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Summary

This thesis investigates step-induced defects in thin films and their effect
on the electrical and magnetic properties. Stepped epitaxial Fe;O4 thin films with
different thickness were fabricated and their magnetic properties were
investigated. The magnetization measurements suggest that the steps induce an
additional anisotropy, which has an easy axis perpendicular to steps and the hard
axis along the steps. In addition, electrical analysis of a Fe;O, film grown on
stepped SrTiO; substrate revealed anisotropic resistive switching. When the
current was directed parallel to the step-edge direction, lower voltages were
required to switch to the lower conducting state than the case where current was
perpendicular to the step-edges. This is attributed to the high density of anti-
phase boundaries present at step edges. In order to control defect densities, a
thorough study was carried out to control periodicity and height of the vicinal
MgO (100) substrates which is instigated by annealing them at high temperature
in air. Furthermore. transport measurements on trilayer graphene synthesized on
vicinal cubic-SiC(001), clearly demonstrate that the self-aligned periodic
nanodomain boundaries (NBs) induce a charge transport gap.

An investigation was carried out into the faceting of vicinal MgO (100)
substrates which have a miscut in the (010) direction. The process, which results
in a highly regular step and terrace structure, is carried out using a simple
annealing procedure. It is shown that the periodicity and height of these

structures can be controlled through choice of the annealing conditions and



miscut angle. The presence of impurities was examined before and after
annealing and the presence of Al contamination, in the post-annealed samples
was found to be essential for the formation of the step and terrace structure. The
stability of the resultant structures when exposed to ambient conditions is
discussed. The cause of the destruction of the surface morphology has been

identified and a method to recover the faceted morphology has been proposed.

Chapter 5 examines the magnetic properties of expitaxially grown Fe;O; of
varying thickness on the stepped MgO (100) substrates. An anisotropy induced
by the presence of the steps was observed which has an easy axis perpendicular
to the step edges and hard axis along the step edges. Local transport
measurements with nano-gap contacts were performed, with separate
measurement investigating current directed both along a single step and
perpendicular to a single step. The results suggest that a high density of APBs are
formed at the step edges which are responsible for the step-induced anisotropy.
Our local transport measurements also indicate that APBs distort the long range

charge-ordering of magnetite.

Chapter 6 describes an investigation into a resistive switching (RS) of
epitaxial Fe;O; thin films grown on stepped SrTiO; substrates. We found that the
steps induce an anisotropic behavior in resistive switching, where a lower
switching voltage is required to switch from the high conducting state to the low
conducting state when the electrical field is applied along the step. The
anisotropic resistive switching behavior is attributed to the high density of anti-
phase boundaries formed at step edges which distort the Verwey transition. Our
experimental investigations suggest that the electrical-driven resistive switching
in Fe;0O, is mainly due to the lattice distortion induced by the external electrical
field which modifies the Verwey transition. A large number of switching cycles
(I-V measurements) has been demonstrated for the case where the electric field
was applied along the steps: more than 9,000 cycles were achieved without

damaging the devices.

Chapter 7 deals with trilayer graphene synthesized on vicinal
SiC(001)/Si(001) wafer which has a 2° miscut, using Si-atom sublimation. To
study the samples’ transport properties, devices with hall bar geometry fabricated

on trilayer graphene sample. Our transport measurements clearly demonstrate



that the GBs induce a charge transport gap larger than 0.7 eV, which agrees well
with theory. Moreover, we propose a simple method to achieve a current on-off
ratio of 10* by opening a transport gap in Bernal stacked trilayer graphene. More
remarkably, the transport gap can persist even at 100 K. Our results pave the way
to create new electronic nanostructures with high current on-off ratios using

graphene on cubic SiC.

Finally, chapter 8 gives a summary of the work and outlines some

preliminary results that form the part of potential future investigations.
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Chapter 1

Introduction

Recently, there has been considerable interest in the growth of magnetic
thin films on vicinal surfaces owing to the intriguing physics involved and the
technological potential of these films [1-4]. The studies on vicinal surfaces have
been carried out mainly to understand the effect of lateral modulation of the
electronic structure induced by step edges on the magnetic anisotropies [1, 4].
Moreover, latest studies have shown that the presence of arrays of steps can
influence the magnetic, electronic and transport properties of the films grown on
top of the vicinal surface [5-7]. Magnetic properties of epitaxial thin films grown
on vicinal MgO surfaces attract a lot of attention both from the fundamental and
applied points of view [3, 7, 8]. For example, the magnetic anisotropy of a Fe;O,
film is affected by the presence of regular atomic step-edge arrays: an anisotropic
magnetoresistance (MR) in Fe;O, thin films grown on vicinal MgO (100)
substrates is observed. The difference in MR is because of the density of the anti-
phase boundaries (APBs) aligned along the atomic step edges [7, 9, 10]. All of
these studies have used vicinal substrates where the step height does not exceed a
few angstroms and the terrace width is smaller than 30 nm. In order to expand the
application of vicinal surfaces they need to be annealed at high temperature. This
causes both the step height and terrace width to increase, with the latter able to
reach the sub-100nm range [11]. By selectively choosing annealing temperature,
the terrace widths (i.e. step densities) and step heights of substrates can be fully
controlled.

One of the possible candidates for a stepped surface is vicinal
Magnesium Oxide (MgO). MgO is an important technological material. MgO
crystallizes in the rock-salt structure with unit cell length of 4.212 A, it has a

wide band gap of 7.8 eV, it is electrically insulating, and it is known for its high



melting temperature (above 2800°C). It is also known for being a typical highly
ionic oxide, due to the large electronegativity difference between magnesium and
oxygen. Due to the basic character of its surface, it has found application in
heterogeneous catalysis [12, 13]. It is also very often used as substrate for
growth of epitaxial films of metals [14-16], metal oxides [17, 18], resistive
switching materials [19, 20], magnetic tunnel junctions (MTJs) [21, 22]. high
temperature oxide superconductors [23, 24] and ferroelectric pervoskites [25].

Magnetite, Fe;O,, is a good candidate for RRAM devices [26]. Fe;0,
undergoes a metal-insulator transition at the Verwey temperature (Ty ~ 120 K)
[27]. Above Ty, Fe;O4 has a cubic structure and is moderately conducting,
transforming to a distorted cubic structure below Ty, which is insulating [28]. A.
Fursina et al. have shown that epitaxial Fe;O4 grown on flat single crystal MgO
(100) substrates exhibits resistance switching when a large in-plane electric field
is applied [20, 29]. Epitaxial growth of Fe;O, thin films can be readily achieved
on MgO substrates due to the small lattice mismatch of —0.34%. The epitaxial
growth of Fe;O; on MgO suffers from the formation of (APBs), which are
formed as a natural growth defect due to differences in the translational and
rotational symmetry between Fe;O, and MgO [30, 31].

Trilayer graphene exhibits distinct electronic properties that are of
interest both for fundamental science and for technological applications [32-38].
The ability of graphene to open a band gap is the central problem in this field
[39-44]. However, unlike bilayer graphene, trilayer graphene typically exhibits
Bernal stacking order and remains metallic upon the application of an electric
field perpendicular to the graphene layers [33, 45-48]. On the other hand, grain
boundaries (GB), commonly present in graphene [49-54], can remarkably modify
the electronic transport [53, 54]. Recent theoretical investigations show that
transport gaps can be introduced and tuned by engineering periodic GBs into the
graphene layers [55]. However, there is no direct experimental evidence for the
existence of a transport gap.

All the above mentioned characteristics make stepped surfaces very
interesting templates for research studies from the fundamental point of view as
well as for electronic applications. Therefore, it would be interesting to study the
effect of stepped surfaces on magnetic and electric properties of a material. The

periodicity of stepped surfaces can be controlled which allows the preparation of



templates with differing step densities for these studies. The stepped surfaces
may play an important role in the electric field breakdown of a material, which
can be crucial for the stability of memory devices and reducing the required
switching voltage. Moreover, stepped surfaces have shown an anisotropic
resistive switching effect, where a lower switching voltage is required to enable
the lower conducting state along the steps than that required perpendicular to the
steps. This is attributed to the high density of anti-phase boundaries present at
step edges. Furthermore, stepped SiC surfaces can be used as a substrates for the
growth of trilayer graphene and can induce defects which will can modify its
transport properties. Furthermore, stepped surfaces can be used as templates for
producing different ordered nanoparticle arrangements of Ag and Au [56, 57],

nanostructures [58], and Co and Fe nanowires [59-61].

1.1 Outline of this thesis

Chapter 2: In this chapter we introduce vicinal surfaces and crystal structures of
MgO. Further we provide an overview of the general properties of thin film
Fe;0,. We give a general description of its crystal structure, metal to insulator
transition (Verwey transition) and formation of (APBs) when grown on MgO
substrates, its magnetization and its resistive switching behaviour. We then give a
general introduction to trilayer graphene, along with details of the synthesis and

surface structure of trilayer graphene.

Chapter 3: In this chapter we discuss the experimental tools that have been used
in this work. In section 3.2 and 3.3 details of the high temperature furnace and
MBE system are given. In section 3.4 description of ex-situ and in-situ
characterization tools are provided including details of high resolution X-ray
diffraction (HRXRD), atomic force microscope (AFM), scanning electron
microscope (SEM), transmission electron microscope (TEM), closed cycle
refrigeration (CCR), physical property measurement system (PPMS) and finally a

description of the various lithography techniques.

Chapter 4: In this chapter we present the results of induced morphological
changes of vicinal MgO (100) under high temperature annealing, detailing the
step formation and surface stability of MgO. Vicinal MgO (100) single crystal

substrates, upon annealing in air, produced regular step and terrace structures on



the surface. Samples have been annealed in the temperature range 1100°C-
1580°C for 3 hours. Surfaces were characterized by AFM, XRD, TEM, and XPS,
in order to assess the roles of contaminants, temperature, and miscut angle on the
final morphology. The formation of thick layers of contaminants on the surfaces
upon exposure to ambient conditions has been investigated, and a method to

recover the faceted morphology has been proposed.

Chapter 5: In this chapter we report the fabrication of different thicknesses of
expitaxially grown Fe;O4 thin films on step surfaces. Details of their magnetic
properties are also presented. The morphology of Fe;O, thin films were
characterized by AFM and high resolution STEM. The magnetization
measurements show that the steps induce additional anisotropy which has its easy
axis perpendicular to steps and the hard axis along the steps. Local transport
measurements with nano-gap suggest that the step induced anisotropy is mainly

due to APBs formed at the step edges.

Chapter 6: In this chapter we present the anisotropic resistive switching effect of
Fe;O, thin film grown on stepped SrTiO; (100) substrate with the miscut along
the <010> direction. Resistive switching effect have been seen below the Verwey
temperature. Switching along the steps required lower voltages to switch to the
lower conducting state than perpendicular to the steps. This is attributed to the
high density of anti-phase boundaries present at step edges. To demonstrate the
stability of the devices, a large number of switching cycles (for the electric field
applied along the steps) was performed. More than 9,000 cycles were carried out
without damaging the devices. Observed differences in resistive switching along

the steps and perpendicular to the steps have been discussed.

Chapter 7: In this chapter, we present transport measurements on trilayer
graphene synthesized on vicinal cubic-SiC(001). Our transport measurements
clearly demonstrate a GB induced charge transport gap of large than 0.7 eV
which agrees well with theory. More remarkably, the transport gap can persist
even at 100 K. Our results pave the way to create new electronic nanostructures

with high current on-off ratios using graphene on cubic SiC.

Chapter 8: In this chapter we conclude the main results of the thesis. We also

show the preliminary results of nanoribbons with three layers of WS,/MoS,/WS,



on stepped Al,Os substrates. The terrace region was covered by multilayers and

step regions were not covered by multilayers.
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Chapter 2

Physical property of vicinal surfaces, Fe;O4 and

trilayer graphene

2.1 Vicinal surfaces

Vicinal surfaces consist of atomically flat terraces separated by atomic steps (see
Figure 2.1 (A)). The vicinal surfaces are prepared when a substrate is cut with a
small angle 6 from a low Miller-index plane such as the (100), (110), (111) etc.
The vicinal surface consists of periodic terraces L that are separated by steps of
atomic height h. The terrace width distribution is usually narrower for larger
miscut angles. In the case of a cubic (100) substrate, the miscut direction can be
either the <100> or <110> direction.

Prior to annealing, the vicinal surfaces have a denser distribution of monoatomic
steps, in proportion with the miscut angle. During high temperature annealing,
the steps gather together, and as a consequence, the higher the miscut angle, the

higher the final step height is (Figure 2.1 (B)) [1]
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Figure 2.1 (A) Geometric parameters for a vicinal surface: the terrace width L, the step height h
and the miscut angle 0, (B) After high temperature annealing of vicinal substrate.

2.2 Crystal structure of MgO

As shown in Figure 2.2 Magnesium oxide (MgO) crystallizes in the rock salt
structure with lattice constant equal to 4.21 A, and belongs to the space group
Fm3m. This is close to half the lattice parameter of magnetite (a= 8.398 A).
Therefore, the lattice mismatch with magnetite is only -0.30 % which makes
MgO a suitable substrate for the growth of Fe;O, films. Due to the common face-
centred cube (fcc) oxygen sub-lattice, magnetite can be grown expitaxially on
MgO substrates. In this work, stepped MgO (100) substrates miscut along the
<010> direction have been used for the growth of Fe;O, (100) epitaxial thin

films.

Figure 2.2 3D view of the unit cell of MgO containing oxygen and magnesium atoms.
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2.3 Properties of epitaxial Fe;O, films
2.3.1 Applications

Epitaxial magnetite films are a good candidate material for planar magnetic and
memristor device applications [2-4]. It has physical properties that deviate from
those of the bulk, such as magnetoresistance (MR) and magnetization which does
not saturate in high magnetic fields [5-7]. Moreover, anisotropic
magnetoresistance has been observed in Fe;O, thin films grown on vicinal MgO
(100) substrates [8-10]. This is because the density of the APBs aligned along the
atomic step edges. Furthermore, resistive switching effects have been observed in

epitaxial Fe;O, thin films grown on flat MgO substrates [11-15].

2.3.2 Crystal structure of Fe;O4

Magnetite crystallizes in the inverse spinel structure AB,O4 with a lattice
constant of a=0.8397 nm and it belongs to the space group Fd3m. The unit cell of

3 .
253 cations.

Fe;0, includes 4 formula units consisting of 32 O* anions and 24 Fe
The 32 oxygen anions form a face-centred cubic(fcc) lattice that contains 64
tetrahedral A sites which are occupied by Fe'' cations and 32 octahedral B sites

which are occupied in equal amounts by Fe* and Fe’' cations (see Figure 2.3).

0.8397 nm

Q000 Qe
B plane (1) Bplane(2) Bplane(3) Bplane (4)

Figure 2.3: (A) 3D view of the unit cell of Fe;O, containing 32 oxygen anions (black) 16

octahedral iron ions (red) and 8 tetrahedral iron ions (green). (B) Tetrahedral iron (Fe,) in the A-
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plane, a octahedral iron (Feg) in the B-plane. Four possible types of surface termination in B-plane

Reproduced from [16].

Normal spinels are formed when 1/8 of the A sites are occupied by 8 divalent
ions and 1/2 of the B sites are occupied by 16 trivalent ions. Instead, in
magnetite, 8 of the 16 Fe’" ions in the unit cell are placed in A sites, whereas the
other 8, together with the 8 Fe’ ions occupy the B sites in the inverse spinel
structure. One uint cell consist of four layers, each layer having the oxygen
anions plus the octahedral iron ions. The tetrahedral sites are located halfway

between these layers.

2.3.3 Verwey transition.

One of interesting phenomena of magnetite is the transition from metal to
insulator at around 125 K, known as Verwey transition. At the Verwey transition
temperature (Ty) the structure of magnetite distorts from its cubic symmetry [17]
and a charge ordering occurs at the B site [18] therefore decreasing the
conductivity. The electrical resistivity of stoichiometric magnetite crystals
suddenly increases by an order of magnitude at the Verwey transition
temperature. Other properties of the crystal such as magnetization, thermal
expansion and heat capacitance also exhibit a sudden variation at T, [19]. Even
though it has been investigated for a long time, this transition is still a matter of
discussion and controversy [20-22]. To explain the electronic transfer mechanism
below and after Verwey transition, and the sudden change in conductivity at the
transition point, different theoretical models have been proposed [17, 20, 23].
Four different mechanisms are proposed in the literature. The first one proposes
the charge ordering of Fe'? and Fe™ on the same octahedral planes and it is
supported by nuclear magnetic resonance (NMR) data [24, 25]. The second
hypothesis suggests ordering of electrons in the Fegp sites in terms of
condensation of phonons, and is supported by X-ray resonant scattering data [26,
27]. However, both hypotheses did not provide enough evidence to give a full
explanation of the mechanisms of the Verwey transition. The third proposed
hypothesis is the charge density transfer; a transition from inverse to normal
spinel, characterized by a specific temperature, Tcc, and the last one is the first

order structure phase transition, from cubic to a distorted-cubic phase
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characterized by a specific transition temperature designated Tug [28]. All
hypotheses did not show enough evidence to give a conclusive description of the
mechanism of the Verwey transition; lots of experiments and work are needed to

explain the exact mechanism.

2.3.4 Electronic structure

A pictorial representation of the orbital splitting of the octahedral B site of
magnetite is shown in Figure 2.4 (A) [29]. The five degenerate d-electron levels
of the Fe ions are split by the crystal field, A, into three degenerate t,, and two
degenerate e, levels. The t,, and e, levels are occupied by Fe’" and Fe’" ions’ five
electrons. The extra electrons of the Fe*" ion occupy the minority t,, band, which
is the only band located at the Fermi energy (Ey), giving rise to the half metallic
behaviour of magnetite. At room temperature, the conductivity of Fe;Oy is
ascribed to the hopping of electrons between B sites and A sites. However, at low
temperatures, below the Verwey temperature, charge ordering occurs, opening a
gap at the Fermi energy, thus a metal-insulator transition occurs. The majority

spin-down band and minority spin-up band are split by an exchange energy A.,

A — TN
3/50cr
/l
T A, S
\ 250cr
el tola i )

Figure 2.4 Schematic view of the splitting of the 5d electronic orbitals of an isolated iron ion in an

octahedral crystal field [29].



2.3.5 Formation of anti-phase boundaries (APBs)

The properties of epitaxial Fe;O, films differ from those of the bulk with thin
films having a large electrical resistivity [30], magneto resistance [6, 31] and
magnetization which does not saturate in high magnetic fields [32]. These
differences are due to the presence of antiphase boundaries (APBs) which are
natural defects occurring during growth of Fe;O0,/MgO thin films [33]. In the first
stage of the growth, islands of Fe;O, are deposited on MgO. However, because of
the difference in the unit cell parameter and crystal symmetry, the different
islands can be related by a shift vector, which is not a lattice translation vector
[32, 34]. Fe;04 grows expitaxially on MgO in a layer-by-layer growth mode,
where one layer consists of 1/4 of the Fe;O,4 unit cell [35]. APBs are formed
when islands of Fe;0, on the MgO surface coalesce and the neighbouring islands
are shifted with respect to each other [36]. The structure at the boundary is
determined by the type of shift with respect to the plane of the boundary; whether
the shift is parallel or perpendicular to the boundary plane. The oxygen sub-
lattice is more or less undisturbed across the APBs and only the cation lattice is
shifted. The APB shifts in these films are a consequence of two distinct forms of
symmetry breaking between MgO and Fe;O,. The first is due to the lattice
parameter of MgO (0.4213nm) being half that of Fe;0O, (0.8397nm) and because
of this, adjacent Fe;O, monolayers may be shifted by 1/4<110>, 1/4<1-10> or 1/2
<100> which are called in-plane shifts (see Figure 2.5 and 2.6). Growth from
regions on the MgO substrate separated by a step height of half a unit cell of
MgO (0.2106 nm) can also give rise to these shifts [33]. The other APB shifts are
a result of the lower symmetry of Fe;O, monolayers compared to the MgO
substrate surface. Therefore, adjacent Fe;O, islands on the same MgO surface
may be rotated by 90°, as shown in Figure 2.7. APB domain size in Fe;O, has
been studied in detail by transmission electron microscopy (TEM) [37]. It has

been shown that domain size increases significantly with film thickness, showing
a parabolic relation domain size D ~ v/t where ¢ is the deposition time which is

proportional to the thickness of the film.
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Figure 2.5 Schematic of antiphase boundaries (APBs) formed due to 1/2 <100> type of in-plane
shift (A) shift parallel to boundary plane (B) shift perpendicular to the boundary plane. Reproduced
from [38]. (C) Possible surface atomic configuration around an APBs with a 1/2 <100> shift where
shown in the STM image (D). The boundary at which the two nucleation domains meet and form

the APB is indicated by the dashed line [16].
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Figure 2.6 Schematic of antiphase boundaries (APBs) formed due to 1/4 <110> type of in-plane
shift (A) shift parallel to boundary plane (B) shift perpendicular to the boundary plane. Reproduced
from [38]. (C) Possible surface atomic configuration around an APBs with a 1/4 <110> shift where
shown in the STM image (D). The boundary at which the two nucleation domains meet and form
the APB is indicated by the dashed line [16].
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Figure 2.7 Schematic of antiphase boundaries (APBs) formed due to 1/4 <101> type of out-plane
shifts (A) 1/4 <100> shift parallel to boundary plane (B) 1/4 <100> shift perpendicular to the
boundary plane. Reproduced from [38]. (C) Possible surface atomic configuration around an APBs
with a 1/4 <100> shift where shown in the STM image (D). The boundary at which the two

nucleation domains meet and form the APB is indicated by the dashed line [16].

2.4 Magnetic hysteresis

2.4.1 Introduction

The term hysteresis came from Greek “hysteresis” — lag, delay e.i. the value
describing some physical process is dependent on an external parameter. We can
find the word hysteresis in electricity, magnetism and thermodynamics where it

has a sign of a first-order phase transition.
2.4.2 Ferromagnetic materials

Fe. Fe;04. Co. Ni and so on show a unique magnetic behavior which is called
ferromagnetism. When an external magnetic field is applied to a ferromagnet, the
atomic magnetic moments line up parallel with each other in a region called a
domain and when the field is removed, it will not go back to zero magnetization.
Ferromagnetic materials have a critical temperature, called the Curie temperature
where the ferromagnetic properties of the system can no longer maintain a
spontaneous magnetization, so its ability to be magnetized to a magnet disappears

because of thermal agitation.
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2.4.3 Hysteresis loop

Figure 2.8 shows hysteresis in ferromagnetic material. The x-axis show magnetic
field strength H while the y-axis show degree of magnetization M. When the
magnetic field is not applied, there is no magnetization and once a magnetic field
is applied, the ferromagnetic material will become magnetic. Let us consider that
a sample is unmagnetized, i.e. M and H are zero, as H increases from zero, M
increases as shown by the red dashed curves in Figure 2.8. This calls
magnetization M process where almost all of the magnetic domains are aligned
along the applied field and it reaches saturation value called saturation
magnetization Mg at saturation field Hsat. When the field is decreased to zero the
sample still keeps certain value of magnetization which is called remanence Mr.
The magnetization goes back to zero at applied field -Hc (coercivity of material)
when magnetic field applied in opposite direction. Further increasing the
magnetic field will saturate magnetic domains along the applied field. The ratio
Mr/Ms is also called squareness ratio (SQR) and it measures how square the

hysteresis loop is and it is used to differ the anisotropy shape as well.
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Figure 2.8 Hysteresis curves for a ferromagnetic material: Magnetization M vs applied field H



2.4 Resistive switching

2.4.1 Introduction

The resistance switching behaviour of several materials has recently attracted
considerable attention for its application in non-volatile memory (NVM) devices.
This phenomena have been observed in many metal oxides: binary transition
metal oxides NiO [39-41], TiO, [42, 43] and ZnO [44, 45] in addition to
perovskite-type oxides such as SrTiO; [46, 47] and SrZrO; [48, 49]. A resistive
random access memory (RRAM) is a type of non-volatile memory (NVM).
Interest in materials showing this technologically interesting behaviour for
information storage is huge because of the potential high information density and

low-cost of NVM made from these materials.

2.4.2 Classification

Resistive switching (RS) is a phenomenon where the resistance of a material
changes dramatically due to application of a current or voltage. Therefore,
resistance states of these materials can be divided into two bistable states: a high
resistance state (HRS) and a low resistance state (LRS). Resistive switching
behaviour can be classified into two types: (1) unipolar resistive switching (URS)
and (2) bipolar resistive switching (BRS) (see Figure 2.9). The URS operation is
not dependent on the applied voltage polarity, so that the set and reset switching
is only due to the magnitude of the applied voltage. The set voltage is always
higher than the reset voltage, and reset current is always higher than the
compliance current (CC) during the set operation. In contrast to URS, BRS
depends on the applied voltage polarity. If the reset switching occurs under one
voltage polarity, the set switching will occur under the other polarity.

Resistive switching is used in two configurations: (A) sandwich and (B) planar as
shown in Figure 2.10. Sandwich type of structure where metal oxide or insulator
placed between top and bottom electrode. This method is used in most cases to
observe resistive switching because of easy preparation of the device. Planar
resistive switching is also observed in metal oxide materials where two electrodes
are placed on top of an insulator. Planar resistive switching is trickier, because of

the small gap between the two electrodes.
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Figure 2.9: Two types of resistance switching behaviours: (A) Unipolar RS, (B) Bipolar RS.
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Figure 2.10: Geometric location of metal oxide resistive switching in metal-insulator-metal (MIM)

structure: (A) Sandwich configuration; (B) Planar configuration.

2.4.3 Resistive switching in Fe;O,4

A resistive switching mechanism also has been seen in magnetite: there is a
switching from a high-resistance state before the switching voltage (Vs,) to a
low-resistance above switching voltage (see Figure 2.11). The resistive switching
phenomenon in magnetite is different to the unipolar and bipolar classifications
because of the shape of the hysteresis in I-V curve. As mentioned above, bipolar
resistive switching persists at the low resistance state once it forms conducting
filaments in the metal oxide. However, in the magnetite there is no forming
filament which could keep the low resistance state after switching the resistance
of the sample into low resistance state. Therefore, the low resistance state in
magnetite will remain in a certain voltage range. It means at zero applied voltage
the resistance of the sample goes back to high resistance state.

In Figure 2.11 (B) an I-V measurement is shown in a magnetite sample where
sweeping happens when voltage is swept from 0 V to a certain voltage and back
to 0 V again. Point A indicates that switching takes place at a certain voltage

denoted as V,,. At that point the resistance of the sample dramatically changes
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from the high resistance state to the low resistance state. Note that we limited the
current with a compliance current in order to protect the device from damage
caused by the large, sudden increase in the amount of current flowing through it
when it switches to the low resistance state. When switching happens, Joule
heating due to large current flow leads to heating of the sample. This heating of
the sample destroys the device. Therefore, it needs to be protected by limiting the
current with a compliance current. At point B switching goes back to the high
resistance state (V,g). In conclusion, one can say that in the magnetite system
there is essentially no memory effect. The low resistance state does not persist

without application of a high voltage.
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Figure 2.11 Resistive switching in Fe;O,4 at 80 K (A) I-V measurement demonstrated at both

polarities (B) demonstrated switching point A and B respectively.

2.5 Trilayer graphene on SiC(001) substrate
2.5.1 Introduction

With the dramatic progress in research on graphene, recent studies have been
devoted to mono-, bi-, and few-layer graphene [50-52]. In few-layer graphene
(FLG), the crystallographic stacking of the individual graphene sheets provides
an additional degree of freedom [53, 54]. The different stacking orders in FLG
have been predicted to strongly influence the electronic properties [S5, 56], the
band structure [57], magnetic state [58] and spin-orbit coupling [59]. There are
two stable crystallographic configurations for graphene trilayer: ABA and ABC
stacking order [55, 56].

Graphene-based materials have attracted great interest because of their unique
electronic properties and potential for novel applications. They are promising

candidates for non-silicon-based nanoelectronic devices [60, 61]. However, in
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order to be considered as a potential candidate to replace silicon in electronics,
graphene should be grown on large area insulating substrates compatible with
existing lithographic technology.

SiC(001) thin films grown on standard Si(001) wafers are appealing substrates
for growth of low-cost graphene layers for electronic technologies. The large size
SiC(001)/Si(001) wafers are cheap and commercially available, e.g., in USA and
Japan. It has been shown recently that graphene can be synthesized on cubic
SiC(001) wafers using the vacuum sublimation of silicon atoms similar to
synthesis on very expensive single crystalline wafers of hexagonal SiC [77].
Therefore, synthesis on low-cost SiC(001) thin films can represent a new method
for mass producing graphene layers suitable for electronic applications [62, 63].
However, the graphene layers on the SiC(001) surface have to be continuous and

uniform on a wafer scale for potential applications.

2.5.2 Surface structure of trilayer graphene on cubic SiC(001)/Si(001)
substrate

Figure 2.12 (A) shows a typical LEEM micrograph of the graphene synthesized
on cubic-SiC(001) surface demonstrating intrinsic SiC(001) grain boundaries and
uniform contrast throughout the probed 20x20 um’ surface area [63]. The
uniform contrast on Figure 2.12 (A) proves that despite all the defects of the
starting cubic-SiC substrate, the thickness of the synthesized graphene is uniform
across the probed surface area [64]. Figure 2.12 (D) shows the number of graphe
layers from the reflectivity curves where three distinct minima pick in reflectivity
which coresponds three layer of graphene and it does not exced more than three
layers. Morevoere, it shows that grpahene covers whole surface uniformaly
where the thicknesses measured in different regions. Micro-LEED patterns taken
from the Figure 2.12 (C) shows in the Figure 2.12 (E) and (F) that the 12 double-
split spots originate from different micrometerscale surface areas producing 90°-
rotated micro-LEED patterns with 12 non-equidistant spots. Therefore, Figure
2.12 (B) reveals 12 double - split diffraction spots from graphene layer and SiC
layer taken from the large area of Figure 2.12 (A).
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Figure 2.12 (A) 20 pm LEEM micrograph, showing the uniform thickness of the graphene
synthesized on SiC(001)/Si(001) wafers. (B), (E) and (F) Micro-LEED patterns from the surface
areas shown in panels (A) and (C). Electron reflectivity spectra recorded for the different surface
regions 1, 2 and 3 as labelled in panel (C), where the number of dips in the spectra identifies

regions 1-3 as trilayer graphene [65, 66]

As STM experiments demonstrate (Figure 2.13), the dark lines (pointed by red

arrows in the image in Figure 2.13 (A)) are the anti-phase domain (APD)
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boundaries separating the systems of nanodomains with elongation in the [110]
and [110] directions. Figure 2.13 (A) reveals horizontal and vertical
nanoribbonson the left and right side of the APD boundary, as zooms of the areas

shown in Figure 2.13 (C and D) illustrate.
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Figure 2.13 (A) 20x20 um LEEM micrograph of the graphene synthesized on SiC(001)/Si(001)
wafers (B) Large area STM images of graphene/SiC (001). STM images of horizontal (B) and
vertical (C) nanoribbons on the left and right side of the APD boundary indicated by squares B and
C in panel (A), respectively [63. 67]

Large area STM images measured in different areas of several
graphene/SiC(001) samples show that the top graphene layer on SiC(001)
consists of nanodomains which are typically elongated in either the [110] or
[110] direction, have widths in the range of 5-30 nm and lengths varying from
20 to 200 nm (see Figures 2.13 (B and C)). The average width of these

nanodomains is approximately 10 nm, although wider nanoribbons were
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frequently observed (Figures 2.13 (C and D)). According to STM studies [78,80],
individual domains possess a rippled morphology, which leads to a root mean
square roughness of 1.7 A and 2.5 A, respectively. Detailed STM analysis [63]
proved that fabricated trilayer graphene/SiC(001) possesses all the properties of
the quasi-freestanding graphene weakly interacting with the substrate (rippling,

picometer distortions of the honeycomb lattice, etc.).

The micro-LEED pattern taken from a 5 pum area shown in Figure 2.13 (A)
revealed four types of domains, which are responsible for the 24 diffraction spots
from the graphene layer and well resolved spots from the SiC (001) substrate
(Figure 2.14 (C)). The 6 diffraction spots from graphene in A’ side and and
another 6 diffraction spots from graphene A side in Figure 2.14 (A) make total 12
difraction spots. These two domains rotated by +13.5° from the [110] axis
produce two hexagons of spots indicated as red and blue in Figure 2.14 (A)
rotated by 27° with respect to each other. Another two domains rotated by
+1