cantilever decreases the closer the tip
approaches the sample surface (figure 17). During raster scanning, the amplitude of

the oscillations is monitored and a feedback system is used to keep the oscillation
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constant. The change in phase is also monitored. The changes to these two properties
are used to produce amplitude and phase images of the material. Height and force

images can also be generated during tapping mode.

Free air regime

™~

Contact point

Amplitude

Tip-substrate distance

Figure 17: A typical amplitude modulated AFM force plot. The amplitude of the tip
oscillation decreases as it approaches the sample surface due to the interactions
between the tip and electrostatic, dipole-dipole, piezoelectric and Van der Waal

forces.

In non-contact mode, as the name suggests, the tip does not come into contact with
the sample surface. The cantilever is kept oscillating at a constant amplitude above
the sample at resonance frequency. In the amplitude modulation mode, the
resonance frequency of the cantilever is affected by forces from the sample. An
attractive force on the cantilever causes a decrease in resonant frequency, therefore
the resonant frequency is decreased from the original drive frequency and the
amplitude decreases. A repulsive force on the probe causes an increase in resonant
frequency, therefore the resonant frequency is increased from the original drive
frequency and the amplitude increases. The feedback information required to adjust
the drive frequency and maintain constant amplitude is used to produce an image of
the surface topography. Soft samples, such as biological samples that could be

damaged from contact modes, can be analysed in this way.
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Additional AFM analysis in the PeakForce Tapping® mode was used in conduction
with the Bruker AFM instrument during this work. Similar to tapping mode, the probe
periodically taps the sample surface and by measuring directly the deflection of the
cantilever a feedback loop is used to keep forces below 10 pN. This helps maintain

the sample and tip integrity and produce high-resolution imaging [21].

An AFM probe consists of a sharp tip on the free end of a cantilever attached to a
holder. The tip is usually a few nanometres in scale and the cantilever a few hundred
nanometres in scale. The cantilever holder or chip is large enough to be held by the
user using tweezers. AFM probes are commonly made from silicon. Coatings can be
applied to the probe such as gold, platinum, cobalt or chromium depending on the

required imaging mode.

The resolution of AFM is dependent on the shape of the probe tip. A sharper tip will
map the surface more closely than a wider tip will (figure 18). However, tips are
eroded after repeated use due to contact with the surface. The tip may also “pick up”
contaminates from the surface which could produce images that do not accurately
reflect the surface topography. Contact between the probe tip and the surface could

also damage the sample.

o el

Figure 18: The narrower an AFM probe the closer the tip can map the surface of

the material.

The AFM analysis conducted throughout this project, unless otherwise stated, was

performed in the AC tapping mode using an Asylum Research MFP-3D AFM
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instrument. The first order harmonic resonance frequency is determined before
measuring the sample and the drive frequency is set at or near the resonance
frequency. The AFM cantilevers used were Olympus AC240TS probes (Al reflex
coated, 15 nm tip radius, 70 kHz resonant frequency). Additional AFM images were
obtained using a Bruker Dimension Icon AFM instrument in PeakForce Tapping mode.
Scan size =5 x5 um or 1 x 1 um; scan rate = 1 Hz (sometimes 0.5 Hz was used); Scan
angle = 0 ° or 90 °. The AFM probe used in these measurements was a Bruker
SCANASYST-AIR probe, Al reflex coated, 2 nm tip radius, 70 kHz resonant frequency.
The narrow tip of these probes allowed a greater level of detail belonging to the

surface to be imaged (figure 18).

2.2.3. Piezoresponse force microscopy

The Aurivillius materials are well known ferroelectrics [22] and this behaviour was
examined throughout this work using piezoresponse force microscopy (PFM). The
converse piezoelectric effect is a change in the structure of a material when
subjected to an applied electric field. Piezoresponse force microscopy (PFM) is an
analysis technique first developed in 1992 by Githner and Darnsfeld [23]. PFM
exploits the converse piezoelectric effect to visualise ferroelectric domain patterns
in piezoelectric materials. All ferroelectric materials are also piezoelectric and
pyroelectric. In the PFM technique, an electric field is applied which is lower than the
coercive field of the material. This probing signal, Vuc causes local mechanical strain
and distortions in the piezoelectric sample due to the converse piezoelectric effect
(figure 19). The material can locally expand or contract under the applied electric
field. To perform PFM analysis, an Asylum Research MFP-3D AFM instrument was
used in this work and the probes used were Olympus AC240TM electrilevers (Ti/Pt

coated silicon probes, Al reflex coated, 15 nm tip radius, 70 kHz resonant frequency)).
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Figure 19: In piezoresponse force microscopy a locally applied electric field causes
deformation of the material. This is shown for vertical PFM (a), no applied electric

field, (b), contraction and (c), expansion under the applied field.

Ferroelectric materials are defined as materials possessing a spontaneous and
reversible electrical polarisation. When an electric field is applied to a piezoelectric
material the electric dipoles align along the direction of the applied field. In
ferroelectric materials (a subset of piezoresponse materials) the dipoles remain in
this aligned position when the electric field is removed and if an electric field is
applied in the opposite direction the dipoles will switch to align along that direction

[24].

PFM, similar to AFM, uses feedback from the laser light reflected from the cantilever
to produce data about the material under study and to examine the relationship
between an applied electric field and mechanical strain in the material. This electro-
mechanical relationship is described by the converse piezoelectric effect. In the
converse piezoresponse effect the vertical displacement of the sample surface under

an applied voltage is given by,
Az = Kk(ds3V + (Q33/t)V?) (2.7)

Where z is displacement along the z axis, k is constant of proportionately, dszis the
piezoelectric coefficient, V is the applied voltage, Q33 is the electrorestrictive
coefficient and t is the sample thickness. The voltage applied to the tip, Vip, is given

by,
Viip = Vac + Vg cos(wt) (2.8)
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Where Vg is the direct current and Vg is the alternating current applied to the
conductive tip. Assuming the drive voltage is well below the contact resonance

frequency of the cantilever the displacement is given by,
Az = d33Vy. + dsz3V,. cos(wt + @) (2.9)
Where w is the angular frequency and ¢ is phase.
Application of AC bias to conductive tip during contact mode imaging:
Viip = Vaccos(mt) (2.10)

results in surface displacement (d) and deflection of cantilever due to converse

piezoelectric effect. The general case for the out-of-plane direction is:
AZ = +dy;Vaccos(wt + @) (2.11)
and for the in-plane direction are:
AL = #dVaccos(wt + @) (2.12)

AL = idzngcCOS(a)t + (0) (2.13)

The phase refers to the orientation of the polarisation in domains. Domains are areas
where the polarisation aligns in the same direction. The phase can be 0 or 180 ° if the
domains are oriented normal to the surface. The phase will determine if the sample
locally expands or contracts under the applied field (figure 20). Domains with a
polarisation direction normal to the sample pointing up are denoted as c and pointing
down as c-. When a positive voltage is applied to a c- domain then it locally expands
[25]. The surface oscillations of the sample are in phase with the tip voltage
therefore, ¢ = 0 °. Applying a positive voltage to a c domain will result in the sample

contracting. The phase in this case would be ¢ = 180 ° (figure 20).
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Figure 20: The piezoresponse of a sample during PFM analysis, (a) a material under
no applied electric field, (b) the response of a material under an applied positive
voltage, the sample expands or contracts depending on the orientation of the
polarization within domains and (c) the application of a negative voltage to the same

area which results in expansion or contraction.

Single frequency measurements were used to analyse the vertical (out of plane) and
lateral (in plane) piezoelectric response simultaneously. The vertical displacement of
the cantilever was detected for vertical PFM (figure 21 (a)) and the lateral
displacement of the materials was detected by the torsional bending of the cantilever
(figure 21 (b)). The direction of the tip displacement provides information on the
orientation of the polarisation domains [26]. In this work, both the vertical and lateral

measurements are performed at a single frequency of 15 kHz.

(a) (b)
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Figure 21: PFM measurements in the vertical (a) and lateral (b) mode. In the
vertical mode the tip is deflected along the vertical axis and is detected in the four
dimensional photodiode. In the lateral mode the lateral distortion of the sample
under the applied electric field results in torsional twisting of the cantilever which

is detected along the horizontal axis of the four sectional photodiode.

The typical piezoresponse displacement of a sample surface is in the range of a few
picometres and PFM measurements can be hampered by a low signal-to-noise ratio.
To improve the signal-to-noise ratio the drive amplitude (Vi) can be increased, but
this may damage a sample or the tip. To improve measurements of samples having a
low piezoresponse, a method known as Dual AC-Resonance Tracking - PFM (DART-
PFM) [27] has been developed by commercial AFM developers. DART-PFM uses a
feedback system to detect cantilever deflections and reduce the influence of
instrumental cross talk. Using this method, it is possible to measure samples with a
small piezoresponse without the need for a large voltage which may cause damage
to the sample. The small piezoresponse signal is boosted by measuring at the
cantilever resonance frequency. Due to resonance enhancement, this provides a
larger signal. However the drawback to imaging at contact resonance is that
measurements are affected by cross talk with topography as the tip moves over the
sample surface. Changes in the sample surface can shift the frequency, causing the
measured amplitude to either decrease or increase and therefore can introduce
errors to the analysis. In DART-PFM, this is counteracted by using the feedback
mechanism, using an amplitude feedback loop which tracks the contact resonance
frequency as shown in figure 22. Changes to the amplitude (A2 - A1 # 0) are detected
and used as input feedback to adjust the resonance drive frequencies, thereby
maintaining constant amplitude as the probe scans over the sample surface. The
DART-PFM mode was used to measure the vertical and lateral piezoresponse of the
Aurivillius materials to examine the out-of-plane and in-plane polarisations of the
materials. When measuring in the vertical mode, the cantilever is tuned with drive

frequencies operating near contact resonance for the vertical (280-350 kHz) mode.
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When measuring in the lateral mode, the cantilever is tuned to the drive frequency

operating near contact resonance for the lateral mode (650 to 700 kHz).
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Figure 22: A schematic of DART- PFM showing, (a), the feedback loop used to
correct changes to the resonance frequency to reduce the effects of instrumental
cross talk and boost the piezoresponse signal and (b) changes to the measured
amplitude are detected and used as input feedback to adjust the resonance drive

frequencies as the probe scans across the changing sample surface.
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Variable magnetic field PFM (VMF-PFM) was performed using the Variable Field
Module2 (VFM2) compatible for use with the MFP-3D (AFM). The VFM2 uses a rare
earth magnet to produce a magnetic field (figure 23), with the strength of the
magnetic field applied to the sample depending on the rotation angle of the magnet.
For analysis of the Aurivillius materials, PFM of the materials was performed while
varying the strength and direction of the magnetic field. Measurements were taken
at 2500 G to -2500 G in 500 G intervals. The rotation of the magnet was stopped
during PFM measurements and maintained at a constant magnetic field to avoid
interference due to mechanical movement of the magnet during imaging.
Polarisation domains were monitored by PFM at a particular magnetic field strength
in order to determine if a change in the polarisation direction was occurring. This
would indicate whether ferroelectric polarisation could be switched by an applied
magnetic field and thus enables nano-scale investigations of whether a material

displays magnetoelectric properties.
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Figure 23: A schematic diagram depicting the setup of the VFM2. When the rare

earth magnetis at 0 ° or 180 °, the magnetic flux is directed away from the sample.
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As the magnet rotates, increased magnetic flux is directed at the sample with

maximum magnetic field magnitude at 90 ° or 270 °. Adapted from [28].

2.2.4. Scanning electron microscopy

Scanning electron microscopy is a non-destructive analysis technique that is used to
determine the topography and morphology of a material [15, 29]. Electrons are
negatively charged, low mass particles that can be deflected by Coulombic or
electrostatic interactions with the positively charged nuclei or other electrons of
atoms. An incident electron, from a beam of highly charged energetic electrons,
excites an electron in the sample (losing some of its energy in the process). The
excited electron travels towards the surface of the sample and if it has enough
energy, it excites the surface and is called a secondary electron. The detection of

these secondary electrons is the basis of electron microscopy.

The limitation of what scale can be measured by any form of microscopy is
determined by the ‘wavelength’ of the probe used. For optical microscopy the

resolution limit is given by the Rayleigh criterion,

0.611
6= sinf (2.14)

Where A is wavelength of the light, u is the refractive index of the viewing medium,
B is the semi-angle of collection of the magnifying lens and & is the resolution for the
light microscope [30]. Visible might microscopy cannot image at the atomic scale as
the wavelength is too large (380 - 750 nm). However, when electrons are accelerated
under a high potential, they have a smaller wavelength and can image in the
nanometre range. An electron gun, consisting of a filament of tungsten, is used to
generate the beam of electrons. Electromagnetic lenses are then used to focus the

electron beam onto the sample.

A beam of accelerated electrons (primary electrons (PE)) will interact with a sample

in a number of possible ways.
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e Elastic scattering or backscattering electrons (BSE): PE are reflected with a
change in direction but with the same energy.

e Inelastic scattering of secondary electrons (SE): PE interact with the material
and SE are emitted from the outer shell of the atoms in a different direction
and with less energy than the PE.

e The emission of X-rays will occur after the interaction of primary electrons
with the sample matter.

e The emission of characteristic Auger electrons will occur after the interaction
of PE with the sample matter

SEM principally uses the detection of secondary electrons to produce an image of the
sample surface. Secondary electrons are more sensitive to the topography of the
sample than back scattered electrons. The contrast of the image is determined by

the number of electrons that leave the material and reach the detector.

The SEM instrument used throughout this work was the Zeiss Supra 40 SEM which
requires the use of a conductive material to prevent the build-up of charge on the
materials. For insulating materials such as the Aurivillius materials, a conductive gold

layer was applied to the surface by sputter coating.

2.2.5. Transmission electron microscopy

Transmission electron microscopy (TEM) is another form of electron microscopy
performed under high vacuum. As in SEM, a beam of electrons is generated using an
electron gun. In TEM this high-powered beam of electrons is fired through a thin
lamella of the sample and the interactions of the electrons which pass through the
sample are detected and used to construct an image of a cross section of the material
[15]. The resolution of TEM can allow imaging on the atomic scale and provides
valuable information on the crystal structure, such as the presence of stacking faults

or out-of-phase boundaries which can occur in Aurivillius materials.

For TEM analysis a thin lamella (approx. 100 nm thick) cross section of the sample

was prepared. First, electron beam induced deposition (EBID) and ion beam induced
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deposition (IBID) were used to deposit protective layers of carbon and platinum on
the material. The lamella was further thinned using a focused ion beam (FIB). The
instrument used was FEI DualBeam Helios Nanolab 600i. This thin lamella was then

imaged using a Jeol TEM JEM — 2100 instrument.

Further TEM analysis was performed at University of Limerick. Scanning transmission
electron microscopy (STEM) analysis was carried out using a Thermo-Fisher Scientific
double tilt STEM holder in the Thermo-Fisher Scientific FEI double aberration-
corrected monochromated Titan Themis Z at the University of Limerick. The
microscope was operated at 300 kV. The imaging mode used was STEM at 146 mm

camera length with a 50 - um C2 aperture.

2.2.6. Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS or EDX) uses the X-rays emitted from a
material induced by the interactions of primary electrons from an accelerated
electron beam. The electron beam ionises the material by ejecting an electron from
a core electron shell of the atom. This vacancy is filled by an electron from an outer
shell dropping down to the core shell accompanied by the emission of energy [15].
This energy is in the form of X-rays. The X-rays that are emitted from a material are
characteristic to that element, since the energy differences between electron shells
is different for different elements. The chemical composition of a material can thus
be determined by analysis of the X-rays. EDS can be used to detect localised areas of
secondary phases that may not be in sufficient concentration to be detected using
XRD. When combined with TEM, the individual location of atoms within the crystal
structure can be determined. This was particularly useful for the work described in
this thesis, as the objective is to determine if there is a preferred occupancy of

elements for specific sites within the Aurivillius crystal structure.

EDS was performed using a FEI Helios Nanolab High Resolution Scanning Electron

Microscope with attached Oxford X-Max 80 detector and Aztec analysis software.
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2.2.7. Optical spectroscopy

Ultraviolet and visible light spectroscopic analysis was performed on selected
Aurivillius materials. Adsorption, transmission, and reflection of light (wavelength
280 — 800 nm) by the materials were examined. The interaction of the material with
light can inform our understanding of the physical and chemical properties of a
material and can enable measurement of a material’s band gap. Ultra-violet and

visible light spectroscopy are both non-destructive analysis techniques.

The optical measurement in this work were performed on thin film samples grown
on sapphire substrates. This can result in the sample coverage, grain size and
morphology of the Aurivillius material influencing the results due to scattering
effects. To minimise the effects of morphology and particle size, powdered samples
can be mixed with reference materials such as KBr and NaCl and pressed into pellets

for analysis.

Transmission measurements were performed in chapter 3 with a Perkin Elmer A950
spectrometer with and integrated sphere attachment. The integrated sphere has a
coating of a highly reflective material such as barium titanium/sulfate which gathers
light that has been scattered by the material at different angles. Direct reflectance
was measured on the Perkin Elmer A950 spectrometer using a universal reflectance
accessory. Diffuse reflectance was determined using an UV-2401 PC recording

spectrometer.

The percentage absorbance of the material was calculated using the following

equation,
%A =100 — %T — (%Rgirect + YRaiffuse) (2.15)

The absorption coefficient (a) was calculated from the relationship between the

absorbance (A) and the thickness of the film (t),
A
a = 2.303 " (2.16)

and these values were then used to construct a Tauc plot from which the band gap
of these materials could be extrapolated. The Tauc expression [31] is given by,
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(ahv) = B(hv — E)™ (2.17)

Where Eg is the optical band gap energy (eV), B is a scaling constant, n =1 or 1/2 for
direct or indirect transitions, respectively. A value for the band gap can be estimated

by extrapolating from the linear part of a plot of ahv" against eV to the x-axis.

2.2.8. Photoelectrochemical analysis

An investigation into the photocatalytic properties of the Aurivillius materials was
performed and is discussed in the appendix to chapter 3 of this work. The set-up of
this experiment is shown in figure 24. The principle behind this experiment was to
monitor the % absorption of light by a solution containing a dye and a piece of the
sample. Normal to the beam of white light going through the cuvette was a 365 nm
light source that illuminated the samples in the dye solution. If the material was a
photocatalytic, then the light would induce charge separation in the material. These
charges could then interact will the dye in the water causing it to degrade. As the dye
degrades that the % absorption would decrease. The dye used was methylene blue
in a 0.1 M solution in MilliQ water (18.2 MQ cm at 25°C). Methylene blue undergoes
a colour change from blue to colourless when it is reduced. The solution (1 ml) was
placed in the cuvette and measurements started without illumination. A small stirrer
bar was placed at the bottom of the cuvette and set to spin at a slow speed to keep
the solution moving but not fast enough to displace the sample when it was in the
cuvette. The movement of the solution was required in order to avoid the solution
becoming inhomogeneous as dye degradation occurred at the sample surface. After
30 minutes the sample was added to the cuvette carefully so as not to block the beam
of white light going into the spectrometer. The cuvette with the sample was left for
a further 30 minutes in the dark before the light source was turned on. After 1 hour
of measurement the light source was turned off and a further 30 minutes of
measurement was performed in the dark. The light was turned on for a further 30
minutes and a final 30 minutes of measurements in the dark. During these

measurements, a cover was placed over the set-up to prevent ambient light
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interference. This cover had to be removed when the sample was inserted and

quickly replaced. The experimental method is similar to that used by Kegel et al. [32].

Spectrometer

Sample

Light Source

Figure 24: Diagram showing the experimental set up for optical measurements of

photocatalytic measurements.

2.2.9. Magnetic measurements

The aim of this body of work was the development of Aurivillius phase materials that
exhibit room temperature magnetic properties in addition to ferroelectric
properties. To that end, it was important to analyse the magnetic response (M) as a
function of temperature (T) and to measure the magnetic response (M) to an applied
magnetic field (H). A magnetic field hysteresis loop is depicted in figure 25 (b).
Ferromagnetic materials will exhibit a non-linear MH response and a net
magnetisation at zero applied field (after the field is removed) and switchable
magnetic polarisation behaviour. While paramagnetic and diamagnetic materials will

produce a linear response going through the origin.

The magnetic behaviour of selected samples were also examined over a range of
temperatures. The samples were cooled from room temperature to 4 K without an

applied magnetic field. A magnetic field was then applied and the magnetic moment
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measured producing the Zero Field Cooled (ZFC) measurement curve. The magnetic
field was maintained and the sample was cooled down to 4 K and then warmed back
to room temperature producing what is referred to as the Field Cooled (FC) line,
shown figure 25 (a). The remanent magnetisation is the magnetisation remaining
when the applied field has been removed [33]. A ferromagnetic/antiferromagnetic
material will display a remanent magnetisation between the field cooled and zero
field cooled measurements. The temperature at which the FC and ZFC diverge
signifies the transition temperature, below which the material exhibits

ferroelectric/antiferroelectric behaviour.

Magnetisation

ZFC

s

MR7
Magnetic
Remanent field
magnetisation
0
—
(a) Temperature (b)

Figure 25: Idealised behaviour of a ferromagnetic material, (a) the magnetic

Magnetisation

response of a ferromagnetic material with respect to temperature when cooled in
the presence of magnetic field (FC) and when cooled without an applied magnetic
field (ZFC) and (b) a hystersis loop of a ferromagnetic material displaying a
remanent magnetic response with respect to applied magentic field. Mg is the

remanent magnetisation and Hc is the coercive field.

The instrument used for this analysis was a Quantum Designs MPMS 3
Magnetometer with a field range of +70 kOe and a temperature range 1.8 to 400 K.
The schematic in figure 26 shows the setup of this instrument. A current is induced
in the detection coils when a disturbance to the magnetic signal is observed. No

current is induced in response to uniform magnetic fields with a linear change in
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magnetic gradient. The shape of the current signal is determined by the size and
shape of the sample. The current in the detection coil is inductively coupled to the
SQUID (Superconducting QUantum Interference Device). The SQUID converts the
current to voltage [34]. A more detailed diagram of a SQUID circuit is shown in figure
27.The magnetic disturbance measured at the pick-up coil generates a current in the
superconducting loop consisting of the input and pick-up coil. There are two
Josephson tunnel junctions shunted with resistors in the primary coil. These help to
eliminate hysteresis in the tunnel junction current - voltage characteristics. The
output voltage from the Josephson tunnel junctions corresponds to the magnetic
signal from the input coil. This voltage is modulated by the modulating coil and
converted to a magnetic moment. The use of a SQUID allows for the measurement

of magnetic susceptibilities with a high sensitivity [33].

Signal
Sample
> - S
2 =) . 2
v + E
40_:. o
b £
oD (5]
g —— &
<
S S g Y
Detection coils
sSQUID

Figure 26: A simplified diagram showing the setup of the detection hardware for

the MPMS 3 Magnetometer. Redrawn from [34].
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Primary coil
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Figure 27: Equivalent circuit of a SQUID (Superconducting QUantum Interference

Device) magnetometer. Redrawn form [33].

A thorough demagnetisation process was conducted before analysis of the sample,
using a procedure similar to that outlined in detail in the paper by Maity et al. [35].
The sample was demagnetised by applying an oscillating magnetic field with a step
wise decrease in amplitude to zero. Hysteresis loops (MH curves) were collected over
a = 70 kOe field range. The magnetic response to temperature was measured with a
cooling rate of 10 K / minute. The insulated vacuum chamber is cooled with liquid
helium. The orientation of the sample is in-plane with the magnetic field during

measurement.
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3. Compositional tuning of the Aurivillius phase material BisTis
2xFe1:xNbxO1s (0 < x < 0.4) grown by chemical solution deposition and
its influence on the structural, magnetic and optical properties of

the material

3.1. Abstract

A series of Aurivillius phase materials, BisTiz-2xFe1.xNbxO1s5 (x =0, 0.1, 0.2, 0.3 and 0.4),
was fabricated by chemical solution deposition. The effects of aliovalent substitution
for the successful inclusion of Fe3* and Nb°* by replacing Ti** was explored as a
potential mechanism for increasing magnetic ion content within the material. The
structural, optical, piezoelectric and magnetic properties of the materials were
investigated. It was found that a limit of x = 0.1 was achieved before the appearance
of secondary phases as determined by X-ray diffraction. Absorption in the visible
region increased with increasing values of x, up to x = 0.3, corresponding to the
transition from the valence band to the conduction band of the Fe-e4 energy level.
Piezoresponse force microscopy measurements demonstrated that the lateral
piezoelectric response increased with increasing values of x. Magnetic measurements
of BisTiz.gsFe1.1Nbo.1015 exhibited a weak ferromagnetic response at 2 K, 150 K and 300
K of 2.2, 1.6, 1.5 emu/cm? with Hc ~ 40, 36, 34 Oe respectively. The remanent
magnetisation, Mg, of this sample was found to be higher than the range of reported
values for the BisTisFe1015 parent phase. Elemental analysis of this sample by energy
dispersive X-ray analysis did not provide any evidence for the presence of iron rich
secondary phases. However, it is noted that a series of measurements at varying
sample volumes and instrument resolutions is still required in order to put a defined
confidence level on the BisTizgFe11Nbo101s material being a single-phase

multiferroic.
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3.2. Introduction

The Aurivillius phase family of materials provides a versatile scaffold in which
different types of cations driving ferroelectricity and ferromagnetism can be
accommodated. This family of materials is a homologous series of bismuth based,
naturally layered oxides. They have the general formula Bi2O2(Am-1BmO3m+1) and
consist of mABOs perovskite blocks separated by [Bi;0]%* interlayers, with the
primary growth axis along the c-axis direction. BisTi3O1; is a well-studied member of
the Aurivillius family. It has three perovskite units (m = 3) between the [Bi,0,]**
interlayers. The insertion of a BiFeOs unit (a well-known antiferromagnetic
multiferroic), to produce the BisTisFe1015 composition (m = 4), has been proposed as
a route towards the creation of a multiferroic Aurivillius phase [1]. BisTizFe101s
prepared by chemical solution deposition was found to have a remanent polarisation
of 14.1 mC/cm? and leakage current of 2.3210® A/cm? [2]. The superexchange
mechanism of magnetic coupling, common in insulating magnetic oxides, is a short-
range mechanism involving coupling between electrons on cations via a intervening
anion [3]. Long range magnetic order, yielding a bulk magnetic signal throughout a
sample, requires a sufficient concentration of magnetic ions to be located close to
each other in the material. Increasing the concentration of magneticions in a material
increases the probability of magnetic ions being near neighbours (NN) or next near
neighbours (NNN) to each other. For these reasons it is desirable to increase the
concentration of iron in BisTisFe101s. However, due to differences in valence and
atomic radii of Ti** and Fe3*, the ability to simply replace one with the other is limited
and can lead to the formation of defects such as oxygen vacancies or stacking faults
caused by intergrowths of alternating m values as the material reorders to
accommodate the change in valence. This may also lead to the formation of
associated secondary phase impurities. Chemical solution deposition was used by Liu
et al. to prepare a series of nanoparticulate materials of BisTisxFe1+xO1s [4] with Fe3*
substitution. No impurity peaks were detected by XRD in the compositions up to x =
0.6. The increased iron content was found to improve the visible light

photodegradation of Rhodamine B dye solutions but the potential magnetic
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properties were not studied. Liu et al. propose that the formation of Ti3* was
occurring to maintain a stable material without anion vacancies or defects [4]. The
possibility of using aliovalent substitution was proposed by Brienbaum et al. [5] as a
method to increase the Fe content of the Aurivillius materials.Co-substitution or
aliovalent substitution of Fe3* and Nb>* at the Ti** site has been used in previous work
on BisTisFeO1s (m = 4) [6] and BisTiz012 (m = 3) [7] materials fabricated using a solid-
state reaction method. Lavado et al. [7] reached a limit of x = 0.5 (BiaTis- 2xNbxFexO12)
before secondary impurity phases were detected using XRD, having sub-threshold
magnetic percolation (17 %) to allow for long-range magnetic order with strong
magnetic coupling. Chen et al. [6] did not see the expected increase in magnetic
response even at 35 % Fe occupation of the B-sites in the m = 4 Aurivillius structure,
which is above the theoretical percolation threshold for NN interactions. These
ceramic materials were fabricated using solid state reaction methods. With these
previous studies in mind, the objective of this present study is to attempt to
systematically increase the concentration of Fe3* ions in thin films of Aurivillius
compound BisTisFeOss using aliovalent substitution of Fe3* and Nb>* ions at the Ti**
ion sites, to create a series of thin film materials that have a generic formula of BisTis-
xFe1.xNbxO1s. This has enabled a study of the structural properties of the resulting
thin film materials to examine the influence of the materials composition and
structure on the observed magnetic percolation. To the best of our knowledge this
study represents the first of its kind by clearly demonstrating weak ferromagnetic
behaviour in an aliovalent substituted BisTizsFe1.1Nbo.1015 sample prepared via

chemical solution deposition.

3.3. Experimental

Details of the Chemical Solution Deposition method are presented in chapter 2 of this
thesis (section 2.1). The specific procedure used for these materials is presented here.
Chemical solution deposition was the method used to fabricate the sample series;
BisTiz-2xFe1+xNbxO1s5 (x =0, 0.1, 0.2, 0.3 and 0.4). Details of this method are outlined in

a previous publication [8] with the additional step of including niobium (figure 1). The
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precursors were weighed out in the proportions desired for the stoichiometry
targeted. The bismuth precursor was present at 17.5 % excess. This is a common
precaution when using bismuth due to its volatility at the relatively high annealing
temperatures used. Previous work on m = 4 Aurivillius phases demonstrates that use
of such an excess of bismuth mitigates the effects of bismuth migration and prevents
the formation of secondary phase impurities such as pyrochlore Bi;Ti.O7 [9]. The
precursors Bi(NOs)3.5H,0 (reagent grade, 98 %, Sigma-Aldrich) and Ti(OCsHg)a
(reagent grade, 97 %, Sigma-Aldrich) were dissolved in lactic acid (ACS reagent, > 85
%, Sigma-Aldrich) at room temperature with constant stirring for a week to form
Solution A. Fe(NOs3)3.9H,0 (ACS reagent, > 98 %, Sigma- Aldrich) and (Nb(OCxHs)s)
(99.9+ %, Strem Chemicals, Inc.) were dissolved in acetylacetone (= 99.5 % (Gas
Chromatography grade), Sigma-Aldrich) to form Solution B. As the niobium precursor
was moisture sensitive, these steps were performed in a nitrogen filled glove-bag.
Solution B was slowly added to Solution A and was mixed thoroughly under nitrogen.
The solution was then spin coated at 2000 rpm for 30 seconds onto c-plane sapphire
substrates. Sapphire substrates were chosen for their cost-effectiveness and because
they are chemically stable at the processing temperatures used to crystallize the
Aurivillius phases. Although Si(100) and a-quartz are also cost-effective, previous
studies [25] demonstrate that a reaction between the bismuth-containing Aurivillius
phases and silicon tends to occur at the interface between film and substrate to form
an amorphous Bi;03-SiO, phase (e.g. BisSiz012) on cooling. The samples were baked
at 300°C for 10 minutes on a hot plate in air to remove the residual organic solvents.
The as-deposited materials were amorphous, and crystallization was induced by
annealing at 850°C in a conventional furnace for 1 hour. The average film thickness
was calculated to be 47 nm after measurements of 21 points across a section of the
sample imaged by TEM, with the thickest region being 84 nm and the thinnest being

28 nm. A flow chart of the experimental procedure is shown in figure 1.

Details of analysis methods and instruments used during this study are as follows:

XRD was performed with a Phillips Xpert PW3719 MPD diffractometer, Cu Ka
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radiation, 40 kV 35 mA, scan range 6° to 37.5°. Scanning electron microscopy (SEM)

was performed using a Zeiss Supra 40 instrument.

Atomic Force Microscopy (AFM) and Piezoresponse Force Microscopy (PFM) were
performed using an MFP-3DTM Asylum Research instrument. AFM was conducted in
AC mode using Olympus AC240TS probes (Al reflex coated, 15 nm tip radius, 70 kHz
resonant frequency). PFM was conducted in both single frequency and lateral Dual
AC Resonance Tracking (DART-PFM) mode [10]. The DART-PFM mode was used to
boost the vertical piezo signal. In this mode, the PFM signal is measured at the tip-
sample contact resonance frequency, where the drive frequencies are adjusted as the
probe scans over the changing sample topography in order to reduce topographical
cross-talk. The probes used were Olympus AC240TM electrilevers (Ti/Pt coated silicon

probes, Al reflex coated, 15 nm tip radius, 70 kHz resonant frequency)).

Transmission measurements in the ultra violet — visible (UV-vis) range were
performed on a Perkin Elmer A950 spectroscope with an integrated sphere
attachment and direct reflectance was measured on the same instrument using a
Universal Reflectance Accessory. Diffuse reflectance was measured using a Shimadzu
UV-2401 PV UV-vis recording spectroscope. The percentage absorption was

calculated using the relationship A% = 100 - T% - (R%direct +R%diffuse).

For high resolution TEM (HR-TEM) cross-sections of the films were prepared for
micro-structural analysis using a FEI DualBeam Helios NanolLab 600i Focussed lon
Beam (final thinning at 93 pA 30 kV, final polish 5 kV 47 pA). Microstructural analysis
was performed using HR-TEM (Jeol 2100 transmission electron microscope; 200 kV;

double tilt holder).

EDX spectra were obtained using a FEI Helios Nanolab High-Resolution Scanning
Electron Microscope with attached Oxford X-Max 80 detector and Aztec analysis

software.

The magnetic measurements were carried out in Quantum Design's MPMS 3
magnetometer (70 kOe field range, 1.8 — 400 K temperature range). Before each

measurement the samples were demagnetized using an appropriate
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demagnetization protocol [11]. The hysteresis loops (MH curves) were measured at
170 kOe field range at different temperatures. The temperature dependent
magnetization (MT) was measured at a 10 K/min cooling rate. The orientation of the

sample is in-pane with the magnetic field during measurement.

- CH;CHOHCOOH
Bi(NO3);.5H,0 I:> (Lactic Acid)

Stir, RT
1 day

Bi®*/Lactic Acid
solution

{1 TocHa),
Stir, RT
v —Wweek

Bi3+/ Ti** / Precursor
(SolutionA)

<:| Fe(NO,);.9H,0 / Nb(QC,Hs)s
Str RT as required in acetylacetone
.7 ~2hr (Solution B)

Biy0y(Bip.4(Ti/Nb/Fe),O3m+q; M >3
sols

Spin-coating step
<:| Hot-plate baking step

Bi,05(Bigm.1(Ti/ND/Fe)yOames; M >3
amorphous materials

<:| ‘ Furnace anneal

Bi;05(Bim 4(Ti/Nb/Fe),O3msq; M =3
crystalline materials

Figure 1: Flow chart depicting the experimental steps involved in preparing the

BisTiz-xFe1.xNbxO1s (m = 4) Aurivillius sample series by chemical solution deposition.

3.4. Results and Discussion
3.4.1. XRD analysis

A sample series BisTis-2xFe1+xNbxO1s with x =0, 0.1, 0.2, 0.3 and 0.4 (hereafter referred
to as Bi5NbO, Bi5Nb0.1, etc.) was fabricated using chemical solution deposition on c-
plane sapphire substrates. The as-deposited samples were amorphous and light
brown in colour. After annealing at 850°C for 1 hour the samples underwent a

structural change to form the crystal structure accompanied by a colour change to
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pale yellow. XRD of the sample series confirmed the formation of the m = 4 Aurivillius
material. There was a preferred orientation for the growth axis perpendicular to the
substrate, in the c-axis direction, with a majority of the peaks corresponding to (00/)
reflections (figure 2). As will be shown in AFM, SEM and TEM images, a number of
the Aurivillius plates lie at an angle to the substrate which accounts for the small (020)
reflection observed (figure 3 (a)). This peak is most intense for the x = 0.2 sample. We
note that there is a general decrease in the intensity of the peaks corresponding to
the m = 4 Aurivillius phase as x increases. The Lotgering factor [12] provides a
measure of the texture of the samples. Background to the Lotgering factor (f)

calculations is covered in section 2.2.1 of this thesis,

f=— (3.1)

where,

_ Zioon o _ 210000,

= yiten M0 T Sk, (3:2)

Here, 21(00l) is the sum of the intensities of all (00/) reflections, XI(hkl) is the sum of
the intensities from all the peak reflections of the material and ZI(00/)o and Zl(hkl)o
are the corresponding values from a randomly oriented sample. The intensities of a
randomly oriented sample were obtained from the XRD values generated by using
VESTA software [13] from the data provided by Lui et al. in their paper on BisTizFeO1s
[4]. There was insignificant decrease in the Lotgering factor between samples BiSNbO
(f = 0.996 + 0.02) and Bi5Nb0.1 (f = 0.991 + 0.02). No significant changes to the

preferred c-axis orientation were observed on increasing “x”

The reflections of the Bi5Nbx series were indexed from a simulated XRD plot
generated by using VESTA software [13] from the same data provided by Lui et al. [4].
This corresponded to the orthorhombic space group A21am. As the concentration of
Fe3* and Nb>* increases, the intensity of the peaks tends to decrease (indicating a
decreased crystallinity), and peaks broaden and shift position. The peak occurring at

= 21.6° is common to several Aurivillius phases, for example the (008) reflection of m
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= 3, the (0010) reflection of m = 4 and the (0012) reflection of the m =5 Aurivillius
phase occur at a similar 20 value. As a consequence, little change is observed at this
peak position, regardless of the type of m Aurivillius structure. While the (004), (006),
(008), (0012), (0014) and (0016) peaks shift position on increasing x, the peaks also
become broad and asymmetric, making it difficult to assign their true peak positions.
The peak shift for these reflections is accompanied by the appearance of the (222)
and possibly the (444) reflection of the pyrochlore bismuth titanium oxide (Bi;Ti>O7)
phase (JCPDF 32-0118) at 14.6° and 29.6° in the Bi5Nb0.2, Bi5Nb0.3 and Bi5Nb0.4
samples. The formation of this secondary phase indicates that stoichiometric
BisTiz.6Fe1.2Nbo201s, BisTiz.aFe13Nbo 3015, and BisTiz.2Fe1.4Nbo.4015 compositions have
not been formed. Small peaks (at 2theta positions of 10.6° and 16.0°) indicate the
formation of the m = 3 Aurivillius phase BisTizO12 (JCPDF 35-0795) which can be seen
in samples with x > 0.1. Another strong reflection (008) expected for this (m = 3) phase
at 21.6°, however note that this would overlap with the (0010) reflection of the m =

4 phase.
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Figure 2: XRD graphs of the Bi5Nb series (a) BiSNbO, (b) Bi5Nb0.1, (c) Bi5Nb0.2, (d)
Bi5NbO0.3, (e) Bi5Nb0.4. Indexed to BisTisFe1015 m = 4 space group A2:am (black),
BisTi3012 m = 3 space group B2cb (green), pyrochlore Bi,Ti,O7 space group Fd3m
(red) and spinel Fe304 space group Fd3m (blue).

Note that no peaks corresponding to the haematite phase, Fe>Os3 (JCPDF 89-0599),
were observed ((220) reflection occurs at ~ 33.2°) within the detection limit of the
instrument (typically 1-3 vol %). The magnetite spinel phase, Fes04 (JCPDF 89-0951),
has a (311) reflection at ~ 35.4° which overlaps with the m = 4 (0016) reflection. A
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peak at 29.6°, seen in samples Bi5Nb0.2 and Bi5Nb0.3, aligns with the (220) reflection
of magnetite. This occurs in the same range as the (444) reflection of pyrochlore
Bi,Ti»07, therefore it is not possible to definitively assign this peak. Considering the
observed presence of secondary phases in samples of x greater than 0.1, we
determine that the Aurivillius structure cannot support the increased concentration
of Fe/Nb above x = 0.1. Subsequent characterisation of ferroelectric and

ferromagnetic properties focused on the x = 0.1, Bi5Nb0.1 sample.

The b and c-axis pseudo lattice parameters were calculated from the XRD
measurements using the following relationship (3) between the pseudo lattice
parameters of the orthorhombic system and the interplanar distances from the Bragg

condition.

2 2 2
LN E)

az a2 ' p? ' c?
As there was no (h00) reflection over this scan range it was not possible to calculate
the a-axis pseudo lattice parameter. The b-axis pseudo lattice parameter, which
increases with Fe3*and Nb>* addition, was calculated from a single (020) reflection. It
was found that the error associated with the calculated c-axis pseudo lattice
parameter becomes significant above values of x = 0.1 (figure 3 (a)). This can be
attributed to the decrease in sample purity and the occurrence of secondary phases
having d spacings similar to the m = 4 Aurivillius phase. There is a general decrease in
the intensity and sharpness of the peaks corresponding to the m = 4 Aurivillius phase
as x increases. If we take a value for the g-axis parameter of 5.4698 A from the
detailed work of Hervoches et al. [14] we calculate a unit cell volume of 1237.83 (+
0.02) and 1236.36 (+ 0.80) A3 for Bi5SNbO and Bi5Nb0.1, respectively. This is
comparable to the values obtained by Chen et al. [6] for the ceramic materials of
similar composition. The Goldschmidt tolerance factor (t) (section 1.4.1) [15] was
calculated for the series and decreased from 0.8539 to 0.8526 forx=0tox=0.4. tis
a measure of the tilt of the perovskite unit [16]. Insertion of larger atoms at the B-site
of the perovskite blocks changes bond lengths in the structure causing increased
rotation of the perovskite octahedra [15]. The small decrease in tolerance factor

indicates that the tilt of the octahedral unit is increasing as the series progresses due
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to the insertion of the larger Fe3* (0.645 A) and Nb®* (0.640 A) for Ti** (0.605 A) at the
B-site [17].

As the Aurivillius materials are orthorhombic and not cubic, the Scherrer equation
could not be used to estimate particle size but instead was used in a modified form
to provide a measure of the crystalline quality of the materials. The relative crystalline
factor (Q) was derived from a modified form of the Scherrer equation (3.4) [18].

_ 1
- BCos6

Q (3.4)

Where B is the FWHM (full width at half maximum) (in radians) and 0 is the angle of
diffraction. The averaged FWHM of the (008), (0010) and (0012) peaks were used in
the calculation (figure 3 (b)). The value of Q decreased with increasing Fe and Nb
concentration. This was as expected due to the formation of secondary phases at
higher Fe and Nb concentrations. An abrupt decrease in the value of Q for the
Bi5Nb0.3 and Bi5Nb0.4 samples corresponds to the appearance of significant
proportion of secondary phases in the XRD patterns of these materials. The balance
of evidence collected from XRD data supports that a solution limit of x=0.1 is reached
for this series before the appearance of secondary phases. Peak broadening due to
particle size effects is a possible alternative explanation for the broadening of the XRD
peaks, however AFM data (section 3.4.4) suggests that there is no noticeable change
in the coverage or roughness of the samples throughout the series. Furthermore, the
deposition method was the same for all the samples and variation in film thickness is
minimal. This supports a conclusion that peak broadening and shifting changes
observed in the XRD data for the series is due to chemical composition and structural

changes.
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Figure 3: The b and c—axis parameters (a) and the relative crystalline quality factor

(b) calculated form XRD measurements.

3.4.2. TEM analysis

A typical TEM image of the Bi5Nb0.1 sample is shown in figure 4. From the TEM
measurements, unit cell thickness was measured to be 41.4 + 0.3 A compared to a c-
axis parameter value of 41.40 A calculated from XRD measurements. An error of (at
least) 10% should be applied to measurements taken from the TEM images. Both the
Aurivillius phase and the sapphire substrate are crystalline, but they are not lattice
matched. The pseudo-cubic lattice parameter for Bi5Nb0.1 (calculated by the method
of [19]) is 3.88 A, which is considerably different to the lattice constant a = 4.78 A for
sapphire (+23.20 % lattice mis-match). The sapphire substrate therefore acts simply
as a mechanical support for the Aurivillius materials and there is no epitaxial
relationship affecting crystal growth. The thickness of the plates measured ranged
from 28 to 84 nm. This corresponds to a range of 8 to 20 unit cells within the plate
like grains. SEM (figure 5) and AFM (figure 6) images demonstrate that film coverage
was not continuous over the sample surface and several grains lie partially on top of
each other. This overlapping tendency of the grains means that several plates are
tilted at the region where they meet and lie at an angle with respect to the substrate

surface. For example, the image presented in figure 4 demonstrates that for the
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region of the sample imaged, the c-axis was inclined at an angle of approximately 2 °

with respect to the substrate.

Aurivillius
phase material

Sapphire
substrate™

Figure 4: TEM image of the Bi5Nb0.1 sample.

3.4.3. Scanning electron microscopy analysis

The topography of the material was examined using SEM and AFM. Analysis of the
amorphous materials before annealing showed there was complete coverage over
the substrate. During crystallization, the materials contracted exposing some of the
substrate underneath. SEM images show the characteristic plate like grains common
for Aurivillius materials (figure 5). A majority of plates lie parallel to the sapphire

substrate, but some are positioned at an angle where plates overlap.

96



Chapter 3

Figure 5: SEM images at a 45° tilt of Bi5Nb0.1 Aurivillius materials showing the plate

like grains that predominantly lie parallel to the substrate.

3.4.4. Atomic force microscopy analysis

From AFM measurements of the sample series (figure 6) the average percentage
coverage was found to be between 54-72 % for the Bi5Nbx series and the RMS
roughness between 26-30 nm. There was no significant trend observed through the
sample series as the average values obtained for each sample fell within the standard

deviation error of the other samples in that series.
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Figure 6: AFM topography images (a) Bi5NbO, (b) Bi5Nb0.1, (c) Bi5Nb0.2, (d)
Bi5Nb0.3 and (e) Bi5Nb0.4.

3.4.5. Optical analysis

Since there has been a growing interest in the use of BisTisFe1015 materials as
photocatalytic materials, the optical properties of the niobium-substituted materials
synthesized here were also investigated using the method described by Figures S3
and S4 in Appendix 3. Two major challenges to the development of photocatalytic
materials are: that the materials absorb in the visible light region of the solar
spectrum and that charge separation occurs within the materials. The Aurivillius
materials such as BisTisFe101s5 are attractive candidates for use as photocatalysts as
they generally absorb in the visible region and are naturally layered materials [20,
21]. Layered materials have been noted as having good charge separation capabilities
which prevents the separated charges recombining before the catalytic reaction such
as water splitting can occur [22, 23]. In figure 7 the absorption spectra for the sample
series is shown. Similar to previous work [4, 24] two clear absorption bands can be
seen. Band 1 (400-460 nm) corresponds to the transition from the valence band (VB)
to the Ti3d conduction band (CB). The VB of these BisTizFe1015 samples was
determined to be made up of O2p + Fe-tyg + Bi6s energy levels [25]. Band 2
corresponds to the transition from the VB to CB of Fe-egy. This is a smaller energy
difference and so occurs at higher wavelengths 470-530 nm. Values of the band gap
energy were obtained from extrapolation of the inflection point of an associated Tauc

plot (3.5) [26],
(ahv) = B(hv — EZ)™ (3.5)

where Eg is the band gap energy (eV), hv is photon energy (eV) and B is a scaling
constant and n = 1 or 1/2 for direct and indirect transition respectively. Band gap
values 0of 2.17 £ 0.07 eV, 2.30+£0.01 eV, 2.38 £ 0.01 eV, 2.19 £ 0.02 eV, and 2.23 £ 0.02
eV were obtained for Bi5SNbO to Bi5Nb0.4, respectively. These band gaps were found

from the extrapolation of the inflection point relating to band 1. Theoretically, the
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inclusion of greater concentrations of iron into the Aurivillius structure would affect
the optical properties, however no significant change in band gap was observed upon
Fe and Nb substitution in this work. We note that Ec values in previous reports of
BisTisFe1015 materials tend to vary, with values of 2.03 eV [27], 2.38 eV [21], 2.59 eV
[4] and 3.31 eV [28] reported for BisTisFe1015 materials. It is important to note that
the morphology of the material can impact on the absorption of light and variations
in sample coverage and roughness through the series may contribute to variations
observed in the calculated band gap values. With increased substitution, the
absorption was found to increase in the region of band 2. Absorption of wavelengths
at 500 nm increased by ~ 5% for the Bi5SNb0.3 sample before decreasing again for
the Bi5Nb0.4 sample. Some common impurity phases that occur in the later samples
of the series include Fe304 and Bi,Ti;O7. A range of band gaps for Fe304 nanoparticles
have been reported ~1.88 and 2.08 eV dependent on particle size [29]. The band
gap of Bi,Ti»O7 fabricated by chemical solution deposition was found to be 2.95 eV
[30]. It is possible that the presence of secondary phases would affect the absorption

spectrum obtained.
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Figure 7: Absorption spectra for the Bi5Nb series. The insert displays the Tauc plot
of band 1.
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The photocatalytic behaviour was analysed using the experimental set-up depicted in
figure S1. A portion of the samples BisTi2.sFe1.1Nbo.1015 and BisTi2.2Fe1.4Mno.4O01s were
analysed for their response to light and if there any degradation of the dye solution
(methylene blueina 0.1 M solution in MilliQ water (18.2 MQ cm at 25 °C)) that would
indicate that a photochemical reaction was occurring at the sample surface. A colour
change occurs when methylene blue is reduced, changing from blue to colourless
solution. The results of the absorbance of light over time through the dye solution
are presented in figure S2. There was no change to the absorption of light during the

analysis indicating that methylene blue was not being reduced.

3.4.6. Piezoresponse force microscopy

The BisTizsFe101s Aurivillius materials are well known ferroelectrics. The primary
polarization axis is along the a/b direction parallel to the [Bi.02]** interlayer [31].
Single frequency measurements (measurement frequency 15 kHz) of simultaneous
lateral and vertical response (figure 8 (a-f) and figures S3 to S6 in Appendix 3) clearly
demonstrate the expected anisotropy of the polarization. Additional single frequency
PFM measurements of the other samples in this series are presented in appendix to
this chapter (figures S3 - S6). Simultaneous single frequency measurements
(measurement frequency 15 kHz) show a much larger response in the lateral direction
relative to the vertical direction (figure 9 (a)). The linearity of lateral piezoresponse
(pm) with drive amplitude (Vac) was verified to support piezoelectric behaviour (figure
9 (b)). The presence of a small vertical response can be attributed to the fact that not
all the grains are lying parallel to the substrate in the c-axis direction (see figure 2).
Furthermore, grain overlaps can be observed (figures 5 and 6) leading to an out-of-
plane tilt of the Aurivillius plate-like grain whereby the vertical PFM tip has access to
the in-plane polarization component [32]. As seen in the TEM analysis (figure 4),

some of the plates do not lie parallel to the substrate.

An increasing piezoresponse in both the lateral and vertical directions was observed

with increased substitution. The change in piezo response is greater than the esds
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and is determined to be real. This increase may be due to the increased distortion of
the perovskite units shown by the increase in b-axis pseudo lattice parameter which
arises as the larger atoms (Fe or Nb) are substituted for Ti [15]. Lattice distortion was
also reflected in slight changes in the a and b pseudo lattice parameters of a W/Cr co-
substituted BisTizO12 Aurivillius system [33]. A similar series of materials deposited
by Chen et al. [6] using solid state reaction method found results that are comparable
to ours. They determined that the unit cell volume was increasing with Fe/Nb content
and that there was an increase in the piezoresponse in both the out-of-plane and in-
plane directions although it should be noted that there is a random orientation of the
Aurivillius platelets. Lui et al. [4] found increased distortion of the lattice along the
a/b-axis with increased substitution of the Fe at the Ti sites. The distortion of the
perovskite lattice due to octahedral rotation is well known to affect the polarization
behaviour of the Aurivillius materials [15]. An inverse relationship exists, where the
Curie temperature (Tc) and the Goldschmidt tolerance factor were found to increase
and as t decreases [16]. In previous work, insertion of ions leading to an increased
distortion of the perovskite unit resulted in an increase in the polarization coefficients
[34, 35]. A decrease in lattice distortion was found to decrease the polarization

coefficients [36].

Given the relatively low piezoresponse, topography cross-talk is likely also to have
some contribution to the single frequency vertical PFM images obtained. Imaging of
Bi5Nb0.1 with lateral DART-PFM (figure 8 (g-i)) mode reduces topography cross talk
and amplifies the piezoresponse. The average response of the negatively polarized
domains differs to that of the positive ones, indicating that these films are naturally
self-polarized. Clear grain boundaries can be seen. All samples in the Bi5Nb series
demonstrated piezoelectric behaviour and there were no observable differences in

the DART-PFM images of the different samples in the series.
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Figure 8: Single frequency PFM measurements of BisTizgFe1.1Nbo.101s, (a) height,
(b) vertical amplitude, (c) lateral amplitude, (d) vertical deflection, (e) vertical
phase and (f) lateral phase. Representative lateral DART PFM images (g) height, (h)
amplitude and (i) phase of Bi5Nb0.1 sample.
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Figure 9: Relative piezoresponse in the lateral and vertical direction for the Bi5Nbx
sample series (a). The error bars represent the standard deviation between
measurements at five different areas on the sample. The lateral piezoresponse as
a function of increasing drive amplitude of sample Bi5Nb0.1 (b). Note that the
piezoresponse has not been normalized to pm/V, it has been displayed in
picometers (pm) to allow for the change in the piezoresponse as a function of

voltage to be demonstrated.

3.4.7. Magnetic analysis

The theoretical concentration of iron atoms over the four available B-sites in the
structure is 25 %, 27.5 %, 30 %, 32.5 % and 35 % for x = 0, 0.1, 0.2, 0.3, 0.4,
respectively. For a random distribution of atoms throughout the four B-sites available,
the probability of strong nearest neighbour (NN) coupling requires 31% occupation
and 14% occupation is required when considering both weak next-nearest neighbour
(NNN) coupling and NN coupling [37]. NNN results in a weak magnetic response
compared to NN interactions. Therefore, a stronger magnetic signal would be
expected for Bi5Nb0.3 and Bi5Nb0.4. However, it is clear from XRD measurements
that secondary phases occur at concentrations of x = 0.2 making them unsuitable for
magnetic analysis. Therefore, the Bi5Nb0.1 sample was chosen for magnetic
measurements as secondary phases were not observed for this sample during bulk
XRD measurements. Unsaturated magnetic hysteresis loops (MH curves) were
obtained for this sample when measured at temperatures of 2, 150 and 300 K. The
orientation of the sample is in-pane with the magnetic field during measurement and
the diamagnetic contribution of the substrate has been subtracted from the MH
curve results. The sample shows weak ferromagnetic behaviour at all three
temperatures (figure 10 (a)). The remanent magnetization (Mg) was measured as 2.2
emu/cm3 or0.28 emu/g at 2 K, 1.6 emu/cm? or 0.2 emu/g at 150 K and 1.5 emu/ cm?
or 0.19 emu/g at 300 K. Mg can be influenced by extrinsic factors such as grain size

and orientation; therefore, it can be difficult to compare results with different
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fabrication methods. This can help to explain the variation in reported values of Mg
in the literature. Thin films of BieTi2.sFe1.52Mno.esO1s fabricated using a very similar
experimental procedure exhibited a comparable magnetic response of Mg = 0.18
emu/cm? and saturation magnetization (Ms) = 6.05 emu/cm? at 300 K [9]. Mao et al.
observed a significant difference in samples of BisTisFe1015 prepared by a multi-
calcination procedure compared to the traditional solid-state reaction method [38].
While Song et al. also observed differences between their six perovskite layered
materials, fabricated by chemical solution deposition, and previous literature reports
[39]. BisTisFe101s prepared by conventional solid state reaction was found to have a
weak ferromagnetic response of Mg = 0.122 memu/g [40] and 1.36 x 1073 memu/g
[41]. For previously reported BisTizsFe101s thin films fabricated by chemical solution
deposition, Ms = 1.7 emu/cm3 [42], 0.21 emu/cm?3 [27], 5.1 emu/cm3[2] and 0.21
emu/cm? [28] were reported. It must be noted that a purity assessment of the
samples used for magnetic measurements seldom accompanies the reported
magnetization values. Trace (~0.01 vol.%) [43, 44] amounts of undetected impurities
present in the sample may be responsible for the variance in magnetization values
reported. The coercivity (Hc) was measured as being ~40 Oe at 2K, which slightly
decreases with increase of temperature (figure 10 (a)). The magnetization was
examined as a function of decreasing temperature (figure 10 (b)) with an applied field
of 20 Oe. The difference between the field-cooled (FC) and zero field cooled (ZFC)
curve below 100 K clearly indicates a ferromagnetic response from a single magnetic
phase. This is also confirmed by the remanence (REM) magnetization curve, which is
positive and decreases with increase of temperature. This work confirms
ferromagnetic behaviour at room temperature and above (up to 350 K as
experimented), indicating the potential use of the Bi5Nb0.1 material for room
temperature multiferroic device applications. Based on a B-site iron occupation of
27.5% for this sample, the magnetic response observed can be attributed to weak
NNN interactions, if the iron is randomly distributed over the available B-sites.
However, experimental [45, 46] and computational [5] studies have indicated that the
partitioning of Fe ions throughout the Aurivillius structure is not evenly distributed

over all available perovskite layers and that preferential magnetic ion partitioning

104



Chapter 3

may increase magnetic percolation within particular perovskite layers. There are two
non-equivalent B-sites present in the m = 4 structure. The outer perovskite layers are
adjacent to the (Bi,0,)%* interlayer and experience a different environment compared
to the two inner perovskite layers. There is an electrostatic preference for the more-
highly-charged Ti** to occupy the outer sites close to the outer layer of oxygen ions in
the [Bi202]%* [47]. There is also a strain energy which serves to drive cations larger
than Ti** away from the layers closest to the [Bi202]** layers [19, 48]. This would
concentrate the iron atom to the inner perovskite blocks. Similar partitioning of Cr
was observed in BisTisCri015 systems as demonstrated by neutron diffraction
experiments [49]. Theoretical calculations [5] indicate that the strength of the NN
couplings for magnetic cations located within inner sites (Jnn ~43 to 46 meV) is more
than twice that for adjacent inner to outer site (Juvn ~12 to 20 meV) NN coupling
interactions, therefore distribution of magnetic cations within these inner layers is
crucial to the percolation and strength of magnetic interactions within the Aurivillius

phases.

The super exchange interaction between Fe3* - O - Fe3* atoms would be predicted to
give rise to antiferromagnetic behaviour. However, the MH relationship for an
antiferromagnetic behaviour is linear [7]. It is possible that the ferromagnetic
response observed here is due to a Fe3*- O - Fe?* super exchange mechanism. Another
possible cause for the weak ferromagnetism might be that it arises from spin canting,
as described for BiFeOs [41, 47]. The Hc (figure 10(a)) and the magnetization (figure
10(b)) decrease with an increase in temperature (T) for BiSNb0.1 which is similar to
the model system BiFeOs and other multiferroic ferromagnets [11, 50, 51]. Given the
relatively weak ferromagnetic signal observed for Bi5Nb0.1, changes in Hc and Mg as

a function of temperature are relatively small.

To investigate possible magnetoelectric switching, the samples BisTiz.gFe1.1Nbo.1015
and BisTiz.2Fe1.4Mno.4015 were imaged using PFM under a varying magnetic field. PFM
analysis was performed at various magnetic field strengths. The field was increased
at 500 G intervals to +2500 G. The results of this analysis is depicted in figure S7 and

S8 in Appendix 1. There was no observable change to the polarisation direction or
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magnitude when the magnetic field was reversed, meaning that magnetoelectric
switching was not observed in these experiments. Crystallite orientation with respect
to magnetic field direction may be a factor affecting the lack of magnetoelectric

coupling observed for these samples [52].
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Figure 10: MH curves after subtraction of the diamagnetic contribution of the
substrate magnetic measurements for Bi5Nb0.1 (a). A small magnetic signal of
approximately 2.2, 1.6 and 1.5 emu/cm? and a Hc ~ 40, 36, 34 Oe at 2, 150 and 300K
was detected under zero applied magnetic field (inset (a)). MT graph showing the

zero field cooled (ZFC), field cooled (FC) and remnant (REM) curves (b).

3.4.8. Energy dispersive X-ray spectroscopy analysis

The exact same Bi5Nb0.1 sample piece that was used for magnetic measurements
was then analysed by surface SEM/EDX (figure 11). Scans of the sample did not show
any micron-sized observable Fe clusters which could indicate secondary impurity
phases such as Fe;03 or the magnetic spinel phase Fez04. Considering the observed
magnetic signal at 300 K was 0.19 emu/g, the presence of just 0.0095 vol. % of Fe304
in the sample could be responsible for this weak magnetic signal. Based on the EDX
data we have, we can rule out inclusions greater than 3 pum contributing significantly

to the magnetic signal measured. It would be necessary to perform the full procedure
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developed by Schmidt et al. to put a defined confidence level on a material being a
single-phase material. This would require a series of measurements at varying sample

volumes and instrument resolutions and full statistical analysis [43].
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Figure 11: Surface SEM topography and EDX surface analysis of the Bi5Nb0.1

sample.

3.5. Conclusion

In this work a series of Aurivillius phase materials were synthesized using chemical
solution deposition, which was found to be a facile, relatively simple way to control
the material stoichiometry. The following samples were prepared; BisTizxFe1+xNbxO1s
with x =0, 0.1, 0.2, 0.3, 0.4. Using aliovalent substitution the concentration of Fe and
Nb was increased in the material while the Ti concentration decreased. The effects of
the variation in stoichiometry on the physical, optical, and electrical properties were
examined. The change in pseudo lattice parameters was attributed to the insertion
of larger atoms at the B-site of the perovskite and the resulting increase in distortion
of the perovskite unit. The majority of peaks corresponded to 00/ reflections.
However, the formation of additional secondary phases indicates that substitution

after x = 0.1 is not stoichiometric. This suggests a solution limit of x = 0.1 for this
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series. Lui et al. [4] used their XRD data to determine the computational bond
lengths. They found increasing distortion of the lattice structure with increased
substitution of Fe for Ti. This increased distortion may determine the limit of Fe that
can be supported within the structure. Using PFM, it was established that as
expected, the major polarization was along the a/b axis. The piezoresponse was
found to increase with increased Fe and Nb substitution in both the lateral and
vertical direction, indicating that the ferroelectric behaviour of the material was
enhanced, and not adversely affected by the magnetic ion substitution. A small
ferromagnetic response was observed at room temperature for the Bi5Nb0.1 sample,
which is desirable for multiferroic device applications. The magnitude of the Mg
response was found to be higher than many of a range of reported values for the
BisTisFe101s parent phase; however extrinsic factors such as sample fabrication
methods make comparison difficult. While EDX analysis did not show any iron-rich
impurity inclusions in this sample, the possibility of an inhomogeneous distribution
of secondary impurity phases cannot be dismissed due to the limit of detection of the
analysis methods used thus far. There is a range of results in the literature concerning
similar compositions where it is claimed that the concentration of Fe has been
successfully increased. However many of these rely on XRD analysis alone to
determine the phase purity of the material [4, 6]. Lavado et al. [7] determine a
solution limit for the BisTizO12 m = 3 Aurivillius phase and the phase purity of the
materials below this limit is supported by XRD and EDX analysis. A similar series of
materials deposited by Chen et al. [6] using solid state reaction method found results
that are comparable to ours. They determined that the unit cell volume was
increasing with Fe/Nb content and that there was an increase in the piezoresponse
in both the out-of-plane and in-plane directions although it should be noted that
there is arandom orientation of the Aurivillius platelets. The magnetic measurements
do not show robust magnetic ordering predicted by Birenbaum et al. [5] even at the
higher concentrations of Fe. They do not observe secondary phases from XRD data
even at the higher concentration of Fe/Nb. Lui et al. [4] directly substituted Fe for Ti
and observed no secondary phases from XRD data even at the higher concentration

of Fe. This range of results illustrates the complicated nature of the Aurivillius
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materials. It is possible that the different fabrication methods may influence the

properties obtained.
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4. Necessity for structural reorganisation to accommodate increased
magnetic cation content across the Aurivillius-phase BisTixFeyMn;013

(x=3.2-1.6,y=1.2-1.95,z2=0.3 - 0.9) series

4.1. Abstract
The BisTixFeyMn;01g (B6TFMO) Aurivillius phase, is a rare example of a single-phase
room temperature multiferroic, displaying saturation magnetization (Ms) values of
215 emu/cm? and in-plane saturation polarization (Ps) values of > 26 uC/cm?2. With
the aim of increasing the proportion of magnetic ions within the B6TFMO structure,
this study examined the effect of B-site substitution in this Aurivillius material. Four
series of Aurivillius materials with a target composition of BisTixFeyMn,015 (x = 3.2 —
16, y=12-195 z=0.3-0.9) (m=5) were fabricated by chemical solution
deposition. XRD and TEM analysis demonstrates that the formation of the higher m
= 6 Aurivillius phases occurred when the occupancy of Ti** at the B-sites fell below 52
%. It is reasoned that the rearrangement is driven by the need to accommodate the
differences in cation radii and oxidation state when Ti*" is substituted by Fe3* and
Mn3*. We propose that oxidation of Mn3* to Mn*" is occurring in the material,
however above a threshold of 8 % nominal Mn*, the m = 5 structure can no longer
tolerate the smaller Mn*" ion and the structure forms the m = 6 phase in order to
accommodate the additional manganese at a lower average manganese oxidation
state. This work provides valuable insight into the design and development of new
multiferroic phases by defining a solubility limit of 48 % magnetic ion content that

can be accommodated at the B-site of the multiferroic Aurivillius phase structure.

4.2. Introduction
The Aurivillius phase materials, Bi2O2(Am-1BmO3ms+1), provide a versatile framework for
the design of multiferroic materials [1]. The Aurivillius phase materials are well
known ferroelectrics and they can accommodate cations such as Fe, Mn, and Cr at

their B-sites which can contribute to magnetic super-exchange interactions. Indeed,
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the manganese and iron-containing BisTixFeyMn,01g (m = 5) (B6TFMO) Aurivillius
phase system is an example of a rarely found single-phase room temperature
multiferroic [2].

For the B6ETFMO materials mentioned above, the magnetic ion content was 44 % of
B-site cations. The percentage of magnetic ions in a 3D lattice necessary for
percolation is 31 % for nearest neighbour interactions (NN) and 14 % for NN and next
nearest interactions (NNN) for a random distribution of the magnetic ions [3]. To
demonstrate the difference between NN and NNN interactions, in the 4-layered (m
= 4) BisTizsFeOss Aurivillius material the calculated magnetic Heisenberg coupling
constants of the NN interactions result in stronger magnetic coupling (Jnn = 40-50
meV) compared to NNN which has weaker magnetic coupling (Jnnn = 1-2 meV) [4].
Therefore, the insertion of an increased volume of magnetic ions would be beneficial
in terms of the promotion of long-range magnetic ordering within the material.
However, a limit to the concentration of Fe and Mn that can be tolerated within the
Aurivillius phase structure is expected, not only based on cation radii differences
(0.605, 0.645 and 0.645 A for Ti**, Fe3* and Mn3*, respectively [5]), but also
considering that these cations have a nominal valence of 3+ and are substituted in
place of Ti, having a nominal valence of 4+.

In this study we systematically examine the effect of varying the concentrations of
the three B-site atoms: Ti, Fe and Mn in the m =5 system BisTixFey,Mn,015(x = 3.2 to
1.6,y=1.2t01.9,z=0.3to 0.9). The aim of this study is to determining the limit of
magnetic ion inclusion in the m = 5 Aurivillius structure. The substitution of Ti** by
Mn3*/Fe3* would necessitate oxidation state change from the Mn or Fe to maintain a
balance stoichiometry assuming that there are no vacancies.

Assuming that oxide ion vacancies do not play a role [6-8], Snedden et al. have
suggest that in Aurivillius phases with m > 1 the formation of oxide ion vacancies may
not be favourable [6], we speculate that oxidation of Mn3* to Mn** occurs in order to
maintain a balanced stoichiometry when Ti*" is substituted for manganese/iron. The
formation of the m = 6 phase is observed to occur when the average oxidation state
on Mn is above +3.44. This is close to the value (+3.2) observed by Zurbuchen et al.

for a m = 6 manganese-containing composition [8]. However, there is a limit to the
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solubility of the smaller Mn** cation and we observe a threshold of 8 % of nominal
Mn** (ionic radius of 0.53 A [5]) that can be tolerated within the m = 5 structure. This
corresponds to a solubility limit of 48 % magnetic cations at the B-site. We present
XRD and TEM results demonstrating that above this threshold, rearrangement of the
Aurivillius structure into the m = 6 phase occurs in order to accommodate increased

levels of magnetic cations at a lower average manganese oxidation state.

4.3. Experimental

A chemical solution deposition method was used to fabricate the BisTixFeyMn,O1s
compositions using a procedure similar to that previously reported [2]. The
precursors Bi(NOs3)3.5H,0 (reagent grade, 98 %, Sigma-Aldrich) and Ti(OCsHo)a
(reagent grade, 97 %, Sigma-Aldrich) were dissolved in lactic acid (ACS reagent, > 85
%, Sigma-Aldrich) at room temperature with constant stirring for approximately one
week to form Solution A. Fe(NO3)3.9H,0 (ACS reagent, > 98 %, Sigma-Aldrich) and
(Mn(acac)s) (99.9+ %, Strem Chemicals, Inc.) were dissolved in acetylacetone (> 99.5
% (GC), Sigma-Aldrich) to form Solution B. Solution B was added to solution A and
mixed for one hour. This precursor solution was placed dropwise onto a c-m sapphire
wafer and then spin coated at 2000 rpm for 30 seconds. The wafer with deposited
film was then pre-annealed at 300 °C for ten minutes to remove the organic solvents
and then annealed at 850 °C for one hour in ambient atmosphere and pressure in
order to crystallize the films.
The general formulas of the different series were as follows; series 1: BigTizFe1-
xMno.4+xO1s (x = 0, 0.1, 0.2, 0.3 and 0.4), series 2: BisTiz.2-xFe1.sMng3+x01s (x = 0, 0.1,
0.2,0.3,0.4,0.5 and 0.6), series 3: BisTiz.2xFe13+xMnos01s (x=0, 0.1, 0.2, 0.3, 0.4, 0.5
and 0.6) and series 4 BisTixFeyMn,018 (x=3.2t0 1.6,y=1.2t01.9,z=0.3t0 0.9).
X-ray diffraction measurements (XRD) were performed using a Philips X'pert PW3719
MPD diffractometer, Cu Ka radiation, 40 kV, 35 mA and 26 range of 6 - 40 °. The m
= 5 Aurivillius phase was indexed from calculated XRD patterns generated using
VESTA software [9] using data from Garcia-Guaderrama et al. [10]. The m = 6 phase
was indexed from calculated XRD patterns using data from Krzhizhanovskaya et al.
[11].
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Atomic Force Microscopy (AFM) and Piezo Force Microscopy (PFM) were performed
using an MFP-3D™ Asylum Research instrument. AFM was conducted in AC mode
using Olympus AC240TS probes (Al reflex coated, ~7 nm tip radius, 70 kHz resonant
frequency). PFM was conducted in both single frequency and lateral Dual AC
Resonance Tracking (DART-PFM) mode [12] using Olympus AC240TM electrilevers
(Ti/Pt coated silicon probes, Al reflex coated, ~15 nm tip radius, 70 kHz resonant
frequency).

Scanning electron microscopy (SEM) was performed on Zeiss Supra 40 instrument
and samples were coated with a twenty second gold coat (3-6 nm thickness) before
measurement to prevent charging during imaging.

Lamella cross sections of the films were prepared using a FEI DualBeam Helios
NanolLab 600i Focused lon Beam instrument. High resolution transmission electron
microscopy (HR-TEM) was performed using Jeol 2100 transmission electron

microscope; 200kV; double tilt holder.

4.4. Results and Discussion
4.4.1. XRD analysis

Series 1, 2 and 3 systematically vary the concentrations of two of the three types of
B-site cations while keeping the concentration of the third type constant. The XRD
analysis of series 1, 2 and 3, overall consistent with an m =5 Aurivillius structure, are
given in figure 1. In series 1, the concentrations of Fe and Mn are varied while Ti
remains constant. This was considered isovalent substitution since both Fe and Mn
are nominally in the 3+ oxidation state in a neutral BETFMO Aurivillius stoichiometry.
They also have similar ionic radii [5], although the Jahn-Teller effect can tend to
elongate Mn3*O¢ octahedra [13].

In figure 1(a) the XRD of this sample series 1 is shown. There is only a slight shift (~0.4
°) in 20 peak positions accompanied by peak broadening as the concentration of Mn
increases and Fe decreases. For example, the (0010) peak FWHM is 0.45 ° for x =0
and is 0.50 ° for x = 4 (BisTisFe1.6.xMno.4+xO18). This may indicate some structural

disorder within the samples, such as the formation of regions where there are
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intergrowths of Aurivillius phases having differing m structures. Such intergrowths
are commonly observed in Aurivillius samples [14] and we do observe some areas of
m =4 in TEM analysis of the series 4 materials which will be discussed later. This XRD
data shows that isovalent substitution of Mn for Fe does not lead to the significant
structural rearrangement to another Aurivillius phase as we see in the heterovalent

substitution in series 2 and 3.

In series 2 (figure 1(b)) as the Ti content decreases and Mn content increases, there
is a clear gradual shift in peaks away from the m =5 structure and towards the m=6
Aurivillius phase. This is an example of heterovalent substitution as Ti is nominally 4+
while the Mn precursor used is nominally 3+ within a charge-balanced B6TFMO
Aurivillius stoichiometry. A similar trend in asymmetric peak shift is observed in series
3 (figure 1(c)) where Ti decreases and Fe increases in concentration. The Mn3*(0.645
A) and Fe3* (0.645 A) cations have a larger radius than Ti** (0.605 A). This difference

in size may also contribute to the distortion of the crystal structure.

The presence of secondary phases can occur when fabricating Aurivillius materials
and since some of these phases could be magnetic in nature, it is obviously important
to search for their presence when investigating these materials as potential
multiferroics. Small levels of secondary phases have been identified in previous work
on Aurivillius materials having different compositions as the source of the observed
magnetic behaviour [12, 15]. No peaks corresponding to common secondary
impurity phases were observed in the XRD analysis of the materials under study in
this work. However, it should be noted that the positions of some of these potential
impurity peaks would overlap with peaks of the Aurivillius material. For example, for
the magnetite spinel phase Fe304, the reflections of the (220) peak at 29.6 ° and (311)
peak at 35.4 ° overlap with the (0016) and (0020) reflection of the Aurivillius m=5
phase, respectively. The XRD instrument also has a detection limit of 1-3 % volume,
therefore if secondary phases were present below this volume, they would not be

detected.
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Figure 1: XRD plots of series 1 (a), series 2 (b) and series 3 (c).
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It was not possible to use the Scherrer equation to calculate the size of the particles
as the Aurivillius materials have an orthorhombic crystal structure not cubic.
Therefore, a modified version of the Scherrer equation (section 2.2.1) [16], known as
the crystalline quality factor, was used to quantify the crystalline quality of these
materials using data from the XRD measurement in figure 1. The details of this
method are presented in the experimental chapter of this thesis (section 2.2.1). The
results of these calculations for series 1 are presented in figure 2 and show that the
change in Q is much smaller than the error. The error bars represent the standard
deviation between the results of the individual peaks. For series 2 and 3, the error
was also significantly large so that there was no clear trend in the change in Q (figure
S1 and S2). Series 2 change in Q 33 £ 44 and series 3 change in Q 14 £ 38. The large
error is due to the significant peak broadening caused by the presence of different m

Aurivillius phases.

Series 1 Fe/Mn
Bi. Ti;Fe, Mn,0,;
180
160
140

CJ 120
100

a0

60
0.4 0.5 0.6 0.7 0.2

X

Figure 2: Crystalline quality factor (Q) for series one.

The concentration of Ti was further lowered in the samples of series 4. The XRD
patterns of series 4 (figure 3) clearly show the overall transition of m=5tom =6
corresponding to the decrease in Ti** and the increase in Fe3* and Mn3*. The
broadening of the asymmetric peaks may be due to secondary phases occurring such

as iron or manganese rich perovskites, however, the presence of m = 6 is confirmed
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in TEM analysis of these materials which is discussed later in this chapter. Other
potential causes of peak broadening could be due to size effects [17] but these
sample were deposited using the same deposition method throughout the four series
and this consistency should eliminate any significant variation in film thickness and
instead the observed trend in peak broadening/shift can be attributed to the

systematic variation of the stoichiometry.
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Figure 3: XRD analysis of series 4.

The increased structural stacking disorder of series 4 is reflected in the full width half
maxima (FWHM) values given in table 1. This data is presented as a graph in figure
S3. The FWHM increases as the Ti concentration decreases through the series. The
appearance of peaks corresponding to reflections of the m = 6 phase indicates a more
disordered periodic structure and causes broadening of the XRD peaks. While there
is a clear shift to the m = 6 phase, we know from TEM analysis that regions of m=4

also occur in the materials (figure 13).

124



Chapter 4

Table 1. FWHM values for XRD reflections of series 4

Sample (008) (0010) (0014)
1 BigTi2.sFe1.5:Mno.es018 0.587+0.029 | 0.557+0.018 | 0.387 +0.003
2 BisTi2.7Fe1.62Mno.6301s 0.635+0.037 | 0.537+£0.031 | 0.361+0.014
3 BigTi2.6Fe1.72Mno.6s01s 0.734+0.032 | 0.686 +0.011 | 0.379+0.011
4 BigTi2.sFe1.82Mno.es01s 1.075+0.088 | 0.738 £0.013 | 0.390+0.012
5 BigTi2.4Fe1.92Mno.6s018 1.156 £ 0.051 | 0.743 +£0.018 | 0.446 £0.024
6 BigTi2.3Fe1.95Mno.75018 1.429+0.142 | 0.780+0.268 | 0.546 + 0.013

The c-axis pseudo lattice parameter was calculated from the XRD analysis of the
series 4 samples and the results are presented in figure 4. The shift in the peak
positions ((008), (0010) and (0014)) results in a greater uncertainty as the series
progresses to lower titanium content. The error represents the standard deviation
between the values obtained from the different peak reflections. The
BisTi2.sFe1.52Mno.6sO1s material had a c-axis value of 49.29 + 0.199 A while the
BisTi2.3Fe1.95sMno.7s018 material had a value of 50.19 + 3.52 A. The increasing error can
be attributed to the broader peaks due to the presence of different ‘m’ Aurivillius
phases. The c-axis parameters for series 1, 2 and 3 are presented in figure S4. Due to

the Jahn-Teller effect leading to the elongation of Mn3*Og octahedra, which might

give longer ¢ parameter than otherwise anticipated.
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Figure 4: Series 4 c-axis pseudo lattice parameters, sample numbers correspond to

samples presented in Table 1.

4.4.2. AFM analysis

The effect of substitution on the morphology of these materials was also examined.
Li et al. reported a slight increase in grain size in Mn-substituted BisTizsFe101s, possibly
due to different thermal dynamic behaviours of Mn and Fe ions [18]. In this work, no
clear trend was observed with the substitution of Fe for Mn from the AFM height
images (figure 5) of the series 1 (BisTizsFe1.6xMno4+xO1s (x =0, 0.1, 0.2, 0.3 and 0.4))
materials (figure 2). The RMS roughness of the materials through this series ranged
from 16 - 27 nm, however the error obtained from the standard deviation between
the four measurement sites was significantly large over the growth series (figure 6).
A range of different sized grains are visible from 10 - 20 nm in diameter to larger
grains = 2 um in diameter. It is difficult to identify if these larger grains are individual
grains or several grain adjacent to each other. For example, the SEM image in figure

8 seems to show several grains merged together.
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Figure 5: AFM height images of BigTisFe1.6xMno.4+xO1s (@) x =0, (b) x = 0.1, (c) x =

0.2, (d) x=0.3 and (e) x = 0.4 for series 1 with an area of 5 um?.
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Figure 6: Root mean square roughness from AFM images of series 1 with error bars

representing the standard deviation between different measurements sites on the

material.

4.4.3. SEM analysis
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Further analysis of the morphology is presented as SEM images in figure 7. The typical
topography of these samples shows a majority of the grains lying parallel to the
substrate and incomplete coverage of the film over the substrate. The incomplete
coverage can be clearly seen in the SEM image in figure 8. Only one spin coat was
applied during the fabrication of these materials and contraction of the material
during the post anneal step may have contributed to the incomplete coverage of the
substrate. It is noteworthy that the sapphire substrate does not possess a simple
epitaxial relationship with the Aurivillius material, although other possible effects
such as surface tension, wetting and/or deposition technique could contribute to the
observed morphology. This incomplete coverage was also observed in the samples
discussed in chapter 3. In chapters 5 and 6, a different deposition technique and the
use of epitaxial substrates produces thin films with complete coverage of the

substrate.

’- iy

Figure 7: Representative SEM images of (a), BisTisFe1.sMnosO1s and (b),

BisTisFe1.2MnpsO1s of series 1 at 45° tilt.
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Figure 8: SEM of BisTisFe1.2Mnp.sO1s of series 1 at 45 ° tilt showing the edge of the

substrate and the incomplete coverage of the substrate by the Aurivillius material.

To determine the mismatch between the Aurivillius phase and the substrate, the
pseudo lattice parameter was calculated using the method given by Newnham and

Armstrong [19],

a, = 1.33r5 + 0.674 + 2.36 A (4.1)

Where ra is the eight fold coordinate radius value of the A-site ion (Bi3*) and rg is the
six fold coordinate radii values of the B-site ions (Ti**, Mn3* and Fe3*). The pseudo
lattice parameter of BisTisFe15MnosO1s was calculated to be ap = 3.85 A, using radii
values found in the paper by Shannon [5]. The lattice parameters of the sapphire
substrate is a = 4.78 A. This is a 24.2 % lattice mismatch between the substrate and
the Aurivillius material. This difference is too large for there to be an epitaxial

relationship between the substrate and the Aurivillius grains.

4.4.4. PFM analysis

The Aurivillius materials are well known ferroelectric materials and polarisation in

these materials is predominantly along the a/b in-plane direction [1]. To examine the
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local ferroelectric response, PFM analysis was performed on the samples. A set of
representative PFM images are shown in figure 7. For Aurivillius phase materials with
an odd number of perovskite blocks, a small polarisation is expected along the c-axis
out-of-plane direction [20]. This is clearly seen in figure 9 where the lateral and
vertical piezoresponse have been measured simultaneously. Also as can be seen from
the AFM and SEM (figures 5, 7 and 8) images some of the grains lie at an angle to the
sapphire substrate which may make some of the in-plane polarisation response

accessible to the vertical PFM measurement.

% & 8 8 B §
3

(i)

Figure 9: Single frequency PFM response in the lateral and vertical direction; series
3 x =0 (a) height, (b) lateral amplitude, (c) lateral phase, (d) vertical amplitude (e)
vertical amplitude and series 3 x = 0.6 (f) height, (g) lateral amplitude, (h) lateral

phase, (i) vertical amplitude and (j) vertical amplitude.

A small polarisation along the c-axis is expected in the m = 5 Aurivillius phases due to
the structure having an odd number of perovskite blocks [20], where retention of the
mirror plane is not energetically favourable. This enables a minor out-of-plane
polarisation to exist in the c-direction for odd-layered phases, in conjunction with a
major in-plane polarisation. On the other hand, polar Aurivillius phases having even
numbers of m perovskite layers, such as the m = 6 Aurivillius phase, retain a mirror
plane perpendicular to the c-axis. This prohibits out-of-plane polarisation in even-
layered Aurivillius phases and the polarisation is confined to the lateral plane.
Therefore a fully c-axis orientated m = 6 sample would not be expected to show
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polarisation response along the out-of-plane c-axis. To examine if a decrease in the
vertical amplitude response could be observed in the PFM analysis, the lateral and
vertical amplitude response was measured for series 3 (figure 10) where there is an
increased shift in the XRD patterns (figure 1 (c)) towards the m = 6 phase with
increased ‘x’. There was no clear trend in the vertical piezoresponse through the
series. It is apparent that any variation to the out-of-plane response is offset by the
tilted nature of the Aurivillius phase grains (figures 5, 7, 9) and a portion of the in-
plane piezoresponse being detected during the vertical measurement, precluding

measurement of a true c-axis out-of-plane response.

S A Vertical
100 - o Lateral

3 80 1 ¢ ; ; $
%60- + + °
£ 401 + + I + +

0 : : : : : : : .

Figure 10: PFM amplitude response in the vertical and lateral direction of series 3.

The substitution of iron and manganese into the structure and decrease in titanium
does not seem to diminish the piezoresponse of these materials. Work by Zurbuchen
et al. on m = 6 Biy(Ti,Mn)e021 Aurivillius materials found the piezoresponse

diminished with substitution [8].

To reduce the effects of instrumental cross talk and boost the signal of a weaker
piezoresponse, DART-PFM was performed on the samples. A representative image is
shown in figure 11. These materials are naturally self-polarised and clear 180°
domains can be seen. Additional DART PFM images for materials in series 1 are

presented in figure S5.
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Figure 11: Representative DART lateral PFM measured the out of plane (a) height

(b) amplitude and (c) phase response of BisTiz.oFe1.6Mng.s01s in series 3.

4.4.5. TEM analysis

TEM analysis confirms the presence of intergrowths of different m Aurivillius phases.
The thickness of a unit cell along the growth axis (c) of Aurivillius materials can be

estimated using the formula;

c/2=f+h (4.2)

Where h = m*p. The thickness of the [Bi»02]%* interlayer (f) is 4.08 A, the average
thickness of the perovskite blocks (p) tends to be = 4 A and m is the number of
perovskite blocks [3]. Form =5, c=49.3Aandm=6,c=57.5A. Foramixof m=5
and m=6i.e.m=5.5,c=53.4A. Indeed, we observe this within the TEM images in

figure 13 (a) and (b).

In figure 13 (a), although XRD data (figure 3) demonstrates an overall m =5 structure
for the BisTiz.sFe1.52Mnoes018 composition, TEM imaging shows that there are local
areas within the film displaying unit cell lengths corresponding to intergrowths of m
= 6 Aurivillius structures (5.7 £ 0.03 nm) and unit cells with a mixof m=5and m=6

Aurivillius structures (5.3 £ 0.04 nm).

Similarly in figure 13 (b) for the BisTi2.sFe1.72MnoesO18 composition, the TEM imaging
shows that there are local areas within the film displaying unit cell lengths of 5.3 +

0.03 nm which infers a mixture of m =5 (~ 4.9 nm) and m = 6 (~ 5.7 nm). The
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BisTi2.s3Fe1.52Mno.65018 composition in figure 13 (c) demonstrates the complexity of
the materials and that the majority of the sample is m = 5, but there are regions of
the m = 4 Aurivillius phase present also. A mix of m =5 and m = 4 c-axis length of 4.2

+0.03nmandform=5is4.6 +0.03 nm.

The length of the c-axis of these materials is similar to other Aurivillius phases with
similar compositions such as for BisTisFeO1s5 (m = 4) where the c-axis parameter was
4.104 + 0.004 nm determined from XRD and TEM analysis [21]. From XRD analysis,
BisTi2.sFe1.7sMno.75018 (M = 5) had a c-axis parameter of 4.928 nm and BizTisFe3021 (m

= 6) was 5.7554 nm [2].

74 |
' Sapphire | (b) £ Sapphire substrate

iy, substrate §

Figure 13: TEM images of (a), BisTi2.8Fe152Mno6301s, (b) BisTi2.cFe1.72Mnoss018 and

(c), BisTiz.s3Fe1.52Mng 5018 from series 4.
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4.4.6. Discussion

The appearance of the m = 6 Aurivillius phase reflections in the XRD patterns
corresponds with a decreased concentration of Ti in the structure. The increased
concentration of Mn and Fe is desirable for increasing the magnetic ion content.
However, the substitution of the lower valence Mn3* and Fe3* for Ti** results in an
unbalanced stoichiometry. A charge balanced stoichiometry could be achieved
through a change in the oxidation state of the substituting cations to the 4+ oxidation

state.

The presence of Fe** has been reported in the domain walls of BiFeOs; materials
through detailed HAADF and EELS analysis. The Fe** accumulates at the domain wall
alongside bismuth vacancies due to the different electrostatic environment, away
from the domain walls Fe3* predominates [22, 23]. In another study, the substitution
of Ni%* for Fe3* in BiFeOs created a charge imbalance but this did not result in the
formation of Fe** to compensate, instead the material favoured the formation of
oxygen vacancies evident from the higher density of free carriers and resulting higher
conduction of the Ni substituted materials [24]. As can be seen with the previous
examples, the oxidation of Fe3* to Fe** is not favoured outside of specific conditions
such as near domain walls. However, there is experimental evidence for the variable
valence of Mn3* to Mn*" in perovskite materials. In work by Selbach et al. [25, 26],
the presence of Mn** was utilised to charge compensate the excess oxygen content
in BiFeg.7Mno 3035 materials. Thermogravimetry was used to determine the
nonstoichiometric oxygen content of 6 =0.059 in the manganese containing sample.
There was no corresponding excess oxygen (6 < 0.01) in the BiFeOs.s material

indicating that Fe** was not formed during the fabrication process [25, 26].

The substitution of Ti* by Fe3* and Mn3* could be accompanied by the formation of
compensating oxygen vacancies, however previous work by Snedden et al. has
demonstrated that the occurrence of oxygen vacancies in the Aurivillius materials is
not favourable [6].

From these previous arguments, we reason that the decrease in Ti*" is compensated

for by the oxidation of Mn3* to Mn**. Previous work with Aurivillius materials has
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failed to form phase pure structures with Mn** [7]. It was proposed that the ionic
radii of Mn#* (0.53 A) is too small to be tolerated in the Aurivillius structure [19]. It is
expected therefore that there will be a limit to how much Mn** can be tolerated
before the rearrangement of the structure becomes more favourable than the
oxidation of Mn.

In order to determine what that limit may be, the proportion of titanium, iron and
manganese at the B-site of the materials was determined from the stoichiometries
expected from the ratio of precursors used during synthesis. It is assumed that the
proportion of Mn*" present is proportional to the concentration necessary to
maintain a charge balanced Aurivillius material. The method presented in appendix
2 was followed to calculate the proportion of Mn3* and Mn** that may occur. The
resulting concentrations of the various B-site atoms for series four are shown in Table
2. The table is arranged in order of decreasing Ti concentration and samples with an
* correspond to the samples shown in figure 3. The appearance of m = 6 phase (as
observed in the XRD and TEM analysis) follows a systematic trend with decreasing Ti
concentration. The phase rearrangement observed in this work occurs when the
concentration of Fe and Mn at the B-site of the perovskite units is above 48 % or
when the nominal concentration of Mn** is < 8 % see table 2. The average Mn
oxidation state for the m =5 and m = 6 structure has been calculated also. It can be
seen that when the average oxidation state of Mn in the m =5 structure is larger than
= 3.4 the appearance of m =6 begins to occur. This is a similar threshold observed

by Zurbuchen et al. [8] (Mn32*) and McCabe and Greaves [7] (Mn34*).

Table 2: Proportion of B-site ions and calculated Mn(IV) concentrations

Average Average
Mn Mn
TiB- FeB- MnB- Mn(lV) % oxidation  oxidation
Composition site site site % of Mn(IV) state state hase
(%) (%) (%) Mn overall P
m=5 m=6

BisTisFe1.4Mno.601s 60 28 12 0 0 +3.00 +2.17 5
BisTi2.83Fe1.52Mno.65018 56.6 30.4 13.0 26 3.38 +3.26 +2.49 5
BisTi2.83Fe2Mno.17018 56.6 40.0 3.4 100 3.40 +4.00 +1.06 5
BisTi2.81Fe1.52Mno.67018 56.2 304 13.4 29 3.89 +3.28 +2.54 5
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*BisTi2.8Fe1.52Mno.68018 56 30.4 13.6 30 4.08 +3.29 +2.56 5
BisTi2.7sFe1.52Mno.70018 55.6 30.4 14.0 32 4.48 +3.31 +2.60 5
BigTi2.7sFe1.52Mno.73018 55 30.4 14.6 34 4.96 +3.34 +2.66 5
*BigTi2.7Fe1.62Mno.6s01s 54 32.4 13.6 45 6.12 +3.44 +2.71 5
*BigTi2.6Fe1.72Mno.6sO1s 52 34.4 13.6 59 8.02 +3.59 +2.85 ~5
BisTiz2.ssFe1.77Mno.65018 51.6 35.4 13.0 64 8.32 +3.65 +2.88 ~5
BigTi2.6Fe1.77Mno.63018 52 35.4 12.6 64 8.06 +3.63 +2.84 ~5
BigTi2.56Fe1.77Mno.67018 51.2 35.4 13.4 66 8.84 +3.66 +2.91 ~5
BigTi2.53Fe1.77Mno.70018 50.6 35.4 14 68 9.52 +3.67 +2.96 ~5
BisTiz2.s0Fe1.77Mno.73018 50 35.4 14.6 69 10.07 +3.68 +3.00 5+6
*BigTi2.sFe1.82Mno.6sO1s 50 36.4 13.6 75 10.2 +3.74 +3.00 5+6
*BigTi2.4Fe1.92Mno.6s01s 48 38.4 13.6 89 12.10 +3.88 +3.15 5+6
BisTi2.3Fe2Mno.70018 46 40.0 14.0 100 14.0 +4.00 +3.29 5+6
*BieTi2.3Fe1.95Mno.7501s 46 39.0 15 93 13.95 +3.93 +3.27 5+6

In table 3 the chemical composition of the m = 5 BisTi2.3Fe1.95Mng.75018 composition
has been rearranged to the m=6 phase, to demonstrate how the formation of the
higher m = 6 Aurivillius phase would accommodate the higher concentration of
magnetic cations while maintain a balanced stoichiometry. The m = 5
BisTiz2.3Fe1.95sMng 75013 composition has been rearranged to the m = 6 phase, where it
would then assume the Bi;Tiz.76Fe2.34Mng 9021 composition. Note that there is a
sufficient excess of bismuth included in the chemical solution deposition process to
allow for a change in composition to an m = 6 phase. The relative proportion of the
B-site atoms, including Mn, is the same for both arrangements (Mn 15 %) but the
proportion of Mn** needed to achieve a charge balanced stoichiometry is lower for
the m = 6 phase (3.9 % Mn** for m = 6) compared with the m =5 (13.95 % Mn*)
structure. We note that for the m = 5 structure in Table 3, an average manganese
oxidation state of +3.93 is calculated (assuming oxidation states of +4 and +3 for
titanium and iron, respectively). However, when the same ratio of titanium, iron and
manganese cations are presented in an m = 6 structure, the average manganese
oxidation state is calculated to be +3.27. The latter is within the range shown for the
stable Aurivillius phase compositions shown by Zurbuchen et al. [8] (Mn3?*) and
McCabe and Greaves [7] (Mn34*). The m = 6 Bi;Mn3.75Ti225021 Aurivillius phase
reported by Zurbuchen et al. enabled 62.5 % manganese to be accommodated at the

B-site, however a ferroelectric response could not be measured for this material.
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The inability to tolerate B-site concentrations of Mn** above 8 % may be the driving
force behind structural rearrangement and the formation of a higher Aurivillius
phase. We have direct evidence from TEM analysis that the formation of the m =6
phase is occurring as the concentration of Ti decreases and Fe and Mn increases.
Evolution of the m = 6 phase on increased Fe and Mn content is also evident from
XRD studies. There is also the possibility that in response to increased concentration
of iron and manganese, secondary phases such as Fe or Mn-rich perovskites or spinel
phases may occur. The presence of such phases may be hidden in XRD analysis due
to an overlap of peak positions. For example, for the magnetite spinel phase FesQ,,
the reflections of the (220) peak at 29.6 ° and (311) peak at 35.4 ° overlap with the
(0016) and (0020) reflection of the Aurivillius m =5 phase, respectively. Further work
would involve a through statistical analysis to determine the phase purity of these

materials [27].

Calculation of the tolerance factors for series 4 are given in appendix 2
supplementary section of this work (figure S6). When the calculation was performed
assuming that all Mn is in the 3+ oxidation state then the tolerance factor of the
perovskite unit increases as the concentration of Ti decreases. However, when the
proportion of Mn3* and Mn?** calculated in Table 3 are used for the calculation, the
tolerance factor of the perovskite unit decreases with decreasing Ti**. This is due to
the smaller radius of Mn** (0.53 A). It is noted that rearrangement to the higher phase

would also decrease the tolerance factor of the perovskite unit.

Table 3: Calculation of stoichiometry for m =5 and m = 6 Aurivillius phases

Ti(Iv)  Fe(Ill)
MnB- Mn(lV) Mn(lV)%  Tolerance
B-Site  B-Site
Site% % of Mn overall factor
% %
BigTi2.3Fe1.95sMng.75013
46 39 15 93 13.95 0.850
m=5
Bi;Ti2.76F€2.3aMno.s021
46 39 15 26 3.9 0.865
m=6
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4.5. Conclusion
Previous work has shown genuine room temperature multiferroic behaviour in the
BisTixFeyMn,018 BGTFMO (m = 5) material [2]. In order to increase long-range
magnetic ordering it would be desirable to increase the concentration of magnetic
cations in these materials. The aim of this work was to assess the solubility limit to
the concentration of magnetic Fe and Mn cations that can be accommodated within
the m =5 Aurivillius phase structure. This work presents the results of four systematic
growth studies that test the structural changes undergone by the Aurivillius m =5
material BisTixFeyMn,018 (x =3.2 -1.6,y=1.2-1.9, z=0.3 - 0.9) during substitution

at the B-site.

Analysis of the materials using XRD and TEM shows that when the proportional
concentration of Ti** is lowered below 52 %, there was a notable reorganisation to a
mixed phase sample containing the m = 6 Aurivillius phase alongside the m = 5 main
phase. The proportion of the m = 6 phase within the m = 5 phase matrix increased
with decreased Ti** content. We argue that the lowering of Ti*" in the material is
compensated by the oxidation of Mn3* to Mn** in order to maintain a charge balance
stoichiometry. However the difference in cation radius limits the concentration of
Mn** which can be accommodated by the structure. These results indicate that above
8 % of Mn** (or 48 % magnetic ion content at the B-site), the m = 5 sample must

reorganise, and increased regions of the material adopt the higher m = 6 phase.

Further calculations show that by adopting the higher m = 6 phase, the relative
proportion of Mn** necessary for charge neutrality in the material decreases (table
3) and the structure is more tolerant to the increased magnetic cation content.
Accordingly, the average calculated oxidation state for the manganese cation also
decreases. The piezoresponse of these materials does not seem to be affected by

substitution.

This work offers a valuable insight into the limiting factors affecting the substitution
of magnetic ions at the B-site of the Aurivillius materials which should be considered
during the development of multiferroic materials. The presence of Mn** also has
important implications for the type of magnetic behaviour as the Mn3* - 0 - Mn** and
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Fe3* - O - Mn* double exchange mechanism produces ferromagnetic behaviour
compared to the superexchange mechanism between Mn3* - O - Mn3* which

produces antiferromagnetic behaviour [28, 29].
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5. Sequential direct liquid injection chemical vapour deposition of
Aurivillius phase materials BisTi2.9Fe1.1015 and BisTi2.sFe1.1Mno.1015 on

epitaxial substrates

5.1. Abstract

With the aim of locally concentrating magnetic ions, such as iron and manganese, to
the inner perovskite blocks a sequential direct liquid injection chemical vapour
deposition (DLI-CVD) recipe was used to deposit layered Aurivillius phase thin films.
Thin films were deposited at 710 °C and no post anneal step was necessary to
crystallise the films. A recipe which mimicked the layered nature of the m =5 phase
was attempted during the deposition process, but the migration of volatile bismuth
favoured the formation of the m = 4 phase. Thin films of BisTi».oFe1.1015 (BTFO) and
BisTiz.sFe1.1Mno.1015 (BTFMO) were deposited on epitaxial substrates, LSAT and STO.
LSAT and STO applies tensile strain applies strain on the Aurivillius structure. The
impact of inserting Mn on the structure and grain size was examined. The inclusion
of Mn produced smaller grains and a slight broadening of peaks observed in the XRD
analysis for the Mn containing samples. The piezoresponse of these materials in the
lateral direction was significantly larger than the vertical response. The existence of
out of plane polarisation indicated the presence of m =3 or m =5 Aurivillius phase in
the films. Magnetic analysis demonstrated magnetic behaviour in the BTFMO LSAT,
BTFO STO and BTFMO STO materials. The observation of ferroelectric magnetic
behaviour may be attributed to Dzyaloshinskii-Moriya interactions that can cause

weak ferromagnetism in antiferromagnetic systems due to spin canting.

5.2. Introduction

Previous work has successfully reported the development of an m = 5 Aurivillius
phase BisTixFeyMn;01s (B6TFMO) (x = 2.80 - 3.04; y = 1.32 - 1.52; z = 0.54 - 0.64)
room-temperature multiferroic which was fabricated using chemical vapour

deposition (CVD) [1, 2]. Further analysis of this material showed a significant
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preference for Mn to occupy the central perovskite layer [3]. This partitioning of the
Mn cations occurs as a natural part of the growth process due to internal electrostatic
and elastic energy gradients within the BEGTFMO structure. Given the relatively dilute
level of magnetic cations within the structure, it has been proposed that this
partitioning of magnetic cations and subsequent increased magnetic cation
interaction is responsible for the better than expected magnetic response, compared
with that expected for a random distribution of magnetic ions throughout the

material.

Therefore, with the aim of deliberately increasing the concentration of the Mn cations
in the central perovskite units of the Aurivillius material, a sequential direct liquid
injection CVD recipe was developed within this contribution. This type of deposition
method was first proposed by Weber et al. and called Atomic Vapour Deposition [4],
however given that the deposition is not strictly limited to one atomic layer at a time,
it is herein referred to as sequential direct liquid injection (DLI) CVD. Sequential DLI-
CVD (figure 1 (a)) is a modification of a typical DLI-CVD recipe (figure 1 (b), here
referred to a simultaneous DLI-CVD). In sequential DLI-CVD, the injection of the
precursor pulses is separated in time and the precursors enter the reaction chamber
sequentially rather than simultaneously as in typical DLI-CVD. Deepak et al.
successfully used sequential DLI-CVD with greater control over processing conditions
at 650 °C to fabricate m = 3 Aurivillius materials BisTisO12 [5] and at 700 °C to fabricate
BisTi2.sFeos012 [6] without the need for a post-anneal step on (001) STO substrates.
Changes to the stoichiometry had a significant effect on these Aurivillius films
deposited with the sequential DLI-CVD technique [6]. With the inclusion of Fe into
the material, it was observed that the growth mode shifted from Stranski—Krastanov

growth mode to layer-by-layer (Frank—Van der Merwe) growth mode.

In this work, a sequential DLI-CVD recipe was developed to target the manganese-
containing m = 5 Aurivillius phase with the aim of replicating the layered nature of
the room temperature multiferroic material, BisTixFeyMn,01s and to deliberately
encourage an increased concentration of manganese cations at the central perovskite

layer [1].
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5.3. Experimental

The Aurivillius materials were fabricated using a direct liquid injection-chemical
vapour deposition system (AIXTRON AIX 200/4FE DLI-CVD). A sequential DLI-CVD
recipe (figure S1) was used which separated the injection sets of the metal precursors
during the growth to mimic the Aurivillius structure (figure 1). For the standard
growth recipe, each set of precursor injections was 10 s in duration with a pulse
frequency of 1 Hz and there was a pulse gap of 5 s between each injection set. The
deposition temperature was 710 °C. Precursor lines were heated to 220 °C to
volatilise the liquid precursors. The precursor chemicals were Bi(THD)3, Mn(THD)3,
Fe(THD)s and Ti(O-iPr)2(thd), (where THD = 2,2,6,6-tetramethyl 3,5-heptanedionate;
O-iPr = isopropoxide). The chemical composition targeted was BisTisFe,013 and
BisTisFe15sMnosOi1s. For each growth the single crystalline substrates, LSAT
(Lao.26Sr0.76Al0.61Tao.3703 (100)), STO (SrTiOs, (100)) and c-plane sapphire were placed
on the rotating susceptor plate. The vapourised precursors were accompanied
through the reaction chamber with a flow of 2000 sccm of nitrogen and 1000 sccm
of oxygen gas. The recipe for one half unit cell shown in figure 1 was repeated 20

times to target a thin film of 10-unit cells. No post-anneal was performed.

X-ray diffraction (XRD) measurements were performed using an X’pert Diffractometer
(Cu Ka radiation A = 0.1541876 nm) (45 kV, 40 mA). The typical 20 scan range was
from 6 ° to 40 ° and a step size of 0.005 °. The XRD patterns throughout this work
were indexed using reference XRD patterns that were generated using VESTA
software [7] using data from Lui et al. [8] for m = 4, Garcia-Guaderramaet et al. [9] for

the m =5 and Hervoches and Lightfoot for m = 3 Aurivillius phases [10].

Atomic force microscopy (AFM) measurements were performed in AC tapping mode
using an Asylum research MFP-3D AFM instrument. The AFM probes used were
Olympus AC240TS probes (Al reflex coated, 15 nm tip radius, 70 kHz resonant
frequency). Scan rate = 1Hz and scan angle = 90 °. Additional AFM analysis was

performed using a Bruker Dimension lcon instrument in PeakForce tapping mode.
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Scan rate =1 Hz and scan angle = 0 °. The AFM probes used were Bruker SCANASYST-

AIR probe, Al reflex coated, 2 nm tip radius, 70 kHz resonant frequency.

An Asylum research MFP-3D AFM instrument was used for piezoresponse force
microscopy (PFM) measurements. PFM was conducted in both single frequency and
lateral Dual AC Resonance Tracking (DART-PFM) [11] modes. Polarisation direction
was measured by single frequency PFM at 15 kHz. The vertical, lateral and 90 ° lateral
piezoresponse was measured by manually rotating the sample 90 ° and measuring
again. The probes used for PFM were Olympus AC240TM electrilevers (Ti/Pt coated
silicon probes, Al reflex coated, 15 nm tip radius, 70 kHz resonant frequency)). Scan

rate = 1 Hz and scan angle =90 °.

Magnetic measurements were performed on a Quantum Designs MPMS 3

Magnetometer with a field range of £50 kOe and a temperature range of 2 to 300 K.
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Figure 1: Image depicting the different growth methods, (a) sequential DLI-CVD,
the method employed during this body of work and (b) conventional simultaneous

DLI-CVD.

5.4. Results and discussion

5.4.1. Structural analysis of the Aurivillius phase
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A series of growth runs was performed using the sequential DLI-CVD recipe on LSAT,
STO and sapphire substrates at a deposition temperature of 710 °C. Growths were
performed with an initial target stoichiometry for the m = 5 Aurivillius material,
BisTizsFe201s (B6TFO) and BisTizsFe1.5Mng 5018 (B6TFMO). A sequential DLI-CVD recipe
that mimicked the BisTisFe201g and BisTisFe1.sMno 5015 phase is shown in figure 2. The
m =5 phase was targeted as it possesses a single central perovskite block (as opposed
to the m = 4 structure which contains two inner layers). Given that a preference for
Mn to occupy this central layer has been observed in previous work [3], it was
proposed this layer-by-layer growth recipe could promote NN magnetic interactions

required to achieve long range magnetic ordering.
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Figure 2: Diagram depicting the Sequential DLI-CVD recipe mimicking the structure
of the Aurivillius material. Imaged generated using VESTA software [7] using data

obtained from [9].

5.4.2. XRD analysis

While the m =5 Aurivillius material was the intended target, the XRD analysis (see
figure 3) showed that both the BTFO and BTFMO materials deposited on LSAT and
STO indexed most closely with the m = 4 Aurivillius material and that an overall m =

5 phase was not achieved.
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Figure 3: XRD analysis of sequential DLI-CVD growth of (a) BTFO on LSAT and STO

and (b) BTFMO on LSAT and STO. Growth of the m = 4 Aurivillius phase was

preferred for both materials.
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Faraz et al. [2] and Keeney et al. [12] demonstrated that between 5 to 25 % excess
bismuth was required to compensate for bismuth volatilisation in order to achieve
the m = 5 B6TFMO phases during conventional DLI-CVD growths employing
simultaneous pulses of precursors. Whereas Deepak et al. [6], showed that a much
larger bismuth excess of between 68 to 110 % was required to enable a bismuth self-
limiting growth process and formation of the desired Aurivillius phase when using a
sequential DLI-CVD recipe. In this work, the relative concentration of precursors
injected was determined from the precursor flow volumes used during the growth
run. Precursor injection ratios of Bi:Ti:Fe of 6.9:3.6:1.4 were determined for the
B6TFO targeted material and Bi:Ti:Fe:Mn of 6.7:3.5:1.4:0.1 were determined for the
B6TFMO targeted material. Based on this, it was determined that the bismuth excess
for a targeted m = 5 phase was only between 11 to 14 %. This work emphasises the
need for a large excess of bismuth in order to achieve Aurivillius phases with higher

‘m’ numbers by a sequential DLI-CVD growth mode.

Based on precursor injection ratios of Bi:Ti:Fe of 6.9:3.6:1.4 for the B6TFO targeted
material and Bi:Ti:Fe:Mn of 6.7:3.5:1.4:0.1 for the B6TFMO targeted material, the
stoichiometry of the materials was subsequently recalculated to reflect the formation
of the m = 4 Aurivillius phases, BTFO and BTFMO. The m = 4 stoichiometries of the
materials discussed in this work are given in table 1. The excess of Bi and the ratio of

Bi to Ti during the growth process are also given.

Table 1: Details of sample stoichiometry and bismuth excess.

Sample name Stoichiometry Bi/Ti % Bi excess
BTFO BisTi2.oFe1.101s 1.89 10 %
BTFMO BisTiz.gsFe1.1Mno.1015 1.94 8 %
100 loops BTFMO | BisTiz.sFe1.3Mnp.101s 2.04 6 %

151



Chapter 5

Despite not achieving the targeted m = 5 Aurivillius phase, the m = 4 materials
produced were chosen for further examination of their properties. The sequential
DLI-CVD recipe in figure 1 may still drive the partitioning of manganese towards the

two inner layers of the structure to promote magnetic cation interactions.

While the materials deposited in this work (figure 3) indexed most closely to the m =
4 Aurivillius phase, deviations from the reference pattern were noted. Table 2
presents the full width half maxima (FWHM) and the deviation from the reference
pattern for selected peaks from the BTFMO materials on LSAT and STO. The shifts
correspond to differences between the position of the peak maxima in the grown
samples and peak maxima positions of the m = 4 reference pattern. The deviation
from the reference pattern indicates that intergrowths of lower or higher ‘m’
Aurivillius phase structures may be present. For example, there may be intergrowth

regions where m =3/ m=4/ m =5 phases co-exist.

Table 2: FWHM of selected peaks and the shift in peak position from the

reference pattern

FWHM FWHM
Peak reference reference
BTFMO LSAT BTFMO STO
BTFMO LSAT BTFMO STO
(006) 1.383+0.468 | 1.348 +0.110 | -0.8° + 0.0004° -0.8°+ 0.006°
(008) 1.593 +0.052 | 1.443 £0.010 -0.2°+ 0.002° -0.2°+ 0.0002°
(0012) 1.184 +0.080 | 1.295+0.074 | +0.4°+0.004° +0.7°+ 0.002°

These films are relatively thin, we see from TEM images that they have an average
thickness of = 52 + 0.4 nm (figure 16). Size broadening effects may contribute to the
broad peaks observed in the XRD data [13]. Additionally, we see from TEM images
that there are significant stacking faults and out of phase boundaries in these

materials (figure 16). When there is a sufficient concentration of defects present to
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cause diffuse scattering of the X-rays, it can lead to the type of peak broadening/
shifts seen in the XRD (figure 3) [5]. Out of phase boundary (OPB) defects are common
in layered structured materials with high levels of structural anisotropy such as the
Aurivillius phases [14]. OPB defects disrupt areas where two Aurivillius layers would
normally meet. Layers are displaced by a fraction of a unit cell along the c-axis relative
to the other, meaning that a (Bi»02)?* interlayer of one layer becomes adjacent to the

perovskite blocks of the other layer.

One likely origin of these defects could be due to the escaping of volatile bismuth
when subjected to the DLI-CVD process temperature of 710 °C [14]. Especially during
epitaxial growth, the combination of high crystalline anisotropy and unidirectional
growth fronts mean that structural rearrangement is limited to the surface layers of
the growing film. The diffusion of Bi out of the film could be accommodated in the
surface layers through structural rearrangement, but within the film Bi loss leads to
crystallographic shear forming microstructural defects, such as OPB defects and

stacking faults.

Another mechanism for OPB and stacking fault defect formation was discussed
previously by Deepak et al., where m = 3 BisTizxFexO12 samples deposited using a
sequential DLI-CVD recipe showed an increase in OPB defects with increasing
proportion of Fe3*in the material as it substituted for Ti** [6]. The difference in charge
between Ti** and Fe3* was compensated for by structural rearrangement of small
regions of the material to an m = 4 phase, with associated OPB and stacking fault

defects [15].

The differing ‘m’ intergrowths, OPB defects and stacking faults would contribute to
the complicated XRD patterns obtained. Attempts to calculate the crystalline quality
using a modified version of the Scherrer equation (figure S2) and calculations of the
c-axis parameters (figure S3) were deemed not accurate due to the large error
introduced by the peak shift in the XRD pattern for these materials. From the TEM
analysis it is known that anatase-like defects and OPBs are present in these materials,

this is discussed further in section 5.4.8.
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The presence of OPBs is not necessarily a detriment and may help to further
concentrate the Mn towards the inner perovskite layers, further enhancing
ferromagnetic behaviour. This has been observed in previous work, where atomic-
resolution HAADF-STEM dark field and corresponding EDX images of m = 5
BisTixFeyMn,018 materials show that there is an increased concentration of Ti (= 12
%) and a decrease in Mn (= 13 %) around OPB regions. The preference for Ti to occupy
sites adjacent to OPBs is possibly driven by a need to compensate for the localised Bi
deficiencies. Where OPB regions exist, there is a corresponding increase in Fe (5 %)
and Mn (8 %) in the central perovskite blocks, compared to regions free from OPBs

[3].

The presence of common secondary impurity phases in these materials such as the
pyrochlore Bi>Ti,O7 which has the reflections 14.6 ° (222) and 29.6 ° (444) (JCPDF 32-
0118) and the magnetic spinel phase Fe304 with the reflections 33.2 ° (220) and 35.4
°(311) (JCPDF 89-0951) was not evident from the XRD analysis. A possible secondary
phase at = 43 ° may be due the (-406) reflection of Bi>Ti4O11 monoclinic B2/b titanium-
rich phase. The occurrence of Bi;Ti4O11 was noted in previous materials deposited
using a similar sequential growth process [6]. However it should be noted that many
of these reflections overlap with peak position of the Aurivillius material and that the

detection limit of the XRD instrument is limited, on the order of 1 - 3 vol %.

5.4.3. Influence of substrate on Aurivillius phase structure

Attempts to synthesise a crystalline Aurivillius phase on sapphire substrates were
unsuccessful, with only pyrochlore Bi,Ti»O7 (JCPDF 32-0118) being formed. This is
likely due to the large lattice mismatch between the Aurivillius material and the
sapphire substrates (see Table 3). The theoretical pseudo-tetragonal lattice
parameter of the perovskite-type layer (ap’) in BTFO and BTFMO was calculated using

the equation from Newnham and Armstrong [16],

a, = 1.33r5 + 0.61, + 2.36A (5.1)
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Where ra is the eight fold coordinate radius value of the A-site ion (Bi**) and rg is the
six fold coordinate radii values of the B-site ions (Ti** (0.605 A), Mn3* (0.645 A) and
Fe3*(0.645 A)). The pseudo lattice parameter of BisTisFe1015 and BisTiz.sFe1.5MnosO1s
was calculated to be a,’ = 3.85 A and a,’ = 3.85 A respectively, using values of the
effective ionic radius (IR) found in the paper by Shannon [17]. The pseudo lattice
parameters for the LSAT, STO and sapphire substrates and the respective mis-match

between these substrates and the a,’ of the BTFMO material are shown in table 3.

Table 3: Pseudo lattice parameters and mis-match between the substrates and

the Aurivillius material

Substrate Lattice parameters Mis-match
LSAT 3.87 A +0.52%
STO 3.905 A +1.41%

Sapphire 4.78 A +19.46 %

As seen in Table 3, the LSAT and STO substrates have similar pseudo lattice
parameters to the Aurivillius materials under study here. The +1.41 % and +0.52 %
lattice mis-match between the LSAT and STO substrates and the BTFMO Aurivillius
material causes tensile epitaxial strain on the material. This tensile strain causes the
Aurivillius material to expand laterally. To maintain the total volume of the material
the lattice shrinks along the c-axis to compensate. The STO applies a greater tensile
strain than the LSAT substrate. This change in the pseudo lattice parameters can be
observed in the XRD analysis in figure 4 (a); the material on STO has the (0012),
(0016), (0018) and (0020) peaks shifted an average of 0.3 ° higher than the

corresponding reflections of the material on LSAT.

Generally, the strain within the film applied by the substrate becomes relaxed further
away from the substrate film interface as the film becomes thicker. To examine

potential strain relaxation of Aurivillius films on LSAT and STO substrates, as a function
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of film thickness, BTFMO was deposited with two types of film thickness. The
standard recipe used for BTFO and BTFMO growths (figure 3 and figure 4 (a))
consisted of 20 loops. We know from TEM data that this forms films about 52 + 0.4
nm thick. This is thicker than expected for a strictly layer by layer deposition process

(= 40 nm), this is discussed further in section 5.4.8.

Growth of a thicker BTFMO film consisted of 100 loops of the sequential DLI-CVD
recipe. This corresponded to a nominal 50 unit cells of the Aurivillius material
although it is like to be more than this based on the results of the 20 loop recipe
(section 5.4.8). XRD analysis of this 100 loop material, which has the nominal

stoichiometry BisTiz.sFe13Mno.101s, is shown in figure 4 (b).

Comparison between the thicker film (figure 4 (b)) and the thinner film (figure 4 (a))
indicates strain relaxation in the film as the material gets thicker. In figure 5, a closer
look at the (0018) reflection clearly shows the shift in peak position for the thicker
films. The positions of the (0018) peak maxima for both the materials (BTFMO LSAT
100 loops (39.23 ° + 0.002 °) and BTFMO STO 100 loops (39.28 ° + 0.001 °)) in the
thicker film (figure 4 (b)) is at very similar peak position and occur between the values
(39.19 ° £ 0.0003 ° to 39.48 ° + 0.0002 °) obtained for the thinner films i.e. the BTFMO
LSAT (0018) peak have slightly shifted higher (+ 0.04 °) and the BTFMO STO peak have
shifted lower (0.20 v). In table 4, the values of the peaks positions and FWHM of the

(0018) are presented.

Note that the shoulder on the peaks corresponding to the (008) and (0020) m = 4
Aurivillius reflection can be assigned as the (0010) and (0024) peak reflections
respectively of m = 5 Aurivillius phase. It is most clearly seen in the thinner STO
material due to peak shift caused by the substrate (figure 4 (a)). However, the
reflections around 43 ° are difficult to definitively identify as the monoclinic BizTiaO11
phase due to the overlapping presence of Aurivillius phase and substrate peaks in
that area. The peak reflections around 30 — 35 ° on the analysis of the 100 loop sample
(figure 4 (b)) has been obscured due to instrumental interference when the sample

size is < 0.5 cm x 0.5 cm. This is discussed in more detail in appendix 5, figure S4. The
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BTFO and BTFMO samples in figure 3 are larger (1 cm?) and not affected in the same

way.
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Figure 4: XRD analysis of the Aurivillius materials deposited by (a), 20 loops of the

sequential DLI-CVD recipe on LSAT and STO and (b), 100 loops of the sequential

DLI-CVD recipe on LSAT and STO. The shoulder on the (008) and (0020) peaks are

marked with a yellow circle.
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Figure 5: Comparison of the (0018) reflection for the 20 loop and 100 loop

materials.

Table 4: The peak positions and FWHM of the (0018) reflection.

BTFMO LSAT | BTFMO LSAT | BTFMOSTO | BTFMO STO
(0018)
Peak 39.19° ¢ 39.23° ¢ 39.48° ¢ 39.28° ¢
position 0.0003 ° 0.002 ° 0.0002 ° 0.001°
FWHM | 1.700+0.03 | 1.641+0.07 | 1.698+0.02 | 1.695+0.03
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5.4.4. Influence of Mn substitution on Aurivillius phase structure

The proportion of Mn in the BTFMO samples was relatively low at just 2.5 % of the B-
site cations. Comparing the XRD analysis of the BTFO and BTFMO samples on the
different substrates (figure 6) the addition of Mn had a small effect on FWHM (table
5) and the XRD peak positions (table 6). The FWHM increases for most peaks with the
substitution of Mn. The (006) and (008) shift slightly higher while the (0010) peak
position shifts slightly lower. The direction of these peak shifts may indicate the
occurrence of a different m Aurivillius phase as was observed in chapter 4 following

a reduced concentration for Ti in the material.
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Figure 6: XRD analysis of sequential DLI-CVD growth of BisTizoFe1.1015 BTFO and

BisTi2.sFe1.1Mnp.1015s BTFMO on (a), LSAT and (b), STO substrates.

Table 5: FWHM of selected peaks
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FWHM FWHM FWHM FWHM
Peak
BTFO LSAT BTFMO LSAT BTFO STO BTFMO STO
(006) 1.218 +0.033 | 1.383+0.468 | 1.264+0.131 | 1.348 £0.110
(008) 1.508 £0.019 | 1.593+0.052 | 1.447 £0.055 | 1.443 +£0.010
(0012) 1.280+£0.024 | 1.184+0.080 | 1.169+0.032 | 1.295+£0.074
Table 6: Peak position
Peak BTFO LSAT BTFMO LSAT BTFO STO BTFMO STO
12.103° + 12.106 ° 11.882°+ 12.114° +
(006)
0.001° 0.001° 0.011° 0.007 °
16.848 ° 17.005° + 16.896 ° + 17.055°
(008)
0.001° 0.002° 0.002 ° 0.001°
26.461° £ 26.382° % 26.872° + 26.689 ° +
(0012)
0.001° 0.004 ° 0.002° 0.002°

5.4.5. AFM analysis

AFM images of BTFMO material deposited during the same growth run on different

substrates are shown in figure 7. Deposition on LSAT and STO produces a smoother

crystalline material (RMS roughness = 900 pm) while the material deposited on

sapphire is rougher (RMS roughness = 14 nm) (figure 7).
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Figure 7: AFM BTFMO (a), LSAT, (b), STO and (c), sapphire substrates.

AFM images of the 100 loop samples are shown in figure 8. There is no notable
increase in roughness in the thicker film compared to the 20 loop materials. The RMS

roughness for BTFMO 100 loops LSAT and STO remains = 1 nm.

5.56 nm
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1.08

4.88 nm

Figure 8: AFM height images of BTFMO LSAT 100 loops (a), 2 um? and (b), 500 nm?
and AFM height images of BTFMO STO 100 loops (c), 2 pm? and (d), 500 nm?.

There is a notable difference in the surface morphology of the BTFO and BTFMO
materials in the AFM height images in figure 9. The surface area of grains was

determined (figures S5 and S6) and there is a higher distribution of smaller grains in
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the Mn containing materials although there is no significant difference in the RMS

roughness (=900 pm) of the materials.
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Figure 9: AFM height images of (a), BTFO LSAT, (b),BTFMO LSAT and (c), BTFO STO
and (d), BTFMO STO.
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5.4.6. Analysis of piezoresponse

Single frequency measurements (measurement frequency 15 kHz) simultaneously
recorded the lateral and vertical response of the material to the applied field. The
BTFO (figure 11) and BTFMO (figure 12) on LSAT materials were found to be
piezoelectric and naturally self-polarised with 180 ° domains. Higher piezoresponses
were observed in the lateral direction (relative piezoresponse values of 42 pm/V and
45 pm/V for BTFO and BTFMO on LSAT, respectively) compared with those measured
in the vertical direction (relative piezoresponse values of 5 pm/V and 9 pm/V for BTFO
and BTFMO on LSAT, respectively). A vertical piezoresponse would not be expected
in @ m = 4 Aurivillius system as the mirror symmetry along the c-axis prevents an out-
of-plane polar component. The vertical response here may be duetom=3 and m =

4 intergrowths. The m = 3 Aurivillius does have a small out of plane polarisation.

These are uncalibrated measurements and hence they are relative comparisons (not
absolute values) using the same imaging conditions. To examine whether polarisation
is anisotropic within the lateral plane, the sample was measured with the cantilever
aligned parallel to the [100] substrate direction. Following this, the sample was then
rotated by 90 ° so that the cantilever was aligned parallel to the [010] substrate
direction and similar PFM measurements were performed again (figure 10). For the
BTFO (figure 11) and BTFMO (figure 12) materials the lateral response was
comparable along each direction. Gradauskaite et al. observed isotropic domain
orientation at a thickness greater than a half unit cell of the BisTisFe1015 on epitaxial
[001] NdGaOs (NGO) substrates and only in the ultra-thin film of a half unit cell

thickness were anisotropic domains observed [18].

Due to lack of microscopic topographic markers on the sample surface, the exact
same sample area could not be selected for study after physical sample rotation,
however as the material has an epitaxial relationship to the substrate the

directionality of the material with respect to the cantilever is known.
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Figure 10: Schematic of sample and cantilever orientations to investigate

polarisation anisotropy using PFM.
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Figure 11: Single frequency PFM of BTFO on LSAT. The lateral 1 (a) height, (b)

amplitude and (c) phase. Lateral 2, 90 ° rotation of the sample (d) height, (e)
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amplitude and (f) phase. Vertical PFM response, (g) height, (h) amplitude and (i)

phase.
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Figure 12: Single frequency PFM of BTFMO on LSAT. The lateral 1 (a) height, (b)
amplitude and (c) phase. Lateral 2 90 ° rotation of the sample (d) height, (e)
amplitude and (f) phase. Vertical PFM response, (g) height, (h) amplitude and (i)

phase.

Due to the relatively small piezoresponse, a PFM method know as DART-PFM [11] was
used to boost the signal during imaging of these samples. The feedback loop reduces
instrumental crosstalk. The result of lateral DART-PFM measurements are shown in
figure 13. The materials are found to be naturally self-polarized. The domains are

smaller than those observed in samples deposited using chemical solution deposition
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(CSD) (chapters 3 and 4). For example, an average domain size of 7.4 nm? was
determined for a sample made by sequential DLI-CVD compared to an average 369.6

nm? for a sample made by CSD.

Height Amplitude

Figure 13: DART PFM (a) BTFO on LSAT, (b) BTFO on STO, (c) BTFMO on LSAT and (d)
BTFMO on STO.

5.4.7. Analysis of magnetic properties

To investigate the magnetic behaviour of these materials, SQUID (Superconducting

Quantum Interference Device) analysis of the BTFO and BTFMO samples on LSAT and
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STO was performed. Hysteresis loops (MH curves) of the materials magnetic response
to an applied magnetic field at a set temperature were recorded as well as the
magnetic response over a temperature range (MT). MT measurements were
performed under field cooled (FC) and zero field cooled (ZFC) conditions and the
remanence (REM) was calculated from the ZFC-FC measurements. The magnetic field
applied was 50 Oe. The orientation of the sample is in-plane with respect to the
magnetic field during measurement and the diamagnetic contribution from the

substrates has been subtracted from the results.

The BTFMO film on LSAT displayed a non-linear (‘S’-shaped curve) MH response to
the applied magnetic field throughout the range of temperatures the analysis was
carried out under (figure 14 (a)). On increasing the temperature from 2 K to 200 K the
magnetic response decreases, shown by the lower remanent magnetization (M;) and
coercivity (H¢) (Table S1). At higher temperatures, 250 K and 300 K, the magnetic
response again increases. This suggests that a phase transition (from ferromagnetic
to paramagnetic) occurs above 200 K. The FC and ZFC plots diverge around 130 K and
the remanence decreases with increasing temperature (figure 14 (b)). The decrease
in Hc and remanence with increasing temperature and the ‘S’-shaped curves of the
MH plot over the temperature range 2 K to 200 K are consistent with ferromagnetic
behaviour. The increasing Hc at 250 K and 300 K but with a continued decrease in

remanence over that range indicates paramagnetic behaviour.

The BTFO film on LSAT did not display ferromagnetic behaviour as the coercivity
decreased with decreasing temperatures from 10 K to 2 K (figure 14(c)) (Table S2).
This indicated diamagnetic behaviour. The FC-ZFC plots increase sharply at very low
temperatures and above 20 K, both plots coincide together (figure 14(d)). This could
possibly be explained by superparamagnetism originating from very small
ferromagnetic nanodots (= 2 nm) in the film [19, 20]. These small particles would only
be ferromagnetic at very low temperatures (< 20 K) and above that are
superparamagnetic. This is supported by the MH curves where only the 2 Kand 10 K
(without diamagnetic subtraction) show hysteresis. The possible presence of such

particles would need to be confirmed by detailed TEM analysis.
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Figure 14: Magnetic measurements of (a) MH, and (b) MT for of BTFMO on LSAT
and (c) MH and (d) MT for BTFO on an LSAT substrate.

The BTFMO on STO sample (figure 15 (a)) displayed a non-linear response to the
applied magnetic field. There is divergence of the FC-ZFC plots below = 280 K (figure
15 (b). The Hc and remanence for this material increase with decreasing temperature
consistent with ferromagnetic behavior (table S3). There is a decrease in Hc at 2 K. As
the material displays ferromagnetism at higher temperatures, the sharp increase in
FC and ZFC moment can be attributed to antiferromagnetic spins from Fe3*-Fe3*
interactions, rather than superparamagnetism as with the BTFO LSAT sample (figure
14(d)). The point at -50 kOe in figure 15 (a) is determined to be due to instrumental

error during the analysis, perhaps due to fluctuations at high negative field.

The BTFO on STO sample (figure 15(c) and (d)) shows an increase in coercivity and

remanence with decreasing temperature which would suggest ferromagnetic
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behavior (table S4). There is a decrease in Hc between 10 K and 2 K. The FC and ZFC

plot diverge below 265 K and there is a sharp increase in both the FC and ZFC at very

low temperatures which may be due to possible antiferromagnetic interactions.

5
1
3
T 2
=]
S 1
Eo
g1
5 2
=3
-4
-5
(a)
1
3k
- 2l
£
3 1
3 L
£
@
= 0
[=
£
5 -1t
=
2
3l
(c)

L r...l)‘*“—-. 4
L s at=t—Y
B .)_—':::IZ’—" i
\ —a—2K
- —s— 10K
L -, u-f 20K |1
—v— 50K
-60 -40 -20 0 20 40 60

Magnetic Field (kOe)

- -

L

-60

-20 0 20
Magnetic Field (kOe)

-40

40

60

Moment (emu/cm?)

0.8

0.6

0.4

0.2

(b) ©

Moment (emu/cm?)

(d)

—a—ZFC
s FC
—A— REM

50 Oe

-

(=]

50 100 150 200 250 300
Temperature (K)

—=—7FC
—+—FC
—&—REM

50 Oe

100 150 200 250 300

Temperature (K)

0 50

Figure 15: Magnetic measurements of (a) MH and (b) MT for BTFMO on a STO

substrate and (c) MH and (d) MT for BTFO on a STO substrate.

Although ferromagnetic behaviour is observed below 200 K, ferromagnetic behaviour

does not persist at room temperature, which is different to that observed for the m

= 5 BigTixFeyMnyO1s films [1, 2]. This may be due to the decreased concentration of

magnetic ions present in the materials in this work. The percentage of magnetic ions,

iron and manganese, at the B - sites of the BTFMO material is 30% and only 2.5% of

this is manganese. Room temperature magnetic behaviour was observed in

BisTiz2.sFe1.52Mno 63018 material, which had a concentration of 13 % manganese and a
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total of 44 % iron and manganese at the B-sites [1, 2]. Computational work by
Birenbaum et al. has shown the Curie temperature increases when the concentration
of magnetic ions increases [21]. This may explain why the magnetic behaviour does
not persist at room temperature for the samples presented in this work. For a random
distribution of ions in a 3D lattice, a concentration of 31 % is necessary for near
neighbour coupling and 14 % for next near neighbour [22]. According to the
Goodenough-Kanamori rules [23] a super-exchange mechanism can occur between
Mn#* - O - Mn3 or Mn* - O - Fe3* which would result in ferromagnetic behaviour.
Manganese is nominally in the 3+ oxidation state in these materials but it could
readily oxidise to the Mn* state particularly in response to a decreased Ti*
concentration as discussed in chapter 4. The observation of antiferromagnetic
behaviour in BTFO on STO can be attributed to coupling between Fe3* - O - Fe3* or
Mn**- O - Mn**. Ferromagnetic behaviour would not be expected for Fe3*- O - Fe3* or
Mn# - O - Mn* interactions. If we assume that Ti has a 4+ oxidation state and Fe has
a 3+ oxidation state, then the chemical formula BisTi»gFe1.1015 does not have a
balanced charge. Theoretically, this could drive the formation of Fe** to maintain a
balanced stoichiometry. Fe** - O - Fe3* interaction would produce ferromagnetic
behaviour. In other works, the presence of has been Fe** experimentally determined
at the boundary walls of the BiFeOs material, however, away from the electrostatic
environment of the domain wall the formation of Fe** was not observed and Fe3* was
dominant [24, 25]. Therefore, we do not expect Fe** to be present in these materials.
Interactions between Fe3*- O - Fe?* could produce ferromagnetism but the formation
of a lower oxidation state would not be favourable in this system [26, 27]. Perhaps it
is more likely that the Dzyaloshinskii-Moriya interaction is responsible for the weak
ferromagnetism observed. The Dzyaloshinskii-Moriya interaction can cause weak
ferromagnetism in antiferromagnetic systems due to spin canting leading to a net
magnetisation [28]. Spin canting was responsible for ferromagnetism in BiFeOs
systems [29]. The observed M vs H plots could also be consistent with
ferrimagnetism. It is difficult to conclude the sample behaviour to be ferrimagnetic

and not ferromagnetic as that can be understood from the amount of moment. That
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can be only be calculated if the exact structure of the sample and the details like ions

per unit cell are known.

Computational studies by Birenbaum et al. investigated the site preference of iron in
the BisTizsFe1015s m = 4 Aurivillius phase [30]. They noted that the occupation of the
inner perovskite blocks by Fe3* was favoured over the occupation of the outer
perovskites adjacent to the Bi»O, interlayer. However, when the c/a lattice
parameters became larger, such as the material being under compressive strain, there
was an increase in occupation of the outer layers of the perovskite blocks. A more
random distribution of Fe throughout all the available perovskite sites may explain
the lack of magnetic response of the BTFO on LSAT material. This may explain why a
larger magnetic response is observed in BTFMO on STO than BTFMO on LSAT. For
example at 20 K, BTFMO on STO Mg = 3.51 emu/cm?3 (table S4) and BTFMO on LSAT
Mg = 1.50 emu/cm?3 (table S1).

Further analysis, such as the detailed microstructural and statistical analysis as
developed by Schmidt et al. [31], is necessary to confirm that the observed magnetic
responses are intrinsic to the Aurivillius phase material and not due to small volumes
of secondary impurity phases. Trace amounts (= 0.01 vol.%) of secondary impurities,
if present, may be responsible for an observed magnetic response [32], therefore

detailed purity analysis is required to exclude this possibility.

5.4.8. TEM analysis

TEM analysis for BTFO and BTFMO shown in figure 16. The thickness of these films is
= 52 £ 0.4 nm. This is thicker than expected for a strictly layer by layer deposition. To
estimate the expected thickness of the film, the following equation can be used. The
c-axis length of the m =4 BTFMO Aurivillius material can be estimated by equation

5.2 [33];
c/2=f+h (5.2)

where h = m*p; p is the thickness of the perovskite block (p = 4 A ), m is the number

of perovskite blocks and f is the thickness of the fluorite (Bi,0,)?* interlayer which has
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an average value of 4.08 A [34]. Using this equation, 20 loops of the sequential DLI-
CVD recipe would produce a film = 40 nm thick. The presence of intergrowths of
different m phases limits the usefulness of this calculation. It is clear from the TEM
images that there is greater than 20 half-unit cells of the Aurivillius phases occurring.
This is also complicated by the presence of out of phase boundaries, but 24 to 27 half-

unit cells can be distinguished from the TEM images (figure 16).

We see also the presence of anatase-like defects which indicates migration of
bismuth during the deposition process [35, 36]. The distinctive “S-shaped tunnels”
are formed by the anatase-like chains together with the octahedra of the perovskite
blocks. The S-shaped tunnels are occupied by and stabilised by double columns of
lone pair, stereochemically active Bi3* cations. The double Bi columns at the interfaces

create a “zig-zag” pattern of Bi atoms between the perovskite blocks [35, 36].
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Figure 16: TEM images of (a) BTFO and (b) BTFMO material on LSAT substrates.

5.4.9. Discussion on the difficulties of synthesising Aurivillius phases with

higher ‘m’ numbers

The initial aim was this study was the fabrication of the m = 5 Aurivillius phase and
the sequential DLI-CVD recipe used mimicked this structure. However, the lack of a
large bismuth excess during the deposition process and also the proportion of Ti** to
Fe3*/ Mn3* favoured the formation of the lower m phase. In addition to this, elastic
strain mismatches between the (Bi202)?* interlayers and perovskite units has been
proposed as the driving force behind the difficulty of fabricating Aurivillius materials
with m > 4 [37]. Kikuchi notes that the actual lattice parameter, g, of BisTizO12 (3.83
A) is between that of the unconstrained (or “natural”) lattice parameter for the
(Bi,02)%* layer (ae = 3.80 A) and that of the unconstrained perovskite block (ap = 3.89
A) [16]. This puts the perovskite blocks under compression, and the (Bi»0,)?* fluorite

layers under tension. For a real lattice with lattice parameter, a, forces must be
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balanced, therefore the stresses of the (Bi»02)?* layer (expanding) must equal the sum
of the stresses of the perovskite layers (contracting). Given that the modulus of
(Bi202)?* layer is independent of composition of perovskite layers; the total bulk
modulus must be proportional to the modulus of the perovskite layers. Kikuchi then
performs calculations based on bulk compressibility’s to predict the energy stability
of the Aurivillius structures with different values of m. An increase in number of
perovskite groups, m, gives an increase in pseudo-tetragonal lattice parameter, a,
therefore increase in cell volume (V). It follows that the total strain energy, E, caused
by the dilation of (Bi»02)%* unit and the compression of perovskite-like units, increases
with number of perovskite layers. Hence there is an increase in enthalpy of formation
for higher m structures and it is therefore thermodynamically less favourable to
synthesise higher m structures. The material may prefer the arrangement that
balances this elastic strain, such as the formation of lower m =4 and m = 3 Aurivillius

phases in this contribution.

5.5. Conclusion

A sequential DLI-CVD growth recipe was developed with the objective of mimicking
the m =5 Aurivillius phase materials, BisTisFe201s and BigTizFe1.sMngsO1s on LSAT and
STO substrates. However, using a 11 — 14 % bismuth excess and with precursor
injection ratios for Bi:Ti:Fe of 6.9:3.6:1.4 and Bi:Ti:Fe:Mn of 6.7:3.5:1.4:0.1 for B6TFO
and B6TFMO, respectively, an m = 4 phase was favoured instead. XRD analysis
confirmed that the materials deposited indexed most closely with the lower m = 4
Aurivillius phase, with indications that intergrowths of m =3/ m =4/ m =5 regions
co-exist within the film. TEM analysis confirms the presence of out of phase boundary

defects contributing the broad peaks observed in the XRD analysis.

The sequential DLI-CVD recipe failed to produce the desired m phase in this work
however, future adjustment to the DLI-CVD recipe may yet produce the desired
phase. In particular, increasing the total flow volumes used during the experiments
to improve the run to run consistency and increasing the excess of Bi (> 68 %)
available throughout the deposition process may help to overcome any local Bi
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deficiency and possibly push the structure to form the higher m phase. Further
experiments in this area would include investigating the effect of the growth
temperature on the availability of Bi during the growth and targeting a B6TFO and
B6TFMO m = 5 structure.

Despite not achieving the targeted m = 5 Aurivillius phase, the m = 4 materials
produced were chosen for further examination of their properties. It was found that
the LSAT and STO substrates induced tensile epitaxial strain on the BTFO and BTFMO
Aurivillius films. This was seen as peak shifts in the XRD analysis, as the in-plane lattice
expanded causing the c-axis to shorten. The influence of substrate strain on the film

diminished in thicker films.

The BTFMO materials on LSAT and STO substrates exhibited a remanent magnetic
response with respect to the applied magnetic field across the temperatures
measured, with ferromagnetic behaviour up to 250 K and 280 K, respectively. In both
cases, the magnetisation was higher than the corresponding BTFO films. This study,
along with previous studies of the B6TFMO films [1, 2] demonstrates that the
presence of manganese is a key factor promoting ferromagnetic behaviour in the
Aurivillius phases. This is an encouraging result for the development of room
temperature multiferroics, however a full suite of purity analysis needs to be
performed to confirm the source of the magnetic signal, given that small volumes (=

0.01 vol.%) of secondary magnetic phases could produce such a response.
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6. Effect of deposition temperature on sequential direct liquid
injection chemical vapour deposition (DLI-CVD) of Aurivillius phase

materials

6.1. Abstract
A sequential direct liquid injection chemical vapour deposition method was used to
deposit a series of Aurivillius phase thin films on epitaxially-matched substrates LSAT
and STO. The effect of deposition temperature on the materials was examined.
Crystalline Aurivillius phase films were deposited as epitaxial thin films at 710 °C, 690
°C, 670 °C, 650 °C, 630 °Cand 610 °C. The crystalline quality was examined by rocking
curve XRD analysis. The FWHM of the films deposited at 710 °C were narrower than
those deposited at 610 °C, indicating an improved crystallinity at higher deposition
temperatures. AFM analysis of the surface morphology indicated the presence of
some secondary phases within samples deposited on LSAT substrates but not on the
corresponding materials on STO. A further modification of the sequential DLI-CVD
recipe consisting of a continuous injection of bismuth precursor accommodating
each precursor injection was employed. In this way the cations, titanium, iron and
manganese, could be introduced in sequential order to concentrate the magnetic
ions to the inner perovskite units without a local deficiency of bismuth. XRD analysis
of these materials found that they had narrower FWHM indicating the this method

may produce films with fewer dislocations.

6.2. Introduction
Direct liquid injection chemical vapour deposition (DLI-CVD) involves the
introduction of pulses of precursor solution with a carrier gas which can either be
reactive or inert, which flows over the substrate in the reaction chamber. In previous
work from our laboratories [7], the concurrent DLI-CVD method used to synthesise
m =5 B6TFMO Aurivillius samples did not deliberately impose layer-by-layer ordering

of the material during the deposition process. In Chapter 5, the DLI-CVD method has
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been modified to separate the precursor pulses in time, so as to directly mimic the
layered structure of the Aurivillius phase and to intentionally place Ti** cations
towards the outer layers and place Fe3* and Mn3* towards the central layers [1]. The
method of separating the precursor pulses in time was first proposed by Weber et al.
[2] and has been used to fabricate HfO; [3] and metal-insulator-metal capacitors [4,
5]. Previous work by Deepak et al. has used this sequential method to deposit m =3
BisTizO12 [1] and BiaTiz 5Feos012 [6] Aurivillius material. By utilising this sequential DLI-
CVD method, it was hoped to further direct the location of the magneticions towards

the inner perovskite blocks to enhance long-range magnetic interactions.

Bismuth volatility is an issue for these materials and deposition at lower
temperatures may prevent the loss of bismuth. The diffusion of bismuth through a
layered structure often results in crystallographic shear, the formation of out of
phase boundary defects and associated secondary phases [7]. There is enhanced
bismuth diffusion above 710 °C [8] and recent studies have shown that reducing the
deposition temperatures to 710 °C and 700 °C successfully reduced the formation of
unwanted secondary phases [9]. Within the present chapter, we examine the effect
of deposition temperature on the structural properties of Aurivillius phase thin films

formed utilising this sequential method.

The thin films were deposited on epitaxially-matched substrates LSAT and STO and
the effects of tensile strain on the physical structure are also investigated. The
sequential DLI-CVD recipe was further modified to include a bismuth injection at each
step of the deposition recipe (called continuous Bi sequential DLI-CVD). This method
was explored as a means to prevent a local deficiency of bismuth during the growth

process while also controlling the order of injection of the B-site cations.

6.3. Experimental
The BTFMO Aurivillius phase materials were deposited using an Aixtron AIX 200 4/FE
AVD system. The precursors were Bi(thd)s, Ti(O-iPr)2(thd)s, Fe(thd)s where thd =

2,2,6,6-tetramethyl-3,5-heptanedionate and O-iPr = iso-propoxide as 0.1 M solutions

184



Chapter 6

in toluene. Mn(thd)s was prepared as a 0.025 M solution in toluene. The carrier gas
was Nz and the oxygen source was Ozg). The liquid precursor solutions were
vapourised before being introduced into the reaction chamber using the Trijet™
system that forms part of the Aixtron AVD kit. The ratio of precursors used was
controlled by varying the opening times and monitoring the flow of precursor
solution using flow meters. The single-crystal substrates were placed on a susceptor
contained in a quartz reaction chamber which was heated using IR lamps. The
reaction chamber was pumped down to = 10 mbar during the deposition process.
The substrates used were LSAT (Lao.26Sro.76Alo.s1Ta0.3703 [100]), STO (SrTiOs, [100])
and c-plane sapphire. LSAT and STO were supplied by Crystal GmbH and sapphire by
University Wafer. The deposition temperature ranged from 610 °C to 710 °C. The
sequential DLI-CVD growth recipe involved 10 pulses of the precursor followed by a
10 second pulse gap before the next injection of precursor. One loop mimicking one
half unit cell of the m = 5 Aurivillius phase is depicted in figure 1. The loop was
repeated 20 times with an additional two injections of Bi precursor at the end to
complete the structure. In section 6.4.1 the results of the temperature series
deposited using the recipe in figure 1(b) and in section 6.4.2 the results of recipe

figure 1(c) are presented.

SimultaneousCVD Sequential CVD ContinuousBi
Sequential CVD

o (—— o— o—

(I o jee v oo v o0 o junsnnnnanann
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(a) e (b) RS EE RSN (c) AR S Y
Time Time Time

Figure 1: Images depicting the different growth methods, (a) conventional
simultaneous DLI-CVD, (b), sequential DLI-CVD and (c) sequential DLI-CVD recipe

with additional continuous bismuth flow accompanying each precursor injection.
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X-ray diffraction (XRD) analysis was performed using a Panalytical X'pert MRD
diffractometer. Parameters included: voltage 45 kV and current 40 mA, scan range
between 5 to 40° 26, step size 0.001 °/s, Cu Ka radiation A = 0.1541874 nm. The
materials were indexed from a reflection table generated using the VESTA software
[10] and the data for the m = 4 Aurivillius phase was obtained from Liu et al. [11], m
= 3 from Hervoches and Lightfoot [12] and m = 5 from Garcia-Guaderrama et al. [13].
Additional XRD was carried out using a Rigaku Smartlab with a 16 kW Cu rotating
anode, a 2-bounce Ge monochromator and a Hypix detector. Out-of-plane scans
(standard symmetric 6/26 configuration) and rocking curves (varying o at a fixed 20
angle) were performed to assess the phase purity and crystalline quality of the

samples.

Atomic force microscopy (AFM) was performed using an Asylum Research MFP-3D™
in AC mode with Olympus probes AC240TS (Al reflex coated, 15 nm tip radius, 70 kHz
resonant frequency). Additional AFM analysis was performed using a Bruker
Dimension lcon instrument in PeakForce tapping mode. Scan rate = 1 Hz and scan
angle = 0 °. The AFM probes used were Bruker SCANASYST-AIR probe, Al reflex

coated, 2 nm tip radius, 70 kHz resonant frequency.

Piezoresponse force microscopy (PFM) measurements were performed using an
Asylum research MFP-3D AFM instrument. The method known as Dual AC resonance
tracking PFM (DART-PFM) [14] was used to reduce topographical crosstalk. This was
achieved through a feedback system adjusting the drive frequency in response to
changes in the amplitude. The probes used were Olympus AC240TM electrilevers
(Ti/Pt coated silicon probes, Al reflex coated, 15 nm tip radius, 70 kHz resonant

frequency)). Scan rate = 1 Hz and scan angle = 90 °.

Scanning transmission electron microscopy (STEM) analysis was carried out using a
Thermo-Fisher Scientific double tilt STEM holder in the Thermo-Fisher Scientific FEI
double aberration-corrected monochromated Titan Themis Z at the University of
Limerick. The microscope was operated at 300 kV. The imaging mode used was STEM

at 146 mm camera length with a 50-um C2 aperture.
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6.4. Results and discussion
6.4.1. Investigations of sequential DLI-CVD over a temperature series
6.4.1.1. XRD analysis

A series of BTFMO samples were deposited at 710 °C, 690 °C, 670 °C, 650 °C, 630 °C
and 610 °C on LSAT, STO and sapphire substrates. The deposition process used was a
sequential direct liquid injection chemical vapour deposition (DLI-CVD) method that
mimicked the m = 5 Aurivillius phase material. As discussed in chapter 5, although
the recipe mimicked the m = 5 phase, the XRD analysis of these materials indexed
most closely to the m = 4 phase. The XRD analysis of the growth on the LSAT and STO
substrates is shown in figure 2 and sapphire in figure S1. The peak reflections of the
material deposited on LSAT and STO indexed most closely to the m = 4 Aurivillius
phase material (A2:am orthorhombic space group). The calculated nominal
stoichiometry of the thin films is presented in Table 1, assuming Bis for an m = 4
structure. The nominal stoichiometry is calculated using the ratio of precursors used
during the growth process. However, while the materials have been indexed using
the m = 4 Aurivillius phase as a reference, there is significant peak broadening (table
2) and shift (table 3) from the reference pattern. This indicates the presence of
intergrowths of different ‘m’ Aurivillius phases such as m = 3 or m = 5. The formation
of these different phases may be in response to the requirement to maintain a
balanced charge based on the precursor flow ratios utilised. For instance, with a
nominal composition of BisTiz.16Fe0.6sMno.16015 and assuming oxidation states of +4,
+3 and +3 for Ti, Fe and Mn respectively, this would yield a positive charge of +0.16.
On the other hand, for the nominal composition of BisTizeFe1.23Mno.1701s, this would
yield a negative charge of -0.40. Since there should be no net charge on the Aurivillius
phase structures, there needs to be a mechanism to compensate for this. One
possible compensation mechanism is that the oxidation states can vary, for example,
there may be a variable oxidation state for manganese, as was discussed in chapter
4. However, the concentration of Mn in these materials is relatively low and, as seen

in table 1, even if all of the Mn was to exist in a +2 or +4 oxidation state it would still
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be insufficient on its own to accommodate the unbalanced stoichiometry for many
of the materials. This is represented in the table as > Mn**. A second compensation
mechanism that the Aurivillius structures could utilise to respond to charge
imbalance is by forming intergrowths of different ‘m’ phases. For instance, if the m =
4 BisTiz.6Fe1.23Mno 17015 structure with a negative charge of -0.40 were to reorganise
to an m = 5 structure, BieTiz.2sFe1.54Mng 21015, the overall charge would be positive
+0.25. By accommodating layering between discrete regions of m = 5 intergrowths
within the m = 4 matrix, charge balance could be allowed for. The presence of out of
phase boundary (OPB) defects is common in layered Aurivillius phases [15] and OPB
defects can occur at the meeting point of two different ‘m’ phases. Associated cation
(A-site or B-site ions) or possible anion vacancies (e.g. oxygen anions) at the OPB
regions is a third compensation mechanism postulated that would accommodate
overall charge balance within the films. These OPB defects would also contribute to
the broad peaks observed in the XRD plots. TEM analysis confirms the presence of
OPB defects in the 710 °C STO (figure 10) material which is discussed in more detail
later.

The thin films deposited on the LSAT and STO substrates clearly show the reflections
characteristic of crystalline Aurivillius material. The reflections for the film on the
sapphire substrate (figure S1) are consistent with a pyrochlore Bi;Ti.O7 which has the
reflections 14.6 ° (222) and 29.6 ° (444) (JCPDF 32-0118). This is to be expected at
these temperatures as usually a post anneal is required for the crystalline Aurivillius
materials to form on sapphire [9, 16]. The LSAT and STO substrates have an epitaxial
relationship with the Aurivillius material, whereas the mismatch between the
Aurivillius material and the sapphire substrates is much larger. Growth on an epitaxial
substrate lowers the energy needed to form the highly ordered Aurivillius structure
[15]. To demonstrate this, the pseudo lattice parameter of BisTizsFeiMngsO1s was
calculated as 3.85 A using the method in [17]. For LSAT ap, = 3.868 A (+ 0.47 % lattice
mismatch) and for STO ap = 3.905 A (+ 1.43 % lattice mismatch) (figure 4). However,
for sapphire substrates the lattice constant ap = 4.78 A which represents a + 19.46 %

lattice mismatch.
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The excess of bismuth present during the growth run is presented in table 1 also. In
previous work by Deepak et al., between 68 to 110 % excess bismuth precursor was
found to be necessary to produce single phase Aurivillius materials [6]. A large excess
of bismuth was a precaution taken due to its volatility during growth. Therefore, the
overall formation of the m = 4 phase and not the intended m =5 phase in this work
may be attributed to an insufficient bismuth excess during the growth process, as
well as the requirement for intergrowths of differing ‘m’ phases to maintain overall

charge balance based on the precursor ratios utilised.

Table 1: Details of nominal sample stoichiometry and bismuth excess.

Sample m=4 Bi/Ti %Bi excess Mn o/s
BTFMO 710°C BisTis.16Fe0.68MnN0.16015 2.09 32% Mn?*
BTFMO 690°C BisTiz.12Fe0.71Mno.17015 2.08 30% Mn2-29+
BTFMO 670°C BisTi2.73Fe1.11Mng.16015 1.98 8% > Mn*
BTFMO 650°C BisTi2.71Fe1.12Mng.17015 1.96 6% >Mn#*
BTFMO 630°C BisTiz.s6Fe1.28Mno.16015 2.15 10% >Mn**
BTFMO 610°C BisTi2.6Fe1.23Mnp.17015 1.92 0% >Mn#*

The additional peaks around the (0010) peak in the STO 610 °C, 630 °C and 650 °C
samples indicates superlattice reflections due to a periodic alternating of differing
‘m’ phases. The full width half maxima of selected peaks of the material on LSAT are
shown in table 2. There is no clear trend in terms of increase/decreasing FWHM
through the temperature series. The crystalline quality of the materials may be
affected by the variations in stoichiometry as well as the different deposition

temperatures used.

In table 3, the peak shift relative to the reference pattern is presented. The (008),
(0016) and (0018) peaks move from lower to higher 26 values while the (0012) shifts
from higher to lower 20 values as the deposition temperature decreases. The

crystalline quality of the materials may be affected by the changing stoichiometry as
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well as the different deposition temperatures used. Due to run-to-run variability, it
is noted that the ratio of Ti to Fe and Mn is generally lower as the temperature series
progresses. As a result, there will be differing levels of requirement to compensate
for charge balance across the series. Therefore, due to this additional variable it is

not possible to attribute the observed peak shift solely to the decrease in deposition

temperature.
(0010) m=4
(008) « (0012) (0016) (0018) substrate/instrument
1 LSAT )
- . —\ 610°C
3 {——— N\ 630°C
-
i {— ————N soc
Il A N A N 690°C
(a) - — LN 710°C
I1IOI1I5 2‘0‘2‘5I3I0'3‘5I4IOI
2 Theta (°)
| STO . ,
J—_— t——rt—1  610°C
5 i Y |l __r 630°cC
ig ‘ Y A 650°C
_ A~ - 670°C
] Ve 1 1" 690°C
b) | —— ~————+—— 710°C
10 15 20 25 30 35 40
2 Theta (°)

Figure 2: XRD patterns of BTFMO on (a) LSAT and (b) STO as a function of substrate

temperature during growth.
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Table 2: FWHM of selected peaks of the BTFMO films on LSAT substrates

Peak 710 °C 690 °C 650 °C 610 °C
(008) 0.996 £ 0.053 1.016 £0.041 | 1.108 £0.006 | 0.997 +0.037
(0012) 0.812 £ 0.036 0.725+0.055 | 1.208 £0.027 | 1.113+0.150
(0016) 1.163 £ 0.044 1.080+0.017 | 1.512+0.044 | 0.941+0.258
(0018) 1.204 + 0.027 1.190+0.036 | 1.214+0.008 | 1.051+0.020

Table 3: Shift in peak position from the reference pattern of the BTFMO films on

LSAT substrates
Peak 710°C 690 °C 650 °C 610 °C
(008) -0.253°+0.068 ° -0.244°+0.002 ° +0.021°+0.001° +0.304°+0.001°
(0012) | +0.664°+0.130° +0.554°+£0.057 ° +0.060 ° £ 0.004 ° -0.441°+£0.007 °
(0016) | -0.768°+0.033° -0.699°+0.035° -0.251°+0.003° +0.555°+0.154°
(0018) | -0.224°+0.006° -0.202°+0.011° -0.067°+£0.001° +0.261°+0.001°

In figure 3, the XRD reflections around the 20 angle of 17 ° are presented and the

peak shift is clearly seen away from the (008) reflection of the m = 4 structure. The

films with a high Ti to Fe / Mn ratio shift towards the m = 3 (006) reflection and those

with a low Ti to Fe / Mn ratio shift towards the higher m = 5 (0010) reflection.

Individual contributions from the m =3, m =4 and m =5 phases could not be resolved

due to similar peak positions for the respective (006), (008) and (0010) reflections

and given the relatively broad nature of the peak.
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Figure 3: Zoomed-in XRD pattern of the temperature series for BETFMO on LSAT.
The peak shift of the (008) reflection m = 3 (006), m = 4 (008) and m =5 (0010).

All the XRD peaks for the films deposited on LSAT and STO substrates corresponded
to (00/) reflections. Therefore, the Lotgering factor for all of these materials was f =
1 [18]. As all of the reflections were (00/) only the c-axis pseudo lattice parameter
could be determined using the following relationship between d spacing and lattice

parameters (6.1),

1 _ h?

d? a?

k? 12
+ b—2+ = (6.1)

The calculated c-axis parameter is shown in figure 4. An average value for the (008),
(0010), (0012), (0016) and (0018) reflections was used and the error is the standard
deviation between the calculated values. There is a relatively large margin of error
on these values except interestingly for the 650 °C LSAT and 670 °C STO film (figure
4). The calculated c-axis pseudo lattice parameter for the 650 °C film on LSAT is 41.1
A and that for the STO 670 °C sample is 40.8 A. The XRD pattern of these materials

match closely to the reference m = 4 Aurivillius phase pattern. The presence of
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different ‘m’ phases causes some peaks to shift to higher 20 values and others to
lower 206 values, thus leads to a large error in the calculated values. The significant
error associated with the calculated values prevents an overall trend over the
temperature series to be determined. Also, the crystal size broadening effect can
contribute to the broadness of the peaks obtained for these materials as the films

are quite thin (17-31 nm) [19].

Temperature series

42.5
@ LSAT

42 A STO

41.5
41 @

’
40.5 * +

40

c-axis lattice parameter (A)

39.5
610 630 650 670 690 710
Temperature (C°)

Figure 4: Calculation of the c-axis pseudo lattice parameter for BTFMO growth on

LSAT and STO as a function of growth temperature.

The theoretical pseudo lattice parameters of the Aurivillius phase thin films were
calculated using the stoichiometry given in table 1. The calculation of the pseudo-
tetragonal lattice parameter were performed using the following values Bi3* (1.11 A),
Ti** (0.605 A), Fe3* (0.645 A) and Mn3* (0.645 A) [20]. It was assumed that all Mn was
in the 3+ oxidation state. The error bars represent the change in the calculated values
when Mn is present in the 2+ or 4+ oxidation state, Mn2* (0.83 A) and Mn** (0.53 A)
[20]. As shown in figure 5, the LSAT and STO substrate apply tensile strain to the

Aurivillius materials.
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Figure 5: Theoretical pseudo lattice parameters, ap, of the BTFMO samples,

calculated from the stoichiometry of the materials.

The tensile strain applied by the substrates explains the observed shift in the XRD
pattern of the films on different substrates in figure 6. The LSAT and STO substrates
applies tensile strain which lengthen the a/b-axis and to maintain the total volume
of the crystal lattice, the c-axis elongates to compensate. The STO substrate (+ 1.43
% lattice mismatch) applies a greater strain on the Aurivillius material compared with
the LSAT substrate (+ 0.47 % lattice mismatch). This is observed in the XRD as the
peak positions of the STO materials are consistently shifted higher than the peaks of
the Aurivillius materials on LSAT. This is reflected in the calculated c-axis parameters
for the films in figure 4 where the films on LSAT are consistently higher than for films

on the STO substrates.

The c-axis pseudo lattice parameters were calculated from the large angle out-of-
plane scans (standard symmetric 0/20 configuration) XRD data (figure 6) and are
presented in figure S2. The c-axis pseudo lattice parameters for materials deposited
on LSAT are larger than those for the materials on STO. Note however that the
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difference between the 710 °C and 610 °C on the same substrate was not greater

than the error associated with the calculation.

In the out-of-plane XRD scans shown in figure 6 it can be seen that the signal to noise
ratio of the peaks is higher for the 710 °C samples compared with the 610 °C samples
and so more peaks are observed for the materials deposited at 710 °C. This may be
attributed to the improved crystalline quality and increased grain size of the 710 °C
films but also as seen in TEM analysis (figures 11 and 12), the 710 °CSTO film is thicker
(=30 nm) than the 610 °CSTO film (= 17 nm). Again the reflections consist of the (00/)

reflections and show the film is highly orientated.

195



Chapter 6

= | SAT 710°C
— STO 710°C
. * substrate

*

El ’a
S &
L) e 9
> g
2 g
)]
=
(a) T T T T T T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
2 Theta (°)
] — LSAT 610°C
] — STO 610°C
] * * substrate
S 3 )
o
T
> -
I _
[ 2
E 8
(b)

0 10 20 30 40 50 60 70 80 90

2 Theta (°)

Figure 6: Large angle XRD of BTFMO on (a) LSAT and STO deposited at 710 °C and
(b) LSAT and STO deposited at 610 °C.
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Measurements of the rocking curve of the Bragg reflections were performed to
assess the crystal quality of the films (figure 7). The rocking curves were fitted with a
pseudo-Voigt function and the FWHM of the Gaussian (wg) and Lorentzian (wy) terms
are presented in table 4. The rocking curves are similar for the films on both the LSAT
and STO substrates with a broad Lorentzian base and a narrow Gaussian component
which indicates the presence of dislocations in the thin films. This is consistent with
XRD analysis indicating mixed Aurivillius phases and TEM (figure 11) of the STO 710
°C clearly showing that intergrowths of m =4 and m = 3 phases are present. The 710
°C deposited films on STO have a larger wg and smaller w; than their corresponding
films on LSAT. The larger FWHM for the films deposited at 610 °C may indicate that
more dislocations are present in the 610 °C films. While it would be expected that
higher temperatures would produce better crystalline films, the different chemical
composition should also be considered when comparing the 710 °C samples to the
610 °C samples. The wg FWHM for the LSAT samples deposited at 710 °C is narrower
than the STO, due to the compressive strain applied, as observed in previous studies

[9].

Intensity (arb. u.)
Intensity (arb. u.)

(a) ‘ , (b

7 8 9 10
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Figure 7: Rocking curve analysis of BTFMO on (a), LSAT 710 °C, (b), STO 710 °C, (c),
LSAT 610 °C and (d), STO 610 °C.

Table 4: Comparison of FWHM of the Gaussian (wg) and Lorentzian (w.)

fits of rocking curves

LSAT 710 °C STO 710 °C LSAT 610 °C STO 610 °C

we | 0.053 £ 0.0005 0.070 £ 0.010 0.095+0.001 | 0.077 £ 0.0006

we | 0.752+0.013 0.592 £ 0.099 1.213+0.085 | 1.255+0.038

6.4.1.2. AFM analysis

AFM analysis performed using the Bruker AFM instrument is shown in figures 8 and
9. The narrow radius of the probe tip allows for detailed images to be obtained with
resolution as low as 2 nm. In figure 8 the 710 °C, 650 °C and 610 °C samples on LSAT
and STO are shown. It should be noted that figure 8 (d) and (f) were imaged after a
10 second gold coat had been applied (to enable previous SEM experiments). This
corresponds to a gold coat with a thickness 3-6 nm and as these materials are
relatively smooth (RMS roughness = 1 nm) this coat obscures the fine detail of the

surface topography.
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Figure 8: BTFMO films on LSAT (a) 710 °C, (b) 650 °C, (c) 610 °C and STO (d) 710 °C,
(e) 650 °C, (f) 610 °C. The BTFMO films on STO 710 °C and STO 610 °C had a 10 s

gold coat applied before the AFM analysis.

In figure 9, a comparison of the BTFMO films deposited at 650 °C on LSAT and STO
substrates is made. Surface features consisting of small dots are visible on the BTFMO
samples on the LSAT substrate but not on the BTFMO films on the STO substrates.
These films were deposited during the same growth process and nominally have the
same stoichiometry (BisTi2.71Fe1.12Mno.17015). As these materials were deposited
during the same growth process this may indicate that the strain applied by the
substrate may affect the quality of the crystalline films. It is evident then that the
substrate is having an effect on segregation of secondary phases within the sample.
The secondary phases are likely too dilute to be detected during XRD analysis which
has a detection limit of 1-3 vol%. The average diameter of the roughly spherical spots
was 10 nm and average surface area was 89 nm?2. This corresponds to the spot

occupying just 0.45 % of the imaged area.

A detailed analysis of surface impurities of ultra-thin films of m =5 BigTixFeyMn;O1s
was undertaken by Keeney et al. [9] who identified these as the ferrimagnetic spinel
(Mn,Fe)304 (cubic space group Fd-3m) phase. The occurrence of such magnetic

secondary phases would complicate any magnetic measurements of the Aurivillius

199



Chapter 6

materials. For example, the weak ferromagnetic behaviour measured in the
BisTiz.sFe1.1Nbo.1015 material in chapter 3 of this work could be due to an inclusion of
just 0.0095 % vol of the magnetic spinel phase impurities [21]. This highlights the
need for thorough phase purity and statistical analysis [22] of materials before any

magnetic behaviour can be said to be intrinsic to the Aurivillius phase.

3.5nm

-3.3nm -3.6 nm

(a) (b)

F
/

200.0 nm

Height Sensor 200.0 nm Height Sensor

Figure 9: Bruker AFM images of BTFMO on (a) LSAT 650 °C and (b) STO 650 °C.

6.4.1.3. PFM analysis

The ferroelectric properties of the Aurivillius materials originate from a combination
of polar distortions and tilts or rotations of the BOs octahedra (non-polar structural
distortions) [23-26]. The dominant polarisation direction for these materials is along
the a/b-axis [27]. Therefore lateral PFM, which detects the angular torsion of the
cantilever as it oscillates was used to examine the in-plane piezoresponse. DART-PFM
[14] in the lateral mode was performed on the BTFMO films on LSAT 710 °C and LSAT
610 °C substrates (shown in figure 10). It should be noted that spinel (Mn,Fe)304
inclusions are not ferroelectric and the trace levels within the sample here would not
influence the ferroelectric signal. Both samples show similar amplitude and phase
response. The domains are much smaller than those observed in Aurivillius samples
prepared by chemical solution deposition in chapter 3 and 4. For example, an average
domain size in a CSD sample was around 369.6 nm?and an average domain size for a

sequential DLI-CVD sample was 7.42 nm?Z.
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Figure 10: DART PFM of BTFMO on LSAT 710 °C (a) height, (b) amplitude, (c) phase
and BTFMO on LSAT 610 °C (d) height, (e) amplitude and (f) phase.

6.4.1.4. TEM analysis

TEM analysis of BisTiz 16Feo.6sMno.16015 on STO substrate (figure 11 (a)) confirms the
presence of OPB defects and stacking faults in the sample. The presence of
intergrowths of the m = 4 and m = 3 Aurivillius phase also clearly be seen. As
discussed previously, the stoichiometry of this material requires a mechanism to
compensate for charge imbalance. Incorporation of different ‘m’ phases would help
accommodate this imbalance and likely this is the driving force behind the mixed ‘m’
phases observed. Also observed are defects in the form of bismuth-deficient
interfaces based on anatase-like chains of edge-sharing BOs octahedra (circled in
yellow in figure 11 (a)), which separate the perovskite blocks. The anatase-like chains,
together with the octahedra of the perovskite blocks create “S-shaped tunnels”,
which are occupied by and stabilised by double columns of lone pair,
stereochemically active Bi3* cations. The double Bi columns at the interfaces create
a “zig-zag” pattern of Bi atoms between the perovskite blocks [28, 29]. This indicates
that the 32 % excess Bi present during the growth process was not sufficient to

compensate for bismuth migration during growth and a lager excess would be
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beneficial for feature growth processes. Nitin et al. found that an excess of 68 % to

110 % was necessary to form single phase m = 3 BisTizO12 Aurivillius films [1, 6].

To estimate the theoretical thickness of the c-axis length of the m = 4 BTFMO
Aurivillius material the following equation can be used. The can be estimated by

equation 6.2 [30];
c/2=f+h (6.2)

where h = m*p; p is the thickness of the perovskite block (p = 4 A ), m is the number
of perovskite blocks and f is the thickness of the fluorite (Bi,02)?* interlayer which has
an average value of 4.08 A [31]. Using equation 6.2, the thickness of a BTFMO film

with 10 unit cells of m = 4 Aurivillius phase would be 40.16 nm.

The vertical thickness of the BTMO thin film on STO deposited at 710 °C is 28 to 31
nm (figure 11). The cross-section lamella prepared for the BTFMO on STO 610 °C
sample (figure 12) was too thick to get a clear image of the Aurivillius structure but
the vertical thickness of the film was found to be much thinner (= 17 nm) than the
BTFMO on STO 710 °C sample. It is clear that the films are thinner than a strictly layer
by layer growth mechanism. Again this may be due to bismuth deficiency during the
growth process, since the presence of perovskite anatase intergrowths (figure 11 (a))

indicates a migration of bismuth away from the film during the deposition process.

In figure 11, 17 half unit cells can be distinguished, if they were all m =4 then the film
would be 34.13 nm thick but as there is a mix of m =3 and m = 4 the film is only = 30
nm thick. In figure 12, the thickness of 17 nm would correspond to 4 unit cells (or 8

half-unit cells) of the m = 4 Aurivillius material.
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Figure 11: TEM image showing, (a), the mixed phase m = 3 and m = 4 Aurivillius

phase and (b), thickness of the BTFMO thin films materials 710 °C STO substrate.
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~17nm

Figure 12: TEM image of thickness of BTFMO on STO 610 °C.

6.4.2. Sequential DLI-CVD recipe with accompanying continuous bismuth

injection

A further modification of the sequential DLI-CVD recipe (figure 1 (c)) was developed
so that every precursor pulse was accompanied by a continuous bismuth precursor
injection. This was to avoid issues pertaining to localised bismuth deficiency that may
affect the formation of defects and impurity phases within the Aurivillius samples.
The deposition temperature was 710 °C for each growth. The stoichiometry of the
continuous Bi (Con Bi) samples are presented in table 5 and the BTFMO 710 °C sample
fabricated by the normal sequential DLI-CVD recipe discussed in section 6.3.1 (figure
1(b)) is included for comparison. Due to flow parameters used during the deposition
process, sample ConBi 1 unfortunately had a significant shortage of bismuth during

the growth process.

Table 5: Details of sample stoichiometry and bismuth excess.

Bi/Ti % Bi excess
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BTFMO 710 °C BisTiz.16Fe0.68Mno.16015 2.09 32%
BTFMO Con Bi 1 | BisTiz.03Feo.83Mno.14015 1.45 -16 %
BTFMO Con Bi 2 | BisTiz.oFeo.96Mno.15015 2.03 22 %

6.4.2.1. XRD analysis of films prepared using continuous bismuth

injections

XRD analysis of the BisTiz.03Feo.83Mno.14015 (BTFMO Con Bi 1) material on LSAT and
STO is shown in figure 13. The additional peaks seen around the (0010) peak of the
BTMO film on LSAT (figure 13 (a)) indicates superlattice reflections from alternating
‘m’ phases such as alternating m = 3 and m = 4 phases. This was observed previously
in the BTFMO on STO 610 °C, 630 °C and 650 °C samples deposited using the normal
sequential DLI-CVD recipe (figure 2(b)).
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Figure 13: XRD of BTFMO Con Bi 1 sequential DLI-CVD films on (a) LSAT and (b) STO.

In figure 14, XRD analysis of the BTFMO films on STO substrates of ConBi 1, ConBi 2

and 710 °C show that there is no significant difference between these films in term

of peak position indicating that the majority of the films correspond to the m = 4
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Aurivillius phase. However, we know from STEM images, that the BTFMO 710 °C STO
material has a mix of m = 4 and m = 3 phases present, which explains the broader

and lower intensity peaks.

Interestingly, for the ConBi 1 growth, which was significantly deficient in bismuth,
the XRD analysis shows a similar pattern to both the ConBi 2 and BTFMO 710°C
samples indicating the overall formation of the m = 4 Aurivillius phase. This result
may indicate that the ratio of B-site cations has a greater impact on the phase
formation than the availability of Bi or that the recipe with continuous bismuth pulses
succeeded in providing a sufficient supply of bismuth during the growth process to
allow an overall m = 4 phase despite the overall shortage. Further studies using this
novel sequential DLI-CVD recipe will be necessary to determine its effectiveness in

improving the availability of bismuth throughout the growth process.
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* * = substrate/instrument

(0010)
(0018)
(008)

] . [P ,—f\u_,/\~_

5 10 15 20 25 30 35 40
2 Theta (°)

Figure 14: Comparison XRD analysis of, BTFMO 710 °C (black line), BTFMO Con Bi
1 (red line) and BTFMO Con Bi 2 (blue line) on STO substrates.
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The FWHM of selected peaks are given in table 6. The FWHM for the ConBil and
ConBi2 samples are narrower than the FWHM of the BTFMO 710 °C material. This
indicates there are fewer dislocations possibly enabled by decreased variation in
phases having intergrowths of differing ‘m’ numbers or fewer OPB / stacking fault /
anatase-type defects. However, the deviation from a charge-balanced stoichiometry
may also account for the broad peaks on the 710 °C STO material. As discussed
previously, the formation of different m phases may occur to accommodate the
charge balance where the Ti stoichiometry deviates from a stoichiometric number of

3.

Table 6: FWHM of selected BTFMO peaks on STO substrates

BTFMO BTFMO
Peak BTFMO 710 °C
ConBi 1 ConBi 2
(008) 1.086 £ 0.004 | 0.868 +0.019 | 0.739 + 0.026
(0012) 0.845 +0.005 | 0.808 £0.039 | 0.586 + 0.053
(o016) 1.210+£0.014 | 0.899 +0.026 | 0.675 + 0.040

6.4.2.2. AFM analysis of films prepared using continuous bismuth

injections

AFM images of the ConBi 1 samples from figure 13 are shown in figure 15. The RMS
roughness is 740 pm for BTFMO on LSAT and 797 pm for BTFMO on STO. This is
comparable to the results of sequential DLI-CVD growth without the constant Bi

pulse.
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Figure 15: AFM of BisTis.03Feo.83Mno.14015 Con Bi 1 on LSAT, (a-b) and on STO, (c-
d).

6.5. Conclusions
A series of BTFMO Aurivillius phase films were deposited using a sequential DLI-CVD
method over a range of temperatures between 710 to 610 °C. Crystalline Aurivillius
phase films were formed even at the lowest deposition temperature of 610 °C on the
epitaxial substrates LSAT and STO. No Aurivillius phases were formed on sapphire

substrates.

The BTFMO films deposited on LSAT and STO matched most closely to the m = 4
Aurivillius phase but it can be seen in STEM analysis of the BTFMO on STO 710 °C
material that intergrowths of m =3 Aurivillius phases are also present in that sample.
The presence of different ‘m’ phases causes out of phase boundary (OPB) defects to
occur and OPB defects can clearly be observed in STEM images. Additionally, the
presence of anatase-type perovskite intergrowths suggests a deficiency of bismuth
due to migration during the growth process. The fine microstructure detail could not
be determined from the B6TFMO on STO 610 °C sample due to the thickness of the

lamella prepared but from XRD analysis the shift in peak position indicated that
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mixed m = 4 and m = 5 phases may be forming. As such, it is not possible to solely
attribute the trend in peak shift in the series to the change in temperature, due to

the additional variable of changeable stoichiometry throughout the series.

An interesting observation from this study was the formation of secondary phases
on the surface of films deposited on LSAT at 650 °C but not on the corresponding
BTFMO material on STO. This demonstrates that the strain applied by the substrate

may impact segregation of impurity phases and the quality of the films produced.

A novel sequential DLI-CVD recipe was introduced where the sequential recipe was
modified to include a continuous bismuth precursor injection at each step to avoid a
local deficiency of bismuth during the deposition process. Whereas the formation of
anatase-type perovskite intergrowths indicates a deficiency of bismuth during the
growth of the 710 °C STO thin film via the first sequential DLI-CVD recipe, XRD analysis
indicates that the second, novel DLI-CVD recipe produced samples with fewer
dislocations within the film compared with the normal sequential DLI-CVD recipe.
However, this may also be attributed to the differences in stoichiometry.
Interestingly, a material deposited with a significant shortage of bismuth produced a
very similar m = 4 material to one with a bismuth excess. This indicates that the ratio
of B-site cations may have a greater impact on the phase adopted by the Aurivillius
material, but much further analysis in this area is needed. Further work will involve
the deposition of films with a charge balanced nominal stoichiometry to reliably form

single phase Aurivillius thin films.
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7. Conclusions and suggestions for future work

Multiferroic materials potentially offer a host of novel properties that make them an
attractive avenue for study. This body of work was centred around the Aurivillius
phase materials and an examination of their properties, in particular the structural
response to changes in the stoichiometry with the aim of creating multiferroic

materials.

Magnetic coupling requires proximity between the magnetic ions. It is therefore
adventitious to increase the concentration of magnetic ions in the Aurivillius
structure. Common magnetic ions are iron and manganese as in the reported room
temperature multiferroic material, BisTi2.sFe152Mnoes018 [1], in which the
multiferroic behaviour was shown to be intrinsic to the Aurivillius material to a 2 99.5

% confidence level [2].

Despite the high levels of research interest, there have only been a few reports of
genuine room temperature multiferroics. One cause of this bottleneck is the trade-
off between increasing the concentration of magnetic ions and maintaining a phase
pure material. Reports about an observed magnetic response originating form very
small % vol. levels of secondary phases necessitate caution when reporting on single-

phase multiferroic materials [3, 4].

The work presented in this thesis can be broadly divided as an examination of two
different approaches to increasing the magnetic behaviour of the Aurivillius
materials. The first approach involved increasing the concentration of substituted
magnetic ions within the structure and the second involved locally concentrating the
magnetic ions within the structure so that they are in closer proximity to enable
magnetic coupling interactions. The aim was that increased magnetic ion content and
proximity would enable an increase in the magnetic response and increase the
likelihood that this magnetic behaviour would persist at room temperature.
Computational work has posited that increased magnetic ion content would increase

the ferromagnetic Curie temperature (T¢) [5].
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The work in chapters 3 and 4 was focused on the first approach of increasing the
concentration of magnetic ions in the Aurivillius phase materials. As discussed in
chapter 3, aliovalent substitution was used in the BisTis-2xFe1+xNbxO1s (x =0, 0.1, 0.2,
0.3 and 0.4) m = 4 Aurivillius structure to increase the iron content. The co-
substitution of iron and niobium for titanium was an attempt to avoid complications
of a net charge in the material. By substituting Fe3*+ Nb>* for 2Ti** a net neutral charge
could be nominally maintained. This approach was proposed by Birenbaum et al. as
a method of increasing the iron content of the material following their computational
studies which demonstrated that a higher iron content could induce room
temperature magnetic behaviour [5]. Chen et al. [6] fabricated a similar series of
materials using solid state reaction method but they did not observe robust magnetic
ordering predicted by Birenbaum et al. [7] even at the higher concentrations of Fe.
They do not observe secondary phases from XRD data even at the higher
concentration of Fe/Nb [6]. In this work, it was found that secondary phases could be
observed in the XRD analysis for samples with x > 0.2. Magnetic measurements of the
x = 0.1, BisTi2sFe1.1Nbo.1015 exhibited a weak ferromagnetic response at 2 K, 150 K
and 300K of 2.2, 1.6, 1.5 emu/cm? with H. ~ 40, 36, 34 Oe respectively. Previous work
of BisTi2.sFe1.52Mno 63013 materials deposited using a very similar process exhibited a
Mg = 0.18 emu/cm?3 [1]. The theoretical concentration of iron atoms over the four
available B-sites in the BisTi>.gFe1.1Nbo.1015 structure was 25 %. This is lower than the
percolation threshold of 31 % for strong near neighbour coupling. The origin of the
ferromagnetic behaviour may be due to spin canting of antiferromagnetic
interactions to yield a weak net magnetic response. Future work should involve a full
phase analysis on this material to definitively establish that the magnetic behaviour

was intrinsic to the Aurivillius phase.

The work of chapter 4 involved a systematic study of the flexibility of the m =5
Aurivillius phase. Four series of Aurivillius materials with a target composition of
BisTixFeyMn,015 (x =3.2- 1.6, y = 1.2- 1.95, = 0.3- 0.9) (m = 5) were fabricated to test
the response of the structure to the variation of the B-site cations. Long range

magnetic ordering benefits from a larger concentration of magnetic ions. However,
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there is often a solubility limit for the magnetic ions. It was determined during these
investigations that when the occupancy of Ti** at the B-sites fell below 52 %, there
was an increasing shift to the m = 6 Aurivillius phase. It was proposed that the
oxidation of Mn3* to Mn* was occur when Ti** was substituted by Fe and Mn which
have a nominal valence of +3. Rearrangement of the Aurivillius phase was found to
occur above a threshold of 8% nominal Mn*. Above this, the m = 5 structure
undergoes a structural rearrangement to the m = 6 phase in order to tolerate the
additional manganese. It has been proposed that the ionic radii of Mn** (0.53 A) is
too small to be tolerated in the Aurivillius structure [8]. Previous work with Aurivillius
materials has failed to form phase pure structures with Mn** [9]. The formation of
the m = 6 phase was observed to occur when the average oxidation state on Mn was
above +3.44. The average oxidation state for the stable Aurivillius phase compositions
was Mn3%* for Zurbuchen et al. [10] and Mn34* for McCabe and Greaves [9]. The
presence of Mn** in Aurivillius multiferroic materials have important implications for
the type of magnetic behaviour exhibited. The Mn3* - O - Mn** and Fe3* - O - Mn*
double exchange mechanism produces ferromagnetic behaviour compared to the
superexchange mechanism between Mn3* - O - Mn3 which produces
antiferromagnetic behaviour [11, 12]. Future work in this area would include analysis
of the magnetic properties of materials where the magnetic ion content above the
percolation threshold of 31 % for nearest neighbour interactions [13] and while no
obvious secondary impurity phases were observed during XRD analysis a through
phase analysis would be performed to determine if the rearrangement to higher ‘m’

phase is accompanied by the formation of impurity phases.

The deposition method used for the samples discussed in chapters 3 and 4 was
chemical solution deposition (CSD) which has advantages of being a simple and
relatively low cost method of fabricating series of Aurivillius materials. Using this
method the thin films obtained did not have complete coverage over the sapphire
substrate. Unannealed, amorphous films on sapphire substrates showed complete
coverage but on annealing, contraction of the film occurred, forming plate like

morphology. Continuous thin films would be more suitable for device applications.
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So while CSD is a useful deposition method for lab scale exploration of chemical
structures, techniques such as direct liquid injection chemical vapour deposition (DLI-
CVD) would be more suitable for producing the thin films required for various
technological applications. Ultra-thin films of unit cell thickness (< 7 nm) Aurivillius
phase materials have been deposited using the DLI-CVD process [14]. DLI-CVD allows
precise control of the stoichiometry through control of opening times and monitoring
flow meters. Deposition also occurs at higher temperatures and when depositing on
epitaxial substrates this eliminates the need for a post anneal step in the fabrication

process.

DLI-CVD was the deposition method utilised to produce the samples discussed in
chapters 5 and 6 where the second approach to improving the magnetic response in
the Aurivillius materials was examined. A conventional DLI-CVD process involves the
simultaneous injection of the gaseous precursors into the reaction chamber
(simultaneous DLI-CVD). A modification of this recipe called sequential DLI-CVD
separates the precursor injections in time. The precursor pulses now enter the
reaction chamber in the order that mimics the Aurivillius structure. In this way it was
attempted to locally concentrate the Fe and Mn to the inner perovskite units of the
Aurivillius material. While the sequential DLI-CVD recipe used mimicked the m =5
Aurivillius structure, the ratio of precursors during the process favoured the m =4
stoichiometry and this was the phase that was produced. The materials deposited by
this method showed deviations from the reference XRD patterns of the m = 4
Aurivillius phase indicating the presence of other ‘m’ Aurivillius phases and/or out of

phase boundaries.

In chapter 5 this sequential DLI-CVD method was used to fabricate materials with the
stoichiometries, BisTizoFe11015 (BTFO) and BisTizsFe11Mp1015s (BTFMO). The
deposition was performed at 710 °C and this was sufficient to produce crystalline
Aurivillius phases on the LSAT and STO substrates without the need for a post anneal
step. This is adventitious as volatilisation of Bi increases above 710 °C [15]. LSAT and
STO have an epitaxial relationship to the Aurivillius material. The effect of tensile

strain was observed in the XRD analysis of the materials where the peaks of the STO
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sample were shifted higher than those of the LSAT samples. This substrate effect was
lost in thicker films. Deposition on the sapphire substrate, which has a much larger
mis-match between the Aurivillius phase and the substrate, only formed a pyrochlore

Bi,Ti»O7 phase.

The magnetic behaviour of these materials was examined by SQUID
(Superconducting Quantum Interference Device) analysis and a magnetic response
was observed for BTFO on STO, BTFMO on LSAT and BTFMO on STO. According to the
Goodenough-Kanomori rule, superexchange mechanism between Fe3*- O - Fe3*
would be expected to produce antiferromagnetic behaviour. At low temperatures (2
K) spin canting can produce weak ferromagnetic behaviour in antiferromagnetic
materials. Double exchange mechanism interactions between Mn3*- O - Mn** are
expected to produce ferromagnetic behaviour. Divergence of the field cooled and
zero field cooled lines occurred for BTFMO on LSAT around 250 K and for BTFMO on
STO around 280 K. While room temperature magnetic behaviour would be beneficial
of practical applications, the presence of a magnetic response with only a
concentration of 2.5 % Mn and 27.5 % Fe magnetic ions was encouraging and
suggests that the ions are locally concentrated within the structure. Previous work
which developed a room temperature multiferroic BisTiz.gsFe1.52Mno.es01s material
had a concentration of 13 % manganese and a total of 44 % iron and manganese at
the B-sites [16]. Interestingly the BTFO on LSAT sample did not show long range
magnetic ordering while the BTFO on STO did. This may indicate the greater tensile
strain applied by the STO substrate may concentrate Fe ions to the inner perovskites
and in closer proximity to each other. This effect may also explain why the magnetic
moment was higher in the BTFMO on STO sample compared with the BTFMO on LSAT
sample (at 20 K, BTFMO on STO Mg = 3.51 emu/cm3 and BTFMO on LSAT Mg = 1.50
emu/cm?3). Future work with these materials should include electron energy loss
spectroscopy (EELS) analysis to determine structural details and the position of ions
across the perovskite units. This will demonstrate if the sequential DLI-CVD recipe

imposes ordering of the ions in the Aurivillius structure. Other avenues of study
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would be the effect of substrate on the partitioning of Ti, Fe and Mn throughout the

structure and the oxidation state of the ions, particularly Mn.

Finally, in chapter 6 the effect of deposition temperature was examined for the
BTFMO materials deposited using the sequential DLI-CVD method. Aurivillius
materials were deposited at 710 °C, 690 °C, 670 °C, 650 °C, 630 °C and 610 °C on LSAT
and STO. The volatilisation of bismuth is a concern when fabricating the Aurivillius
phases, above 710 °C bismuth is increasingly volatile [15] and diffusion of bismuth
can cause crystallographic shear in the layered structure and associated formation of
defects and segregation of impurity phases [17]. Decreasing the deposition
temperature has been previously reported to reduce the secondary phases in

Aurivillius materials [18].

The sequential DLI-CVD method shows promising results for the deposition of
Aurivillius materials, as even at low temperatures of 610 °C, crystallised Aurivillius
structures were formed on the epitaxial substrates LSAT and STO. The detailed
microstructure analysis demonstrated the presence of OPB’s and mixed m=4 and m
= 3 Aurivillius phases in the BTFMO on STO 710 °C material. Unfortunately, the fine
detail of the BTFMO on STO 610 °C materials could not be determined from TEM
analysis of that material. However, from the XRD analysis, it can be seen that the
peaks shift in the direction of the higher m = 5 phase as the deposition temperature
decreases. In addition, there was also variation in the stoichiometry of the materials
throughout the series. This additional variable means that it is not possible to
definitely determine that the higher ‘m’ phase is produced due to a lower deposition
temperature. Instead a similar rearrangement may be occurring as was observed in
chapter 5. The materials may be responding to the unbalanced stoichiometry by
adopting the higher ‘m’ phase. Future work in this area would include a systematic
study on the effect of stoichiometry on the materials similar to the study undertaken

in chapter 4.

Also discussed in chapter 6 was a further modification of the sequential DLI-CVD
recipe to include an injection of the bismuth precursor at each step. This was

undertaken to increases the availability of bismuth throughout the growth process. A
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deficiency of bismuth is a common concern when fabricating Aurivillius materials and
as a precaution an excess of bismuth is used during the fabrication. The materials
deposited by this novel method exhibited narrow FWHM which may indicate that
there are fewer dislocations in those materials compared to a material fabricated
using the sequential DLI-CVD method. However, there was also variation in the
stoichiometry of the materials under study and so more thorough analysis of this

novel sequential DLI-CVD will form the basis of future work.

Other future work will include targeting the m = 5 phase with a larger excess of
bismuth (> 30 %) and a stoichiometry that is charge balanced using the sequential
DLI-CVD recipe. Increasing the content of Mn within the materials closer to the
threshold of percolation of 31 % B-site occupation for near neighbour coupling may
raise the magnetic response to room temperature levels. From the understanding
gained from the work discussed in chapter 4 it is not favourable to lower the Ti
content below 52 % without phase rearrangement occurring in those materials. A
similar systematic study of materials deposited by DLI-CVD on LSAT and STO to
determine the solubility limit of Fe and Mn inclusion should be performed. Further
studies of the effect of the substrate on the imposition of strain on the material to
potentially further partition the magnetic ions such as iron and manganese to the

inner perovskites should be investigated.

In conclusion, the experimental studies performed during this work have advanced
the current understanding of the structural behaviour of the Aurivillius phase
materials and opened up numerous avenues for future studies. A solution limit of x =
0.1 for the successful incorporation of iron and niobium during the aliovalent
substitution of titanium in the m = 4 BisTiz-2xFe1+xMnxO1s Aurivillius structure were
determined. The structural rearrangement in response to a lowering of the Ti content
of the m =5 BigTizsFe1.5sMno501g Aurivillius phase was explored and a threshold of Ti
content (52 %) below which structural rearrangement occurs was established. The
sequential DLI-CVD method was examined with materials exhibiting magnetic
behaviour with a relatively low concentration (2.5 % Mn and 27.5 % Fe) of magnetic

ions and crystalline Aurivillius thin films were formed on epitaxial substrates using
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deposition temperatures as low as 610 °C. A novel sequential DLI-CVD recipe
consisting of a bismuth injection with each precursor step was introduced which
appeared to decrease the extent of bismuth migration and associated structural

disorder.
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A.l. Appendix 1- supporting information for chapter 3

Photocatalytic analysis

The photocatalytic analysis of the samples BisTizgFe1.1Nbo101s and
BisTi2.2Fe1.4Mno.4015 by the degradation of the dye solution (methylene blue ina 0.1
M solution in MilliQ water (18.2 MQ cm at 25°C)). There was no change to the
absorption of light during the analysis indicating that methylene blue was not being

reduced.

Cuvette with
Light methylene blue

source

LED 365nm light ~_—
source

Figure S1: Diagram of the experimental setup for the examination of the

Sample

Detector

photocatalytic behaviour.
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sample in light on light off light on light off

_— Bi5Ti3F81015
— Bi5Ti2_2FE1_4N bo_4015

e WY Y

Absorbance (a.u.)

T T T T T
0 50 100 150 200

Time (min)

Figure S2: The absorption of light over time, there was no change in absorption

Single frequency PFM

Single frequency PFM measurements of the BisTiz-2xFe1+xNbxO1s, where x=0, 0.2,

and 0.4.

0.3
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Figure S3: Single frequency PFM measurements of BisTisFe101s, (a) height, (b)
vertical amplitude, (c) lateral amplitude, (d) vertical deflection, (e) vertical phase

and (f) lateral phase.

Figure S4: Single frequency PFM measurements of BisTi>sFe1.2Nbo.201s, (a) height,
(b) vertical amplitude, (c) lateral amplitude, (d) vertical deflection, (e) vertical

phase and (f) lateral phase.
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BT 13

Figure S5: Single frequency PFM measurements of BisTi>.4Fe1.3Nbo301s, (a) height,
(b) vertical amplitude, (c) lateral amplitude, (d) vertical deflection, (e) vertical

phase and (f) lateral phase.
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Figure S6: Single frequency PFM measurements of BisTi>.2Fe1.4Nbo401s, (a) height,
(b) vertical amplitude, (c) lateral amplitude, (d) vertical deflection, (e) vertical

phase and (f) lateral phase.

Lateral DART PFM performed on samples under a variable magnetic field

PFM analysis was performed at various magnetic field strengths on the samples
BisTiz.sFe1.1Nbo.1015 and BisTiz 2Fe1.4Mno.4015 The field was increased at 500G intervals

to +2500G. Representative results of this analysis is depicted in figure S7 and S8.

2

<

N

Figure S7: Lateral DART PFM performed under a variable magnetic field
BisTi2.sFe1.1Nbo.101s.
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Figure S8: Lateral DART PFM performed under a variable magnetic field
BisTi2.2Fe1.4Nbo.4O1s.
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A.2. Appendix 2- supporting information for chapter 4

Calculation of crystalline quality

Series 2
BigTis . Fe; sMng 5,045

200

150 { ] {

g 100 { }
50
0
0 0.1 0.2 0.3 0.4 0.5 0.6

Figure S1: Crystalline quality factor for series 2

Series 3
BigTis, «Feq3,4MngsOqg
170

150 |

130 } } }
110

90

70

Figure S2: Crystalline quality factor for series 3.
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Series 4
1.8

1.6 {
1.4
1.2

(008)
(0010)
l (0014)

0.8
0.6
0.4
0.2

FWHM

0 1 2 3 4 5 6 7
sample

Figure S3: FWHM for series 4 for the (008), (0010) and (0014) reflections.

Pseudo lattice c-axis parameter

Series 1
BigTisFe, ,Mn,O4g
53
52.5
52

51.5
51

50

c-axis lattice parameter (A)

49
48.5

0.4 0.5 0.6 0.7 0.8
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Series 2
BigTis 2.xF€15MNg 34018
52.5
52
51.5
51
50.5 '

495.2 * { $ $

49

c-axis lattice parameter (A)

Series 3
BigTi3 5 xF€1.3:xMNp 5045
51.5

51
50.5

49.5 t *
49
48.5

c-axis lattice parameter (A)

Figure S4: Calculated c-axis parameters for series 1,2 and 3.
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DART-PFM
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Figure S5: DART-PFM images of two series 1 samples. Height (a), amplitude (b), and
phase (c) of BisTisFe16Mnp401s. Height (d), amplitude (e) and phase (f) of
BigTisFe1.2Mno.gO1s.

Calculation of manganese oxidation state

We assume that the decrease in Ti*" is being compensated for by the oxidation of
Mn3* to Mn?*'. The proportion of Mn** present is therefore proportional to the
concentration necessary to neutralise the net charge on the material. To quantify the

amounts of Mn3* and Mn** the following equation was used,

A(B X Mny) +B(4x Mn) =Y (S1)

Where Y = the net charge of Mn3* and Mn** required to have a net neutral charge, A
and B = proportion of Mn in the 3+ and 4+ oxidation state, respectively. Mny is the

proportion of Mn in the material. A + B =1 therefore B =1 - A which gives,
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A(3X Mn,) +(1—-A)(4X Mn,) =Y (S2)

For example, the material BigTiz.4Fe1.92Mno.63018 has a net charge of -0.7 if Mn is only
in the +3 state. Therefore to balance the material it is necessary that the total charge

of Mn is 2.95, this is our Y value.

A3 % 0.68) + (1 —A)(4 x 0.68) = 2.95 (S3)

Therefore A is 0.066 and B is 0.933. Converting B to a percentage we get the Mn(IV)%
of Mn(IV) 93% shown for the BieTiz4Fe1.92MnoesO1s material in Table 2. The
concentrations of the various B-site atoms in series four are shown in Table 2. The
table is arranged in order of decreasing Ti concentration and samples with an *
correspond to the samples shown in figure 10. The appearance of m = 6 phase (as
observed in the XRD) follows the trend of decreasing Ti concentration. The phase
rearrangement observed in this work occurs when the concentration of Fe and Mn at

the B-site of the perovskite units is above 48%.

Calculation of tolerance factor

The Goldschmidt tolerance factor is a calculated measure of the distortion of the
perovskite unit. The distortion of the perovskite is affected by the size of an atoms

occupying the perovskite structure [1]. The tolerance factor is given by,

t= (ry+ry)/ (\/2(7"3 + ro)) (S4)

Where ra, rs and ro refer to the radii of the A-site and B-site ions and the radius of
oxygen respectively. The calculated tolerance factor for series four is depicted in
figure S6. This calculation indicates that there is a decrease in tolerance factor as the

smaller Ti** atoms are replaced by the larger Fe3* and Mn3* ions. In table S1 the
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sample compositions are given for series 4. The tolerance factor was then calculated

using the proportion of Mn3* and Mn*" that were calculated in table 2. This shows

that the distortion of the perovskite is lowered with the larger proportion of the

smaller Mn** ion. lonic radii high spin 6-coordinate ion, Mn3* 0.645A and Mn#* 0.53A

[2].

0.8486
0.8484
0.8482
0.8480
0.8478
0.8476

Tolerance factor

0.8474
0.8472
0.8470

® Mn3+
® Mn3+/Mn4+

o
0
o

o
2.8 2.7

Series 4

2.6

Ti content

®
o
@

o
2.4 2.3

Figure S6: Calculated tolerance factor for series 4 showing a decrease in tolerance

factor with decreasing titanium.

Table S1: Series 4 tolerance factor

Sample Mn3* Mn3*/Mn*
BisTi2.8Fe1.52Mno.67018 0.8483 0.8491
BieTi2.7Fe1.62Mno.e801s 0.8482 0.8494
BigTi2.6F€1.72Mno.68018 0.8481 0.8497
BigTi2.sFe1.82MnoesO1s 0.8480 0.8500
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BigTiz.aFe19:MnoesO1s | 0.8479 0.8503

BigTi2.3Fe1.9sMno 75018 |  0.8477 0.8505
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A.3. Appendix 3- supporting information for chapter 5

Growth recipe instructions for a sequential direct liguid injection chemical vapour

deposition process

A section of a typical sequential growth recipe is shown in figure S1. The parameters
such as pulse number, frequency and opening times are set by the user along with
gas flow volumes. Then one loop of the recipe is defined. This loop process is set to
mimic one half unit cell of the m = 5 Aurivillius structure. The number of loops is set
by the user earlier in the recipe (not shown here). The structure is completed by a
final two pulses of bismuth and then the recipe continues through a standard process

to return the instrument to stand-by conditions (not shown here).
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#Precl
parameter rumtime Bi_Pulse Number = 806;
parameter runtime Bi_Injection_Frequency = 1;

parameter rumtime Bi_Injector OpeningTime = 8.8;

#Prec?
parameter rumtime Mn_Pulse Number = 806;
parameter runtime Mn_Injection_Frequency = 1;

parameter rumtime Mn_Injector OpeningTime = 1.6;

#Prec3
parameter rumtime Fe_Pulse Number = 806;
parameter runtime Fe_Injection_Frequency = 1;

parameter rumtime Fe_Injector OpeningTime = 1.4;

#Prec4d
parameter rumtime Ti_Pulse Number = 806;
parameter runtime Ti_Injection_Frequency = 1;

parameter rumtime Ti_Injector OpeningTime = 3.2;

parameter runtime Process_Temperature = 718;
parameter rumtime Process_Pressure = 8.5;

parameter runtime Vaporiser Temperature = 228;

parameter rumtime 02 Flow = 1008;

parameter runtime Total Flow = 3868;

parameter runtime ViewportPurge = 288;
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1 "Start process”,

loop [Loop_Number]

{

# Start injections

18 Precl.inj

5 Precl.
18 Precl.
5 Precl
18 Precd
5 Precd.
18 Precl.
5 Precl
18 Prec3
5 Prec3
18 Precl
5 Precl.
18 Prec2
5 Prec2.
18 Precl.
5 Precl
18 Precd
5 Precd.
18 Precl.
5 Precl
1€ Precd.i
5 Precd.i
}

# Last 2
18 Precl.
5 Precl.
18 Precl.
5 Precl.

inj

inj

.inj

.inj

inj

inj

.inj

.inj

.inj

.inj

inj

.inj

inj

inj

.inj

.inj

inj

inj

.inj

Bi injections to finish the structure

inj

inj

inj

inj

open; #Bi

close;

open; #B1

close;

open; #T1i

close;

open; #Bi

close;

open; #Fe

close;

open; #Bi

close;

open; #Mn

close;

open; #B1i

close;

open; #Ti

close;

open; #Bi

close;

open; #Ti

close;

open; #Bi

close;

open; #B1i

close;

begin stat

Figure S1: Reperesentitive growth recipe for the sequential directl liquid injection

chemical vapour deposition process
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Calculation of crystalline quality

To asses crystalline quality of the materials a modified version of the Scherrer

equation [1] was used. This equation is given as,

1
Q - Bcos O

(S1)

Where B is the FWHM (in radians) and 8 is the angle of diffraction. An average of the
(008), (0012) and (0018) values was taken and the error bars shown represent the
standard deviation between the three measurements. As can be seen in figure S3 the
error is significantly larger than the variation to the crystalline quality factor. The large
error can be accounted for due to the peak shift in the materials. OPBs complicate
the XRD patterns and this is reflected in the values used for calculating that crystalline

quality factor.

50
a8
a6
a4 o
42
40 ?
38 STO BTFO 7 ?
36

34
32 LSAT BTFO

1/BCosf (a.u.)

Q=

20 STO BTFMO
LSAT BTFMO

Figure S2: Crystalline quality factor of the full side samples used for magnetic

measurements.

Calculation of the c-axis pseudo lattice parameter

The pseudo lattice parameters can be calculated using the relationship between the

d-spacing and orthorhombic crystalline materials using the equation S2;
===+ —+= (S2)
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Where hkl are planes, abc are the pseudo lattice parameters and d is the interplanar
distances of the Bragg condition calculated from the peak position using the following

relationship (S3);

_ 1541876
" 2sin@

(S3)
Where 6 is the peak position in radians.

As the only reflections obtained from XRD analysis were (00/) reflections, it was only
possible to calculate the c-axis pseudo lattice parameter. The c-axis values of the
(008), (0010) (0012), (0018) and (0020) reflection were calculated for the BTFO and
BTFMO material on LSAT and STO. The standard deviation between those values was
used as the error. As can be seen is figure S3 the error introduced from peak shift is

substantially greater than the variation in c-axis pseudo lattice parameter.

42.2

42
41.8
41.6
41.4 o
41.2 ?

a1

c-axis parameter (A)

40.8 LSAT BTEO LSAT BTFMO
40.6

STO BTEO STO BTFMO

Figure S3: c-axis pseudo lattice parameter of BTFO and BTFMO on LSAT and STO.

Effect of sample size on XRD analysis
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A comparison between the measurement of a large sample piece to a small sample
piece is shown in figure S4. This XRD analysis is of two pieces of the same sample but
clearly the smaller piece has additional peaks. It is concluded these are due to
interference from the magnets that are used to hold the sample in place during the
measurement. This also obscures the reflections from the Aurivillius material around
30° and 35°. The intensity of the peaks is also reduced for the smaller piece. With the
exception of the samples shown in figure 5 of the main text, the substrates STO and

LSAT used during the CVD process would all be > 0.5 cm?.

—— BibNbO_small
—— BibNbO_large
- * = instrument

5 10 15 20 25 30 35 40
2 Theta (°)

Figure S4: XRD analysis comparing the results obtained from measuring a small
piece (< 0.5 cm?) to a large piece (2.5 cm?) of the same BisTizsFe1015 sample

deposited by chemical solution deposition on sapphire and annealed at 850 °C.

Analysis of grain size distribution

Using Gwyddion software a watershed algorithm was applied to AFM images of BTFO
on LSAT, BTFMO on LSAT, BTFO on STO and BTFMO on STO (figure S5). This dropped
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virtual drops of water onto the image which would flow down the steepest path to a
local minima. For grain location, the parameters were drop size (1 %), threshold (3
px%) and number of steps (10 steps) and for segmentation the parameters were,
number of steps (20 steps) and drop size (1 %) [2]. The same parameters were applied
to each image (figure S5). A data process called grain distribution was then applied
and the results of the distribution of surface area are presented in figure S6 [2]. The
distribution of grain surface area varies between the samples and there is a larger

proportion of smaller grains in the BTFMO samples than for the BTFO samples.

LSAT BTFO LSAT BTFMO

(b)

Figure S5: AFM images with watershed algorithm applied
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Figure S6: Calculated distribution of surface area of grains from figure S5. For the
BTFMO samples there is larger proportion of grains with a smaller surface area (red
and blue line) and the BTFO sample have a higher proportion with a larger surface

area (black and green line).

Magnetic measurements

The following tables give the values obtained from SQUID magnetic analysis of the

BTFO and BTFMO materials on LSAT and STO.

Table S1: BTFMO on LSAT

2 5.29 1.13 -4.92 -0.87 5.11 2.00 19.80

20 4.06 0.86 -3.71 -0.64 3.89 1.50 13.30
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100 2.52 0.58 -2.20 -0.34 2.36 0.92 7.50
150 1.84 0.42 -1.19 -1.37 1.51 1.79 4.50
200 1.52 0.37 -0.77 -0.06 1.14 0.43 2.90
250 4.28 0.91 -3.98 -0.71 4.13 1.62 13.00
300 4.28 0.91 -3.98 -0.71 4.13 1.62 13.69

Table S2: BTFO on LSAT

Mr+ (u Mr+ Mr-
emu) [(emu/cm?3) (emu/cm?3)
1.14

2 4.40 -4.43 -1.12 4.41 2.26 37.30
5 5.57 1.13 -5.71 -1.10 5.64 2.23 86.40
10 5.93 0.96 -5.95 -0.95 5.94 1.91 147.30
50 4.99 0.87 -5.01 -0.83 5.00 1.70 147.30

Table S3: BTFMO on STO

2 9.91 1.80 -10.35 -1.92 10.13 3.72 140.00

10 9.91 1.80 -10.35 -1.91 10.13 3.71 148.50
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20 9.21 1.76 -9.305 -1.75 9.26 3.51 140.00

50 7.71 1.44 -7.681 -1.42 7.69 2.86 104.60

Table S4: BTFO on STO

2 6.69 1.29 -7.29 -1.36 6.99 2.65 348.80
10 6.51 1.25 -6.85 -1.27 6.68 2.52 536.65
20 6.07 1.17 -6.22 -1.18 6.15 2.35 536.65
50 4.82 0.93 -5.61 -0.93 5.21 1.86 425.00
100 3.31 0.63 -3.46 -0.63 3.38 1.26 237.30
150 2.24 0.44 -2.39 -0.43 2.32 0.87 143.30
200 1.70 0.33 -1.86 -0.33 1.78 0.66 96.40
300 1.17 0.25 -1.32 -0.23 1.25 0.48 67.00
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A.4. Appendix 4- supporting information for chapter 6

XRD analysis of deposition on sapphire substrates

The XRD analysis of the sequential DLI-CVD deposition on c plane sapphire substrates
is presented in figure S1. There are no peaks corresponding to the Aurivillius phase
materials. The reflections at 14.6 and 29.6 correspond to the (222) and (444)

respectively reflections of pyrochlore Bi,Ti,O7 (JCPDF 32-0118).

444
(222) (444) pyrochlore Bi:Ti.0;
* = substrate
*
W A
i T 710°C
M‘N—;— “
5 ~ AN
S 690°C
= i SN
3 |
Q 670°C
S T | ™ 650°C
S M
M MM
630°C
i M%
[ 10°C
T T T T T T
10 16 20 25 30 35
2 Theta (°)

Figure S1: XRD analysis of materials deposited on sapphire substrate.

Calculation of c-axis parameter from large angle XRD

The XRD data from the out-of-plane scans (standard symmetric 6/20 configuration)
shown in figure 6 of chapter 6 was used to calculated the c-axis parameter of the LSAT
710 °C, LSAT 610 °C, STO 710 °C and STO 610 °C materials. The calculation used all of

the identified Aurivillius peaks observed in the data.
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Figure S2: c-axis pseudo lattice parameters calculated from the large angle out-of-

plane XRD data.
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