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Abstract

For the development of magnetoelectric memory devices, the development of artificial
magnetoelectric materials is necessary. Previous work in the field had focused on the multiferroic
properties of this material in bulk form, however, for a practical device, a thin film investigation is
needed. This thesis details the author’s investigation into the multiferroic properties of bismuth
titanate oxide, BisTisO12, (BTO) thin films doped with lanthanum, niobium, iron and cobalt, to form
the novel material Bis.2sLao.7sLTi2.sNbo2sFe125C00.125012 (BTFC), and how different interface layers
influence their structural and electronic properties when they are deposited on silicon substrates. The
aim of this research is to achieve a multiferroic BTO thin film with strong ferroelectric and

ferromagnetic properties by utilising a novel combination of dopants.

Chapter 1 is the introduction, providing insight into the layout and structure of the thesis making it
easier for the reader to follow. Chapter 2 is the background literature review, which discusses the real
life industrial demands of this work, and is followed by a discussion of the physics and material science
principles behind this investigation. Chapter 3 is the experimental literature review, in which the
material synthesis, device fabrication and characterisation techniques utilised in this work are

discussed.

The experimental chapters begins with Chapter 4, in which the effect of a zinc oxide (ZnO) interface
layer on crystalline properties of BTFC on silicon is investigated. Chapter 5 follows this investigation
up by investigating ferroelectric propertied of BTFC thin films on silicon with ZnO interface layers.
Finally chapter 6 looks at BTFC thin films on silicon substrates with platinum interface layers, and
both simultaneous ferroelectric and ferromagnetic properties were present, confirming multiferroic

behaviour.

Initial investigations into the deposition onto silicon were unsuccessful, but were overcome by utilising
ZnO interface layers. The ZnO interface layer eliminated some critical difficulties; however high
resolution transmission electron microscopy (HRTEM) analysis showed zinc atoms from inside the
interface layer diffusing into the BTFC thin film. The investigation into the ferroelectric properties of
thin films using the triangular voltage waveform method confirmed ferroelectric domain switching,
but were inhibited by the need for a vacuum annealing environment to prevent the oxidation of the
silicon substrate. This resulted in the generation of oxygen vacancies within the BTFC thin film, which

limited driving voltage during the measurement, presenting ferroelectric saturation.

The final investigation was focused on BTFC deposited on platinised-silicon substrates. Platinum is

proved to be the superior interface layer, due to its chemical and thermal stability. The investigation

Vi



found high quality crystalline BTFC, with a high dielectric constant and leakage current, which can be
attributed to the doping effect. The ferroelectric measurements demonstrated a fully saturated
ferroelectric loop, and a remnant polarisation and coercivity of 2Pr = 11.03uC/cm?, and 2Ec =
196.5kV/cm on the optimised thin films. Ferromagnetic measurements of the sample were
challenging, due to the small total magnetisation of the thin film resulting from its low volume and
mass. Using a Superconducting Quantum User Interface Device (SQUID) vibrating sample microscopy
(VSM), Ferromagnetisum was presented in the bulk and thin film form, however, the remnant
magnetisation of the thin film could not be determined, due to its noise level value. This discovery
proves the existence of simultaneous ferroelectric and ferromagnetic phases in BTFC thin film,
confirming muitiferroic behaviour of the deposited thin films had been achieved with the chosen

dopants.

Key Words: Bismuth Titanate Oxide, Ferroelectric, Ferromagnetic, RF-Magnetron Sputtering,

Triangular Voltage Waveform, SQUID magnetometer.
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This thesis provides insight into the integration of doped bismuth titanate oxide thin films on silicon

substrates with zinc oxide interface layers for affordable memory devices. It also provides insight to
how Fe and Co doping induce ferromagnetism into bismuth titanate oxide thin films, contributing to

the field of magnetoelectric memory devices.

The first floating gate memory device dates back to Bell Laboratories in 1976. Since then, memory
devices have formed a ubiquitous part of the electronic devices that are playing an increasingly larger
part of people’s lives. The development of more compact and higher powered devices has been fuelled
by the demand for higher quality devices at lower costs. One such route for higher quality devices is
by further minimisation. Miniaturisation is the reduction in feature size, that comes with the further
development of material and fabrication processes, and allows for more powerful devices, by
increasing the density of computing elements. The limitations of miniaturisation are however being
approached, with a leading memory device manufacture, Reports have claimed to be achieving
feature sizes down to just 15nm(1). Below this size new design limitations begin to occur, such as the
minimal current channel width, and the limited amount of charge that can be stored on the gate

electrode.

Due to the limitations of minimisation, other methods of adding device value to keep up with future
market demands are being investigated, these include the adding of value through device
diversification, increased functionality and new memory types. An emerging memory type with
increased functionality is the magnetoelectric memory device, in which the functionalities of
ferroelectric and ferromagnetic memory are combined, resuiting in a device that possess the

advantages of both, whilst possessing the key disadvantages of neither.

The development of magnetoelectric devices, however, is limited by the lack of single-phase, room
temperature multiferroic materials. Currently, investigations are focused on both heterolayers
magnetoelectric devices (2) and single phase magnetoelectric materials. Heterojunctions have been
reported to possess higher levels of magnetoelectric coupling than single phase materials, however,
demand still exists for single phase materials. This is due to the coupling of heterojunctions being
limited by interface mediated coupling between the ferroelectric and ferromagnetic layer. This limits
the complete switching of the ferroelectric polarisation by a magnetic field, and the complete
switching of the magnetisation by an electric field(3). Additionally, single phases are desirable for the

high throughput and simplicity.

Recent research has shown that bismuth titanate oxide (BTO) doped with Fe and Co in the bulk form

possess strong ferromagnetic properties, and simultaneous coupling between the ferroelectric and
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ferromagnetic states, indicating magnetoelectric behaviour(4). This thesis aims to build upon the

investigation of BTO doped with Fe and Co, by investigating this material in the thin film form. As well
as BTO doped with iron and cobalt, this thesis looks at the effect of lanthanum and niobium doping as
well, in order to improve the fatigue, leakage and dielectric properties. This forms a thin film with a
unique combination of dopants, to form BissLao.7sTi2sLao.2sFe0.0125C00.125012, referred to as BTFC

throughout this thesis.

When investigating materials in the thin film form, the substrate has a significant effect on the
crystallinity and electrical properties of the deposited film. It is desirable that BTFC thin films are
deposited onto silicon substrates for integration with existing devices, however this is limited by the
diffusion of atoms between the two layers, which is a common occurrence when oxide layers are
deposited onto silicon. To compensate for this, interface layers can be inserted between substrate
and ferroelectric layer, to prevent atom diffusion, and to improve the crystallinity. Both platinum and
ZnO interfaces were investigated, with the integration of ZnO with bismuth layered ferroelectrics

being a largely undocumented field, requiring further investigation(5).

The main body of this thesis is broken into five chapters, the first of these is Chapter 2, which
introduces the literature background of this thesis. This chapter starts with an introduction to the field
of memory devices. The chapter discusses the history and current state of the memory market, as well
the upcoming challenges, and how these difficulties can be overcome by the emerging field of
magnetoelectric memory. This is followed by a discussion into the phenomena of ferroelectricity,
ferromagnetism, and magnetoelectricity. The background physics is discussed, and is used to explain
how they are utilized in functional memory devices. Finally, the field of bismuth layered ceramics and
the properties of BTO are introduced. An explanation of how ferroelectricity and ferromagnetism
occur in these materials on an atomic level is provided, and how the properties can be tailored using

dopants.

Chapter 3 discusses the experimental techniques used in this work. This chapter starts by explaining
the fabrication procedures used through this investigation, which includes spark plasma sintering
(SPS), radio frequency (RF) magnetron sputtering, furnace annealing and thermal evaporation. These
fabrication techniques are explained in such that the reader should fully understand the details of the
process, and understand how they are utilised in device and thin film fabrication throughout this
investigation. The second half of this chapter discusses the characterisation techniques involved in the
same way, the discussion includes X-ray Diffraction (XRD), Scanning electron Microscopy (SEM),
Energy-dispersive X-ray spectroscopy (EDS), Transmission electron Microscopy (TEM), X-Ray Photo

spectroscopy (XPS), the triangular voltage waveform method and (Superconducting Quantum User
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Interface Devices) SQUID magnetometers. After reading, the reader should fully comprehend how

these techniques work, and how they are utilised in providing relevant information about the sample.

Chapter 4 is the first experimental chapter, and demonstrates the investigation of BTFC deposition on
silicon, with and without a ZnO interface layer. The goal of this investigation is to determine if the
crystallinity of the BTFC thin films can be improved on silicon substrates by using a ZnO-interface layer.
The effect of the ZnO interface layers pre-treatment on the crystallinity of BTFC thin films is also
investigated. This is followed by an investigation into the chemical stability of the interfaces by
elemental mapping, followed a chemical analysis of the BTFC thin film by XPS and EDS, to determine

if all doping elements have successfully been inserted into the crystal structure.

Chapter 5 builds upon the findings of chapter 4 by investigating the electronic properties of BTFC on
silicon with ZnO interface layers. The capacitance and resistivity of the thin films are examined by
semiconductor analyser, and the ferroelectric properties are examined using the triangular waveform

voltage method.

Chapter 6 aims to improve upon the work of chapters 4 and 5, by investigating the ferroelectric and
ferromagnetic properties of BTFC thin film integrated on silicon substrates with platinum coating.
Firstly, the effect of deposition time and post deposition annealing temperature are investigated to
optimise the thin film quality. Next, the ferroelectric, leakage and dielectric properties of the optimal
thin film are investigated. Lastly, this chapter investigates the ferromagnetic properties of BTFC, using
a SQUID magnetometer, and discusses in detail the challenges faced in the emerging field of magnetic

thin film characterisation.

Finally, the last two chapters, chapters 7 and 8, are the conclusion and the discussion for future

work, where the findings are summarised, and the next steps in the investigations are established.
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Chapter 2 : Literature Review
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2.1 Introduction
This literature review chapter has two aims. The first is to establish the demands of the computer

memory market that justify the need for this investigation and, the second is to explain the electronic
and material principles that form the core of this investigation. This chapter is broken into several
subchapters that discuss these subjects in a logical flow. The first subchapter details the
aforementioned demands of the memory market, the challenges it faces as miniaturisation reaches
its limits are discussed, followed by an introduction to our solution to this challenge in the form of

magnetoelectric memory devices.

The second subchapter explains in detail the physics phenomena of magnetoelectric coupling. It starts
by first introducing the physics of magnetoelectricity and the underlying ferroelectric and
ferromagnetic principles. The chapter ends by discussing how the unique properties of
magnetoelectric materials are utilised in a functional memory device and how they meet the

previously stated demands of the memory market.

The third subchapter introduces our candidate material for magnetoelectric coupling, BiaTisO12 (BTO).
The chapter discusses from an atomic and material’s perspective how magnetoelectric coupling can
be induced by the insertion of iron and cobalt dopants, as well as how other desirable properties can
be optimised lanthanum and niobium doping. The chapter ends by discussing the challenges of BTO
thin film integration onto silicon substrates, and the solution zin oxide (ZnO) interface layers is

introduced.

Lastly, a short subchapter will summarise the exact aims of this work, so that the reader understands

its goals and novelty.

2.2 Characteristics of Non-volatile Memory

2.2.1 History, Properties and Future Demands of Non-Volatile Memory.
The first floating gate used to obtain a non-volatile memory device was proposed in 1976 by Dr. Kahng

of Bell laboratories(6). This proposed sample, however, would suffer from low charge storage due to
zirconium being used as the floating gate and the side wall portions of the floating gate being exposed
to air(7). Later, in 1984, Dr. Masuoka of Toshiba Japan(8) proposed the first flash EEPROM (Electrically
Erasable Programmable Read-Only Memory) which became a component of solid-state disks (SSDs),

which since then have become a dominant part of modern electronics.
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Unlike FeRAM, the MRAM device can be read multiple times, without data loss. However, the key

disadvantage of MRAM lies in the high current needed to produce the magnetic field required to
switch the magnetic state of the device. The high current demand reduces the power efficiency of the

device and lengthens the writing cycle of the device.

FeRAM and MRAM have their advantages and disadvantages. However, by combining elements of
both memory types to form a magnetoelectric deceive, it is possible to produce a memory device that
possesses the strengths of both, and the neither of the key disadvantages. This emerging type of
memory device is the Magnetoelectric Random Access Memory (MeRAM) Device (14). The MeRAM
device utilises materials with the magnetoelectric effect. In a magnetoelectric material, a change in
the ferroelectric polarisation results in a change in ferromagnetic magnetisation and vice versa. This
allows for a memory device in which the ferroelectric state is controlled with a magnetic field, and the
magnetic state is controlled by an electric field (19, 20). This opens the possibility of a memory device
in which the state is written fast and energy efficiently in the ferroelectric domain, but read non-

destructively in the magnetic domain (21, 22), utilising features of both FeRAM and MRAM.

2.3 Ferroelectricity, Ferromagnetism and the Magnetoelectric

Effect.

The previous section introduced the importance and applications of the ferroelectric, ferromagnetic
and magnetoelectric effect in the field of memory devices. This section aims to provide the reader
with the necessary background information to understand these physics phenomena, and how they

relate to the upcoming work.

2.3.1 Ferroelectricity

The phenomena of ferroelectricity was first reported in 1920 by Valasek(23), who observed a
hysteresis effect in sodium potassium tartrate tetra hydrate (KNaCsHsOg 4H,0). At that time, however,
it was dismissed as just an artefact. It was not until much later at the start of the 1950’s, with the
discovery of the ferroelectric phenomena in Barium titanate (BaTiOs) and KH,PO4(24) that the field of

ferroelectricity emerged.

Ferroelectric materials are characterised by their unique non-zero spontaneous polarisation. What
this entails, is that by applying an electric field, the material will become polarised like a dielectric.
However, upon removal of the electric field, some polarisation will remain. This polarisation however

can still be removed, or even reversed by applying an electric field in the opposing direction. The
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Polarisation(P) Vs Electric Field(E) hysteresis loop for a typical ferroelectric sample can be seen in

figure 2.4.
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Figure 2-4 Polarisation vs Electric field hysteresis loop of a ferroelectric material(25).

When an electric field is applied to the ferroelectric material from an initial zero polarisation, the
polarisation increases as dielectric and ferroelectric dipoles in the material orientate themselves to
face the applied field. As the electric field is reduced, the measured polarisation drops as the dielectric
dipoles lose their orientation. However, when the electric field reaches zero, a non-zero polarisation
remains due to the ferroelectric dipoles remaining aligned in the direction of the previously applied
field. This results in the non-zero spontaneous remnant polarisation, P.. By further applying an electric
field in the opposite direction, sofne polarisation is lost as ferroelectric dipoles orientate themselves
to face the opposing field. The electric field required to produce a zero polarisation is called the
coercive field (Ec). By applying a further negative electric field, a negative saturation polarisation can
be achieved, and again if the negative electric field is removed, a negative, non-zero polarisation

remains.

The remnant polarisation forms the basis of the ferroelectric memory effect. A ferroelectric memory
device can be obtained from a single ferroelectric capacitor, which is capable of storing one bit of data,
depending on the polarisation state. The stored data can be read by applying an electric field greater
than the coercive field. If the switching voltage is in the same direction as the polarisation state, then
no change in capacitor charge occurs. If the switching field is in the opposite direction, then the
polarisation is forced to zero and the capacitor current discharge is detected, which determines the
state of the device(26). It is desirable that for high-quality devices that the coercive field is as small
as possible, allowing for more energy efficient and faster read/write cycle, whilst the remnant

polarisation is as large as possible for easily sensed discharges.
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The phenomena of Ferroelectricity can be attributed to the dipoles in the ferroelectric material
possessing an overlocking central position. Figure 2.5 demonstrates the ferroelectric phenomena in
the Perovskite crystal structure(27). The formula for a Perovskite is ABOs, with A being a cation with
valance 1+ to 3+ and B is a cation with valance +3 to +6(28). The crystal structure itself is tetragonal,
meaning two lengths are equal, but the third length is different. This results in the central ‘B’ cation
having no cento-symmetric position, indicating that it must exist as one of two states, upwards or
downwards. This resulting in spontaneous polarisation Py, and Pgown Within the cell respectively. As it
requires a minimum degree energy to switch between the Py, and Pgown States, the cation will remain

in its current state unless a sufficiently strong electrical field is applied in the opposite direction.

Ferroelectric (FE)

Figure 2-5 Ferroelectric switching in Perovskite structures(27).

The ferroelectric response of a material is temperature dependent, with a transition point known as
the ferroelectric-Curie temperature(29). The ferroelectric-Curie temperature exists due to phase
transitions between Low temperature ferroelectric non-centrosymmetric phases, and the high

temperature non-ferroelectric centrosymmetric phases, as seen in figure 2.6(28).
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Figure 2-6 Ferroelectric phase transition temperature between ferroelectric tetragonal phase and non-ferroelectric Para
electric cubic phase(28).

As discussed previously, the ferroelectric properties of a Perovskite cubic cell stems from its
asymmetry. When the material is heated above its ferroelectric-curie temperature, the non-
centrosymmetric tetragonal cells become centrosymmetric cubic cells. This results in the ferroelectric
dipoles losing their overlocking position, and behaving as dielectric dipoles instead. For some
materials like Barium Titanate (BaTiOs), the material goes through several phase transitions into
multiple ferroelectric phases as the temperature drops below the ferroelectric-Curie point, in this
case, the first transition between a dielectric and a ferroelectric phase is marked as ferroelectric Curie
point. Due to the loss of ferroelectricity, the ferroelectric-Curie point indicates the maximum
operating temperature for many devices. For most materials, this is significantly above room
temperature, such as 115°C for BaTiO3(30), making them suitable for most personal and portable
electronics, but achieving reliable high ferroelectric-Curie temperature materials is a challenge for

automotive, industrial and aeronautical industries(31).
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2.3.2 Ferromagnetism
The origin of the individual magnetic moments of materials originates from two sources, the orbit of

electrons around atoms, and the spin of electrons themselves. As seen in figure 2.7(32), an electron
orbiting at nucleus is in effect an electronic charge following a small current loop. Like a solenoid, this
current loop generates a magnetic field whose direction is dependent on the direction and polarity of
the current flow. In addition to the electron’s orbit, the electron itself spins around its own axis,

generating magnetic moment. This rotation may only spin ‘up’ or antiparallel ‘down’.
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Figure 2-7 The magnetic moment generated by an electron, (a) orbital path of an electron around a nucleus, (b) rotation
of electron on its own axis(32).

Though each electron in an atom produces its own magnetic field, the electrons around an atom are
paired up into ‘Up’ and ‘Down’ rotations, resulting in their magnetic fields cancelling out. An atom that
has completely filled shells will have all of its orbital and rotational spins cancelled out, preventing the

material from becoming permanently magnetised.

Magnetism comes in the primary forms of ferromagnetism, paramagnetism and diamagnetism.
Diamagnetism and paramagnetism are non-permanent forms of magnetism and are demonstrated in

figure 2.8.
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Figure 2-8 Atomic magnetic dipole moments of diamagnetic and paramagnetic materials with and without applied
magnetic field (H). (a)(left) A diamagnetic material without the presence of a magnetic field, no dipoles are present (right)A
diamagnetic material in the presence of a magnetic field, the dipoles oppose the external magnetic fieid. (b)(left)
Paramagnetic material without an external magnetic field. The magnetic dipoles are randomly orientated, resulting in no
magnetisation, (b)(right)paramagnetic material, magnetic dipoles align with an external magnetic field, producing a net
magnetisation.

Diamagnetism is a very weak form of magnetism, and exists only whilst an external magnetic field (H)
is applied. It occurs when the orbital motion of electrons reacts to the magnetic field(33). The orbits
rotate to oppose the applied magnetic field, producing a very small magnetisation (M) that opposing
the applied dielectric field. Diamagnetism is an extremely weak form of magnetism found in all
materials, however, it is so small that it is only observable when all other forms of magnetism are

absent.

Paramagnetism occurs in materials that possess incomplete electron shells, leading to the incomplete
cancellation of electron spins and orbits. This results in each atom possessing a permanent magnetic
moment. Outside an magnetic field, these permanent magnetic moments possess a random
orientation, resulting in no net magnetisation across the material. As they are free to rotate when a
magnetic field is applied, they will rotate to align with an external magnetic field, generating an
internal field across the material. If the external field is removed, the atomic dipoles will rotate back
into random orientation. As neither diamagnetic nor paramagnetic materials are capable of

magnetism outside of an external magnetic field, neither are considered magnetic.

A ferromagnetic material is one that can preserve a very large magnetic magnetisation outside of a

magnetic field, unlike diamagnetism and paramagnetism. The permanent magnetic moments of
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the magnetisation with an external electric field, and the electric polarisation using an external

magnetic field. This effect was first discovered in the 1960’s, however, it was not until the start of the
21% century that the switching of an electric polarisation using a magnetic field was first demonstrated

using TbMn03(38) and TbMN,0s(33).

As previously discussed, as the industry approaches the practical limits of Moore’s Law, there is a
demand to increase the quality of devices through increased diversification, known as ‘More than
Moore’. This challenge has been tackled by the integration of new functionalities into devices utilising
the magnetoelectric effect. Recently, a range of new prototype devices have been developed using
this effect. These include magnetic field sensors to help overcome the slow response time and
operating temperature of semiconductor devices(40), energy harvesting devices for mobile and
isolated electronics(41), and wide range frequency phase shifters(42). In this thesis, the specific field
of application of interest is that of magnetoelectric memory applications. The progress into the
development of magnetoelectronics has been hampered by the lack of single-phase magnetoelectric
materials with strong coupling and room temperature behaviours. Alternatives to single phases have

been explored in the form of ferroelectric/ferromagnetic heterojunctions.

Heterojunctions consist of ferroelectric and ferromagnetic layers deposited upon one another. When
the polarisation state of the ferroelectric layer changes due an applied electric field, it undergoes a
change in strain due to the piezoelectric effect, this results in a change in strain of a joined
ferromagnetic layer. As the ferromagnetic layer experiences strain, it undergoes a change in

ferromagnetic polarisation due to the magnetostriction effect (32).

Single phase magnetoelectric materials are still desirable, in order to achieve a magnetoelectric effect
that’s tuneable on the atomic level (4), and for their simplicity, allowing for high throughput. For these
materials to become a reality, a material with strong magnetoelectric properties at room temperature
is required. One of the leading research paths into achieving this is the elemental doping of existing
multiferroic materials to induce or enhance existing magnetoelectric coupling(43). The next section
presents an in-depth consider the multiferroic material, BisTiz012, which forms the basis of this

investigation.

2.4 Multiferroic thin films

As explained previously, multiferroic materials with strong magnetoelectric coupling offer the
opportunity for high-quality memory devices with increasingly diverse functions. The main challenge

of multiferroic materials so far has been the search for a single-phase material with strong
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current flow through the material is perpendicular to the rock salt layer, it faces increased resistivity,

compared to parallel flow. This makes perpendicularly orientated Aurivillius materials preferable for

low leakage, high resistance devices(49).

2.4.2 Electrical and Magnetic Properties BisTiz012

BisTisO12 is an Aurivillius phase structure that forms the focus of this research. Its structure consists of
bismuth rock salt layers separating three bismuth titanate Perovskite layers with the general formula
(Bi,02)**(Bi;TisO10)2. It’s lattice constants are, a = 0.545nm, b = 0.541nm and c = 3.282nm (50). Below
its ferroelectric curie point of 657°C(51), BTO has a ferroelectric tetragonal phase, which becomes a
non-ferroelectric monoclinic symmetric when above it. The transition from a non-ferroelectric to a
ferroelectric phase occurs due to the displacement of the bismuth cations, which results in bending of

the TiOs octahedron and a reduction in symmetry(52).

BTO has a strong electronic isotropy, with a documented polarisation of 2pr = 95uC/cm? and coercive
field of 2E c= 90 kV/cm along the a and b-axis, and 2pr = 7uC/cm and 2Ec = 20 kV/cm along the c-axis
in the bulk phase(53). The large difference in polarisation is due to the large difference in the atomic
displacement of the bismuth atoms. It possesses a larger displacement and a larger polarisation in the
A-B axis, and a smaller displacement and polarisation in the ¢ axis. BTO thin films are typically C-axis
orientated on platinum (54-56) and [100] silicon (57, 58) substrates. The preference for C-axis growth
is due to the mismatch between the crystal lattices of the BTO and substrates. As the lattice constants
between the two surfaces layers are different, BTO will grow in the direction that minimises surface
energy leading to C-axis growth on most substrates(56). Whilst it does possess the smallest
polarisation, C-axis BTO is one of the candidates for ferroelectric memory devices, due to its’s low

leakage current and small coercive field, with low electric coercivity necessary for fast switching

devices.

2.4.3 Site Engineering and Atomics Substitution.
As discussed previously, the electronic properties of Perovskite and Aurivillius structures can be

improved and tailored by the substitution of rare earth elements into A and B cation sites. The aims
of various substitutions have included improving the fatigue properties, reducing leakage current,
increasing the remnant polarisation and reducing the coercive field. Additionally, there are recent
investigations into enhancing the ferromagnetic properties of BTO by iron and cobalt doping. This
subchapter details the elements doped into the BTO thin films in this investigation, in order to improve

its ferroelectric and ferromagnetic properties, with the aim of making it an ideal candidate material

for magnetoelectric memory devices.
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2.4.3.1 A-site - Lanthanum
As lanthanum and bismuth have similar atomic radiuses, lanthanum is easily substituted into bismuth

ions sites without distorting the Perovskite structure. As previously discussed, the (Bi,0,) layers in
Aurivillius materials assist in reducing fatigue in BisTizO1, bulk materials, however BTO thin films still
present fatigue properties. Back in 1999, Park et al (48) demonstrated how the substitution of
lanthanum atoms into bismuth positions, forming Bis 2sLao7sTisO12(BLT), produced fatigue resistant
thin films. Figure 2.14 demonstrates how the insertion of lanthanum improved the fatigue properties

of BTO thin films(48).
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Figure 2-14 Polarisation —~ electric Field (P-E) loops for BLT thin films, with the initial P-E loop in closed circles, and P-E
loops after 3x101° read/write cycles in open circles(48).

By comparing the P-E properties of BLT thin films before (closed circles) and after (open circles) 3 x
10 read/write cycles at 1 MHz. It is demonstrated how after repeated readings, no serious change in
the symmetry of the remnant polarisation and coercive field can be seen. Even today, there are still
several models for explaining the fatigue free behaviour of lanthanum substituted BTO. The prominent
theory being that lanthanum can increase the chemical stabilities of oxygen vacancies in the
Perovskite layers after lanthanum substitution which assist in preventing domain wall pinning(59) (60).
In this investigation, the same amount of lanthanum substitution is utilised in the BTO thin films here
as in the aforementioned Parks experiment, as fatigue free ferroelectric behaviour is highly desirable

in magnetoelectric memory.

2.4.3.2 B-site - Niobium
In 2006, Singh et al(61) performed a systematic investigation into the effect of niobium doping

concentration in B-sites in Biz 2sLao.7sTizxNbxO12 (x =0-0.1) on platinised silicon substrates via chemical

deposition solution. The experiments were based on other reports demonstrating improved remnant
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polarisation with niobium doping via the chemical solution route(62) and pulsed laser deposition(63).
The changes were attributed to the distortion of the TiOs octahedron due to the increased ionic radius
of the Nb** ion, which increases ferroelectric ionic displacement. Figure 2.15 shows the XRD patterns

for Bis 2sLao7sTis-xNbxO12, for X=10.0, 0.04, 0.05 and x = 0.1(61).
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Figure 2-15 X-ray diffraction pattern of Bi3.25La0.75Ti3-xNbx012 for X= 0.0, 0.04, 0.05 and x = 0.1(61).

Between niobium concentrations of X = 0.0 and 0.04, no major change in structure can be seen.
However, for concentrations above x=0.04, major secondary phase Bi,Ti-O; appears. It can be
observed that the BTO peaks shiftto a Idwer angle with increasing niobium doping, and is most evident
in the (006) phase, which the author attributed to the TiO¢ octahedron d-spacing increasing due to the
larger ionic radius of the niobium dopants. Figure 2.16 demonstrates the effect of niobium doping on

the remnant polarisation, coercive field and leakage current of BTO thin films(64).
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Figure 2-16 the effect of niobium doping on the electronic properties of Bi3.25La0.75Ti3-xNbx012, (left) remnant
Polarisation (2Pr) and coercive field (Ec), (right) leakage current(61).
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As niobium content rises from O to 0.04, remnant polarisation increases due to increased TiOs
octahedron bending(61). As the niobium concentration was increased further, the polarisation began
to drop, which they credited to the appearance of the non-ferroelectric Bi,TiO; phase. The effect of
niobium on the leakage current was also investigated. The investigation found that leakage current
decreased with increasing niobium concentration. The increasing resistivity between X = 0.04 and X =

0.1 was attributed to the appearance of the highly insulative pyrochlore phase(65).

in addition to improving the ferroelectric properties, niobium substitution has been proven to
influence the dielectric properties as well. The insertion of niobium into BTO as previously discussed
increases the d-spacing of the TiOs octahedron, increasing the dielectric constant of BTO (66). In this
investigation, the niobium dopants are inserted into B-site site location, in order to increase the

remnant polarisation of the thin film.

2.4.3.3 B-site - Iron and Cobalt
In recent years, BTO doped with iron and cobalt shown to produce magnetic properties in the bulk

form. In 2008, Mao et al examined the magnetic properties of BisTiz01, doped with multiferroic BiFeOs
to form BisFeTisO1s bulk pellets(67). Their investigation found it induced very weak paramagnetism,
with a small remnant magnetisation which they attributed to a small degree of ferromagnetism. Later
in 2012(68), Mao did a comparative study of the same material with half iron dopants substituted to
for cobalt. Figure 2.17 shows the M-H response of BisFeTisO;s and BisFeqsCoosTisO1s from their

investigation.
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Figure 2-17 The M-H curve of Bi5FeTi3015 (BFTO) and BisFeg sCoo.5Tis01s (68).
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substrate, prior to thin film deposition. In addition to influencing the crystalline properties of the

deposited thin film, interface layers can also be utilised as rear electrical contacts.

Most investigations into BTO and other ferroelectric thin films on silicon utilise platinum interface
layers(72). Platinum is a preferred interface layer due to its high conductivity and thermal stability,
making it a suitable rear-electrical contact. It retains its conductivity when annealed at high
temperatures in an oxygen rich atmosphere, were-as conductive silicon and other metals would
oxidise, losing their conductivity, or go through thermal expansion damaging the thin film deposited
upon them. The platinum layer also functions as an effective diffusion barrier due to the large platinum
atom size preventing diffusion between the substrate the thin film. Whilst it is commonly used, the
use of platinum can lead to poor absorption of oxygen, and thermally induced imprint(73). Due to this,

other interface layers are being investigated, including Ir0,(74), SION(75) and Al,05(76).

Due to there bzing interest in new high dielectric constant oxide materials needed to replace SiG,,
which currently serves as a gate electrode for CMOS devices (77, 78), there has recently been interest
in the integration of ferroelectric thin films with new semiconductor substrates and interface layers.
Zn0O is of particular interest in ferroelectric/semiconductor structures due to its wide-band-gap,
piezoelectric, optical(79) and electrical properties(80) and its similar processing temperature of
BTO(81). Recent work has been performed to characterise the properties of ferroelectric BTO
deposited onto sapphire substrates coated with semi conductive ZnO, where the BTO presents a rare
A-axis orientation(5). Therefore, there is interest in the integration of BTFC thin films with ZnO
semiconductor interface layers on silicon substrates, for future applications in BTO/ZnO Metal-

Ferroelectric-Semiconductor structures.

In this investigation, ZnO is utilised as an interface layer when depositing BTFC onto silicon substrates,
due to the current interest in utilising ZnO in ferroelectric/semiconductor structures. The aim is to see
how the crystalline properties of BTFC thin films on silicon can be improved by the insertion of the
Zn0 interface layer, and to provide a foundation for future investigations into BTFC/ZnO

heterostructures.

2.5 Research Goals and Aims

This chapter has demonstrated to the reader the demand for single phase magnetoelectric materials,
stemming from the need to develop practical magnetoelectric memory devices to further increase
memory device value as minimisation reaches its practical limitations. To meet this demand, we will
be investigating Aurivillius phase material BTO with lanthanum, niobium, cobalt and iron doping to

form (Bi3.25Lao,75)(Ti2_5Nbo.125FEQ,125C00A125)012, which will be abbreviated as BTFC through this thesis.
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Ferromagnetic BTO was recently demonstrated by Chen et al (4)and Mao et al (68) as previously
discussed, however, this work was performed on bulk materials, whereas this thesis will focus on the
thin film form. Whilst bulk is easier to fabricate and characterise in research, the industry requires the
materials in thin film form for practical applications. Thin films present more design challenges than
bulk materials, such as increased influence from the substrate interface and surface states, and more

complicated fabrication procedures.

Additionally, this investigation utilises radio frequency (rf) magnetron sputtering for our thin films
deposition. RF magnetron sputtering is the preferred technique for thin film deposition in industry
due to its uniform surface coverage, accurate thickness control, and tuneable deposition control.
These factors make research into thin films deposited by rf magnetron sputtering highly desirable for

industrial applications.
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Chapter 3 : The Growth and
Characterization of BTFC Thin Films
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3.1 Introduction

The previous chapter introduced the topic of multiferroic thin films and the surrounding field of
memory devices that justify the need for this investigation. To achieve the set hypothesis, a range of
bulk and thin film fabrication techniques were employed in this work, as well as a variety of
characterisation techniques. The aim of this chapter is to provide a comprehensive explanation of the
fabrication processes involved in the production of said muitiferroic thin films, and the physical and
electronic methods used to characterise them. Upon reading this chapter, the reader should fully
comprehend the fabrication and characterisations methods used and understand how they achieve
the necessary steps in thin film fabrication, or provide us with accurate characteristics of the involved

samples.

3.2 Fabrication Equipment

The development of thin film devices is a multistage process, involving multiple fabrication methods.
The first stage involves the fabrication of a bulk BTFC target using Spark Plasma Sintering (SPS) at
Queens Mary University London. From this target, thin films were deposited using Aston University’s
rf-magnetron sputtering system, and annealed using a range of furnaces. Lastly, for the case of
electrical and ferroelectric measurements, metallic contacts were deposited on the BTFC thin films
surface using thermal evaporation. This chapter details these fabrication processes from a piysics

perspective, to inform the reader how they achieve the necessary steps in sample fabrication.

3.2.1 Spark Plasma Sintering
Sintering is the processes by which solid bulk samples are formed by the application of heat and

pressure to compress the same material in another form, typically powder. In this thesis, SPS was used
to fabricate the solid bulk BTFC target for sputtering. A diagram of the conventional sintering

apparatus is presented in figure 3.1.
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traps free electrons and plasma near the target. This process increases the rate of ionised argon atoms

bombarding the target, improving the energy efficiency the sputtering rate of the target.

Rf magnetron sputtering is favorited for industrial applications due to its ability to use large targets,
leading to large surface coverage and highly accurate deposition rates. This is advantageous in this
investigation, as it allows for the deposition of thin films with a high level of repeatability, in which the
thin film thickness and elemental composition remain consistent. The key disadvantage of sputtering
derives from its dependence on solid bulk targets. Ceramic bulk targets, BTFC included, are very
vulnerable to thermal shock due to their crystalline nature. The ion bombardment process generates
a significant thermal energy upon the target surface, resulting in thermal expansion and cracking of

the target.

Another disadvantage is that it is difficult to vary the thin film elemental contents without fa bricating
or purchasing a new target. In the combustion sol-gel(87) and chemical solution deposition
method(88) the precursor materials can be varied with each deposition, making it easier to investigate
the effect of different doping. Compared to rf magnetron sputtering, these techniques allow for faster
investigation into the effect of dopants on thin films whereas in magnetron sputtering, any changes
to the composition of the thin film requires fabrication of a new target, or the use of multi-target
systems. This means that the thin films are limited to the sputtering target composition of

Bis.2sLao.75Ti2.sNbo 25Fe0.125C00.12501, throughout this experiment.

3.2.2.1 Aston University’s Magnetron Sputter.
Aston University’s rf magnetron sputterwas utilised throughout this experiment to deposit BTFC and

Zn0 thin films from bulk targets. A picture of the sputtering apparatus itself is presented in figure 3.5.
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The samples sit in a sample holder, 15cms away from the target. During deposition, the substrates

are rotated at a rate of 10 rotations per minute, which ensures the deposition of an evenly coated thin

film.

A list of the components used in the sputtering apparatus is presented in Table 1.

Unit _Type
" Huttinger RF Generator PFG 600 RF

Huttinnger Match Box PFM 1500 A

MKS Mass Flow Controlier 1179A 12CR15V

MKS Baratron Gauge 626 AO1TCE

CTI Cryo Pump 8107807 G001

CTI 8200 compressor 8032550 G002

Ley Bold Wide Range Gauge ITR90

Ley Bold Pirani Gauge ITROO

Vat 3 Position Valve 64046-CE48

Lesker Roughing Valve SA 0050 PUCF

Lesker Roughing Valve SA 0150 PUCF

Linak Hoist LP22A

Linak Transformer

CB08-1T-01-24

Table 1 Components used in Aston Universities RF magnetrons sputter.

Using Aston universities rf sputterer, high quality thin films have been produced, with controlled
deposition rates, high repeatability, and high purity. However, it is limited by the fact that it cannot
heat the substrates during deposition. BTFC thin films deposited by sputtering without substrate
heating are amorphous in nature. This is true for BTFC deposited on platinum and other substrates,
including IrO;, Ir(74) and silicon(50). This is due to the crystalline nature of the Aurivillius phase
requiring large amounts of thermal energy to form, requiring deposition at substrate temperatures

typically above 500°C(58, 89).

One alternative to substrate heating is the post deposition annealing of the as-deposited thin films. In
this process, the film is removed from the chamber and annealed using a separate apparatus. Post
deposition annealing allows for further control of the thin film properties by providing accurate

temperature control, as well as variable annealing gas environment(90).

3.2.3 Thin Film Annealing

Annealing is the process of raising the temperature of a material to induce chemical and physical phase
changes. In this experiment, annealing is used to crystallise amorphous as-deposited films into

crystalline phases. This process was performed for both ZnO and BTFC thin films,

Annealing works by providing the atoms the thermal energy needed break existing chemical bonds

and migrate within the solid material, moving them towards a more stable phase. In addition to
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deposition, minimising contamination. Performing titanium and WC deposition leads to these
materials contaminating the walls and target holder; this could lead to resputtering of these materials
during BTFC deposition, leading to impurities embedding themselves in the thin films. By using thermal
evaporation, the purity of the BTFC thin films could be significantly improved by limiting the use to
the RF magnetron sputter to just that material. Another key advantage of thermal evaporation is that
it can evaporate materials using smaller material samples, whilst rf magnetron sputtering is limited to
large bulk targets, making sputtering expensive materials such as gold or platinum unaffordable.
Thermal evaporation, by contrast can work with very small samples, typically in the form of millimetre
thick wire, or pellets, making it affordable to work with precious materials like gold. Lastly, the thermal
evaporator is significantly faster than the RF sputter, due to the smaller vacuum chamber size.
Whereas the RF sputter requires 5 hours to produce a workable atmosphere, the evaporator can
achieve a similar atmosphere in only 1 hour, which typically allows the deposition to be performed on

the same day the thin film was deposited.

3.3 Characterisation and Analysis Apparatus

The discussion in this chapter so far has been concerned with the fabrication methods involved in
developing the thin film and capacitor structures needed to examine the properties of BTFC thin films.
This section will focus and discuss in detail the characterisation techniques used throughout this thesis

in order to examined these fabricated samples.

3.3.1 X-Ray Powder Diffraction

X-ray crystallography, commonly referred to as X-Ray powder diffraction (XRD) is a crystal structure
analysis technique that uses the diffraction of an x-ray beam to map the molecular structure of a

crystal. Inthis experimentation, we use XRD to determine the phase and orientation of deposited thin

films.

XRD uses the constructive interference between monochromatic-rays and the samples crystal lattice
to produce a 3D image. The X-rays are generated using cathode tube, and filtered to produce a
monochromatic beam. When the beam satisfies Braggs law, nA = 2dsin®, the beam undergoes

constructive interference, increasing the intensity of the return beam detected by a sensor.

Bragg’s law is defined as
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instruments were used, initially, Queens Mary University London’s Bruker d8 with CuKa1 radiation
with wavelength 1.57 A was utilised, but Aston University’s X'PERT-PRO using Cu Ka radiation with a

wavelength of 1.54 A was in the later stages of this investigation due to the easier access.

In this study, XRD is used to characterise the crystallinity of BTFC thin films and ZnO interface layers.
This technique allows us to confirm that the possessed BTFC thin films are Aurivillius in phase, and to

determine if any secondary or amorphous phases are present.

3.3.1.1 Scherrer equation
The sheerer equation is a formula that allows the calculation of the crystallite domain size from the

line broadening in X-ray diffraction patterns. The equation is defined as

K2
t= BcosO

Where

T =the size of crystallite domains.

K = is the shape factor, with a value close to 1. It is taken as 0.9 in this thesis

A =X-ray wavelength

B =the line broadening, full-width at half rﬁaximum (FWHM), of the investigated peak in radians.
© =Bragg angle

The value of B, is calculated by taking the top and bottom half maximum values, calculating the
difference in degrees (keeping the angle in 2-theta), then converting the value into radians. The Bragg
angle, however, is kept in degrees with the 20 value presented in the diffraction pattern converted
into ©. Using the sheerer equation, it is possible to determine the crystallite size of domains within
the analysed thin films. Thin films are typically polycrystalline, consisting of multiple grains; however,
each grain consists of multiple single crystal crystallite domains. By using the sheerer equation, we can
determine the size of these domains. One notable limitation of the Scherrer equation, however, is that
it does not consider changes in the tensile stress of the thin film. Increasing tensile stress results in
peak shifts to higher Bragg angles, a result of the d spacing is reduced as the lattice is compressed. In
this thesis, the Scherrer equation is utilised to calculate the crystallite domain size in BTFC and ZnO

thin films, to investigate the effect of deposition and annealing conditions on crystallinity.
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electrons, secondary electrons, back scattered electrons and x-rays. These signals are collected by one
or more detectors, and used to produce an image of the surface of the sample at a high spatial
resolution. The backscattered electrons can be used to determine the elemental composition of the
film, as the intensity of the backscattered electrons is proportional to the atomic number of the
compositional atoms. X-ray emitted from the sample can be collected and used in Energy Dispersive

X-Ray spectroscopy (EDS), which provides qualitative and quantitative elemental analysis.

A standard SEM has a magnification range of between 10 to 50,000X for conductive samples (17). For
non-conductive samples, a conductive coating, typically gold, is applied in order to avoid charging
defects. High magnifications in the range of 100,000-1,000,000X can be achieved using field emission

scanning electron microscopy.

In this project, SEM is used for two different purposes. Firstly, it is used for surface analysis wherein
the thin films surface morphology and roughness is investigated. It is known that the surface
roughness of thin films is proportional to grain size(96). Grain size has been demonstrated to affect
the leakage and ferroelectric properties of thin films. SEM images can therefore be utilised in
explaining the variation in electrical properties, surface roughness and grain size with annealing
temperature. Secondly, SEM is utilised in cross sectional measurements to determine thin film
thickness to calculate deposition rates. Cross-sectional measurements were performed by cutting the
thin films in half and measuring the thin films cross sectional area. This allows us to visually distinguish
the thin film/substrate regions, and measure the thicknesses using pixel measurements.
Measurements were taken from the centre of samples, where no shadowing effect from the mask

during deposition occurred.

3.3.3 Energy Dispersive Spectroscopy

Energy dispersive X-ray spectroscopy (EDS), is an analysis technique were a beam of charged particles,
is used to excite the emission of x-rays from a sample. The resulting emission spectrum is characteristic

of the chemical makeup of the sample, allowing for quantitative elemental characterisation.

To excite the sample, a beam of charged particles, such as electrons or photons, is used to radiate the
sample. These particles excite electrons in the inner shells of the atoms orbits, resulting in the emission
of the electron. When the electron is emitted, an electron hole is left in the inner ring. In response to
this, an electron in a higher energy state in an out ring will drop to into this electron hole. As it drops
to a lower energy state, it emits energy in the form of an x-ray, which possesses energy and

Wavelength characteristic of the difference in energy levels. A diagram of this process is presented in
figure 3,13,
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and boundaries. A TEM operates in the same way that a light microscope does, however, it improves

upon it but utilising a beam of electrons, rather than light.
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Figure 3-14 (A) schematic of TEM apparatus, (B) diagram of electrons diffracted by specimen being focused onto imaging

plane (101).

A schematic of the TEM is presented in figure 3.14. A beam of electrons produced by the electron gun
is focused into a single beam by a set of condenser lens. The beam is then incident on the sample

Where the electrons interact with the sample in various ways, including reflection and refraction. The
electrons that pass through the sample are then collected by an objective lens. The lens focuses and

enlarges the image onto an imaging device. This device may consist of a phosphor screen, or in a more

modern system, a charge coupled device camera.
TEM is utilized in this investigation to analyse the crystal structure of BTFC thin films. In order to

analyse the cross sectional area, the samples were cut perpendicularly to form an ultra-thin film by a

f . _— .
OCused lon Beam, allowing for the electron beam to be incident upon the cross sectional area.
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High resolution transmission electron microscopy (HRTEM) is a mode of TEM. In this mode, a large
objective lens is used to collect a wider range of diffracted beams. These widely diffracted beams allow
TEM to determine the exact position of specific atom columns. Using HRTEM, atomic column of planes
can be accurately detected, making it a useful tool for analysing grain boundaries, interfaces between

different materials, and the d-spacing of crystalline planes.

In this investigation, TEM is used to analyse in detail the grain boundaries of the cross sectional TEM
samples. It allows us to analyse the interface between them, and by utilising HRTEM, to look at the
exact crystallographic structure at the interfaces, in a way that cannot be achieved using XRD, or with
the smaller resolution of SEM. All TEM data collection was performed by staff at the National Institute

for Material Science of Japan.

3.3.5 Magnetometer - Superconducting Quantum User Interface Device
Superconducting Quantum User Interface Device (SQUID) magnetometers are highly sensitive

apparatus used to measure the magnetic moment of samples. They are utilised in this investigation to

characterise the ferromagnetic properties of BTFC thin films.

In SQUID magnetometry, as demonstrated in figure 3.15 the sample is attached to a non-magnetic
actuator, which is placed inside of a fixed magnetic field generated by superconducting
electromagnets. When the sample holder vertically oscillates a magnetic sample, the samples
movement will induce a change within the magnetic flux of the chamber proportional to the samples
total magnetic moment. These changes in magnetic flux will induce changes in the current of

superconducting wires, which act as pick up coils.

The super conducting wire forms a closed loop with the SQUID, which converts any change in current
to an output voltage. The SQUID in effect works as a highly sensitive current to voltage converter,

allowing the samples magnetic moment to be characterised by the level of voltage detected by the
SQUID.
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Figure 3-15 diagram of SQUID magnetometer. The sample is oscillated within magnetic field H, which induces a change
in the magnetic flux inside the chamber depending on the samples magnetic moment. This in turn leads to a change in
current of the through the superconducting wires(102).

Unlike ferroelectric measurements, where the thin film nature makes characterisation easy due to the
small driving voltage necessary to generate a ferroelectric response. The samples thin film nature
makes ferromagnetic characterisation difficult due to several factors. The leading problem is that the
small volume of thin film samples make the resulting magnetic moment extremely small compared to
bulk samples. It is reported that bulk BTO doped with Iron and cobalt have magnetic moment of
7.8memu/g (68, 69). Using the reported density of 9.10g/cm>(103), we can calculate that the total

remnant magnetisation for a 400nm thick thin film with a surface area of 1cm?to be:
Volume = 400nm x 1cm x 1cm = 4x105cm3.

Total mass = 4x10°cm? x 9.10g/cm® = 3.64x10™g

Total magnetisation = 3.64 x 10g x 7.8memu/g = 28.4x10°emu

Because of the thin films incredibly small mass, the remnant magnetisation is expecting to be in the
region of 10 emu. Magnetisations of the size are out of the sensitivity ranges of most conventional
Vibrating sample magnetometers (VSM)(104, 105). In order to accurately gauge the samples
Magnetisation, a SQUID Magnetometer must be employed, as they are capable of measuring the

Magnetic moment to such a deep of sensitivity(106).

The Ferromagnetic properties of doped BTFC thin films were characterised using Warwick University’s

Quantum Design MPMS-S5 SQUID Magnetometer, all measurements were performed at 5K.
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The energy of electrons ejected by X-ray interaction is used to plot a XPS spectrum, which consists of
the intensity on the Y-axis and electron binding energy along the X-axis. The specific binding energy of
the peaks is characteristic of the electron configuration of specific elements eg 1S 25, 2P etc. Thus, it
is possible to determine the elemental composition of sample surfaces by comparing the peak binding
energy of the spectra to the known binding energy of each element. Furthermore, by comparing the

intensity of the peaks, it is possible to determine the quantities and elemental information of the film.

In addition to elemental composition, XPS is able to determine the chemical states of the sample. This
is possible as the binding energy of electrons varies with the oxidation state, allowing us to determine
the bounding state by measuring the shift in peak locations. As well as using XPS to confirm the
elemental composition of the BTFC thin films, we can utilise the chemical shifts to detect if any
undesirable metallic clusters have formed in the thin film, or if only the desired oxidisation states have

formed.

3.3.7 Ferroelectric Tester
Ferroelectric materials are defined by their non-zero spontaneous polarisation, which can be switched

by the application of an electric field. This non-zero polarisation is usually presented in the form of a
hysteresis curve, which ferroelectric polarisation (P) on the Y-axis, and electric field (E) or applied
voltage(V) on the X-Axis. A detailed explanation the phenomena of ferroelectric hysteresis can be
found in the previous chapter 2.3.1. In this investigation, to characterise the P-E hysteresis loop of
BTFC thin film samples, the triangular voltage waveform is utilised method. A schematic of the

measuring apparatus utilised in this experiment to achieve these measurements is presented in figure
3.17.
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Figure 3-17 Schematic of the ferroelectric testing apparatus

The apparatus used in this experimentation is a combination of a Hewlett 33120A Waveform
generator, a Trek601C Power Amplifier, a Keithley428 Current Amplifier and an Agilent 54624A
oscilloscope. These are presented in figure 3.17. The waveform generator produces triangular voltage
waveform in the frequency range of 10Hz to 1KHz. As the waveform generator cannot produce
sufficient voltage, the output voltage is then multiplied by a factor of 100 by a power amplifier. The
amplified triangular waveform is applied to the sample using a conventional probing station. The
output current is amplified to a readable level by a current amplifier, which is then measured and

recorded using an external oscilloscope.
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current at the maximum applied field is extremely low, we can also conclude that there is little
contribution from leakage current or dielectric contributions. Figure 3.19.b presents the current-
voltage loop for a single voltage cycle. Each current peak location indicates the each location of the
coercive field in each switching cycle. Figure 3.19.c presents the same plot with current converted
into electrical displacement, to form a D-E hysteresis loop. The loop presents a hysteresis behaviour,
with clear remnant polarisation and coercive field points. Once the electric field reaches its maximum
value at point D, the electrical displacement begins to drop as the electric field is reduced. This is
evidence that we have a fully saturated ferroelectric, as charge no longer accumulates, but depletes

when the voltage direction changes

inmost literature, ferroelectric hysteresis loops are presented as ferroelectric polarisation (P) - electric
field (E) loops (109, 110). This is inaccurate, as the measured polarisation consists of leakage current
and dielectric contributions, as well as ferroelectric ones. In this thesis, the ferroelectricity effect of
BTFC thin films will be reported as electric displacement (D)- electric field (E) as the discussion will
include additiona! information regarding the leakage current and dielectric contributions to the

calculation of the remnant polarisation.

3.4 Summary

in this chapter, the fabrication and characterisation methods have been presented and discussed.
After reading, the reader should comprehend how SPS, RF-magnetron sputtering, annealing and
evaporation are utilised in the formation of multiferroic BTFC thin films, and how and why SEM, XPS,
TEM, EDS Magnetometers and the triangular voltage waveform methodology are used in
characterisation. Understanding these factors should provide the reader with the capability in

understanding the following experimentation.
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Chapter 4 : The Integration of BTFC Thin
Films on Silicon Substrates Using ZnO
Interface Layers
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4.1 Introduction

The Aurivillius phase material, bismuth titanate oxide, has been frequently studied for
applications in the field of FeRAM, due to its low coercive field, high electric resistivity and
fatigue resistant properties along the C-axis(58, 59, 111). The properties of BTO can be
improved and tuned by substituting different ions into existing bismuth and titanium sites
(112, 113). Recently, there has been growing interest in the insertion of iron and cobalt ions
into B-site locations to induce ferromagnetism, which is an emerging approach in producing
novel single phase magnetoelectric materials for use in novel data storage devices(68, 69,

114).

Investigations into BisTisO12 thin films are typically performed using platinum coated silicon
substrates (66, 112, 115). This is due to platinum’s ability to retain its electrical conductivity
and smoothness when annealed at the high processing temperatures needed to form
Aurivillius phase BTO thin films, whilst other substrates go through oxidisation or thermal

expansion during the same annealing process.

Platinised silicon, however is extremely expensive, with 10cm diameter wafers costing
typically up to £300. Therefore, it is beneficial to look for alternative substrates. The
deposition of ferroelectric thin films directly on silicon is impaired by diffusion of ferroelectric
constituent elements from the thin film into the silicon substrate(75). To improve the growth
of ferroelectric thin films on silicon substrates, interface layers, also known as buffer layers,
can be inserted between the ferroelectric thin film and silicon substrates (116, 117). Interface
layers are thin films that are sandwiched between the ferroelectric and substrate, which can
improve the crystalline properties of the thin films in two ways. Firstly, they act as a diffusion
barrier, preventing atoms diffusing between the substrate and thin film, and secondly, they

can act to improve the crystallinity of the thin films, by changing the surface it is deposited

upon.

In memory device applications, one of the key device structures is the metal-ferroelectric-
semiconductor(MFS) device structure. With this device structure, it is not only desirable that
the interface layer acts to improve the crystallinity of the ferroelectric, but also functions as
asemiconductor channel(118). Zinc Oxide (ZnO) is an excellent semiconductor due to its wide

ba”dgap, nontoxicity, affordability and abundance, whilst possessing chemically and thermal
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stability under the plasma processes and high temperatures(119). There is therefore interest
in the integration of doped BTO thin films on ZnO interface layers to improve the crystal

quality of BTO, and to study the feasibility of a BTO/ZnO MFS device.

The aim of this study is to investigate the growth and crystallinity of doped-BTO,
Bis2sLa0.75T12.5Nbo.25F€0.125C00.125012(BTFC) thin films with novel Fe, Co, Nb and La dopants on
p-type silicon substrates using ZnO interface layers. The effects of the dopants, annealing
temperature and pre-treatment of the ZnO interface layer on the crystallography structure
and surface morphology of BTFC are investigated by XRD, SEM and TEM. Elemental diffusion
of BTFC constituent elements between the ferroelectric layer and the substrate and across
the interface layer are investigated by HRTEM. The chemical composition of the BTFC thin
films is investigated by XPS and EDS.

4.2 Experimental
In this study, 500 micrometre thick P-type (111) silicon substrates were used. The substrate

was cut into 1.5cm by 1.5 cm pieces, followed by cleaning and degreasing before deposition.
This was achieved by sonicating them in acetone for 30 minutes, followed by rinsing with
deionised water and blow-drying with nitrogen gas. This process was then repeated using
isopropanol instead of acetone. Finally, the samples were sonicated for 5 minutes and rinsed
with deionised water, followed by blbw-drying with nitrogen. The samples were then
immediately loaded into the rf sputter chamber to minimise contamination. The chamber was
set to pump for at least 8 hours, achieving a base pressure of at least 1x 10”’mBar. Sample
cleaning and RF-sputtering was performed in clean room environment to minimise

contamination during handling.

Thin films were sputtered from a Bis2slao.7sTi2.sNbo.2sFe0.125C00125012 (BTFC) target, the
fabrication of which was described in chapter 3.2.1.1. At the beginning of the sputtering
Procedure, the sample shutter was closed to eliminate deposition during the plasma ramping
Process. To minimise damage from thermal shock to the BTFC target, plasma ignition was
achieved with a power of 20 W, a working argon gas pressure of 4.9 Pa (flow rate = 60 SCCM)
and with the target shutter remaining closed to help contain plasma near the target. The
Power was ramped up to a working power of 150 W at a rate of 1W every 10 seconds. When

the target power was achieved, Ar gas pressure was dropped to 1 Pa (flow rate = 14 S.C.C.M)
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and the target shutter was opened. With the set plasma sputtering conditions achieved, the
conditions were maintained for 10 minutes to ensure any surface contamination on the target
was sputtered off prior to deposition. After ten minutes, the substrate shutter was opened,
allowing the deposition to begin. ZnO thin films were deposited using the same methodology,
however, a higher power and ramping rate of 300 W and 1 W/S were utilised due to the
targets resistance to thermal shock. BTFC and ZnO thin films were allowed to deposit for the
desired amount of time to achieve the desired thickness. When deposition was complete, the
sample shutter was closed, ending deposition, and the plasma power turned off. Thin film
thickness and deposition rates were pre-determined by depositing thin films on substrates
coated with kapton tape. After deposition and annealing, the kapton tape was removed and

the height difference between the thin film and substrate was measured using Taley Step.

When investigating the effect of the ZnO interface layers on BTFC, two variables were used.
The first was the effect of annealing the ZnO interface layers prior to BTFC deposition, one set
of samples were fabricated using BTFC deposited on as-deposited ZnO, and for the other half,
the ZnO thin films were annealed at 700°C in ambient atmosphere to change their
crystallinity, prior to BTFC deposition. The second variable was the post- deposition annealing
temperatures of the BTFC thin films. All BTFC thin films were annealed for one hour in ambient
atmosphere after deposition, but the temperature was varied between 550°C, 650°C, 700°C

and 750°C.,

Annealed ZnO interface layers were fabricated by depositing 180 nm ZnO on P-type Si (111)
and then annealing in a preheated ambient atmosphere at 700 °C for 60 minutes. BTFC thin
films were then deposited onto these ZnO interface layers. As-deposited ZnO thin films were
achieved by depositing 180nm of ZnO on silicon, followed directly by BTFC deposition without
any further treatment to the ZnO layer. As Aston University’s RF magnetrons sputter is a one
target system, the vacuum of the sputtering chamber had to be broken so that the sputtering
target could be changed, exposing the as-deposited ZnO thin films to atmospheric gasses prior
to BTFC deposition. BTFC thin film annealing was performed in a pre-heated furnace for 1
hour in ambient atmosphere. The crystal structures of the ZnO and BTFC films were
characterized using a XRD with an x-ray wavelength of 1.54 A. Aurivillius phase BTO peaks
Were identified using the Joint Committee on Powder Diffraction Standards (JCPDS) card

umber 36-1486. SEM and EDS were performed using an FEI inspect-F SEM. The composition
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and chemical bonding states of the BTFC thin films were characterized by X-ray photoelectron
spectroscopy (XPS) (Thermo ESCAlab 250), using an X-ray source of Al Ka with an excitation
energy of 15 keV and emission current of 6 mA. The analyser pass energy was 20 eV with a
step of 0.1 eV and a dwell time of 50ms for the measurements. TEM was performed using a

JEOL JEM-2100F, with a voltage of 200kV.

A list off the samples fabricated and variables is listed in table 2. All samples were deposited
on silicon (111) substrates. ZnO interface layers were either as-deposited or annealed post
deposition, with the deposition time varied to control thickness. All BTFC thin films were
deposited utilising the same sputtering method, however, deposition time was again varied
to control film thickness. BTFC post-deposition annealing temperature was varied, but always

performed for 1 hour in an ambient atmosphere.

Sample | ZnO interface | ZnO interface layer | BTFC thin film | BTFC layer annealing
number | layer type thickness {(nm) thickness (nm) temperature (°C)
1 None None 100 650

2 Annealed 180 None None

3 Annealed 180 300 None

4 Annealed 180 ’ 300 550

5 Annealed 180 300 650

6 Annealed 180 300 700

7 Annealed 180 300 750

8 As-deposited | 180 None None

9 As-deposited | 180 300 None

10 As-deposited | 180 300 550

11 As-deposited | 180 300 650

12 As-deposited | 180 300 700

13 As-deposited | 180 300 750

14 As-deposited | 50 300 700

Table 2 details of fabricated samples.

Two or more copies of each sample were measured in XRD, SEM, XPS and EDS
Measurements. Only one sample was measured in TEM
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4.3 Results and Discussion

The crystallinity of BTFC deposited directly onto p-Si (111) substrates (Sample 1) was first investigated.
Figure 4.1 presents the XRD of 100nm BTFC deposited on silicon, and annealed post-deposition at
650°C for one hour in ambient atmosphere. Data between 2-theta = 27° to 29° was removed due to

the strong silicon substrate reflection.

(117)
(020)/(022)

Intensity (A.U)

Amorphous phase

2-Theta (deg)

Figure 4-1 XRD pattern 100nm of BTFC thin films deposited directly onto P-Si (111) and annealed post deposition at 650°C
in ambient atmosphere.

Aurivillius BTO phase peaks can be seen at 2-theta = 29.73° and 32.76°, characteristic of the
(117) and overlapping (020)/ (022) BTO orientations respectively. A curve can be seen at low
2-theta angles, indicating the presence of amorphous phase material. The (117) peak is broad,
indicative of a small crystallite size and poor crystallinity, by utilising the Scherrer equation,

the crystallite size of the (117) phase is calculated to be 8.4nm.

To Compare the crystallinity of BTF>C on silicon with and without a ZnO interface, the
Crystallinity of BTFC thin films on p-Si (111) substrates with ZnO interface layers was

characterised by XRD. Samples consisted of 300nm BTFC thin films deposited on (111) p-Si
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the annealing process. Figure 4.3.B presents the diffraction pattern for as-deposited BTFC on as-
deposited ZnO. No other peaks can be observed except for the underlying ZnO peak are present,
indicating the film is non-crystalline. Figure 4.3.C, 4.3.D, 4.3.E and 4.3.F present the diffraction
patterns of BTFC annealed at 550°C, 650°C, 700°C and 750°C respectively. The films are Aurivillius in
phase as evident by the (004), (008), (111), (113), (117), the overlapping (202)/(022) ,(028) and (115)
peaks. A single pyrochlore phase peak, labelled ‘p’ is present in the films annealed at higher
temperatures. Peaks characteristic of the (002) orientation of ZnO are present at lower temperatures
annealing, indicating the ZnO interface layer has undergone a change in crystallinity during BTFC

annealing, changing dominant orientation from (100) to (002).

For BTFC deposited on both annealed and as-deposited ZnO interface layers, the films show peaks
characteristic of Aurivillius phase BTO. This indicates that the BTFC thin films have retained their
ferroelectric Aurivillius phase after La, Nb, Fe and Co elements have been inserted into the crystalline
structure. It is observed that the full width at half maximum (FWHM) of the (117) peak for BTFC thin
films on both types interface layers decreases with increasing annealing temperature, indicating that

the crystallite size is increasing with increasing annealing temperature(56).

Using the Scherrer equation, the crystallite size of the (117) phase was calculated for BTFC on annealed
and as-deposited ZnO interface layers over all ranges of annealing temperature. The plot of the
crystalline domain size against temperature for the (117) orientation of BTFC thin films deposited on

silicon both with annealed and as-deposited ZnO interface layers is presented in Figure 4.4.
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it is evident, by comparing the XRD of BTFC with and without ZnO buffer layers, that inserting a ZnO
puffer layer improves the crystallinity of BTFC thin films. BTFC deposited directly on silicon without a
7n0 interface layer has a smaller crystallite size as determined by the Scherrer equation, and possess
large amounts of amorphous material. In comparison, BTFC deposited on either type of ZnO interface
possess a large crystallite domain size at the same annealing temperature, and presents no evidence
of amorphous material, indicating improved crystallinity. This can be attributed to ZnO acting as a

diffusion barrier, preventing the absorption of oxygen from the BTFC into the silicon substrate.

At a temperature of 650°C, secondary phase pyrochlore BTO, Bi,Ti,017, begins to appear. The
formation of this phase can be attributed to the volatile nature of bismuth, resulting in it being
vaporised from the thin film at high temperatures. This phase appears at temperatures of 600°C when
BTO has been deposited directly on Si(111), as reported elsewhere(58), indicating the insertion of a

7n0 interface layer does not suppresses the emissions of volatile bismuth.

The investigation using XRD concludes that the BTFC retains its Aurivillius phase structure after the
doping of La, Nb, Co and Fe elements into the target. The insertion of a ZnO interface layer between
the BTFC thin film and the silicon substrate improves the crystallinity of BTFC, promoting larger
crystallite sizes, and preventing the formation of amorphous material. The use of an annealed ZnO
interface layer promotes larger crystallite size at lower temperatures than an as-deposited ZnO
interface layer. However, both types produce films of similar quality in the 700°C to 750°C annealing
region. Like BTO deposited on P-Si reported elsewhere, the thin films are predominantly (117) in

orientation, with muitiple secondary C-axis orientations.

To further investigate the effect of the ZnO interface layer and annealing temperature on the
crystallinity of BTFC. The surface morphology of BTFC deposited directly on silicon and deposited on
annealed and as deposited ZnO interface layers after post deposition annealing at different
temperatures was investigated by SEM. The SEM of 100nm BTFC deposited directly on Silicon and

annealed at 650°C (sample 1) is presented in figure 4.5.
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Figure 4-5 SEM images of 100nm BTFC deposited directly onto P-Si (111) substrates and annealed at 650°C for 1 hour in
ambient atmosphere.

BTFC deposited directly onto silicon shows smooth granular features, with featureless regions

between them, indicating an amorphous phase surface layer.

The SEM images for the annealed ZnO interface (sample 2), the as-deposited BTFC thin films on
annealed ZnO interfaces (sample 3) and BTFC thin films annealed at 550°C, 650°C, 700°C and 750°C

on annealed ZnO interface layers (sample 4-through 7) are shown in Figure 4.6.
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Figure 4.7.A presents the surface morphology of the as-deposited ZnO interface layer. The surface
present granular features that are significantly smoother than that of annealed ZnO. The as-deposited
gTECseenin figure 4.7.B s stillamorphous like, indicating good heteroepitaxial growth of as-deposited
TFC on ZnO interfaces. Like BTFC on annealed ZnO interfaces, BTFC annealed at 550°C, 650°C, 700°C
and 750°C shown in figure 4.7.C, 4.7.D, 4.7.E and 4.7.F present pallet like granular features with
random orientation, with surface-feature size increasing with annealing temperature. For the films
annealed at 550°C the feature length varies between 50nm and 60nm, and the width varies between
5.88nm and 9.24nm. For films annealed at 750°C, the length varies between 280nm and 492nm, and

the width varies between 86nm and 153nm.

By comparing the surface morphology of BTFC on silicon (figure 4.5), and BTFC on both types of ZnO
interface layers, annealed at the same temperatures (4.6.D and 4.7.D), It can be see that inserting a
Zn0 layer improves crystallinity, eliminating amorphous phase material, and increasing the granular
structure size. Surface roughness also increases, which can be attributed to the roughness of the ZnO

interface layer.

By comparing the surface morphology of the two interface layers (Figure 4.6.A and 4.7.A), the
roughness of the ZnO surface layer increases after annealing. The as-deposited BTFC thin films present
anon-crystalline phase, suggesting they are amorphous in nature. The XRD data also suggests the as-
deposited thin films poorly crystalline, indicating that the thin films require thermal energy to form
the Aurivillius crystalline structure, with the surface roughness increasing with annealing temperature.
Therefore, it is evident that both ZnO interface layers type and temperature play a role in promoting

the preferential growth of plate-like grains, rather than round ones.

Toinvestigate the chemical stability of the ZnO layer, TEM was used to investigate the cross-sectional
area of 300nm BTFC thin films on (111) P-Si using an as-deposited 50nm ZnO interface layer (sample
14). As-deposited ZnO interface layers were chosen is to eliminate contamination during the ZnO
annealing process. A 50nm ultra-thin layer was used so to better investigate the atomic/ion diffusion
across the interface boundaries. The BTFC layer was annealed at 700°C in ambient atmosphere, to
maximize crystallinity, whilst avoiding a peak temperature of 750°C to minimise secondary phase

Pyrochlore growth.

The cross-sectional TEM of 300nm BTFC on P-Si (111) with an as-deposited 50nm interface layer is

Presented in Figure 4.8.
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Figure 4-13.Wide spectrum XPS for BTFC thin films annealed at 700°C on P- Si (111) with As-deposited ZnO interface layers.
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Figure 4-14 High-resolution XPS core-level spectra of Sample 14: (A} Bi4f, (B) La3d, (C) Ti2p, (D) Ni3d, (E) Fe2P, (F) Co2p,
(G)o1s.

The survey spectrum, seen in figure 4.13, shows visible peaks consistent with BTFC constitute atoms
bismuth, titanium and oxygen, it also shows that La has been successfully doped inside the BTFC thin

films. Nb, Fe and Co peaks cannot be seen, which can be accredited to the low sensitivity of the wide
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spectrum and the low doping content of those elements. Figure 4.14 illustrates the high-resolution
XPS core-level spectra of the elements B, La, Ti, Nb, Fe, Co and O. The Bi 4f spectrum shown in Figure
4.14.A consists of a spin-orbit doublet with binding energies of 159.0 eV (Bi 4f7/2) and 164.3 eV (Bi
4f5/2), with binding energies similar to that of bismuth oxide binding energy reported for BisTizO12
elsewhere(133). In the spectrum of the La 3d shown in Figure 4.14.B, two doublet peaks are observed,
with the corresponding binding energy of 834.5 eV and 851.7 eV being for the La 3d5/2 and La 3d3/2
respectively, which is similar to the binding energy of oxide La,0s reported elsewhere(134).The high
resolution Ti 2p spectrum shown in Figure 4.14.C consists of a spin-orbit doublet with binding energies
of 458.2 eV (Ti 2p3/2) and 466.1 eV (Ti 2p1/2). These binding energies are similar to that of the
titanium oxide phase reported in BTO elsewhere(133). The Nb 3d peak shown in Figure 4.14.D at 206.6
eV is characteristic of the Nb,Os oxide state, implying the oxide phase(135). XPS has difficulty detecting
both Fe and Co dopants, it could be argued that some iron is detected as evident by the Fe 2p3/2 peak
shown at 710.9 eV, which is consistent with the oxide Fe,03; bond(136), however, this peak is barely
above noise level. The Co2p3/2 oxide peak shown should ideally appear at 779.7eV, however no peaks
distinguishable from noise can be seen at this point. Finally, XPS O1s spectrum is illustrated shown in
Figure 4.14.G. The O 1s spectrum was fitted by two peaks: one is located at 529.8eV and the other at

532.6eV, these two peaks can be assigned to the Bi-O and Ti-O bonds respectively (137).

XPS confirms the presence of Aurivillius phase BTFC, with the prominent Bi4f, Ti2p and O1s core
spectrum peaks possessing binding energies similar to that of BTO reported in other investigations.
The Nb3d and La3d5 peaks were found to correlate to oxides also report elsewhere. Noise level Fe
and Co can be attributed to the low doping concentrations in BTFC and the low sensitivity of XPS for
these particular elements. Additionally, this could be attributed to surface ‘dead layers’ (138) without
Fe/Co doping, which arise due to structural defects upon the surface. XPS analysis concludes that the
BTFC composite elements are exist in oxide bonds characteristic of Aurivillius phase BTO, Fe and Co

elements could not be confirmed, which can be attributed to Fe and Co deficient surface states.

To confirm the presence of iron and cobalt doping and to analyse the stoichiometric nature of BTFC
thin films, EDS measurements were performed for the same sample. The EDS spectrum is presented

in Figure 4.15 and atomic and weight percentage of elements is presented in Table 2.
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do not contain cobalt. Nickle and potassium elements are also detected, which can be attributed to

surface impurities.

To compare the chemical composition of the BTFC thin film to that of the ideal sample, the atomic
percentages of bismuth, lanthanum, titanium, niobium, iron and cobalt were compared to the ideal
percentages of the target, the results are plotted in Table 3. Oxygen was subtracted from the
calculation, as it is impossible to distinguish between contributions from the BTFC thin film and the

Zn0 interface layer.

Element R Ideal percentage (%) Thin films Percentage (%)
Bi 46.4 51.5

La 10.7 ' 8.4

Ti o 357 31.0
N 357 - 6.1

Fe 1.79 1.9

Co - 179 1.1

Table 4 Measures éioﬁ'\icrpre;ceﬂntaée compa'red to ideal atomic percentage of BTFC thin films annealed at 700°C on P- Si
(111) with as-deposited ZnO interface layers. Oxygen substrate due to ZnO interface layer interference.

The EDS data shows that all dopants have been successfully doped into the thin film. Cobalt and
niobium levels showed larger deviation from the ideal percentages than other elements, however,
repeat measurements performed found levels of niobium and cobalt closer to that of the ideal value,

with similar levels of deviation found in other elements.

4.4 Conclusions
This chapter concludes that Aurivillius phase BTFC thin films have successfully been achieved on silicon

substrates using zinc oxide interface layers. XRD data demonstrated that the insertion of a ZnO
interface layer improves the crystallinity of BTFC, and aids in eliminating unwanted amorphous phase
material. Aurivillius phase BTFC were demonstrated using both as-deposited and annealed ZnO
interface layers. On both types of interface layers, the BTFC thin films were primarily (117) in
orientation, typically of Aurivillius phase BTO thin films. BTFC deposited on as-deposited ZnO present
a larger grain and crystallite size than pre-annealed ZnO when annealed at low temperatures, but
present similar grain sizes above 700°C. At temperatures of 700°C, secondary pyrochlore phase was
evaporated from the thin film, as evident by the formation of the Bi-deficient pyrochlore phase
suggesting that the insertion of a ZnO interface layer does not prevent the formation of the secondary

phase. Elemental mapping demonstrated zinc diffusion into the BTFC thin film, and O diffusion from
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BTFC into the interface layer, indicating that as-deposited ZnO interface layers are limited in their
function as diffusion barriers. EDS confirmed that cobalt and iron, as well as niobium and lanthanum
had successfully been inserted into the BTFC lattice whilst maintaining the Aurivillius phase structure.
The use of ZnO interface layers improves the quality and crystallinity of BTFC thin films when deposited

onto silicon substrates.
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Chapter 5 : The Investigation into the
Electric and Ferroelectric Properties of
BTFC Thin Films on Silicon with ZnO
Interface Layers
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5.1 Introduction

In the previous chapter, the author demonstrated that Aurivillius phase BTFC thin film, can be
achieved on silicon substrates by utilising ZnO interface layers. For a ferroelectric thin films, most
authors characterise the polarisation - electric field (P-E) loop of the material, However, these loops
alone are not always sufficient to characterise the ferroelectric domain switching, due to mixed
contributions from dielectric switching and leakage current to the measured hysteresis. Yan et al (24)
proposed the triangular waveform voltage method for characterising ferroelectric materials, which

succeeds in distinguishing leakage current and dielectric contributions from ferroelectric switching.

The aim of this chapter is to report on the properties of doped BTO thin film,
Biz.25L20.75 Ti2.5Nbo 25F€0.125C00.125012 (BTFC), deposited on silicon substrates with ZnO interface layers,
as demonstrated in the previous chapter. The leakage current and dielectric constant are investigated,

as well as the ferroelectricity over a range of driving voltages.

5.2 Experimental

A thin film capacitor structure was fabricated to analyse the electronic properties of BTFC thin films
deposited on silicon substrates with ZnO interface layers. The device consisted of a 600nm BTFC
ferroelectric layer deposited on a 50-nm ZnO interface layer on p-type (100) silicon. Titanium metal
contacts were deposited onto the BTFC and silicon surfaces to form top and bottom ohmic contacts,
followed by tungsten carbide(WC) protection layers. Titanium was chosen for its affordability over

gold when utilising rf magnetron sputtering. The device structure is presented in Figure 5.1.

Boron doped p-type silicon substrates were utilised in this investigation with a resistivity of 0.002-
0.005 Ohmcm. To fabricate the capacitor device, silicon substrates were first cleaned by sonicating in
acetone for 5 minutes, followed by rinsing in Di water, then blow drying with N,. The process was then
repeated, using isopropanol instead of acetone. Finally, the substrates were sonicated in deionised
water, followed by blow drying with nitrogen. 50nm ZnO thin films were deposited directly onto the
cleaned silicon surface by rf magnetron sputtering. The ZnO interface layer was left as-deposited prior
to BTFC thin film deposition, as annealing the ZnO before BTFC deposition would risk contaminating
the interface layer surface. 600nm BTFC thin films where deposited directly onto the ZnO interface
surface. BTFC and ZnO layers where deposited using the same sputtering procedure described in
chapter 4.2. Initial investigations were carried out using 300nm thick BTFC, consistent with the BTFC
film thickness examined in chapter 4. However, these samples broke down at low driving voltages,
prompting a repeat experiment with the thickness increased to 600nm to help prevent break down.

After BTFC deposition, the sample was annealed at 700°C for 1 hour in a vacuum environment of 1x10°
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Figure 5-2 XRD pattern of device 1, which consists of 600nm BTFC thin films on P-Si substrates with 50nm ZnO interface
layers. Samples annealed in vacuum for 1 hour at 700°C.

After annealing in vacuum, the BTFC thin film retain its Aurivillius BTO phase, with high intensity (117)
and (0012) orientations, in addition to (111), (028) and the overlapping (0212)/(022) orientations.
Using the Scherrer equation, the crystallite domain size of the (117) peak was calculated to be around
6.8nm. This result confirms that BTFC thin films retain its Aurivillius phase after annealing in vacuum,

rather than ambient atmosphere.

Prior to any thin film electrical measurements, the silicon’s series resistance with the BTFC thin film
capacitor was measured. This was performed by measuring the resistance across a pair of silicon
surface contacts, with identical separation as those used to make contact across the BTFC thin film
and silicon. Since the silicon is boron-doped and offers very high electrical conductivity, the resistance

effect of the silicon substrate can be ignored.

To determine the leakage properties of the BTFC thin film, the leakage current density (J) against

Electric Field (E) across the device was measured, and is presented in figure 5.3.
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Figure 5-3 Current density (J) — Electric Field (E) for BTFC thin films on silicon with ZnO interfaces layers.

Current density was measured over the range of 0 to 10 V, the equivalent of 0 to 167 kV/cm. Leakage
current density peaks in the positive region at 0.0164 A/cm?, and at 0.0125 A/cm? in the negative
region. This difference in current is typical for asymmetrical capacitors (141). The leakage current
measured is larger than that of non-doped BTO deposited reported elsewhere (142-144). This
comparably large leakage current can be explained by two possible mechanisms: firstly most BTO thin
films reported are c-axis oriented, which possess a higher resistivity due to the insulating nature of
the Bi,O, layer(49). Were-as our XRD result show the films have a non-c axis orientated crystal
dominance of (117). Secondly, the annealing in a vacuum environment will lead to the generation of
oxygen vacancies within the thin film (145). Oxygen vacancies act as free charge carriers, contributing

to electric conduction (132, 140, 146).

To examine the dielectric nature of the BTFC thin films, the capacitance was measured over the same
range of voltages. The capacitance against electric field relationship is plotted in figure 5.4. The
measurement was performed by sweeping the voltage from positive bias to negative bias and back

again. A measurement signal of 30mVms with a frequency of 1MHz was used.
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Figure 5-4 Capacitance (C) — Electric Field (E) plot for the BTFC thin films on p-type silicon with ZnO interfaces layers.

The Capacitance-Electric Field plot, shows a curve characteristic of a MOS device, which can be
attributed to the p-type semiconductor silicon. Positively charged holes gather at the BTFC barrier
during the negative bias, increasing the measured capacitance. However as positive bias is applied,
these charges are repelled, decreasing the accumulated charge, and the measured capacitance. The
maximum and minimum capacitances measured are 290pF, and 275pF, with the dielectric constant at
these values calculate at 135 and 128 respectively, a similar dielectric constant to BTO thin films
reported elsewhere (50, 66, 147). A small difference in capacitance depending on the sweeping
direction can be seen at E = 0 kV/cm, This can be attributed to SiO, charge trappings in the silicon/ZnO
interface (148).

To examine the domain switching of the BTFC thin film device, ferroelectric measurements were
performed using the ferroelectric testing method described in Chapter 3.3.5. Initial measurements
were performed with an electric field of 172kV/cm peak to peak, which was then increased to
362kV/cm peak to peak. The sample broke down when an electric field as high as 400kV/cm was
applied. The frequency was fixed at 20Hz for all measurements. The electric field versus time and

current versus time (E-t, I-t), current versus electric field (I-E) hysteresis loops and the electrical
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The lack of saturation can be attributed to the limited low breakdown field, preventing the device
being driven to saturation. If the applied electric field is too low, not all ferroelectric domains would
have aligned when the voltage reached its peak. This results in ferroelectric domains continuing to
align whilst the applied electric field remains high, even after the voltage sweeping direction switched.
This problem can be overcome by increasing the applied electric field, forcing all ferroelectric domains
to align prior to change in voltage direction. However, this method proves difficult as the device broke
down when higher electric fields were applied, which can be attributed to defects in the form of

OXygen vacancies.

These results confirm that the ferroelectric phase of BTFC has been achieved by deposition on silicon
substrates with ZnO buffer layers. The D-E hysteresis loop measured at 362 kV/cm presents a
ferroelectric loop, with remnant polarisation of 2Pr = 6.72 pC/cm?, and a coercive field of 2Ec = 115
kV/cm the equivalent driving voltage of 6.98 V. These values are similar to that of BTFC thin films and
ceramics doped with Fe and Co reported elsewhere(68-70, 149) indicating a comparable level of
polarisation has been obtained by utilising silicon substrates with ZnO interface layers. It has been
successfully demonstrated that ferroelectric hysteresis behaviours of the deposited BTFC thin films

forms at high applied electric field, and the non-ferroelectric hysteresis properties occur at low fields.

5.4 Conclusion

Ferroelectric BTFC thin films have been fabricated on silicon substrates using ZnO interface layers. A
measured remnant polarisation of 2Pr = 6.72 uC/cm? and coercive field of 2Ec = 115 kV/cm were
similar to that of BTO doped with Fe and Co reported elsewhere, indicating films with comparable
properties had been achieved on silicon using a ZnO interface layer. The investigation was limited to
samples annealed in vacuum, rather than ambient or oxygen enriched environment, to prevent the
oxidisation of the silicon substrates. This leads to the generation of oxygen vacancies in the BTFC thin
films, increasing leakage current, and resulting in a low breakdown voltage, preventing the device

being driven to saturation during ferroelectric measurements.
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Chapter 6 : The Multiferroic Properties of
BTFC Thin Films on Platinised Silicon
Substrates
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6.1 Introduction

As demonstrated in chapters 5, BisTisO1; retains its ferroelectric properties after inserting
ferromagnetic elements (iron and cobalt) into its Perovskite structure. The study in chapter 5 was
carried out on silicon with ZnO interface layers, which leads to the following drawbacks. Firstly, the
thin films had to be annealed in a vacuum atmosphere to prevent oxidation of the silicon substrates,
which resulted in the generation of oxygen vacancies in the BTFC thin film, leading to a drop in the
breakdown voltage and an increase in the leakage current. Secondly, the ZnO layers cannot prevent
the diffusion of elements (silicon and zinc) between the substrate, interface and ferroelectric layer

under the high temperature annealing process.

To accurately investigate the ferroelectric properties of BTFC thin films, it is important to utilise a
substrate possesses the following functionality: 1) to facilitate the growth of Aurivillius phase BTFC, 2)
to be chemically and structurally stable at high processing temperatures, 3) and to have metallic

conductivity necessary for back electrode contacts.

Ferroelectric materials deposited on Pt/Ti0,/SiO,/Si substrates are well documented (66, 112, 150).
The Pt surface is oxidation resistant, allowing it to maintain its conductivity and smooth surface whilst
annealing at high temperatures and in an oxygen rich environment. Moreover, Pt works as an
outstanding barrier material, preventing the diffusion of elements between the substrate and thin
film(151). The titanium oxide layer works as an adhesive layer between the platinum and silicon. By
depositing BTFC onto Pt/Ti02/SiO/Si substrates, we expect to achieve BTFC thin films with good
Aurivillius phase crystallinity, minimal substrate/BTFC diffusion and good quality back contacts,

allowing accurate characterisation of BTFC ferroelectric and ferromagnetic properties.

This chapter aims to investigate the crystalline structure and the ferroelectric and ferromagnetic
properties of BTFC thin films on platinised silicon substrates. The effect of post deposition annealing
treatment and deposition time were investigated to determine the optimal conditions to produce the
highest quality thin film. Using these findings, the leakage current, dielectric properties, ferroelectric
properties, and ferromagnetic properties of the optimal sample were investigated, to determine the

optimal processing conditions for BTFC thin films.

The results were compared to that of the same material deposited on silicon with ZnO interfaces to
analyse the substrate effect comparison, and against other BTO based materials reported elsewhere

to analyse the effect of doping on the ferroelectric and ferromagnetic properties.
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6.2 Experimental

BTFC thin films were deposited on platinised silicon substrates by RF magnetron sputtering. The
platinised substrates consisted of (100) silicon coated with a surface layer of
Pt(150nm)/TiO(40nm)/SiO; (0.5u) which were purchased from Vin Karola Instruments. The titanium
oxide layer works as an adhesive between the platinum and silicon layers. The platinised silicon
substrates were cut up into 1.5cm by 1.5cm pieces and cleaned using the same procedure used for
silicon substrates in chapter 4.2. It is noted that the surface top platinum layer is very fragile, and is
easily scratched. Extra care should be taken when handling the substrates. After cleaning, with no
further treatment, BTFC thin films were deposited directly on top of the platinised substrates following
the sputtering method as described in chapter 4.2. After deposition, the films were annealed in an

ambient atmosphere using a pre-heated Carbolite CWF 11/23 furnace for 1 hour.

To fabricate devices for electrical measurements, 400 nm BTFC was deposited onto platinised silicon,
with a region of the substrate surface left exposed to form an electrical contact. The sample was then
annealed at 650°C for 1 hour in an ambient atmosphere. After annealing, 430 um wide gold dots were
deposited onto the BTFC surface to act as top contacts utilising a faster, newly purchased Moorfield
thermal evaporator. To perform ferromagnetic measurements 400nm BTFC thin films were deposited
onto platinised silicon, covering the entire surface, and then annealed at 650°C in an ambient
atmosphere to crystallise. The samples were then mechanically cut into 3.5mm x3.5mm pieces. No

further treatment was performed. Two or more samples where utilised in each measurement.

BTFC Thin film crystal structure was characterised by XRD using a Bruker d8 utilising CuKal radiation
with a wavelength 1.57 A. Leakage current and capacitance-voltage measurements were carried out
using a Keithley 4200 Semiconductor Analyser. Ferroelectricity properties were measured using the
triangular voltage waveform method, and ferromagnetism was characterised using a Quantum Design

MPMS-S5 SQUID Magnetometer at 5 kelvin.

6.3 Results and Discussion
The effect of annealing temperature on the crystallinity of BTFC thin films was investigated. BTFC thin

films were deposited on Pt/Ti0,/Si0,/Si substrate by RF magnetron sputtering. As the sputtering rate
of BTFC on platinum was initially unknown, thin films were deposited for 196 minutes, the time taken
to acquire 300nm BTFC thin films when depositing on silicon with ZnO interface layers using the same
sputtering conditions. The XRD of BTFC deposited on platinum and annealed in ambient atmospheres

for one hour at 500°C, 600°C, 650°C, 700°C and 750°C are presented in figure 6.1.
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surface would become roughened at temperatures above 700°C, which can be attributed to the
migration of the titanium adhesive layer into the platinum at high temperatures. This provides useful
guidance, suggesting the annealing temperatures below 700°C to prevent the substrate roughening.
Additionally, no peaks characteristic of Pyrochlore phase BTO can be detected, indicating platinum
suppresses this secondary phase. This can be explained by the platinum layer preventing the

absorption of oxygeninto the substrate, limiting the emission of volatile Bi during annealing.

To closer examine the effect of annealing temperature on crystallite size, the Scherrer equation was
used to calculate the crystallite size of the (117) peak of BTFC thin films annealed at all temperatures.

The crystallite size versus temperature is plotted in figure 6.2.
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Figure 6-2 The crystallite size of the {117) plane for BTFC thin films deposited on platinised substrates and annealed at
different temperatures.

The plot shows crystallite size increasing with annealing temperature for films annealed between
600°C and 750°C, with the largest crystallite size being 45nm at 750°C, and the smallest being 35nm
at 600 and 650°C. The crystallite size for BTFC annealed at 550°C is significantly smaller than other

temperatures. This can be explained by 550°C being the critical temperature for the formation of
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Aurivillius phase BTO reported elsewhere(58). Higher temperatures or energy is needed to facilitate

the crystalline growth of the BTFC thin films.

As discussed previously in section 3.3.1.1. The Scherrer equations does not take into account variation
in the Bragg angle due to deviations in the inter plane spacing because of changes in internal strain.
By looking at the peak location, we observe that the peak location is constantly at 30.19°, indicating
that there is no change in strain over the range of annealing temperatures, and no resulting error in

the Scherrer equation.

These results suggest that BTFC thin films annealed at 600°C and 650°C are the best candidate for
further investigations, based on the thermal stability of the platinum, and the crystallinity of the BTFC.
Wu et al(56) investigated the effect of substrate temperature on Praseodymium doped BTO thin films
deposited by rf-magnetron sputtering on platinised substrates. They found a big improvement in the
ferroelectric properties when the temperature was increased from 600°C to 650°C, which they
attributed to the improved crystallinity. Whilst we are unable to determine any distinct difference in
crystallinity between 600 and 650°C, we have chosen to use BTFC thin films annealed at 650°C for

future investigations, based on the Wu et al’s findings.

After determining the optimal annealing temperature, the next stage of the investigation is to
accurately determine the deposition rate, and to look at the effect of film thickness on the crystallinity.
To achieve this, BTFC thin films were deposited on platinised substrates using the same deposition
conditions, but with the deposition time varied from 240 minutes, 196 minutes, 120 minutes and 60
minutes followed by annealing at 650°C in ambient atmosphere for 1 hour. The cross-sectional SEM

of BTFC thin films is shown in figure 6.3.
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Figure 6-4 Plot of deposition time (minutes) vs Thin Film thickness (nm) for BTFC on Pt/Si Substrates

The relationship between the plots is highly linear. From the line of best fit, we can determine that
the deposition rate is 2.1nm/min. This slow deposition rate is beneficial, as it allows us to produce thin
films with accurate thicknesses. By extrapolating the line of best fit, the Y-axis intercept is calculated
at -20nm. This indicates that the initial deposition rate after time = 0 is lower than that after 60

minutes.

To analyse the effect of deposition time on crystallinity, the samples were investigated by XRD. Figure

6.5 presents the XRD pattern of BTFC thin films deposited for 60, 120, 196 and 240 minutes.
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investigated. All measurements were performed at room temperature. The leakage current vs electric

field is plotted in figure 6.6.
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Figure 6-6 Leakage Current behaviour of BTFC thin films on platinised silicon.

Leakage current is presented'by plotting the applied electric field against the current density. The
maximum applied electric field of 125 kV/cm equates to an applied voltage of 5V. The leakage current
at an applied electric field of 125, 100 75 and 50 kV/cm is equal to 4.19, 2.98, 2.01, 1.15mA/cm?,

respectivly.

This level of leakage current is similar to that of iron and cobalt doped BTO reported by Raghavan et
al(88). The current density is, however, larger than that reported in BTO without iron and cobalt
doping (112, 153). The leakage current is comparable to that of BTFC on silicon using ZnO interfaces,
previously reported in Chapter 5. As our results are silmilar to that of BTO doped with iron and cobalt
reported by Raghavan et al, we can speculate that the high current is most likely due to a doping

effect.
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Figure 6-7 Capacitance — Voltage behaviour of BTFC thin films on platinised silicon.

Figure 6.7 presents the C-V behaviour of 400nm BTFC on platinised silicon. Measurements were
performed by sweeping the DC Bias electric field from -125kV/cm to +125kV/cm and back again, whilst
a measuring signal of 30mV.ms with a frequency of 1MHz is applied. The relationship shows a twin
peak pattern, indicative of a metal-ferroelectric-metal structure(154). The capacitance peaks can be
attributed to the ferroelectric switching occurring as the DC bias passes the coercive field(155). The
dielectric constant, measured at the peak capacitance of 795pF is calculated as 246.7. This is notably
higher than that of undoped BTO(50, 147) but is similar to the large dielectric constant reported in
niobium and iron doped BTO elsewhere(156, 157), where the increase in dielectric constant can be
attributed to the large atomic radius of niobium and iron distorting the TiOs octahedron, allowing for

greater dipole moment within the structure.

To characterise the ferroelectric properties, the domain switching was characterised using
ferroelectric testing method described in chapter 3.3.7. Measurements were performed using a
triangular wave with a frequency of 100Hz, and a voltage of 35V peak to peak which was equal to an

electric field of 860kV/cm peak to peak. The applied waveform voltage itself is asymmetrical, with
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Figure 6.8.B presents the (I-E) plot, which presents current peaks located after E = 0kV/cm, indicating
ferroelectric switching. The D-E plot is presented in figure 6.8.C, which shows a fully saturated
hysteresis loop with 2Pr = 11.03 pC/cm? and 2Ec = 196.5 kV/cm?. The displacement immediately
begins to decrease when the voltage switches direction, indicating the loop has fully polarised at 430
kV/cm. Eurther measurements were performed with a measuring signal of 40V peak to peak, which
resulted in the sample breaking down. The coercive field and polarisation are very similar to that of
iron and coblat doped BisFeTisO1s bulk materials(68) and BisFe1.sCoo.sTizO1s thin films(70) reported
elsewhere. The remnant polarisation is, however, smaller than that of Nb doped BTO thin films
reported by Singh(61). Compared to BTFC thin films on silicon with ZnO interfaces, the polarisation
has been improved from 2Pr = 6.722 uC/cm? to 2Pr=11.03 uC/cm?, whilst the coercive field has also
increased from 2Ec = 115 kV/cm to 196.5 kV/cm. Additionally, BTFC thin films on platinised silicon are

fully saturated, whereas BTFC on ZnO interfaces could not be fully saturated before breakdown occurs.

To conclude the ferroelectric findings, the ferroelectric properties of BTFC is comparable to that found
in BTO with iron and cobalt doping reported elsewhere. In addition, the ferroelectric properties are

improved using platinised silicon, rather than silicon with ZnO interfaces.

To determine if multiferroic thin films have been achieved, the ferromagnetic properties of the BTFC
thin films were characterised using a SQUID Magnetometer to determine the magnetisation vs
magnetic field (M-H) response. The same samples used in the ferroelectric measurements were
charatcerised. Samples were prepared by mechanically cutting them into 3.5mm x 3.5mm pieces small
enough to fit in the sample holder. As it was impossible to separate the thin film from the substrate,
the M-H response of both the thin film and substrate had to be measured at the same time. This
results in the thin films magnetic response being superimposed upon the substrates response. To
compensate for this, a 3.5mm x 3.5mm piece of identical substrate had its magnetic response
characterised independently. Knowing the substrates M-H response, it was possible to subtract it from
the measured response of the BTFC on the platinised substrate, allowing us to more accurately
determine the thin film magnetic properties. For reference, a piece of the sputtering target was also

investigated.

The samples were handled using plastic tweezers only, to prevent the transference of metallic
particles from the metal tweezers to the sample. All measurements were performed with the

magnetic field in plane to the thin film, and at temperatures of 5 kelvin.

The MvH properties of the bulk BTFC target demonstrated presented in figure 6.9, and figure 6.10

presents the same figured with the magnetic field range limited to +4KOe and -4KOe in order to better
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analyse the coercive field and remnant magnetisation. Magnetisation is presented in memu/g, for

better comparison with other bulk samples.
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Figure 6-9 The magnetisation (M) versus magnetic field (H) response for the bulk BTFC target.
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Figure 6-10 The magnetisation (M) versus magnetic field (H) response for the bulk BTFC target, zoomed in between H = -
4K and 4KOe.
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The curve shows a non-saturated ferromagnetic loop, with a remnant magnetisation and coercive
field of 2Mr= 16.6 memu/g and 2Hc= 1.9KOe. These results are very similar to that of
BisTisFeo.sCo0.501s, reported by Mao et al(68), who reported a 2Mr of 7.8 memu/g and a 2Hc of 4100e

in the bulk form.

Figure 6.11 shows the MvH behaviours of the platinised silicon substrate.
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Figure 6-11 The magnetisation (M) versus magnetic field (H) response for the platinised silicon substrate.

The substrate response shows an inversely linear behaviour, characteristic of diamagnetism. This can

be attributed to the bulk of the substrate being silicon, which is known to be diamagnetic(158).

Figure 6.12 shows the full MvH response of the platinum coated silicon substrate with the BTFC thin

film in red, and the same reading with the substrate subtracted in black.
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Figure 6-13 The magnetisation (M) versus magnetic field (H) response for the BTFC coated platinised silicon with the
substrate subtracted , zoomed in between -4K and +4KOe.

No detectable remnant magnetisation can be seen for BTFC thin films with the substrate subtracted.

This can be attributed to the noise dominating the readings at such low magnetisation values.

The bulk BTFC clearly demonstrates ferromagnetic behaviour, with a remnant polarisation similar to
that of other bulk BTO samples doped with iron and cobalt reported elsewhere(68). The MvH curve of
the thin film form, once the substrate has been subtracted, presents a similar shaped curve, however,
the total remnant magnetisation cannot be measured, due to the small total response being out of
the apparatus sensitivity range. The similarity between the ferromagnetic loops of the bulk and thin
film suggests a similar magnetic behaviour indicating that the thin film form likely presents
ferromagnetism, despite not being able to detect the remnant magnetisation due to the noise level
signal. Further investigations are needed in which thicker BTEC thin films are utilised, as a thicker film
would allow us to increase the total magnetisation of the sample to a detectable level, without

adjusting the doping concentrations.

We can conclude that the insertion of iron and cobalt, in addition to lanthanum and niobium dopants
into BTO thin films, produces ferromagnetic properties despite the remnant magnetisation not being

measurable, due to the noise level reading. The reason for the appearance of ferromagnetism in BTO
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thin films with iron and cobalt doping is still debated. BTO doped with iron alone has been reported
to present weaker ferromagnetism than samples doped with both iron and cobalt (68, 88). One theory
as to why this is is the insertion of Fe and Co results in the possibility of Fe-O and Co-O octahedrons
being located near one another in the Perovskite slab, leading to direct Fe-O-Co Magnetic coupling

which possibly favours the ferromagnetism (68, 69).

A more recent theory(70, 159), is that due to the different radius of Fe and Co ions, inserting these
elements into the Perovskite cubic structure would induce structural distortion. The structural

distortion would result in a canted spin state, which would promote ferromagnetism (70, 159).

It is possible that increased structural distortion of the Perovskite layer through Nb doping in BTFC is
enhancing the ferromagnetism, this would occur due to its large ion size distorting the perovskite
structure, increasing the tilting of the Fe and Co ions. Further investigation is needed in which the
ferromagnetism of the thin film is studied as the concentration of Nb is varied and the levels of iron
and cobalt are kept constant, to determine if Nb dopants has any effect on the magnetisation of the

thin film.

6.4 Conclusions

BTFC thin films have been deposited on platinised coated silicon substrates. The optimal annealing
temperature in ambient atmosphere was determined to be 650°C, and the optimal thickness was
around 400nm. Thin films showed higher leakage current than undoped BTO thin films and larger
dielectric constants. A fully saturated ferroelectric loop was achieved, with a remnant polarisation and
electric coercive field of 2Pr=11.03 uC/cm?, and Ec = 196.5 kV/cm?. The Ferromagnetic measurements
demonstrated ferromagnetism in the bulk form, with 2Mr = 16.6 memu/g and 2Hc= 1.9KOe, which is
similar to that of BTO doped with iron and cobalt reported elsewhere. The investigation however was
unable to confirm ferromagnetism in the thin film form. The thin film form presents a ferromagnetic
curve like that of the bulk sample, however the remnant magnetisation was not above noise level,
making it unmeasurable. Further investigations are needed with thicker BTFC thin films, to accurately

characterise the ferromagnetism of the thin film.
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Chapter 7 : General Discussions for Future
Work
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This work has investigated two major fields. First was the integration of BTFC thin films on P-type
silicon using ZnO interface layer, and second the multiferroic properties of BTFC thin films on

platinised silicon substrates. However further investigations are required in both fields.

All BTFC and ZnO thin films were deposited in a pure argon atmosphere. Typically, when oxide thin
films are deposited by magnetron sputtering, Ar/O, mixed atmospheres are utilised, which increases
the oxide content of the deposited thin film. The use of an Ar/O; gas however was not possible in this
investigation, due to the danger of ozone forming in the cyropump that generates the working
vacuum. The investigation into the BTFC deposition of platinum, and the deposition of BTFC on silicon
with ZnO interface layers, would benefit from further research, in which oxygen and argon gas
mixtures is utilised, to determine the effect of the Ar/O2 mix ratio on the crystallinity of deposited

films.

Concerning the investigation into the multiferroic properties of iron and cobalt doped BTO thin fiims,
BTFC thin films deposited on platinised silicon present good ferroelectric behaviours, however the
ferromagnetism could not be accurately measured, due to the small sample size. The next immediate
investigation needed is the confirmation of the ferromagnetic remnant magnetisation by producing a
thin film with a larger magnetisation reading. This can be achieved by sputtering both a thicker film,
as doubling the thickness would double to total measured remnant magnetisation, or by increasing
the iron to cobalt doping concentration within the thin film. A key part of the future work, requires
the investigation of BTFC thin films with higher iron and cobalt dopants. BTFC thin films showed high
quality ferroelectric properties with the current level of iron and cobalt dopants, however further
investigation is needed, where higher levels of iron and cobalt dopants are employed. The aim of this
investigation, will be to determine if the high quality ferroelectric properties in BTFC thin films can be
maintained with higher levels of iron and cobalt dopants, and if higher levels of dopants can increase
the ferromagnetic remnant magnetisation. This is important, as achieving BTFC thin films with high
quality ferroelectric and ferromagnetic behaviours is essential for their application in magnetoelectric

applications.

Regarding the investigation of BTFC thin films deposited on silicon substrates with ZnO interface
layers. Ferroelectric BTFC thin films where successfully achieved, however the ferroelectric
measurements were limited by the need to use a vacuum atmosphere during BTFC annealing, to
prevent the oxidation of the silicon substrate. This lead to the generation of oxygen vacancies in the
BTFC thin film, which increased the leakage current, and prevented the device from reaching
ferroelectric saturation. Further investigations is needed, in which both ambient or oxygen enriched

atmospheres are used in order to decrease the concentrations of oxygen vacancies within the thin
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film. To achieve this, and prevent oxidisation of the substrate, approaches should include masking the
silicon surface during annealing, or etching away SiO, post annealing by a buffered hydrofluoric acid

solution, whilst covering the thin film with a protective layer.
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Chapter 8 : Conclusions
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This thesis has demonstrated the successful investigation into the multiferroic properties of BTO thin
films by the doping of Fe, Co, La and Nb dopants, and the integration of doped-BTO thin films onto

silicon substrates using ZnO interface layers.

The main achievement was the characterisation of BTO thin films with La, Nb, Fe and Co dopants,
which produced a thin film with simultaneous ferroelectric and ferromagnetic properties, confirming
it as a multiferroic thin film. The ferroelectric properties of the thin films are similar to that of iron and
cobalt doped thin films reported elsewhere, indicating good quality ferroelectricity. During
ferromagnetic reading, the challenges with eliminating the substrate from there reading was
overcome, however the total remnant magnetisation was too small to be accurately measured,

requiring further experimentation to increase the total remnant magnetisation to a measurable level.

Other achievements relate to understanding the integration of BTFC thin films on silicon substrates by
utilising ZnO interface layers. The ZnO interface layer improved the crystallinity of BTFC thin films, with
the ZnO layer increasing the BTFC grain size, and reducing the amount of amorphous phase material
present compared to BTFC deposited directly onto silicon with the same sputtering conditions.
Annealed and as-deposited ZnO interfaces were both investigated. Both presented non c-axis
orientated thin films, with the grain and crystallite size increasing with annealing temperature.
Pyrochlore phase Bi,Ti,O7 appeared at high temperatures due to the emission of volatile bismuth. This
indicates that the ZnO interface layer did not stop the formation of the secondary phase. Elemental
mapping demonstrated that the ZnO had limited functions as a diffusion barrier, with zinc atoms
diffusing into the BTFC layer. XPS was utilised to study the surface of the sample, and confirmed
bismuth, titanium and oxygen binding energies indicative of Aurivillius phase BTO. EDS was used to

confirm that all dopants had been successfully inserted into the thin films by rf magnetron sputtering.

The electronic properties of BTFC thin films on silicon with ZnO interface layers were also investigated.
The triangular waveform voltage method confirmed that ferroelectric BTFC had been achieved on
silicon whilst utilising ZnO interface layers. This investigation was limited by the necessity to anneal
the sample in a vacuum atmosphere to prevent the oxidation of the silicon substrate. This resulted in
the generation of oxygen vacancies in the thin film, which increased the leakage current and reduced
the break down voltage. This low breakdown voltage limited the driving field during the ferroelectric
measurement, resulting in an unsaturated ferroelectric loop. The investigation into BTFC on ZnO
provides insight into ZnO interface layers being utilised as a more affordable substrate and the

feasibility of a BTO/ZnO MFS device.
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fn summary, a multiferroic BisTisO12 based thin film was confirmed by Fe and Co doping. The film
possessed good ferroelectric and ferromagnetic properties and provides information that assists in
understanding the nature of ferromagnetism in BTO thin films. Additionally, ferroelectric BTFC thin
films were confirmed on silicon substrates with ZnO interface layers. The ZnO interface layer improves
the crystallinity of BTFC on silicon, opening up future research for more affordable substrates than
platinised silicon and the possibility of BTO/ZnO MFS devices. Plans for future work into understanding
the ferromagnetic properties of Fe and Co doped thin films have been presented, contributing towards

the development of practical magnetoelectric memory devices.
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