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Summary
This thesis investigates step-induced defects in thin tllms and their effect 

on the electrical and magnetic properties. Stepped epitaxial Fe304thin 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 Fe304 film grown on 

stepped SrTi03 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(OOl), 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 A1 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 Fe304 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 Fe304 thin films grown on stepped SrTi03 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 Fe304 is mainly due to the lattice distortion induced by the external electrical 

field which modifies the Verwey transition. A large number of switching cycles 

(1-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 Fe304 

film is affected by the presence of regular atomic step-edge arrays: an anisotropic 

magnetoresistance (MR) in Fe304 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-lOOnm 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 fdms 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, Fe304, is a good candidate for RRAM devices [26]. Fe304 

undergoes a metal-insulator transition at the Verwey temperature (Tv ~ 120 K) 

[27]. Above Ty, Fe304 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 Fe304 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 Fe304 thin films can be readily achieved 

on MgO substrates due to the small lattice mismatch of -0.34%. The epitaxial 

growth of Fe304 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 Fe304 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 

Fe304. 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 tri layer 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 (FIRXRD), 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 1I00°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 Fe304 thin films on step surfaces. Details of their magnetic 

properties are also presented. The morphology of Fe304 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 

Fe304 thin film grown on stepped SrTi03 (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(OOl). 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 WS2/M0S2/WS2



on stepped AI2O3 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, Fe304 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 0 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 Fe304 films. Due to the common face- 

centred cube (fee) 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 Fe304 (100) epitaxial thin

films.

^ » ■*

^=lt=%

4.2 A

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 Fe304 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 Fe304 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 Fe304thin films grown on flat MgO substrates [11-15].

2.3.2 Crystal structure of Fe304

Magnetite crystallizes in the inverse spinel structure AB2O4 with a lattice 

constant of a=0.8397 nm and it belongs to the space group Fd3m. The unit cell of 

Fe304 includes 4 formula units consisting of 32 O^' anions and 24 Fe^^' cations. 

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).

7O B

A- plane

B - plane

• a: a
•0; 9 
a •10 0 !€•

a
Q \9^ • €! C

Vo. 0 
€•!€

B plane (1) B plane (2) B plane (3) B plane (4)

Figure 2.3: (A) 3D view of the unit cell of Fe304 containing 32 oxygen anions (black) 16 

octahedral iron ions (red) and 8 tetrahedral iron ions (green). (B) Tetrahedral iron (Fca) in the A-
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plane, a octahedral iron (Fcb) 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 Tv [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 Fes 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, Tec, 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 Tdis, [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^f, into three degenerate t2g and two 

degenerate eg levels. The t2g and eg levels are occupied by Fe^^and Fe^" ions’ five 

electrons. The extra electrons of the Fe'^ ion occupy the minority t2g band, which 

is the only band located at the Fermi energy (Ef), giving rise to the half metallic 

behaviour of magnetite. At room temperature, the conductivity of Fe304 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 Aex

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

octahedral crystal field [29].
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2.3.5 Formation of anti-phase boundaries (APBs)

The properties of epitaxial Fe304 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 Fe304/Mg0 thin films [33]. In the first 

stage of the growth, islands of Fe304 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]. Fe304 grows expitaxially on MgO in a layer-by-layer growth mode, 

where one layer consists of 1/4 of the Fe304 unit cell [35]. APBs are formed 

when islands of Fe304 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 Fe304. The first is due to the lattice 

parameter of MgO (0.4213nm) being half that of Fe304 (0.8397nm) and because 

of this, adjacent Fe304 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 Fe304 monolayers compared to the MgO 

substrate surface. Therefore, adjacent Fe304 islands on the same MgO surface 

may be rotated by 90°, as shown in Figure 2.7. APB domain size in Fe304 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 ~ Vt where t is the deposition time which is 

proportional to the thickness of the film.
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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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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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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. Fe304. 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 Ms at saturation field Hsat- When the field is decreased to zero the 

sample still keeps certain value of magnetization which is called remanence Mr. 

I'he magnetization goes back to zero at applied field -He (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.

Magnetization
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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], Ti02 [42, 43] and ZnO [44, 45] in addition to 

perovskite-type oxides such as SrTiOs [46, 47] and SrZrOj [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 Fe304

A resistive switching mechanism also has been seen in magnetite: there is a 

switching from a high-resistance state before the switching voltage (V^w) 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 1-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 Von. 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 (Voff). 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.

B

Figure 2.11 Resistive switching in Fe304 at 80 K (A) l-V measurement demonstrated at both 

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

2.5 Trilayer graphene on SiC(OOl) 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 [55, 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(OOl) thin films grown on standard Si(OOl) 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(OOl) 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(OOl) 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(OOl) 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(OOl) grain boundaries and 

uniform contrast throughout the probed 20x20 pm^ 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 nm 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 [iTO] 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.

Figure 2.13 (A) 20x20 )im LEEM micrograph of the graphette synthesized on SiC(001)/Si(00l) 

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(OOl) 

consists of nanodomains which are typically elongated in either the [110] or 

[iTO] 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 pm 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 

±13.5°from the [iTO] axis produce another 12 spots marked by green and brown 

hexagons in Figure 2.14 (B) [63]. The micro-LEED patterns from these two 

domain systems are rotated by 90 degrees, as can be seen from Figure 2.13 (C) 

and (D). The sum of these patterns produce the micro-LEED pattern with 12 

double split spots as schematically shown in Figure 2.14 (C).

Figure 2.14. (A-C) STM images of the domains with the 27°-rotated graphene lattices and the 

model explaining 12 double spot in LEED patterns taken from graphene/SiC(001) shown in figure 

2.13. The four different colored hexagons, red. blue, green and brown represent the four domain 

orientations (C) LEED pattern taken from a .millimetre-sized surface area [63, 67]
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2,5.3 Transport properties across grain boundaries in graphene.

The formation of rotated domains and grain boundaries can modify the electronic 

properties of graphene and lead to the opening of a transport gap [68], which is 

crucial for technological applications. Grain boundaries, intrinsic topological 

defects of polycrystalline materials [69], are expected to markedly alter the 

electronic transport in graphene. Moreover, grain boundaries (GB) in graphene 

[62, 63, 67, 70-72], can amend the electronic transport in graphene [67, 72]. 

Recent theoretical study show that transport gaps can be introduced and changed 

by GBs which present in the graphene layers [68]. Yazyev and Louie [68] have 

shown that grain-boundary periodicity and its orientation with respect to the 

crystalline lattices of the two domains of graphene was enough to draw a 

conclusion about the possible presence of a transport gap. Therefore, perfectly 

reflecting grain-boundary defects are related to the lattice mismatch at the 

boundary line. Tbe system reveals an extraordinarily large transport gap of 1.04 

eV (Figure 2.15 B), in good agreement with Eg= 1.1 eV obtained. Such periodic 

grain-boundary structures (class 11) which is shown in Figure 2.15 (B) are 

characterized by a transport gap from equation 1. Which depends e.xclusively on 

the periodicity d along the boundary
tfr 1 “20

(I)
„ t, 271 1.38 ,
Ea = -(eT)3ct d nm

In conclusion they said that the possibility of introducing class II grain 

boundaries characterized by large transport gaps into graphene may find 

important practical applications.

In the graphene synthesized on SiC(OOl) (Figure 2.13) there are two preferential 

orientations of the nanodomain boundaries (which are close to the [110] and 

[110] directions). Using vicinal SiC(OOl) substrate for graphene synthesis 

appears to be a promising way to select one of them. In this case, the presence of 

one preferential direction of the domain boundaries can lead to more uniform 

domain boundary structure and the opening of the transport gap in graphene 

synthesized on low-cost, technologically relevant substrate.
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Figure 2.15 Structure of grain boundaries in graphene. (A) An example of a tilt grain boundary in 
graphene separating two crystalline domains rotated by 0 = 0l + 0r = 8.2° + 30° = 38.2° with 

respect to each other, (B) Atomic structure of the (5;0) | (3;3) class II grain boundary [68].
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Chapter 3

Experimental techniques

3.1 Introduction

In this chapter we will describe most of the experimental tools which have been 

used for the preparation of substrates, thin film growth, characterization and the 

micro-fabrication techniques. The chapter is divided into three parts. In the first 

part, the high temperature furnace which was used for annealing different vicinal 

substrates and the molecular beam epitaxy (MBE) system will be described. In 

the second part, the characterization techniques used to analyse the surface and 

bulk structure of annealed vicinal substrates and thin films will be explained. In 

the third part, micro and nanofabrication methods will be described. Finally, 

electrical and transport measurement tools will also be described.

3.2 High temperature furnace

Samples were annealed at high temperature in order to create different periodicity 

of the vicinal substrates. The annealing procedure was carried out using a high 

temperature furnace (GSL-1600X, Corporation MTI, USA). The furnace consists 

of four cylindrical SiC heating elements which generate the heat. A desirable 

temperature is controlled by the PID automatic controller and it is programmable 

up to 51 steps. A high purity alumina tube, surrounded by four heating elements, 

is placed inside the furnace for loading the samples. During the annealing it is 

important to close the alumina tube from both sides with two ceramic tube blocks 

in order to block heat radiation from the inside of the tube and prevent 

contamination. A S-type thermocouple is attached close to the alumina tube to 

measure the furnace temperature and a B-type thermocouple is used for the
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calibration of the furnace. The temperature ranges are varied between I100°C 

and 1600°C and the constant temperature area is along a length of 6 cm in the 

middle of the alumina tube.

3.3 Molecular beam epitaxy (MBE)

The films for this study have been grown by molecular beam epitaxy (MBE). 

Using this deposition technique, thin films can be grown with very precise 

control over the film thickness and stoichiometry, thus increasing the 

reproducibility of quality thin films [1]. Moreover, the MBE system can be 

grown with a slow rate, low deposition temperatures and highly precise doping. 

The term epitaxy describes the continuation of crystal structure from the substrate 

to the film. The film to be grown has to be single crystal and it can be grown one 

monolayer at a time. Thin film lattice structure and orientation is identical to the 

substrate on which it is deposited. Typically material is evaporated from pellets 

by heating or with an electron beam. The flux of material can be controlled by 

the evaporation rate and once it reaches the desired thickness it can be switched 

off immediately using the mechanical shutters. During growth atoms can move 

freely on the surface until they find a proper position in the crystal lattice to 

bond. The surface will have many nucleation sites and so growth can proceed by 

the spreading of islands. The substrate temperature is also important because it 

affects the mobility and sticking of atoms on the surface. Expitaxially grown thin 

films by this technique are used in a large area of studies and applications [2-7].

A molecular beam of a metal species is created by evaporation of the surface 

material using a beam of high energy electrons. The molecular beam 

subsequently condenses on a substrate and the thin film grows expitaxially. The 

flux of molecular beam and energy of the evaporating e-beam can be controlled 

thus controlling the growth rate of the thin film. In the MBE system, an 

appropriate gas can be simply added into the deposition chamber. The gas may 

be added in molecular form or in atomic form using a plasma generator.

All of the thin films in this study have been deposited using a DCA MBE M600 

molecular beam epitaxy system. The system consists of two separate chambers 

connected through a gate valve. The deposition chamber and load-lock chamber 

were designed separately. Substrates can be transferred from the load-lock
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chamber into the deposition chamber using a magnetically coupled transfer arms 

with an attached transfer cup. The pressure of the load-lock chamber can reach 

5x10’^ Torr while the base pressure of the deposition chamber is maintained 

around 2x10'^ Torr. The picture of the MBE system is shown in Figure 3.1.

Figure 3.1 Molecular beam epitaxy system DCA MI5E M600.

3.3.1 Deposition chamber

Figure 3.2 of the deposition chamber is shown below. The top of the system is 

fitted with a substrate manipulator which consists of a Z-stage controller. The 

substrate manipulator is located vertically in the centre of the chamber where the 

substrate is faced downwards during all processes and manipulations. The 

substrate manipulator is designed for the heater’s electrical contacts as well. The 

substrate holder is surrounded by a radiation shield and a C-type thermocouple is 

placed between the filament and the substrate where the temperature is controlled 

by a EUROTFIERM 2408 controller. Before depositing the thin film, the 

substrates have been thermally cleaned in vacuum and oxygen in order to remove 

all contaminations which may come from the transfer procedure.
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Figure 3.2 Schematic drawing of the molecular beam epitaxy system used in this study.

Reproduced from [8],

The chamber is equipped with two e-guns. Four separate small crucibles are 

located in the first e-gun which are used for different source materials and the 

second e-gun used for a single large crucible. The first e-gun in the deposition 

chamber can be easily moved between the different crucibles with a support belt 

thus allowing re-filling and servicing as well.
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The e-gun power and deposition rates are controlled and monitored using an 

INFICON IC/5 deposition rate controller. When high power is applied to the e- 

gun the intensity will be more thus resulting in a higher deposition rate. The 

deposition rate can be controlled by a sweeper module. Before and during the 

growth, the growth rate has been monitored using a quartz crystal monitor. The 

crystal monitor head is positioned face down and shielded by a shutter. This 

shutter is used to check the growth rate and closed once deposition starts. Each 

e-gun had its own shutter as well and it is used to cover e-beam until it reaches 

the desired growth rate. The main shutter is below the substrate manipulator. This 

shutter is used to interrupt all beams at any time and was only opened during 

loading of the sample and during the deposition. Typically it is kept closed to 

prevent unwanted deposition and contamination.

3.3.2 Load-lock chamber

The load-lock chamber is used to load and transfer the sample into the deposition 

chamber transfer arm, without disturbing the ultra-high vacuum conditions 

maintained in the deposition chamber. The load-lock chamber is connected to a 

turbo pump. The load-lock chamber is vented manually through a nitrogen valve. 

Once the sample is loaded into the load-lock chamber, it is pumped until the 

pressure reaches 2x10'^ Torr and then it is transferred into the deposition 

chamber by opening the gate valve.

3.4 Characterisation of surface morphology

3.4.1 High resolution x-ray diffraction (HRXRD)

The high resolution x-ray diffraction (HRXRD) is a powerful tool for non

destructive ex-situ investigation of epitaxial layers of heterostructures and 

superlattice systems. A wide range of information can be obtained from the 

diffraction patterns such as uniformity of epitaxial layers, thicknesses of films as 

well as the strain and relaxation. A detailed description of this instrument and 

technique are provided below.

Crystals at certain specific wavelength and incident angle produce intense peaks 

of diffracted radiation known as Bragg peaks (see Figure 3.3). A crystal has 

various planes separated by a constant parameter d. If reflection of the various
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planes interferes constructively then diffracted waves are in phase and reinforce 

which show maximum peaks. When diffracted waves are out of phase and cancel 

out then Bragg’s Law is not satisfied.

Figure 3.3 Schematic view of Bragg’s diffraction.

Let US consider an x-ray beam incident on a pair of parallel planes PI and P2, 

separated by an interplanar spacing d. The two parallel incident rays I and 2 

make an angle {0) with these planes. A reflected beam of maximum intensity will 

result if the waves represented by 7 ’ and 2’ are in phase. The difference in path 

length between 7 to 7 ’ and 2 to 2 ’ must then be an integral number of 

wavelengths, (A). We can express this relationship mathematically using Bragg’s 

law;

2dsin6 = n ^ (3.1)

Constructive interference occurs only when n^=AB+BC, AB equal to BC which 

means nX, is equal to 2AB. The extra travelled wavelength is AB+BC sin0=AB/d, 

from this formula we get nX=2dsin6.

3.4.2 Instrumentation details of HRXRD

In this work we used a Bruker D8 advance diffractometer. A photograph of the 

system is given in Figure 3.4. The whole system is placed inside a safety case 

with access to the equipment through the opening window. The system itself 

consists of three main components: x-ray source, sample holder and detector. X-
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rays are produced when electrons collide with a metal target. The x-rays are 

produced from a Cu Kal transition and had a wavelength of 1.54 A. The 

intensity of the x-ray beam can be controlled through the thin removable metal 

slits. In the case of a small sample which is less than 10 mm, the beam can be cut 

into a narrow range to avoid the signal coming from the sample holder. The x-ray 

source is attached to the moveable disc and it can be rotated with an angle of co.

Figure 3.4 Picture of the components of the high resolution x-ray diffractometer.

The sample stage is the main moveable part which allows movement in three 

separate directions (x, y, z). A sample is attached into the sample holder via 

vacuum which is connected through the sample stage by a small pump. The 

detector stage is also attached to the moveable disc and is also capable of rotation 

through a range of angle 20. The beam intensity can be controlled using the 

copper or alumina slits. The system is fully controlled by software which was 

provided with the system. All the analysis software was also provided with the 

system.
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3.4.3 X-ray reflectivity measurement (XRR)

In this study we used X-ray reflectivity (XRR) for the estimation of thickness, 

density and roughness of the measured thin films (single or multilayers). The x- 

ray reflectivity essentially consist of measuring the reflected intensity of x-rays 

from a sample surface at near glancing incidence [9]. The basic idea of this 

method is to point the x-ray beam to the film at low angles (0 < 9 < 9°) and 

measure the intensity of the reflected beam from the film surface. These reflected 

beams interfere with each other either destructively or constructively giving 

graph in oscillation in the reflectivity intensity versus incident angle (the example 

shown in the Figure 3.5). The oscillating intensity is related to the film thickness 

where their relation is given by modified Bragg’s law which is written bellow:

mA = 2tylsin^9 — 25

where m=l,2,3... is peak order, X is the wavelength of x-ray, t is film thickness, 0 

is the incident angle of the beam where in our case used between 0.4° < 26< 6° 

and finally 5 is the dispersive refractive index of the sample used.

The interference between the rays reflected from the top and the bottom of the 

film results in interference fringes as shown in Figure 3.5 for the 70 nm of Fe304 

film where it gives the density of material, period of oscillation and interface 

roughness.

Figure 3.5 XRR scan 70 nm of epitaxial Fe304 thin film grown on single crystal MgO substrate.
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3.4.4 Tilt analysis of miscut angle measurement

The miscut angle of the sample can be measured by XRD. For vicinal substrates 

with miscut angle a co can range between 0s ± a. The two extreme cases are as 

follows: CO = 6s + a is the case when the miscut minimum angle is facing the 

incident step up direction shown in Figure 3.6 (A) and co = 0s - a is the case when 

miscut maximum is facing the incident beam Figure 3.6 (B).

ti)=0+a

tt \

a

Figure 3.6 Schematic of the diffraction geometry for a vicinal surface (A) miscut minimum facing 

the incident beam (B) miscut maximum facing the incident beam.

41



3.5 Atomic force microscope (AFM)

An Atomic Force Microscope (AFM) is a device used to analyse the surface 

morphology. The atomic force microscope has a sharp tip at the end of a 

cantilever which scans over the surface and records data as an image. There are 

different scanning modes. In this report we will concentrate only on the in air AC 

scanning mode and further details of the instrument is described.

In AC mode a cantilever is attached to a piezoelectric manipulator. After 

applying the voltage, the piezo vibrates and the cantilever starts oscillating. The 

AFM measures the force acting between the tip and sample. When the cantilever 

is far from the sample, the interatomic force is not affected and it oscillates in its 

free equilibrium position. However, once it is closer to the surface, an attractive 

force acts upon the tip to bring the cantilever towards the surface. When the tip is 

in contact with the surface, repulsive force dominates pushing the cantilever 

backward. The laser spot is pointed of the back side of cantilever so that it detects 

the movement of cantilever. Figure 3.7 shows the basic concept of AFM.

Photodetector

Laser diode

Mirror

Figure 3.7 Block diagram of Atomic Force Microscope.

The cantilever is made from silicon or silicon nitride with tip radius of curvature 

on the order of less than 10 nm. “Tap 300-G” cantilevers are attached on the 

AFM. The Si cantilever has a nominal resonant frequency of 300±50 kHz. In our
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case we have used the Asylum Research MFP-3D AFM to characterize the 

surface morphology of the samples.

3.6 Scanning electron microscope (SEM)

The SEM instrument consists of two main components: an electronic console and 

an electronic column. The electronic console allows us to control instrument 

adjustments such as accelerating voltage, focus, magnification, brightness and 

contrast. All of the controls are accessed through the computer system using a 

mouse and keyboard. The electron column is where the electron beam is 

generated under vacuum, focused to a small diameter, and scanned across the 

surface of a specimen by electromagnetic deflection coils. A description of each 

of the components of the electron column is written below:

Electron gun: Located at the top of the column where electrons are generated by 

field emission from a tungsten filament at 2400°C. Electrons are primarily 

accelerated toward an anode, typically from 0.5 to 30kV. Condenser lenses: After 

the beam passes the anode it is influenced by two condenser lenses that cause the 

beam to meet and pass through a central point. What happens is that the electron 

beam is essentially focused down to 1000 times its original size. Apertures: 

Depending on the microscope in the electron column there may be one or more 

apertures. The purpose of these apertures is to reduce and exclude external 

electrons in the lenses. The final lens aperture situated below the scanning coils 

determines the spot size of the beam at the specimen. The spot size on the 

specimen defines the resolution and depth of field. Decreasing the spot size 

allows for an increase in resolution and depth of field with loss of brightness. 

Scanning system: Images are shaped by rastering the electron beam across the 

specimen using deflection coils inside the objective lens. Magnetic field reduces 

deflection of the electron beam. During the scan the electron beam should be a 

circular cross section when it strikes the specimen. If it is elliptical, the stigmator 

will act to control this problem. Specimen chamber: At the lower part of the 

column the specimen stage and controls are located. The secondary electron from 

the specimen is attracted to the detector by positive charge. In this study a Zeiss 

ULTRA Plus field emission SEM was used for imaging.
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3.7 Transmission electron microscope (TEM)

The TEM tool is a powerful tool used in the area of nanoscience research. The 

working principal of TEM is similar to SEM but the analysed electrons are 

transmitted through the sample. The electrons are accelerated by high voltage 

(=300 kV) to maximise electron transmission. The TEM consist of a high 

vacuum chamber, electron source, a column with lenses and focusing apparatus 

and a sample holder. Two types of imaging modes are possible: one is bright 

filed imagining and the other is dark field imaging. In our case we have used 

bright field imaging mode. In this mode the contrast of the image can be deferred 

from the electron which passed through the sample. The area where electrons are 

absorbed will be dark while the area where an electron passed freely will be 

bright.

The sample preparation for the TEM is very important because it requires 

extremely thin samples due to the small mean free path of the electrons. Before 

loading into the TEM, a 10 nm of Au is deposited using e-beam deposition in 

order to protect the surface. Afterwards, the sample is prepared in a focused ion 

beam system equipped with SEM (FIB-SEM). The in situ lift-out technique was 

used to remove a section of the sample and affix it to a TEM grid. The sample 

was then polished to ~ 50 nm thickness with 30 keV gallium ions. In order to 

reduce surface damage and amorphisation, the sample was finally polished with 5 

keV gallium ions. The substrate was aligned to the [001] zone axis for TEM 

imaging.

3.8 Lithography processes

3.8.1 Introduction

Before doing any lithography processes, samples need to follow some treatment 

which is described below [10].

Sample preparation: To remove any contaminations from the surface of the 

sample chemical solvents were used. Afterward, the samples are heated to a 

higher temperature to remove any moisture that may be on top of the sample.
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Spin coating: For spin coating it is important to choose a desirable process 

which suit the type of photoresist. Different photo-resists can be used for spin 

coating for a sample. Other important things in spin coating include choosing 

rotational speeds and required thicknesses.

Exposure: In this part the resist is exposed to UV light or an electron beam to get 

the desired pattern. For positive resist patterning, the exposed resist is soluble in 

the developer. However, for the case of negative resist, unexposed resist is 

soluble in the developer.

Developing: After exposing the photo-resist, the exposed area can be developed 

by using developer in order to remove the unwanted resist.

Lift-Off: A metal or oxide material is deposited on the entire surface of the 

substrate where it has direct contact with the substrate and on top of the resist 

which has not been removed from the substrate or thin film. When the substrate 

is put into acetone the resist will be washed away therefore removing the metals 

which has been deposited on top of the resist. After the lift-off process deposited 

material will stay only in the area where it had direct contact with the substrate or 

thin film.
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Figure 3.8 Schematic view of two types of steps followed in a lithography process.

3.8.2 UV mask aligner

To fabricate millimetre/micrometre size electrode contacts uv-lithography has 

been used. A Karl Suss MJB-3 UV400 has been used for exposing substrates up 

to 4 inch in diameter (see Figure 3.9). This type of mask aligner is most used in 

academia rather than in industry. The working principle of the UV mask aligner 

is following; the mask is held chrome side down by mask holder and it is placed 

right bellow optical microscope. The resist coated sample is placed on a 

moveable sample holder and it can be moved in three micro-positional directions 

(x, y and rotation angle 6). The optical microscope can also move by x and y 

direction to choose desirable pattern. When sample is aligned properly to the 

mask, it can be lifted up to make contact to the mask. Once everything is ready
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for the expose UV light, the UV light moves forward to start exposure. The 

intensity of UV light is fixed and only time of exposure can be controlled. The 

minimum gap that can be achieved is up to 1 pm.

Figure 3.9 Images of the UV mask aligner, spinner, hot plate for soft baking and UV photomask

3.8.3 Electron beam lithography (EBL)

Electron beam lithography is a powerful technique which can be used to write 

patterns of very high resolution. A scanning electron microscope (SEM) 

(SUPRA40, Carl Zeiss) is equipped with a RaithSO electron lithography tool. The 

SEM has an imaging resolution of 1.3 nm at 15 kV, with magnification factor 

ranging from 12 to 9x10^ The acceleration voltage can be set from 5 to 25 kV
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with a probe current ranging from 10 pA to InA. Dose factor can be varied 

accordingly between 30-300 pC/cm depending on the material. The feature size 

of the exposed beam can be less than 10 nm. The working principle of the EBL is 

the electron draws a given pattern into polymethyl methacrylate (PMMA) resist 

breaking the polymer chains. The exposed patterns are then removed by rinsing 

the sample in a solvent Methyl Isobutyl Ketone mixed with Isopropyl alcohol 

(MIBK: IPA). After deposition of metal, the resist can be removed by acetone 

(lift-off).

3.9 Electric and magnetic measurements

3.9.1 Closed cycle refrigeration (CCR) system

The closed cycle refrigerator has the following major components (see Figure 

3.11): expander, compressor, vacuum shroud, and radiation shield. The expander 

is the main body referred to as the cold-head, where the refrigeration cycle takes 

pace. A compressor with two gas lines and an electrical power cable are 

connected to the expander. One of the gas pipe lines supplies high pressure 

helium gas to the expander, the other gas pipe line returns low pressure helium 

gas from the expander. The role of compressor is to provide the necessary helium 

gas flow rate at the high and low pressure for the expander. The vacuum shell 

encloses the cold end of the expander in vacuum, limiting the heat load on the 

expander caused by conduction and convection. The radiation heat shield cools 

the expander by helium and the vacuum shroud insulates from the room 

temperature.

The electric measurement of the samples was measured with a Keithley 2400 

multimeter, in a standard four probe measurement. Electrical wires are connected 

to the sample with quick drying silver paint (Agar scientific. Batch number 

OW2078440). The silver paint was diluted with Iso-Butyl-Methyl-Ketone (Agar 

scientific. Batch number R 1272). A closed cycle refrigeration (CCR) system 

(Sumitmo Cryogenics HC-4E Compressor) was used to measure at low 

temperature. A diagram of the CCR system is shown in Figure 3.10. The samples 

were mounted on a copper sample holder using GE varnish which is a good 

thermal conductor but also an electric insulator. The samples are attached to the 

cold finger by a ceramic attachment directly screwed into cold finger. Helium is
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used as a cooler for the CCR system and the temperature is controlled by a Lake 

Shore 331 Temperature controller, where heating wires are near to the sample to 

control the cooling effect of the compressed helium from the compressor. A 

GaAIAs thermometer with an accuracy of ± 0.05 K is used to control the 

temperature of the sample holder. A compressor is used to provide the high 

pressure helium gas needed for the cycle. Flexible metal gas lines deliver the 

compressed helium gas to the refrigerator, and return the low pressure gas to the 

compressor for recirculation. The refrigerator includes two cold stages, one for 

cooling the sample and one for cooling a radiation shield that surrounds the 

sample.

Radiant heat Sample
shield ho der Temperature

Controller

Vacuum
shroud

r-Q

t t
Vacuum Expander

pump

Figure 3.11 Schematic of the closed cycle refrigerator.

3.9.2 Physical property measurement system (PPMS)

The electric and transport measurement were characterized using a physical 

property measurement system (PPMS Quantum Design). The PPMS consists of a 

liquid helium cooled cryostat which is pumped by a rotary pump in which the 

sample can be placed and the temperature can be varied between 2 K and 400 K. 

The PPMS is equipped with a superconducting magnet with maximum magnetic 

field of 14 T and the field uniformity of ± 0.1% over 5.5 cm. The platinum
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resistance thermometer monitors the sample temperature with an accuracy of 

±1% from zero to full field. The sample rotator’s angle ranges from -10 to 370, 

with the step size of 0.05° (see Figure 3.12 (C)). The angular rotator is fully 

automated and is capable of performing angular-dependant magnetic moment 

measurements at a wide range of fields and temperatures. It has been designed 

specifically for anisotropic samples.

Figure 3.12 (A and B) the sample holders and (C) rotator for the electric and magnetic 

measurement of the PPMS system.

The resistivity puck has three groups of four marked contact pads relating to 

channels one, two and three on the user bridge board. Every group of contacts 

has one positive contact and one negative contact for both current and voltage 

channels to which a sample may be conventionally wired (see Figure 3.12 (A)). 

Therefore, up to three samples can be placed on a conventional resistivity puck or 

it can measure up to three contacts at one time in one sample.

3.9.3 Vibrating sample magnetometer (VSM)

In a VSM generally an electromagnet is employed to provide the DC magnetising 

field H (super conducting magnets have been used for generating higher fields) 

[11]. A sample is situated in between the sensing coils and it is mechanically 

vibrated. A changing flux coming from the vibrating magnetised sample induces 

a signal voltage in the sensing coils. The resulted measurement displays the

magnetic moment M as a function of the field H. In this work a MicroMagTM

50



Model 3900 VSM system produced by Princeton Measurements Corporation 

USA was used for the magnetisation measurements. VSM has high sensitivity (1 

(lemu at 1 sec per point) and with accuracy x, y, and z transfer stages allow quick 

and accurate sample placement. Sample size that can be used on the VSM is 

between 6 to 10 mm square and can be measured from room temperature to low 

temperature.
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Chapter 4

Induced morphological changes on vicinal MgO (100) 
subjected to high temperature annealing: step formation 

and surface stability.

4.1 Introduction

Magnesium oxide (MgO) is a technologically important material. Known 

for its high melting temperature (above 2800°C), bulk MgO crystallizes in a 

rocksalt structure (fcc-structure, a = 4.212 A) and is a large band gap (7.8 eV) 

insulating oxide. It is an archetypal highly ionic oxide, due to the large difference 

in the electronegativity of magnesium as compared to oxygen. Due to the basic 

character of its surface, it has found applications in heterogeneous catalysis [1, 

2]. It is also very often used as substrate for the growth of epitaxial metal films 

[3-5], metal oxides [6, 7], high temperature oxide superconductors (HTS) [8, 9], 

ferroelectric pervoskites [10], resistive switching materials [11, 12] and magnetic 

tunnel junctions (MTJs)[13, 14].

Additionally stepped surfaces are often used as substrates, in particular as 

templates for producing ordered nanoparticle arrangements [15, 16],

nanostructures [17], and nanowires [18]. The presence of steps arrays can 

influence the magnetic, electronic and transport properties of films grown on top 

[19-21]. 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 [21-23]. For example, the magnetic anisotropy of a Fe304 film is affected by 

the presence of regular atomic step-edge arrays. However, atomic step-edge 

arrays are inherently limited as growth templates, as the step height cannot 

exceed Just a few angstroms. This limits the size of the structures that can be
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grown. Vicinal surfaces annealed at high temperature, instead, can form much 

larger terraces, in the sub-lOOnm range [24]. Therefore, the controlled 

preparation of these kinds of templates is valuable as they can be used as 

templates for the growth of larger structures.

Previous studies have dealt with the surface evolution of MgO (100) single 

crystals upon thermal treatment, showing the formation of steps and terraces [25- 

31]. However these studies were limited either to non-vicinal samples [25-27] or 

to a temperature regime up to 1000°C for miscut samples [28]. Other studies 

were carried out for (110) and (111) surfaces [29-31]. However, there are no 

systematic studies on vicinal MgO (100) surfaces subjected to annealing in high 

temperatures regimes (above 1000°C).

A crucial factor for the growth of epitaxial films is the control of defects on the 

substrate surface, in particular crystallographic defects, chemical contaminants 

and substrate smoothness. This is of particular importance in the case of MgO, 

due to its instability in ambient conditions arising from its reaction with moisture 

and CO2. These can lead to the formation of carbonates and magnesium 

hydroxides on the surface, thus introducing chemical contaminants and adversely 

affecting the surface morphology [32]. This problem is typically overcome by 

thermal treatment of the MgO substrate at high temperature prior to deposition of 

thin films [8, 9, 33, 34]. Whereas the chemical stability of MgO surfaces exposed 

to ambient moisture was investigated for flat single crystals [35], no similar study 

has been performed on stepped MgO surfaces, leaving the question unanswered 

as to whether the formation of the hydroxyl-carbonates could lead to the 

complete destruction of ordered stepped surfaces or whether this layer of 

contaminants merely covers the stepped structure.

Here we make notable advances in understanding the surface properties of MgO 

(100) though detailed characterization of its morphology. The morphological 

evolution of the MgO (100) surface in the high temperature regime and the 

stability of the formed structures over time are investigated. In particular, it is 

found that steps’ height and width can be fully and finely tuned by the 

appropriate combination of miscut angle and annealing temperature. In this way a 

stepped surface with desired morphological characteristics and with a low defect 

density can be produced. We also show that the apparent degradation of the 

morphology upon exposure to the ambient atmosphere, even for a prolonged
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time, can be reversed by short thermal treatment, thus recovering the original 

morphological features.

4.2 Experimental

Single crystalline one-side polished MgO (100) substrates miscut along the 

<010> axis with miscut angles of 2°, 3° and 4° (±0.3°) were used. Samples were 

received in sealed packs and, prior to annealing, were cut into 5x2.5 mm pieces 

and cleaned in methanol, acetone and high purity propan-2-ol. Thermal 

treatments were performed in a dedicated high-temperature tube furnace. The 

annealing temperatures ranged between 1100 - 1580°C, which was sustained for 

3 hours in air. A heating and cooling rate of 5°C/min was used for both ramping 

up and down, to reach the desired temperatures. The miscut angles of the 

substrates and the minimal impact on quality due to defects like mosaicity were 

determined and verified by x-ray diffraction (XRD) using a Bruker D8 advanced 

diffractometer. The miscut of each sample was found to be within the tolerance 

of ±0.3° with respect to the nominal value.

After annealing, the surface morphologies were measured with an Asylum 

Research MFP-3D Atomic Force Microscope (AFM) in tapping mode. A1 

backside coated Si tips were used with nominal resonance frequency of 

300 ± 50 kHz and a tip radius of <10 nm. For each annealed sample, at least 5 

different areas were scanned and the results were averaged on more than 200 

terraces and steps. A FEl Titan transmission electron microscope (TEM) 

operating at 300 kV was used to investigate a cross section of the surface with the 

normal of the section close to the 001 axis of the substrate. The thin TEM lamella 

was prepared in a Carl Zeiss Auriga CrossBeam focused ion beam workstation 

(FIB). All images were acquired in bright-field mode. The full-field strains at the 

MgO interface were mapped by using the geometric phase analysis (GPA). By 

selecting a geometric phase image, a desired numerical Moire image 

corresponding to a group of special crystal planes can be obtained, thus allowing 

a detailed analysis of this group of crystal planes [36].

In order to determine the presence of contaminants, both as-received and 

annealed samples were analyzed by X-ray photoelectron spectroscopy (XPS) 

using an Omicron Multiprobe XP system equipped with a monochromatic A1 k- 

alpha source in conjunction with an Omicron EA 125 and hemispherical
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analyzer. Pass energy of 20 eV was used. Due to the insulating nature of the 

samples, an Omicron C-10 charge neutralizer was used. Beam energy, emission 

current and deflection were optimized to achieve a FWHM of the O Is peak 

comparable with respect to the line-width typical of a sample not affected by 

charging effects (FWHM = 1.5 eV). The obtained spectra were analyzed by 

means of the CasaXPS software. To minimize surface contamination, samples 

were loaded into the XPS chamber, immediately after annealing at 1300°C for 3 

hours.

4.3 Results and discussion

Here we demonstrate that vicinal MgO surfaces can be facetted by the 

appropriate annealing treatment in air and we illustrate the role of substrate 

miscut angle in step faceting. A clear step and terrace morphology is observed 

with well-defined steps and atomically flat terraces as shown in Figure 4.1(a). 

Steps are distributed with a high degree of uniformity over the entire surface, 

running parallel along the [001] direction. The temperature dependence of the 

surface morphology was studied in the range of 1100°C-1580°C and analyzed by 

AFM. The results are summarized in Table 1.

For a fixed temperature, the miscut angle plays an important role in the final 

morphology of the system. Comparing the substrates miscut by 2° and 4° from 

the <010> direction, annealed at a temperature of 1200°C, it can be seen that, 

within error, larger miscuts result in smaller step periodicity and a higher average 

step height. This observation can be qualitatively explained using a simple 

geometrical argument. Prior to annealing, the vicinal surfaces had a denser 

distribution of monoatomic steps, in proportion with the miscut angle. During 

annealing, steps gather together, and as a consequence, the higher the miscut 

angle, the higher the final step height is. However, in order to preserve this 

greater miscut angle, the step periodicity also needs to decrease.

The temperature dependence was examined for the 3° miscut samples annealed at 

1100°C - 1580°C. From Table 1 it can be seen that the average periodicity width 

increases with higher annealing temperature.
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Table 1

Average periodicity <L> and step height <h> with relative standard deviation for different miscut 

angles at various annealing temperatures. The miscut listed was measured with high resolution 

XRD.

Miscut 2° 3° 4°
T(°C) 1200 1100 1200 1300 1400 1580 1200

<L> (nm) 98 ±38 55± 18 74 ±23 136 ±46 212±75 285 ±95 54 ± 16
<h> (nm) 3 ±0.9 2.7 ±0.8* 3.1 ±0.9 6.9 ±3 11.3 ±5 14.5 ±5 3.4 ± 1

*Due to the small dimensions of the structure involved, measurements of the exact step height was 

not possible. In this case a step height was calculated using formula h=tan9'x-L.

In order to explain this, it is worth noting that if the surface rearrangement can be 

considered as a thermally activated diffusion process, a direct relationship 

between surface periodicity and average displacement of adatoms can be 

assumed. In this case the square of the period // is proportional to the diffusion 

constant D through the Einstein diffusion equation. Considering an effective 

diffusion constant D=D„exp(-Ea,/kiiT), the activation energy of the thermal 

process, can be calculated [37]. We implicitly assumed here a value 

D,) = 2.5x lO'^-l .8x 10'^ cmVsec [38, 39], The reported value for the nominally flat 

MgO which were varied between 2.7 and 3.24 eV [39-41], the activation energy 

which reported here is £'oj,.= l .61±0.2 eV. However, the large errors involved in 

the data makes it difficult to conclusively attribute this as a definitive explanation 

for the step rearrangement.

From the sample of Figure 4.2(a) it is clear that very few defects such as kinks 

and step merging are visible on the annealed surface, suggesting a very low free 

energy configuration for the considered system. A scattering of small diagonal 

steps of variable height from 0.73 nm up to 3.17 nm run on the flat terraces as 

shown in Figure 4.2(a). They are all aligned to [Oil] and [110] , i.e. (45° ± 3) 

respect to the <001> step direction. Similar steps have already been observed in 

c-plane AI2O3 and they are related to different surface energy of such 

monoatomic steps originated by different atomic arrangements [42].
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Temperature (°C)

Figure 4.1 Facet formation after annealing of MgO (100) at a high temperature, (a) 2x2 pm^ AFM 

image, after first order leveling, of a 3° miscut of MgO (100) substrate annealed at 1300°C for 3 

hours, (b) Temperature dependence of the periodicity as a function of the annealing temperature 

and the Arrhenius plot of the period is shown in the inset.

100 200 300 400 500 600
X (nm)

Figure 4.2 2x2 pm^ AFM image of 3° miscut of MgO (100) annealed at 1300°C for 3 hours, (a) 

Defects are pointed by yellow arrows (b) A magnification of the solid red square, (c) Height profile 

taken from the section along lines 1 and 2 of (b).
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Surfaces with comparable periodicities were analyzed, and the step height 

appeared smaller for the smaller off-cuts, preserving the overall surface 

orientation. Thus the periodicity can be varied, for a given off-cut angle, by 

changing the annealing temperature and the step height can be tuned by varying 

the initial sample off-cut. Full control of the morphology of the stepped surface, 

periodicity and step height, can hence be obtained.

In order to fully characterize the surface morphology, a cross section of the 

faceted surface was examined using TEM. The analysis was performed for a 3° 

miscut sample annealed at 1200°C. As shown in Figure 4.3, all the steps appear 

inclined at an angle of 10±2° with respect to the [010] direction and their 

orientation is independent on the step height.

Figure 4.3 TEM section of a sample 3° miscut and annealed at 1200°C for 3 hours. An Au 

protective layer was deposited on the surface before preparation of the section to protect the 

surface, (a) Low magnification showing the cross section of MgO, the slope of step is 10±2° with 

respect to the [010] (insert), (b) High magnification image of interface boundary of MgO and Au 

showing strain field, (c) Geometric phase analysis image of 10“ slope. The blue color indicates 

strain field in the lattice.

The lattice-resolved image (Figure 4.3(b)) shows a bright strip at the interface 

between the MgO substrate and the Au layer which is due to the strain field at the
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interface. Figure 4.3(c) shows the strain components at the MgO interface to 

analyze the effect of the lattice mismatch on the GPA result. It can be noticed 

that there are several regions of strain around the misfit dislocation cores between 

MgO and Au. Along the interface compressive rather than positive tensile strains 

dominate. Although the delocalization of the TEM phase imaging inhibits the 

definite resolution of the surface lattice configuration, it can be seen from the 

GPA a stepped strain field that the 10° steps most likely exhibit a 6(IOO)x(OIO) or 

5(l00)x(0l0) surface, i.e. the Miller indices are (160) or (150) which corresponds 

to angles of 9.5° and 11.3° respectively.

The results observed can be explained by the kinetic evolution taking place on 

the surface. As the annealing temperature is increased the attractive nature of the 

step edges, mediated by elastic forces, allows them to bunch into facets, giving 

rise to wider terraces and higher steps [43-46]. Because surface kinetics are far 

more strongly dependent on temperature than time, the bunching occurs in a time 

of the order of few minutes. Samples were annealed for 24 hours, and it was 

verified that the periodicity of the stepped surface did not appreciably change 

when compared with a similar sample annealed for 3 hours.

The mechanism responsible for the rearrangement of the surface appears to be 

common to all samples. This is supported by Figure 4.4 where the probability 

P(L) of observing two steps separated by a distance L is plotted versus step 

separation normalized over the mean step normalized period L/<L>. From Figure 

4.4 it is evident that the step distribution does not significantly depend on either 

the annealing temperature or the off-cut angle

Elastic theory predicts the equilibrium morphology consisting of a periodic array 

of facets, as observed in this study [44-46]. The attractive interaction between 

steps, mediated by the elastic strain field created by individual steps [29-32], 

could then explain the faceted morphology. Nevertheless, a complete explanation 

of the mechanisms involved is still lacking. If one assumes only nearest neighbor 

step interactions, the Gaussian distribution of Figure 4.4 should be invariant 

whenever <L>P(L) (and not simply P(L)) is plotted vs the normalized period 

L/<L> [46-48]. The complicated behavior could be caused by the presence of 

competing effects in the surface evolution, such as entropic contributions and 

inter-step long range interactions or the possible influence of contaminants [49, 

50],
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Figure 4.4 Normalized distribution of the period as a function of L/<L> for different annealing 

temperatures (a) with a substrate miscut angle 3° and (b) for an annealing temperature of 1200 °C

Contaminants can play a major role in the faceting process. Therefore it was 

necessary to determine the presence of impurities and assess their concentration 

[49, 50]. To this end, both the as received and the post annealed samples were 

subjected to investigation by x-ray photoelectron spectroscopy (XPS) (see Figure 

4.5). Before the annealing process, carbon represents the main contaminant 

(21%). A small amount of Ca (1.5%) was found as well, together with an 

unknown contaminant, having a binding energy of 242.5 eV. Such a signal has 

been seen in previous XPS studies of MgO substrates [51] and was attributed to a 

small stray signal coming from the Ta sample holder. This conclusion is 

questionable, as the same signal was observed in the course of our experiments 

while using a stainless steel holder.

After annealing, the relative presence of carbon on the surface was strongly 

reduced (16%) while that of calcium was increased (4%). This is because of 

single crystal MgO substrate will have some Ca impurities on the bulk and this 

impurities segregates into the MgO surface after annealing them at temperature 

more than 950°C which was confirmed by XPS analysis [52, 53]. Aluminum 

contaminants, not present on the pristine surface, appear after the annealing 

treatment (3.5%). The fact that such contaminants are present only in the post- 

annealed substrates brings us to the conclusion that this is an external 

contamination coming from the alumina tube furnace used for the annealing 

process. Traces of A1 on the surface suggest that contamination is one of the 

driving mechanisms for the formation of such stepped surfaces, as was 

demonstrated for other oxides, e.g. AI2O3 [54] and SrTi03 [55]. To confirm this, 

we cut into halves a vicinal substrates having a 3° miscut. One half of the sample
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was annealed at 1100°C in an alumina tube and the other half in a quartz tube. 

The half annealed in the quartz tube did not produce a step and terrace structure. 

However, the piece annealed in the alumina tube produced the typical step and 

terrace structure.
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Figure 4.5 XPS investigations of the as received (dashed black line) and post annealed (solid red

line) samples.

The MgO surface is quite reactive with the atmospheric moisture and carbon 

dioxde [25]. Once the step and terrace morphology was formed on the surface by 

annealing, samples were e.xposed to ambient conditions and re-examined using 

AFM over an extended time period. The evolution of the surface morphology 

over time is shown in Figure 4.6. Right after the high temperature treatment the 

surface had clear stepped morphology as shown in Figure 4.6(a). However, after 

few weeks of exposure, contamination starts covering the stepped surface (see 

Figure 4.6(b)). After 5 months, the contaminants fully cover the stepped surface 

leaving no sign of the steps and terraces, (Figure 4.6(c)). Figure 4.6(d) shows the 

profile along the line in image Figure 6(c), which was found to have a roughness 

of ~41 nm.
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Figure 4.6 2x2 ^nr AFM image of stepped MgO substrate after exposure to ambient conditions 
for: one day (a), few weeks (b). few months (c) and height profile across the red line shown in c (d)

However, this apparent destruction of surface morphology can be reversed and 

the original stepped morphology can be restored after a short thermal treatment at 

a moderate temperature (200°C for 1 hour), as shown in Figure 4.7.

A sample with steps and terraces was analysed over eight months to assess the 

effect of surface contamination. In Figure 7(a), the sample was scanned by AFM 

immediately after annealing at 1100°C, then it was kept for eight months in air. 

After this time the sample was completely covered with contamination, Figure 

4.7(b). Similar behaviour has been reported in literature whenever MgO samples 

were kept for few days in air [25]. In order to verify that such contaminations do 

not destroy the step and terrace features, the sample was cleaned in acetone, 

methanol and IPA then put on a hot plate at 200°C for 1 hour. As seen in Figure 

4.7(c), the step and terrace features reappear and most of contamination has been 

removed even at this rather low temperature [56-61].
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Figure 4.7 2x2 nm^ AFM images of stepped MgO (100) surface, (a) annealed at 1100°C, (b) kept 

for eight months in air, (c) and after baking on a hot plate for 200°C for I hour and (d) height 

profile across the red line shown in (c). The experiment demonstrates that the surface morphology 

can be retrieved due to the decomposition of contaminants formed on the surface.

XPS measurements were performed on the sample, which had been kept in 

ambient conditions for eight months, before and after the thermal treatment at 

200°C for one hour. For simplicity, the sample kept for eight months in ambient 

condition after the formation of vicinal surface as described earlier, will 

henceforth be referred to as “pre-treatment” whereas the sample after the 

cleaning procedure at 200°C will be defined as “post-treatment”. In order to 

verify the reproducibility of the cleaning procedure, more than one sample was 

measured. Figure 4.8 shows the core levels O I5, CI5 and Mg 2p XPS spectra 

recorded for the sample before and after cleaning. It can be noted, the O 15 peak 

for pre-treatment sample is centred at 532 eV, and has a FWHM of 2.15 eV, 

which is much larger than expected for a peak consisting of a single component 

(1.5 eV) (Figure 4.8A). Indeed, the Ols core level can be deconvoluted into 3 

components, having respective binding energies of 530.6 eV, 531.9 eV and 533 

eV. Comparison with literature brings us to the conclusion that these components 

have to be assigned respectively to Mg bond to oxygen (such as in MgO), Mg
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bond to an hydroxyl group (as in Mg(OH)2), and Mg bond to a carbonate group 

(as in MgCOs) [62, 63] and that hydroxyls and carbonates together can roughly 

account for 90% of the oxygen present on the surface. Further confirmation of 

hydroxyl and carbonate formation comes from analysis of the CI5 and Mg 2p 

core levels. Regarding the Cls core level, it is clearly visible that this consists of 

two distinct components, the first at 285 eV, characteristic of aliphatic carbon, 

the second at 289 eV, typical of Mg bonded to carbonate [64] (Figure 4.8(b)). 

Also the Mg 2p peak is centred at the value of the binding energy expected for 

Mg-OH bonds (51.7 eV) and shows a FWHM (1.6 eV) higher than expected for a 

single component peak (1.3eV). However, resolving the different components in 

this case is much more difficult than for the Ols core level, due to the relative 

close vicinity of the expected binding energies for oxide, hydroxyl and carbonate 

type of bonds [65, 66]. Nevertheless, based on the peak position (Figure 4.8(c)) 

and on the FWHM we can conclude that magnesium hydroxyl and carbonate are 

present on the surface and can account for, again, at least 90% of Mg present. 

After the cleaning treatment, the morphology of the surface recovers, as is 

demonstrated in Figure 4.7(c), due to the decomposition of the hydroxyl and 

carbonates present on the surface. This latter observation is supported by analysis 

of the XPS spectra of the post-treatment sample. The relative Cls core level 

shows only one component, at 285 eV, while the components previously 

observed at 289 eV almost completely disappear. Moreover the Mg 2p core is 

now centred at 50.3 eV, in line with the value expected for a Mg-O bond, and has 

a lower FWHM (1.3 eV). Analysis of the Ols however suggested that small 

amounts of impurities might still be present: two distinct components are in fact 

visible, the main one is centred at 529.5 eV related to the Mg-O bond, the second 

at 531.5 related to the Mg-OH bond. According to the quantitative analysis, 20% 

of the O atoms are still present in the form of hydroxyls. According to literature, 

MgCOi and Mg(OH)2 only starts to decomposed below 200°C [56], a 

temperature higher than that used for the cleaning procedure. However, other 

hydroxy-carbonates of magnesium such as hydromagnesite do show 

decomposition temperature below or comparable to those used for the cleaning 

procedure. Therefore, taking into consideration the information coming from the 

XPS and AFM analysis, as well as the temperature at which the thermal 

treatment was performed we can conclude that the contaminants present on the
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surface are not pure Mg(OH)2 or MgC03 but a mixed magnesium hydroxyl- 

carbonate, which can decompose even at this low temperatures.

Figure 4.8 XPS spectra for a stepped sample after eight months of ambient exposure (dashed black 

line) and after thermal treatment on hot plate (solid red line).

In addition to this study, we first time demonstrated depositing of gold 

nanoparticles (NPs) and iron nanowires (NWs) which were taken by SEM 

images.

Figure 4.9 SEM images of gold nanoparticles (NPs) (a) iron nanowires (NWs) (b)
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4.4 Conclusion
The effects of annealing MgO (100), miscut along the [010] direction, at 

the temperatures of 1100-1580°C, were investigated. Detailed AFM analysis was 

performed, revealing a mesoscopic faceted step-and-terrace surface. The 

possibility of tuning both periodicity and step height was demonstrated by 

modifying the annealing temperature and the miscut angle respectively. The 

average terrace periodicity increases with the temperature while the step height 

increases with miscut angle. This self-assembly phenomenon was found to be 

completely reproducible for all the samples investigated. Careful TEM analysis 

found the step inclination to be 10±2° with respect to the terraces. Possible 

causes for the phenomena have been discussed together with the long term 

stability of the surface. The presence of impurities was assessed before and after 

annealing. Aluminium contaminations coming from the alumina tube used for the 

annealing were found in post annealed sample. Comparison with samples 

annealed at the same temperature in a quartz tube did not facet, leading us to the 

conclusions their presence is the driving mechanisms responsible for the 

formation of step and terrace structures. The formation of a thick layer of 

contaminants, covering steps and terraces, was observed after long term exposure 

of the sample to atmosphere. A procedure was outlined to decompose such 

contaminants by short thermal annealing at moderate temperatures, thus 

recovering the original morphology.
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Chapter 5

Magnetic and transport properties of epitaxial stepped 

Fe304(100) thin films
5.1 Introduction

Ferromagnetic thin films grown expitaxially on vicinal substrate surfaces have 

attracted much attention recently due to their interesting magnetic and transport 

properties [1-12] and potential for applications in spintronics [13]. Most studies 

focus on anisotropy induced by step arrays, particularly metallic films on stepped 

surfaces, such as Fe on stepped Ag [2-4], Au [4], W [5-7], and Si [12], Fei-xCo^ 

on stepped GaAs [8], Co on stepped Cu [9, 10], and CoPts on stepped MgO [11]. 

Flowever, the alignment of the magnetization easy axis, associated with this step 

induced anisotropy, is debatable. It is sometimes parallel to the step edges and 

other times perpendicular to them. Magnetite, Fe304, is an important transition 

metal oxide with a nearly fully spin polarized electron band at the Fermi level 

(half-metallic character) and a high Curie temperature of 858 K, which make it a 

promising candidate for room temperature spintronic devices and applications 

[14-16]. Recently, interesting magnetic and transport properties in Fe304 have 

been reported, i.e., magnetism in nanometer-thick magnetite [17], large orbital 

moment in nanoscale magnetite [18], giant magnetization in nanometer-thick 

magnetite [19], a spin Seebeck effect [20], a spin filter effect [21], electrical
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field-induced phase transition [22-24], large transversal magnetoresistance [25, 

26], and spin valve effect [27-29]. However, initial efforts in exploiting its half 

metallic nature in magnetic tunnel junctions (MTJ) have been far from promising 

[28, 29]. The presence of anti-phase boundaries (APBs) defects in Fe304 

contributes to its unusual magnetic and transport properties, such as the 

magnetization non-saturation even at very high field [30, 31], the super- 

paramagnetic behaviour in Fe304 films [32, 33], and a greater MR response 

across the AF-APBs [34-36]. On the other hand, in polycrystalline Fe304 thin 

films, interesting properties such as magnetic-transport [37], spin-injection [38] 

and charge ordering [39, 40] have also been investigated and discussed. 

Therefore, it is worth investigating the magnetic properties of stepped epitaxial 

Fe304 films produced on large miscut angle vicinal MgO substrates, as a high 

density APBs is expected along the step edges. Moreover, this arrangement could 

be useful to help understand the effects of APBs on the conduction mechanisms 

within Fe304 and its metal to insulator transition (Verwey transition).

This chapter describes how we fabricated epitaxial stepped Fe304 thin films of 

different thicknesses and provides details of their magnetic and transport 

properties. The morphology of Fe304 thin films was characterized by atomic 

force microscopy (AFM) and high resolution scanning transmission electron 

microscopy (STEM). The M (H) measurements suggest that the steps induce 

additional anisotropy which has its easy axis perpendicular to steps and the hard 

axis along the steps. Local transport measurements suggest that the step induced 

anisotropy is mainly due to APBs formed at the step edges.

5.2 Experimental part and contact fabrication

To grow stepped Fe304 films, the first step is to prepare a stepped MgO (100) 

substrate. In this work, we used single-side polished MgO (100) single crystalline 

substrates with a miscut angle of 2.8° along the <010> direction. The steps were 

produced by annealing the substrates in air in a furnace at high temperature. The 

terrace width and height of the steps were tuned by selection of the substrate 

annealing temperature and time. To produce uniform, regular and straight steps 

on MgO surface for this study, the MgO substrates were annealed at 1300°C for 3 

hours. Figure 5.2(a) shows a typical AFM image of a stepped MgO substrate
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annealed at 1300°C for 3 hours. Uniform, regular, and straight steps can be 

clearly observed and steps are parallel to <010> direction. The terrace width for 

this substrate is around 160 nm. The Fe304 films with different thicknesses were 

grown on stepped MgO substrates using oxygen plasma assisted molecular beam 

epitaxy (MBE) with a base pressure of 3x10 '°Torn Films with thicknesses of 5, 

10, 15 and 20 nm were grown for magnetization measurements. To insure the 

growth conditions were the same for films with different thickness, the Fe304 

layers were grown on the same MgO substrate using a shadow mask inside the 

MBE system. Several films with a thickness of 60 nm were also prepared for 

electrical measurements. After annealing in air to produce steps, the substrates 

were chemically cleaned prior to insertion into the growth chamber and were 

further annealed at 600°C in UHV for 30 minutes and subsequently annealed in 

oxygen at a partial pressure of 1.3x10'^ Torr for 2 hours. The Fe304 films were 

grown by electron beam evaporation of metallic iron (99.999%) in the presence 

of free oxygen radicals generated by an electron cyclotron resonance plasma 

source with a growth rate of 0.3 A/s. The substrate temperature during growth 

was kept at 250°C. Reflection high energy electron diffraction (RHEED) was 

employed to confirm the epitaxial growth and establish the growth mode. Details 

of the film growth is given elsewhere [19, 26, 27].

5.2.1 Electron beam lithography (EBL)

Further we fabricated electrode patters for the transport measurement. 

Description of contact fabrications are followed by few steps and we described it 

in details. First of all, triangle nano-gap shaped electrodes were designed by 

Raith software and so that electrodes would be aligned along the steps and 

perpendicular to the steps (see Figure 5.2(a)). Secondly, Electron beam 

lithography (EBL) has been used to fabricate the small metal electrode pattern. 

The EBL was performed using a Carl Zeiss SUPRA40 equipped with a Raith50 

electron lithography tool. After cleaning the sample in acetone and IPA, PMMA 

A-3 (poly methyl methacrylate) was spin coated onto the thin film at 3000 rpm 

for 45 seconds (thickness around 150 nm) followed by baking at 180°C for 1 

minute on a hotplate. A 15 keV accelerating voltage was used to expose the resist 

with 20 pA of current and an area dose of 130 pC/cm^. The two probe electrode 

patterns are then defined by opening a window in the PMMA resist via EBL
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writing. Once the sample was exposed to the electron beam, electrode designs 

was developed by a mixture of MIBK and IPA (1:3) for 45 sec, kept in IPA for 

15 sec, and then blown dry with nitrogen.

Metals were deposited by electron beam deposition in a Temescal FC-2000 e- 

beam system, which has 6 different metal pockets. The bottom evaporated 

electrode was made of 5 nm of Ti (as an adhesion layer) followed by 35 nm of 

evaporated Au to protect the Ti electrodes from oxidation. The metallization is 

performed at pressures less than 6x10'^ Torr with a deposition rate of 1 A/s for 

both electrodes. After the metallization, the sample was kept in acetone for one 

hour and then washed with IPA and blown dry with nitrogen. As shown in Figure 

5.1(b) the fabricated electrode patterns were checked gap and right placement of 

electrodes on step region with scanning electron microscopy (SEM)

5.2.2 UV lithography

Small electrodes fabricated by electron beam lithography (EBL) were connected 

to 7x7 mm sized pads made by UV lithography (see Figure 5.1(e) and (f)). After 

cleaning the sample gently with Acetone and IPA, it was spin coated using 

positive photoresist (Shipley SI813) at 3000 rpm for 45 seconds followed by 

baking on a hotplate at 115°C for one minute. Before exposing to UV light we 

aligned alignment marks (crosses) on the sample which was made by EBL. The 

sample was then exposed to UV radiation through a Karl Suss MJB-3 UV400 

mask aligner for 16 seconds. Finally the samples were developed in the developer 

MF319 for 45 seconds and rinsed with deionized water (DI) water followed by 

blow drying with nitrogen. The UV patterns were checked with optical 

microscopy. After developing, metals were deposited on the sample by electron 

beam deposition. 20 nm of Ti was used as an adhesion layer then 20 nm of Au 

was used to protect the Ti electrodes from oxidation. The electron beam 

deposition was performed at pressures of less than 6x10'^ Torr and the deposition 

rate was 1 A/s. After metallization, the sample was kept in acetone for 2 hours for 

lift-off, and then gently blown with a plastic pipe keeping the sample in the 

acetone. Sometimes it was difficult to lift-off and metal still remained in 

unwanted places on the sample. For these samples it was necessary to keep them 

in acetone for a longer duration. Finally, it was rinsed with IPA and blown with 

nitrogen gas. Finally, nano-gap contacts were scanned by atomic force
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microscopy (AFM) by showing a pair of contacts placed (c) along the steps and 

(d) perpendicular to the steps.

f 1 A'i
Figure 5.1(a) Design of triangle shape electrodes drawn by Raith software (b) SEM image of 

electrode pattern fabricated by electron beam lithography (EBL) (e) Optical microscopy image of 

the large electrodes pattern connected to the small electrode patters for the contacting with silver 

wires (f) SEM image of zoom are of image (e). 1x1 pm^ AFM images with a pair of nano-gap 

contacts placed (c) along the steps and (d) perpendicular to the steps.
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5.3 Results and discussion

Figure 5.2(b) shows a 4x4 AFM image of 60 nm thick Fe304 deposited on a 

stepped MgO substrate. It is clear the film keeps the morphology of the substrate. 

The steps remain parallel to the <010> direction, and the terrace width and height 

of the steps are around 160 nm and 8 nm, respectively. To further demonstrate 

the stepped structure of the Fe304 films, we show in Figure 5.2(d) a low- 

magnification high angle angular dark field (HAADF) STEM image of the whole 

depth of the Fe304 thin film (bright) on the MgO substrate (dark). One can 

clearly see that the Fe304 films were epitaxially grown on the MgO substrates 

and the Fe304 thin films do have a stepped character. One can also see from 

Figure 5.2(d) that the interface between Fe304 and MgO is coherent and defect 

free. We also show a high resolution STEM image in Figure 5.2(c), which further 

demonstrates the epitaxial nature of the films even at the step edges.

Figure 5.2(a) An AFM image of a MgO substrate with a miscut angle of 2.8 annealed at 1300°C 

for 3 hours. The steps are parallel to <010> direction, (b) A 4x4 pm^ AFM image of a 60 nm thick 

Fe304 deposited on a stepped MgO substrate. The steps are parallel to <010> direction, (c) High 

resolution STEM image indicating the epitaxial growth of Fe304 on stepped MgO substrate, (d) 

Low magnification STEM image demonstrating the epitaxial growth of stepped Fe304.

Figure 5.3 shows M (hi) loops of stepped Fe304 thin films measured at room 

temperature using a Physical Property Measurement System (PPMS) (Quantum 

Design) equipped with a 14 T superconducting magnet. The magnetic field was
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applied in-plane along the steps (AL), i.e., along <010> and perpendicular to the 

steps (PS). The room temperature saturation magnetizations for the 5, 10, 15, and 

20 nm thick stepped Fe304 film are 450, 465, 475, and 480 emu/cm [1], 

respectively, which are less than the bulk value. The reduced saturation 

magnetization is due to the presence of antiferromagnetic the anti-phase 

boundaries formed at the step edges [33]. A significant difference between M (H) 

loops for the orthogonal field directions can be clearly observed in Figure 5.3. 

For the 5 nm Fe304 film with the field perpendicular to the steps, the coercivity 

field is 65 Oe. While for the field along the steps, the coercivity field is only 33 

Oe. Moreover, the M (H) loop for the field perpendicular to the steps is much 

squarer than for field applied along steps. Similar behavior was observed for all 

the films. It is clear that the easy axis, for all the films grown, is perpendicular to 

the steps and hard axis is along the steps.

1.0
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Figure 5.3 M (H) loops measured at room temperature with the in-plane magnetic field applied 

along the steps (red dashed lines) and perpendicular to the steps (black-solid lines). The thicknesses 

of the magnetite films are 5 nm (a), lO nm (b). 15 nm (c). and 20 nm (d), respectively. Inset: M (H) 

loops for 5 nm thick Fe304 film without steps with the field is applied along the <100> and <0l0> 

directions.

We can also see from Figure 5.3 that, with increasing film thickness, the 

difference in the M (H) loops for two field directions decreases. In contrast to 

stepped samples, the inset of Figure 5.3 (a) shows M (H) loops of a 5 nm Fe304
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film without steps, fabricated with the same conditions. There is no discernible 

difference between the M (H) loops for the two field directions. The M (H) 

measurements on stepped Fe304 thin films were also performed at a variety of 

temperatures.

H(Oe) T(K)

Figure 5.4 M (H) loops with an in-plane magnetic field applied along the steps (red-dashed lines) 

and perpendicular to the steps (black-solid lines) measured at 300K (a). 200K (b), I50K (c), lOOK 

(d), and 50K (e), respectively. The thickness of the measured magnetite film is 20 nm. (f) M-T 

curves measured at an in-plane field of 200 Oe applied along the steps (red-dashed lines) and 

perpendicular to the steps (black-solid lines).
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Figures 5.4(a)-5.4(e) show M (H) loops of 20 nm thick stepped Fe304 thin films 

acquired at different temperatures. Figure 5.4(f) shows the magnetization vs 

temperature (M-T) curves measured during the heating cycle at a field of 200 Oe 

applied for both orthogonal field directions. At around 115 K, the Verwey 

transition is clearly present, which further indicates the epitaxial nature of the 

stepped Fe304 film. There is a small difference in the M-T curves measured for 

both field directions which can attributed to different initial states as the 

coercivity field below the Verwey transition temperature is larger than 200 Oe. 

Nerveless the coercivity field of the film increases significantly across the 

Verwey transition and step-like features in the M (H) loops appear below the 

Verwey transition temperature, similar behavior was observed at all 

temperatures. The easy axis of the film is perpendicular to the steps and hard axis 

is along the steps even below the Verwey temperature. The step-like features in 

the M (Ff) loops observed in Figures 5.4(e) and 5.4(f) are mainly due to the 

proximity effect of anti-phase boundaries [41].

The difference in the M (H) loops can be understood by considering the 

preferential formation of APBs in Fe304 films during growth on stepped surfaces. 

Fe304 has a cubic inverse spinel structure, where Fe^* ions occupy tetrahedral 

sites (A-sites) and octahedral sites (B-sites) are occupied by both Fe’^ and Fe^^ 

ions. The symmetry (Fd3m) of Fe304 is lower than that of MgO (Fm3m) and the 

lattice parameter of Fe304 (8.397 A) is almost twice of that of the MgO substrate 

(4.213 A). Thus, APBs will form when growing Fe304 on MgO and there is a 

very high chance of APB formation along step edges when growing Fe304 on 

stepped MgO. Let us consider the alternately positioned A- and B-sites in the 

(100) atomic planes of Fe304. First, examining the case of nucleation at the B- 

sites, there are 32 possible combinations and 16 of them have the nucleation rows 

of the first B-site layer on the upper terrace parallel to the ones on the lower 

terrace which will result in the formation of APBs. The remaining 16 

combinations have the rows of the first B site layer on the upper plane but 

perpendicular to the rows of the first B site layer on the lower plane. Of these 16 

combinations, 8 of them will result in the formation of the APBs. Similarly, 

considering the second case when the nucleation starts at the A-sites, there are 64 

possible combinations, but only 8 combinations do not result in the formation of 

APBs. Therefore, there is a high chance of forming APBs along the step edges. In

81



other words, the high density of APBs formed along the step edges is seen to be 

responsible for orienting the easy axis perpendicular to the steps and hard axis 

along the steps edges.

It is well-known that APBs are responsible for the increased resistivity in 

magnetite films [36, 42], If APB density along the step edges is higher than 

perpendicular to steps, the resistivity measured along the step edges should be 

higher than that measured perpendicular to steps. To confirm this, we studied the 

local transport properties of 60nm thick stepped Fe304 films using sub-100 nm 

nano-gap contacts. Two kinds of devices were fabricated: nano-gap contacts 

aligned along the steps (Figure 5.1(c)) and nano-gap contacts placed 

perpendicular to the steps (Figure 5.1(d)). All the nanogap contacts were aligned 

either along the steps or perpendicular to steps. Figure 5.5(a) shows the resistivity 

as a function of temperature (R-T) for the two kinds of devices. One can see from 

Figure 5.5(a) that, above the Verwey transition temperature, the devices with 

nano-gap contacts placed along the steps have higher resistivity compared with 

those with nano-gap contacts placed perpendicular to the steps, which suggests 

that a high density of APBs are formed along the step edges

Figure 5.5(a) Resistivity as a function of temperature for both configurations with nano-gap 

contacts, (b) Resistance as a function of temperature for both configurations with large scale 

contacts and for a flat Fe304 film with large scale contacts.

Interestingly, below the Verwey transition temperature, the devices with nano

gap contacts placed along the steps have a smaller resistivity compared with the 

devices with nano-gap contacts placed perpendicular to the steps. Thus, it is also
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noted the resistivity change across the Verwey transition temperature for the 

devices with nano-gap contacts placed perpendicular to the steps is greater than 

for the devices with nano-gap contacts placed along the steps, which suggests 

that APBs distort the formation of long range charge-ordering in magnetite. The 

temperature-dependent resistivity curves can be divided into three temperature 

regions, i.e., T>200K (region 1), 200K<T<120K (region 11), and T<120K (region 

III), which correspond to three conduction mechanisms of magnetite [43]. We

Ea
can fit the R-T curves in region II and region III with/?(T) «exp[(-------)].

KgT

Yielding activation energies Ea for the two device configurations of 48meV (AL) 

and 52 meV (PS) in region II and 65meV (AL) and 67meV (PS) in region III, 

respectively. The different activation energies for the two directions may also 

indicate that APBs distort long range charge-ordering formation in magnetite 

below and above the Verwey transition temperature. We also measured the same 

stepped Fe304 films with large scale contacts using the conventional four-probe 

method (Figure 5.5(b)). The distance between the adjacent contacts is around 1 

mm. The R-T curves follow the same trend as the nano-gap contacts 

measurements since the steps are uniform, regular, and straight. To compare, we 

also measured a 60 nm flat Fe304 film with the same style of large scale contacts 

as for the stepped Fe304 film, with the current direction along the <001> and 

<010> directions. No difference in R-T curves was observed for the orthogonal 

current directions. Therefore, only one R-T curve for flat Fe304 film is shown in 

Figure 5.5(b). It can be clearly seen that the flat Fe304 film has a low resistance 

above the Verwey transition temperature and a high resistance below the Verwey 

transition temperature, which further indicates that APBs distort long range 

charge-ordering formation in magnetite.

5.4 Conclusion

In summary, we fabricated epitaxial stepped Fe304 thin films with different 

thicknesses and investigated their magnetic properties. Our magnetization 

measurements suggest that the steps induce additional anisotropy due to the high 

density of APBs formed at the step edges. Local transport measurements indicate 

that APBs distort the long range charge-ordering formation in magnetite.
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Chapter 6
Step induced anisotropic resistive switching in epitaxial 

Fe304 grown on stepped SrTi03 substrate

6.1 Introduction

Stepped and vicinal surfaces offer an interesting opportunity for use as 

templates for the growth of magnetic materials and manipulating them by altering 

the periodicity of the step edge array [1-6], Periodicity and step height of the 

arrays can be effectively controlled via changing of the miscut angle and 

subsequent heat treatment [7, 8]. There have been a few reports on the 

investigation of the magnetic properties of epitaxial Fe304 thin films grown on 

stepped and vicinal surfaces, owing to their importance in technological 

applications and also from a fundamental viewpoint [2, 9-12], The magnetic 

anisotropy of these films is affected by the presence of a regular step-edge array 

which induces a uniaxial anisotropy.

Fe304 thin films grown expitaxially on stepped and vicinal substrate 

surfaces have attracted much attention recently due to their interesting magnetic 

and transport properties [2, 9-12], This is because due to so called Anti Phase 

Boundary (APB) defects, which have a higher density along the step edges when 

compared to the direction perpendicular to steps. The presence of anti-phase 

boundary defects in Fe304 contribute to its unusual magnetic and transport 

properties, such as the magnetization non-saturation even at very high field [13, 

14] and a greater magnetoresistance (MR) response across the antiferromagnetic 

AF-APBs [15, 16].

Fe304, commonly known as magnetite is an important transition metal oxide with 

a nearly fully spin polarized electron band at the Fermi level (half-metallic

87



character) and a high Curie temperature of 858 K, which make it a promising 

candidate for room temperature spintronic devices and applications [17-19], 

Moreover, magnetic and transport properties in epitaxial Fe304 have been 

reported, i.e., giant magnetization in nanometer-thick magnetite [20], large 

transversal magnetoresistance (MR) [21, 22], magnetism in nanometer thick 

magnetite [23], large orbital moment in nanoscale magnetite [24], a spin filter 

effect [25], spin valve effect [26, 27], a spin Seebeck effect [28] and electrical 

field induced phase transition [29, 30],

RS in magnetite differs from the typical mechanisms presented when 

explaining resistance hysteresis. Bipolar and unipolar switching is not observed 

and there is no forming voltage typical for filament formation [31, 32], The 

mechanism has been shown to be electrically driven [33] while joule heating only 

occurs in the ‘ON’ state. Other causes of the RS such as electrically induced 

changes in the Verwey temperature T,, are ruled out as an increase in T,, has only 

been observed under an applied electric field [34]. The resistive switching 

mechanism of Fe304 has been examined on flat samples [35-37]. However, there 

is no investigation into the resistive switching mechanism on stepped surfaces. 

For this reason, it is worth investigating the role of steps on the resistive 

switching effect.

Here 1 describe how stepped substrates are prepared, the growth of 

epitaxial Fe304 thin films on these substrates and measurements on the 

anisotropic resistive switching seen when using stepped surfaces. The surface 

morphology of SrTi03 before and after growth of Fe304 film was characterized 

by atomic force microscopy (AFM) and x-ray diffraction (XRD). 1-V 

measurements along and perpendicular to steps suggested the steps induce 

additional anisotropy which causes a lowering of the switching voltage along the 

steps compared to the switching voltage in the direction perpendicular to the 

steps.

6.2 Results

6.2.1 Sample preparation and characterization

In this study, single crystalline SrTi03 (100) substrates with a miscut angle of 3° 

in the direction of <001> were used. To produce uniform and straight steps.

88



SrTi03 vicinal substrates were chemically cleaned and then annealed in air in a 

high temperature furnace at 1130°C for 3 hours. The surface morphology of the 

SrTiOj vicinal substrates was examined with an Asylum Research MFP-3D 

Atomic Force Microscope (AFM). Figure 6.1(a) shows a typical AFM image of a 

single crystal SrTiOs (100) vicinal substrate after annealing. Uniform and straight 

steps with atomically flat terraces are formed along the direction of <010>. The 

steps height and width estimated from AFM characterization are ~4 nm and ~83 

nm respectively. To investigate the RS behaviour, Fe304 thin films with a 

thickness of 95 nm were grown on stepped SrTi03 substrates using an oxygen- 

plasma assisted MBE system (DCA MBE M600, Finland) with a base pressure of 

5x10''° torr. The Fe304 films were grown by electron beam evaporation of 

metallic iron (99.99%) in the presence of free oxygen radicals generated by an 

electron cyclotron resonance plasma source with a growth rate of 0.3 A/s. The 

substrate temperature during growth was kept at 250°C. Details of the film 

growth are given elsewhere [38, 39]. Figure 6.1(b) shows an AFM image of a 95 

nm thick Fe304 film grown on the annealed stepped SrTi03 substrate. It is clear 

that the grown Fe304 film keeps the morphology of the substrate, where step and 

terraces did not change upon magnetite deposition. The steps remain parallel to 

the <010> direction.

Figure 6.1 4x4 (a) An AFM image of a SrTiOs substrate with a miscut angle of 3° annealed at

1130°C for 3 hours (b) AFM image of 95 nm thick Fe304 deposited on a stepped SrTiOs substrate. 

The steps are parallel to the <010> direction.
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To further demonstrate the structural properties of the grown Fe304 thin films. 

Figure 6.2 shows full range XRD a)-20 scan, from 10 to 100 degrees, for a 95 nm 

thick Fe304 film on a stepped SrTiOs substrate. Only (100), (200), and (300) 

peaks for SrTi03 substrate and (400) and (800) peaks for Fe304 film are observed 

indicating the epitaxial growth of the Fe304. The peak positions for SrTi03 (200) 

and Fe304 (400) located at 46.7° and 43.2° respectively, which are consistent with 

the well-established values. However, 1 could not find out what was the peak at 

64°.

10 20 30 40 50 60 70 80 90 100

2 Theta (deg)

Figure 6.2 The a)-20 scan of Fe304 film on stepped SrTi03 (100) substrate.

6.2.2 Resistive switching in magnetite

To investigate the effect of step on the RS behaviour in magnetite, 1 prepared 

devices with four probe contacts aligned either along the steps (AS) or 

perpendicular to steps (PS). The two outer electrodes correspond to the source 

lead and drain lead respectively and the two inner electrodes are used to sense the 

voltage drop across the contacts. A voltage is applied to the source lead with the 

drain grounded, and current passing through the channel is recorded. Figure 

6.3(a) shows a typical SEM image of the device with four probe contacts in AS 

configuration. The steps between the contacts are uniform, continuous, and 

perpendicular to the electrodes which are critical in our study. The gaps between 

source and drain and the two sensing voltages are 2.03 pm and 1.15 pm 

respectively. The devices in this study were fabricated using standard e-beam
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lithography (EBL) with a positive tone resist, PMMA A3 supplied by 

MicroChem Corp. After development, thick metal contacts consisting of Cu (7 

nm)/Au (40 nm) were deposited by e-beam evaporation, where the 7 nm thick Cu 

layer served as an adhesion layer for the Au contacts. Moreover, Cu has a low 

contact resistance with Fe304 compared to Au [40]. After lift-off with acetone, 

microscopy size electrodes were prepared with UV lithography. Electric 

characterization of the samples was performed in a closed cycle refrigeration 

system, with temperature varies from 50 K to 300 K.

Figure 6.3(b) shows the temperature dependent resistance measured with a 

constant bias current of 10 pA. The Verwey transitions for both configurations 

are observed at a temperature of 122 K which is close to the bulk value, thus 

furthering indicating the high quality of Fe304 thin films. Moreover, no 

significant difference in the R-T curves between two configurations has been 

observed which will help us to rule out any observed effect in RS due to different 

contacts configuration. Figure 6.3(c) shows the 1-V characterization for device in 

AS configuration measured at 90 K. The device switches from a low conducting 

state to a high conducting state at a critical value (V^iy) of 2.3 V which results in 

a sharp jump in current. Due to the effect of Joule heating, the device switches 

back to the low conducting state to at a critical value (V®jy) of 2.3 V which is 

small the the (Vsj^^). As the distance between the two sensing contacts is around 

1.15 pm, the electrical switching field is in the range of lO'* V/cm, which is 

significant less than the value expected from Zener breakdown. Figure 6.3(d) 

shows the 1-V characterization for device in PS configuration measured at 90 K. 

A voltage (V^) of 3.5 V is needed to switch the device from a low conducting 

state to a high conducting state. It is clear, the steps induce an anisotropic 

behavior in resistive switching, where a higher switching voltage is required to 

switch Fe304 from a high conducting state to a low conducting state for electrical 

field applied perpendicular to the step compared to the case of electrical field 

applied along the step.
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Figure 6.3 (a) SEM image of four probe electrodes on Fe304 grown on stepped SrTiOj (b) 

Temperature dependence of resistance demonstrated by applying current along the steps (AS) and 

perpendicular to steps (PS) with constant current of lOpA. The Verwey transition is shown at Ty~ 

122 K (c) Demonstration of resistive switching along the steps and (d) perpendicular to the steps

Figures 6.4(a) and 6.4(b) plot the temperature dependent RS characterization for 

devices in both two configurations. The switching voltage increases with 

temperature decreasing for both configurations. I summarized the temperature 

dependent Figure 6.4(c). The anisotropic RS behavior has been observed

at all temperatures below Verwey temperature. Moreover, the difference in 

for both configurations increases with temperature decreasing. At 120 K., for 

both configurations are almost the same but at 90 K, for devices in PS 

configure is almost 50% higher than that for devices in AS configure. To 

demonstrate the reliability and reproducibility of the RS behaviour, a large 

number of switching cycles have been performed on devices in AS configure at 

95 K. The and each cycle are shown in Figure 6.4(d). One can see

that the RS behaviour in our devices is reliable and reproducible.
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Figure 6.4. I-V measurement between temperatures 120K - 90K (a) electric field applied along the 

steps and (b) perpendicular to the steps. Difference in switching voltage on for the electric field 

applied along the steps and perpendicular to steps (c). Number of I-V cycles performed at 

temperature of 95K where electric field applied along the steps (d)

6.3 Conclusion

In conclusion, I have observed resistive switching on Fe304 grown on the stepped 

surface of SrTiOa. Resistive switching has observed in both directions below the 

Verwey transition temperature (Ty). Because of the stepped surface, anisotropic 

resistive switching was seen whereby applying an electric field along the steps 

was lower than perpendicular to the steps in order to switch the resistance of the 

sample from high resistance to the low resistance. This is due to the high density 

of anti-phase boundaries that are aligned along the step edges. Moreover, the 

electric field applied along the steps was more stable in terms of damaging the 

sample and show more than 9,000 cycles without damage at a temperature of 

95K.
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Chapter 7
Transport gap opening and high current on-off ratio in 

Bernal stacked trilayer graphene on vicinal SiC(OOl)

substrate

7.1 Introduction

Graphene is a single-atom-thick carbon sheet with extraordinary properties 

unrivalled by any other known material, which will likely lead to a revolution in 

many areas of technology [1], It displays a linear band dispersion [2, 3], massless 

Dirac fermions [4], extremely high mobility [5], and a special quantum Hall 

effect [4], Potentially, graphene-based electronics could consist of just one or 

even a few layers of graphene; however, the absence of a band gap poses a 

conundrum for the implementation of conventional device architectures similar to 

those based on semiconducting materials [6-11]. Several methods have been 

proposed for opening a band gap in graphene, such as patterning single-layer 

graphene into narrow ribbons [12], introducing nanoholes into the graphene sheet 

[13], or applying a perpendicular electric field [6-11, 14-17], Unlike bilayer 

graphene, gap-opening in trilayer graphene depends on the stacking order of the 

layers, and notably its ABA (Bernal) stacking order remains metallic even in a 

perpendicular electrical field [14-18]. Moreover, the fabrication and thus the 

stacking order of trilayer graphene devices mostly relies on the mechanical 

exfoliation of graphite crystals [19]. Although mechanical exfoliation of 

graphene from graphite is an effective and successful sample preparation method 

for fundamental research, it is found that roughly 60% of trilayer samples 

prepared by exfoliation are of purely ABA stacking order, while the rest exhibit 

mixed ABA-ABC stacking orders. Alternatively, chemical vapor deposition 

(CVD) [20, 21] and vacuum synthesis on silicon carbide surfaces [18, 22, 23] are
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excellent ways to fabricate large-area monolayer and few layer graphene. It is 

known that the graphene produced by these techniques contains grain boundaries 

(GBs) [23-28], which can remarkably modify the electronic transport in graphene 

[27, 28], Recent theoretical investigations show that, depending on the structure 

of the grain-boundary, there are two distinct transport behaviors: either high 

transparency, or perfect reflection of charge carriers over remarkably large 

energy ranges [29]. Although it would provide a new way to control the charge 

carriers without the need to introduce bulk band gaps, there has however been no 

direct experimental evidence so far to support a grain boundary-induced transport 

gap. In this chapter, we present electrical measurements on ABA-stacked 

trilayer graphene synthesized on vicinal cubic-SiC(001) by thermal 

decomposition in ultra-high vacuum (UHV) [23, 26, 27]. Our electrical 

measurements give a clear demonstration of the existence of a transport gap in 

ABA-stacked trilayer graphene on vicinal SiC(OOl) with a specific preferential 

GB direction. These results confirm that the grain boundaries in trilayer graphene 

on SiC(OOl) perfectly reflect charge carriers over a remarkably wide range of 

energies (0.25 - 0.75 eV), and pave the way for tailoring the transport properties 

of trilayer graphene. Moreover, a high current on-off ratio of 10'' was achieved 

with a voltage of 0.7 V below 50 K and with a voltage of 0.25 V at 100 K.

7.2 Experimental and device fabrication part

Uniform trilayer graphene was fabricated on SiC(OOl) thin films, grown on 

low-index and vicinal (2° miscut) Si(OOl) wafers, using Si-atom sublimation 

followed by high temperature surface graphitization in the UHV preparation 

chamber of a room temperature.

Electron beam lithography (EBL) has been used to fabricate the hall bar structure 

and nanocontacts. Firstly the fabrication procedure for the hall bar device shall be 

discussed. After gentle cleaning with acetone and IPA, a single layer negative 

tone resist ma-N 2403 supplied by MicroChem Corp was spin coated on the thin 

film at 3000 rpm for 30 seconds, (thickness around 300 nm) and then baked at 

90°C for 1 minute on a hotplate. Two hall bar designs (so that the better one of 

the two could be chosen) with 500 pm separation were exposed using electron 

beam lithography on graphene using 15 keV accelerating voltage with area dose 

of 150 pC/cm^ (in this case less dose was used in order to avoid hard baking of
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resist so that it would be easy to remove resist after O2 plasma etching). The 

pattern used for the hall bars is shown in Figure 7.1(a). Once the sample had been 

exposed by the electron beam, electrode designs were developed by a ma-D 525 

(TMAH based) for 60 seconds and 70 seconds in D1 water, then blown dry with 

nitrogen. Following this procedure, areas which were exposed to the e-beam were 

retained while the rest of the negative tone resist is removed. Subsequently O2 

plasma etching treatment was carried out to remove unwanted graphene except in 

the region of the hall bar using the Diener PICO barrel Asher (for 60 sec, 8 W at 

P = 20 mTorr). After plasma etching, the sample was kept in acetone for 30 min 

and then washed with IPA, and again blown dry with nitrogen.

Figure 7.1 (a) Hall bar design (b) alignment marks (c) big UV design of the mask will be 

connected to the hall bar structure (d) final view of hall bar structure taken by optical microscope

In order to perform measurements using the hall bar device it was necessary to 

connect it to the larger electrodes fabricated by UV lithography. In order to carry
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this out. it is necessary to align the EBL pattern with a mask for UV lithography 

using an optical microscope. However, it was very difficult to see the positive 

resist coated graphene hall bar through the optical microscope due to the low 

contrast between the trilayer graphene and SiC. A different approach was 

therefore required. It was decided to use EBL once more in order to create 

additional alignment marks near the hall bars, which, unlike the hall bars 

themselves would be visible under an optical microscope. The pattern used for 

the alignment marks is shown in Figure 7.1(b). For the alignment marks, EBL 

was carried out using a positive resist, and following development depositions of 

5 nm of Ti and 30 nm of Au were carried out. The final view of the hall bar 

structure connected to the contacts by UV lithography is shown in Figure 7.1(c). 

A close-up SEM image of the final hall bar structure is shown in Figure 7.1 (d)

7.3 Results and discussion

For this study, uniform trilayer graphene with a preferential GB direction was 

fabricated on vicinal SiC(00l)/Si(001) wafers using Si-atom sublimation 

followed by high temperature surface graphitization in ultra-high vacuum (UHV) 

[23, 26, 27]. Low energy electron microscopy (LEEM), micro low energy 

electron diffraction (micro-LEED), scanning tunnelling microscopy (STM), and 

angle resolved photoelectron spectroscopy (ARPES) were used to characterize 

the trilayer graphene synthesized on the vicinal SiC(OOl). Figures 7.2(a-c) show 

bright-field (BF) and tilted BF LEEM micrographs and the corresponding 

micro-LEED patterns taken from graphene grown on the vicinal SiC(OOl) 

substrate. One can see from Figure 7.2(a) that the UHV-synthesized graphene 

contains intrinsic SiC antiphase domain (APD) boundaries (typical APD size for 

this sample is 0.5-1 pm). Figure 7.2(d) shows the electron reflectivity spectra 

acquired in a 7 eV energy window for different sample regions. Three grouped 

minima are observed across all the curves, which can be attributed to the 

presence of three graphene monolayers across the whole SiC surface according to 

references [30] and [31] A micro-LEED pattern taken from a 5x5 pm^ surface 

area (inset in Figure 7.2(a)) also revealed that there are 12 double-split diffraction 

spots originating from the graphene layer.
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Figure 7.2 LEEM characterization of the graphene grown on vicinal SiC(OOl). (a) 15x15 BE 

LEEM image. The dark lines in the image are the APD boundaries. Inset: micro-LEED pattern 

from a 5x5 pm^ surface area. The probing area covers nanodomain systems with the lattices rotated 

by ±13.5‘ relative to the [110] and [1-10] directions. All 24 graphene spots are present in the 

diffraction pattern. The (1,0) and (0,1) SiC substrate spots are clearly seen, (b) and (c) tilted BE 

LEEM images acquired by deflecting the incident (0,0) electron beam. The reverse contrast in the 

images is due to the presence of two orthogonal nanodomain families. Insets: micro-LEED patterns 

taken from the bright areas on the corresponding LEEM images, (d) The electron reflectivity curves 

acquired from the areas indicated in panel (a). All curves demonstrate three consistent minima 

(indicated by arrows) proving the uniform trilayer thickness of the graphene overlayer, (e) 2D- and
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3D-representations (inset) of a 51x31 nm^ atomically resolved STM image of the SiC(OOl) 3x2 

reconstruction. The image demonstrates that the step direction is close to the [110] direction of the 

SiC crystal lattice.

In previous STM studies [26, 27] proved that the 12 double-split diffraction spots 

arise from nanodomains in the graphene trilayer, which have four preferential 

lattice orientations. The individual micrometer-sized areas, separated by the APD 

boundaries, usually contain systems of nanodomains with two preferential lattice 

orientations rotated relative to one another by approximately 27°. According to 

the micro-LEED data (insets in Figures 7.2(b) and (c)) the lattices in these 

surface areas are rotated by ±13.5° from the two orthogonal [110] and [1-10] 

directions. The micro-domains are contrasted as bright and dark regions in the 

tilted BF LEEM micrographs.

Large area STM images in Figures 7.3(a) and 7.3(b) show that the 

micro-domains contain systems of nanodomains which are elongated in one 

direction, which is very close to one of the <110> directions and the step 

direction of the vicinal SiC(OOl) sample before graphene synthesis (Figure 

7.2(e)). The trilayer graphene domains on the vicinal SiC(OOl) sample are 

self-aligned with a preferential GB direction (Figures 7.3(a) and 7.3(b)). 

Remarkably, those nanodomain structures are continuous even at the APD 

boundaries and intrinsic surface defects as observed in Figure 7.3(e). Figure 

7.3(c) shows a typical STM image containing several nanometer-scale domains 

connected to each other through the GBs. Detailed analysis of the atomically 

resolved STM images measured near the GBs shows that, in most cases, the 

nanodomain lattices are asymmetrically rotated relative to the GBs (Figure 

7.3(c)) which, in turn, are rotated by 3.5° relative to one of the <110> directions 

as depicted in Figure 7.3(e). In this case the lattices in neighbouring domains are 

rotated by 10° anticlockwise and 17° clockwise relative to the GB. This 

asymmetric rotation leads to the formation of a periodic structure on the GBs, 

with a period of 1.37 nm. The periodic structure consists of distorted heptagons 

and pentagons (Figure 7.3(e)), which produce modulations in the atomically 

resolved STM image measured at the GB (Figure 7.3(d)).
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Figure 7.3 STM characterization of the graphene grown on vicinal SiC(001). (a) and (b) Large area 

STM images of graphene nanoribbons synthesized on the vicinal SiC(OOI). Inset in panel (a) proves 

one preferential direction of the GBs on the vicinal sample, (c) and (d) Atomically resolved STM
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images of graphene nanoribbons showing the system of domains rotated 17° clockwise (GrR) and 

10° anticlockwise (GrL) relative to the GB which is rotated 3.5° anticlockwise from the [110] 

direction (c) and the atomic structure of the GB (d). (e) Schematic model of the GB for the 

asymmetrically rotated nanodomains in panels (c) and (d). For the angles shown a periodic 

structure of distorted pentagons and heptagons is formed.

In order to extract information about the electronic structure and the stacking 

order of the nanostructured trilayer graphene synthesized on cubic-SiC(OOl), we 

performed ARPES measurements (Figure 7.4) and analysed the fine structure of 

the multiple bands seen near the Ka and points in Figure 7.4(c).

KAB

ARPES Experiment
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Figure 7.4 ARPES characterization determining the electronic structure and the Bernal stacking 

nature of the trilayer graphene on the vicinal SiC(OOl). (a) Effective surface Brillouin zone 

corresponding to four rotated domain variants, (b) and (c) Dispersions of n-band in graphene along 

the directions indicated in panel (a), (d) Simulations for ABA-stacked trilayer graphene with a high 

density of GBs. A Flalf Width at Half Maximum (HWHM) of 300 meV was used for the Energy 

Distribution Curves (EDC) to match the experimental data.

To gain a better understanding of the experimental data we performed 

simulations of photoemission from samples hosting two rotational domains of the
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trilayer, accounting for the observed momentum splitting Ak=O.I2 A'. 
Simulations were performed for the band structure of graphene corresponding to 

each of the Bernal or Rhombohedral stackings. Our simulations were set up with 

an enhanced photoemission peak width arising from the re-bands of the graphene 

trilayer. Such an assumption allows the simulation of "effective" defects (GBs) 

occurring in graphene. In particular, the enlarged peak width accounts for the 

interaction of the trilayer with the SiC substrate, as well as for geometric effects 

in the angular distribution of photoelectrons caused by non-systematic rotational 

variants and non-systematic facets. Very good correlation between measured 

ARPES dispersions (Figure 7.4(c)) and simulations (Figure 7.4(d)) was achieved 

for the full width at half maximum (FWHM) of re-bands as large as 600 meV and 

for an initial band structure corresponding to the ABA-trilayer. Thus it can be 

concluded, unambiguously, that the stacking order of the graphene trilayer on the 

cubic-SiC(OOl) is of ABA-type.

Figure 7.5(a) shows a schematic drawing of a typical graphene hall bar device. 

The bias voltage was applied perpendicular to the GBs to measure the local 

transport properties due to the GB defects. Figure 7.5(b) shows the temperature 

dependent resistance (R-T) measured with a bias voltage of 0.5 V. The resistance 

is around 1000 at room temperature and increases significantly with decreasing 

temperature. Moreover, below 100 K, we cannot detect any reasonable current 

signal with a bias voltage of 0.5 V, which clearly demonstrates that the GBs

-E
induce a transport gap. We fitted the R-T curve with R(T) » exp(---- —)

KgT

where Rq is the fitting parameter, Kn is the Boltzmann constant and £„ is the 

activation energy. The fitting gives an activation energy of 130 meV. To further 

demonstrate the existence of the transport gap, we measured an 1-V curve at 10 K 

(Figure 7.5(c)) and plotted the corresponding dl/dV in Figure 7.5(d). 

Interestingly, for a small bias voltage, we cannot detect any reasonable current 

signal and the corresponding dl/dV is around 0.01 pS, indicating the existence of 

a transport gap. The transport gap derived from the dl/dV plot is approximately 

0.7 eVat 10 K.
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Figure 7.5 Electrical detection of the transport gap opening in Bernal stacked trilayer graphene on 

a vicinal SiC substrate, (a) Schematic drawing of the nano-gap device, (b) R-T curve measured with 

a bias voltage of 0.5 V. (c) I-V curve measured at 10 K and the corresponding dl/dV curve (d) to 

demonstrate the existence of a transport gap.

To further illustrate the formation of the transport gap at low temperatures, we 

show in Figures 7.6(a) and (b) the temperature dependent 1-V curves. We also 

plotted the corresponding dl/dV curves in Figure 7.6(c) for temperatures below 

150 K. Remarkably, the transport gap is approximately the same at 50 K and 10 

K but substantially lower (0.25 eV) at 100 K. Applying a bias voltage smaller 

than the transport gap, the conductivity of the device is only 10'^ pS and increases 

to 10^ pS when the bias voltage is larger than the transport gap, which gives a 

high current on-off ratio of lO'*. Moreover, the GBs are uniform and defined by 

the step direction of the vicinal substrate which gives this system the potential for 

high-density memory applications. The observed transport gap disappears at 

temperatures above 150 K. It is proposed that the temperature dependence of the 

transport gap is related to the presence of defects in the trilayer graphene on 

SiC(OOl). It is known that defects can modify the transport properties of graphite 

and graphene [30]. In STM experiments (Figures 7.3(c) and 7.3(d)), we observed
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defects at the GBs that were found to be stable at room temperature and so cannot 

have an impact on the temperature dependence of the trilayer graphene’s 

conductivity (Figures 7.6 and 7.6). However, interstitial defects in subsurface 

layers (Figure 7.6(d)) cannot be detected by STM but they can be anticipated by 

taking into account the method of graphene synthesis on SiC(OOl). In graphite, 

the migration activation energy of interstitials depends on the presence of GBs 

and the stress in the layer, which is usually below 0.03 eV [31-34]. In our trilayer 

graphene on vicinal SiC, defects and interstitials may exist which may be frozen 

under 100 K and migrate at higher temperatures (100-300 K) [31]. The mobility 

of such interstitial defects can be responsible for the disappearance of the 

transport gap at temperatures above 100 K (Figure 7.6). A transport gap can be 

opened by patterning graphene into nanoribbons [12] or the formation of periodic 

GBs between asymmetrically rotated graphene lattices [29]. It was suggested by 

Yazyev and Louie [29] that a charge transport gap of

: h l',
In 1.38 (eV) can be formed by a non-symmetric grain

‘ 'id J(nm)

boundary associated with a lattice mismatch at the boundary line, where h is the 

reduced Planck’s constant, v/. is the Fermi velocity, and d is the periodicity along 

the GB. They also suggest that this asymmetric GB is related to out of plane 

buckling, which relieves the in-plane compressive strain. Figures 7.3(c) and (d), 

show that the boundaries of all the individual domains on SiC(OOl) indeed 

possess such a rippled morphology. Moreover, as indicated in Figures 7.3(d) and 

(e), the asymmetric rotation of the graphene lattices in the neighbouring domains 

leads to a 1.37 nm periodicity along the GB. According to the theory [29], this 

periodicity should produce a transport gap of approximately 1.0 eV, which can be 

obtained from the crossing point in ARPES dispersions. For our Bernal-stacked 

trilayer graphene, the crossing point in the ARPES dispersions from the rotated 

domains is around 0.4 eV (Figure 7.4), indicating a transport gap of 0.8 eV which 

is consistent with our transport measurements [29]. Therefore, our electrical, 

STM and ARPES characterizations support the explanation of the transport gap 

being based on the Yazyev and Louie theory of asymmetrically rotated domains 

[29] for our Bernal-stacked trilayer graphene with the GBs oriented close to the 

[110] direction (Figure 7.3(e)). The electron mobility in our sample is about 250 

cm^/Vs at 10 K, which is of the same order as trilayer graphene prepared by
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mechanical exfoliation 1. Notably, the existence of a transport gap in our trilayer 

graphene does not depend on the stacking order. Therefore, our experiment opens 

a very promising route towards semimetallic graphene, especially in trilayer 

graphene.

"0.04 •

-0.04 ■

0.4 0.6
V(V)

V(V)

Figure 7.6 l-V curves measured at different temperatures, (a) I-V curves measured at 10 K, 50 K. 
and lOOK. (b) I-V curves measured at 150 K 200 K, 250 K and 300K. (c) Corresponding dl/dV 

curves for temperatures below 150 K. (d) Schematic drawing of interstitial defects in trilayer 

graphene.

7.4 Conclusion
In conclusion, we have presented transport studies on trilayer graphene 

synthesized on vicinal cubic-SiC(OOl) substrates. Our electrical measurements 

clearly demonstrate of the opening of a transport gap in the nanostructured 

graphene synthesized on this stepped surface. Remarkably, the effect can be 

observed even at 100 K and produces a current on-off ratio of lO"*. This behavior 

shows that it is possible to create new tunable electronic nanostructures with 

graphene on cubic SiC, thus creating an opportunity for a wide range of new 

electronic applications.

108



References

[1] A.H. Castro Neto, F. Guinea, N.M.R. Peres, K.S. Novoselov, A.K. Geim, Rev. 

Mod. Phys., 81 (2009) 109-162.

[2] A. Bostwick, F. Speck, T. Seyller, K. Horn, M. Polini, R. Asgari, A.H. 

MacDonald, E. Rotenberg, Science, 328 (2010) 999-1002.

[3] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, M.l. Katsnelson, l.V. 

Grigorieva, S.V. Dubonos, A.A. Firsov, Nature, 438 (2005) 197-200.

[4] Y.B. Zhang, Nature, 438 (2005) 201-204.

[5] K.l. Bolotin, Sikes, K. J. Jiang, Z. Klima, M. Fudenberg, G. Hone, J. Kim, P. 

Stormer, H. L., Solid State Common., 146 (2008) 351-355.

[6] E.V. Castro, Phys. Rev. Lett., 99 (2007) 216802.

[7] T. Ohta, A. Bostwick. T. Seyller, K. Horn. E. Rotenberg, Science, 313 (2006) 

951-954.

[8] Y. Zhang, T.-T. Tang, C. Girit, Z. Hao, M.C. Martin, A. Zettl, M.F. Crommie, 

Y.R. Shen, F. Wang, Nature, 459 (2009) 820-823.

[9] K.F. Mak, C.H. Lui, J. Shan, T.F. Heinz. Phys. Rev. Lett., 102 (2009) 

256405.

[10] J.B. Oostinga, H.B. Heersche, X. Liu, A.F. Morpurgo, L.M.K. Vandersypen, 

Nat Mater, 7 (2008) 151-157.

[11] F. Xia, D.B. Farmer, Y.-M. Lin, P. Avouris, Nano Lett., 10 (2010) 715-718.

[12] M.Y. Han, B. Ozyilmaz. Y. Zhang, P. Kim, Phys. Rev. Lett., 98 (2007) 

206805.

[13] A.J.M. Giesbers, E.C. Peters, M. Burghard, K. Kern, Phys. Rev. B, 86 (2012) 

045445.

[14] M. Aoki, H. Amawashi, Solid State Commun., 142 (2007) 123-127.

[15] A.A. Avetisyan, B. Partoens, F.M. Peeters, Phys. Rev. B, 80 (2009) 195401.

[16] A.A. Avetisyan, B. Partoens, F.M. Peeters, Phys. Rev. B, 79 (2009) 035421.

[17] K. Zou, F. Zhang, C. Clapp, A.H. MacDonald, J. Zhu, Nano Lett., 13 (2013) 

369-373.

[18] W. Bao, L. Jing, J. Velasco, Y. Lee, G. Liu, D. Tran, B. Standley, M. Aykol, 

S.B. Cronin, D. Smirnov, M. Koshino, E. McCann, M. Bockrath, C.N. Lau, Nat 

Phys, 7(2011)948-952.

[19] M. F. Craciun, S. Russo, M. Yamamoto, J. B. Oostinga, A. F. Morpurgo and 

S. Tarucha, Nat. Nano., 4 (2009) 383-388.

109



[20] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Finer, A. Velamakanni, I. 

Jung, E. Tutuc, S.K. Banerjee, L. Colombo, R.S. Ruoff, Science, 324 (2009) 

1312-1314.

[21] S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J. Balakrishnan, T. Lei, 

H. Ri Kim, Y.l. Song, Y.-J. Kim, K.S. Kim, B. Ozyilmaz, J.-H. Ahn, B.H. Hong, 

S. lijima, Nat Nano, 5 (2010) 574-578.

[22] C. Berger, Z. Song, T. Li, X. Li, A.Y. Ogbazghi, R. Feng, Z. Dai, A.N. 

Marchenkov, E.H. Conrad, P.N. First, W.A. de Heer, J. Phys. Chem. B, 108 

(2004)19912-19916.

[23] V.Y. Aristov, G. Urbanik, K. Kummer, D.V. Vyalikh. O.V. Molodtsova, 

A.B. Preobrajenski, A.A. Zakharov, C. Hess, T. Hanke, B. Buchner, 1. Vobornik, 

J. Fujii, G. Panaccione, Y.A. Ossipyan, M. Knupfer, Nano Lett., 10 (2010) 

992-995.

[24] P.Y. Huang, C.S. Ruiz-Vargas, A.M. van der Zande, W.S. Whitney, M.P. 

Levendorf, J.W. Kevek, S. Garg, J.S. Alden, C.J. Hustedt, Y. Zhu, J. Park, P.L. 

McEuen, D.A. Muller, Nature, 469 (2011) 389-392.

[25] K. Kim, Z. Lee, W. Regan, C. Kisielowski, M.F. Crommie, A. Zettl, ACS 

nano, 5 (2011) 2142-2146.

[26] A. Chaika, O. Molodtsova, A. Zakharov, D. Marchenko, J. Sanchez-Barriga, 

A. Varykhalov, 1. Shvets, V. Aristov, Nano Res., 6 (2013) 562-570.

[27] A.N. Chaika, O.V. Molodtsova, A.A. Zakharov, D. Marchenko, J. 

Sanchez-Barriga, A. Varykhalov, S.V. Babenkov, M. Portail, M. Zielinski, B.E. 

Murphy, S.A. Krasnikov, O. Liibben, I.V. Shvets, V.Y. Aristov, NanotechnoL, 25 

(2014)135605.

[28] A.W. Tsen, L. Brown, M.P. Levendorf, F. Ghahari, P.Y. Huang, R.W. 

Havener, C.S. Ruiz-Vargas, D.A. Muller, P. Kim. J. Park, Science, 336 (2012) 

1143-1146.

[29] O.V. Yazyev, S.G. Louie, Nat Mater, 9 (2010) 806-809.

[30] Banhart, F., Kotakoski, J., and Krasheninnikov, A. V., ACS nano, 5, 26

(2011).

[31] Thrower P. A., and Mayer R. M., Phys. Stat. Sol., 47, 11 (1978).

[32] 1. Suarez-Martinez, A.A. El-Barbary, G. Savini, M.l. Heggie, Phys. Rev. 

Lett., 98 (2007)015501.

[33] Y. Ma, Phys. Rev. B, 76 (2007) 075419.

10



Chapter 8

Conclusions and outlook

Magnetite, Fe304 is an important ferromagnetic oxide and has a metal-insulator 

transition known as the Verwey transition. Due to its relatively high Curie 

temperature (858 K) and half metallic nature Fe304 attracts great interest for spin 

electronic applications. Moreover, Fe304 has recently demonstrated the resistive 

switching phenomenon. Most of these studies used magnetite in the form of thin 

films. Understanding the role of defects in resistive switching phenomena and to 

control the defect density is of great importance. Therefore, Fe304 has been used 

as a thin film to study the role of defects in resistive switching phenomena. The 

stoichiometry, strain, defect structure etc., are expected to play a crucial role in 

determining the electric and magnetic properties of magnetite [1]. MgO 

substrates are an ideal template for the epitaxial growth of Fe304 because it has a 

small lattice mismatch of 0.33%. However, it suffers from antiphase boundaries 

(APBs) which are defects occurring during growth of Fe304 on MgO. In order to 

control the APBs defects, we have used vicinal MgO substrates which we 

annealed at high temperature in order to change the surface morphology into a 

step and terrace structure. In this way we can control the defects densities and 

their direction. Trilayer graphene has attracted a lot of attention because of its 

unique electronic properties that are interesting both for fundamental science and 

for electronic applications [2-8]. The main challenges is to open a band gap [9- 

14]. Trilayer graphene remains metallic upon the application of an electrical field 

perpendicular to the graphene layers [3, 15-18]. Trilayer graphene has defects 

such as grain boundaries (GB) [19-24] that can change the electronic properties 

in graphene [23, 24]. Recent theoretical investigations show that transport gaps 

can be introduced and tuned by engineering periodic GBs into the graphene
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layers [25]. However, there is no direct experimental evidence for the existence 

of a transport gap.

In chapter 4 we presented the details of our investigation of high temperature 

annealing of vicinal MgO substrates. Single crystalline one-side polished MgO 

(100) substrates miscut along the <010> axis with three different miscut angles 

have been used. Periodicity as a function of temperature was studied at 

temperature ranges between 1100 - 1580°C annealed at a fixed time of 3 hours. 

The role of miscut was compared using 2° and 4° samples annealed at a 

temperature of 1200°C. Larger miscuts result in smaller step periodicity and a 

higher average step height. Moreover, the cross section of the faceted surface was 

examined using TEM and all the steps appear inclined at an angle of 10±2° with 

respect to the [010] direction. The role of impurities have been examined by XPS 

before and after annealing of samples. A small amount of Ca was detected before 

annealing and after annealing it increased up to 4 %. A1 impurities have detected 

after annealing giving suggestion that it may come from the alumina tube. There 

was a large surface covering of hydroxyls and carbonates contaminants after a 

long exposure to the atmospheric environment. However, these contaminants 

can be removed by a short thermal treatment.

In chapter 5 we have shown fabrication of different thicknesses of expitaxially 

grown Fe304 on step surfaces and their magnetic properties. The morphology of 

Fe304 thin films were characterized by AFM and high resolution STEM. 

Magnetisation and electric measurements have been performed in the PPMS 

system. The M-H measurements show that the steps induce additional anisotropy 

which has its easy axis perpendicular to the steps and the hard axis along the 

steps. Local transport measurements with a nano-gap along the steps and 

perpendicular to the steps suggest that the step induced anisotropy is mainly due 

to APBs formed at the step edges.

In chapter 6 we have presented a study of anisotropic resistive switching in Fe304 

expitaxially grown on stepped SrTiOs (100) single crystal substrates. Four - 

terminal measurements, RT and I-V measurements were also performed at low 

temperatures by applying the electric field along the steps and perpendicular to 

the steps. We have observed hysteresis in the 1-V curves of magnetite below the 

Verwey transition (T<Tv). Furthermore, we have seen anisotropic resistive
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switching when applying the electric field along the steps and perpendicular to 

the steps. 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. An electric field 

applied along the steps was stable and shows more than 9000 cycles at 95 K.

In chapter 7 we propose a simple method to achieve a current on-off ratio of 10‘* 

by opening a transport gap in Bernal stacked trilayer graphene. We synthesized 

Bernal stacked trilayer graphene with periodic GBs on a technologically relevant 

vicinal cubic-SiC(001) substrate and performed electrical measurements. Our 

transport measurements clearly demonstrate that the GBs induce a charge 

transport gap larger than 0.7 eV, which agrees well with theory [25]. 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.

8.1 Preliminary results and future work

The electronic structure of two-dimensional (2D) crystals such as graphene and 

molybdenum disulfide (M0S2) depends strongly on thickness and stacking 

sequence of the individual layers [26, 27]. The band structure of M0S2 and its 

isoelectronic compounds of the group 6 transition metal dichalcogenide (TMD) 

family, such as MoSe2, WS2, and WSe2, is distinctly different from that of 

graphene. The 2D-layered transition metal dichalcogenide semiconductor M0S2 

has been investigated extensively over the last few years. Monolayer M0S2 is a 

direct band gap semiconductor with a band gap of 1.9 eV [28], while bulk M0S2 

has an indirect band gap of 1.29 [29]. Recently, monolayer and multilayer M0S2 

have been shown to have a carrier mobilities of 200 cm^/Vs and 100 cmVVs at 

room temperature, respectively, and a current on/off ratio of 1x10*, which makes 

M0S2 a promising candidate for incorporation into a new generation of more 

efficient transistors [30]. M0S2 is also promising for photonic detectors, 

photoluminescence sensors, and integrated circuit devices owing to intriguing 

electrical and optical properties. In order to achieve few- or single-layer M0S2 

devices, most studies focus on mechanical exfoliation and intercalation-assisted 

exfoliation of bulk M0S2, procedures whereby the lateral size and the total output 

of the M0S2 films are extremely restricted. To achieve large-scale and mass
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production of high quality M0S2 films on the other hand, chemical vapor 

deposition and physical vapor deposition methods have been demonstrated. Here 

we would like to demonstrate a few preliminary results of the growing 

multilayers of WS2/M0S2/WS2 on the large scale lO^lO mm sample with 

Molecular beam epitaxial (MBE) system where growth rate can be controlled 

layer by layer and with good quality. Secondly, the idea behind using a stepped 

surface is to make nanoribbons that will be covered by multilayers on the terrace 

region and on the step region will not be covered by multilayers. In this way no 

lithography method is required to make nanoribbons and with the step surface of 

AI2O3 it can be achieved easily.

Figure 8.1 (a) 4^4 nm2 AFM images of AI2O3 (0001) miscut 6° after annealing at 1550°C (b) Low- 

magnification HAADF image from the combined layers on stepped substrate (c) Magnified view of 

the outlined area in (b).

Here we would like to give a brief description how the samples were prepared 

and characterized them. Single crystalline one-side polished c-plane Al203(0001) 

substrates miscut along the <1-210> axis with miscut angle of 6° (±0.3°) were 

used. The samples were cleaned in methanol, acetone and high purity propan-2-ol 

in an ultrasonic bath prior to annealing. Thermal treatments were performed in a 

high-temperature alumina tube furnace (for substrate use only). The sample was 

annealed at 1550°C for 15 hours in air. A heating and cooling rate of 5°C/min
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was used for both ramping up and down, to reach the required annealing 

temperature. The samples were characterized with an AFM (Asylum Research 

MFP-3D instrument) in tapping mode and the periodicity and height of the 

annealed sample were L= 330 ± 120 nm and h = 33 ± 15 nm (see Figure 8.1(a)). 

Subsequently, it was loaded into the MBE system for the growth of 4 monolayer 

W, 2 monolayer Mo and 4 monolayer W. Afterwards it was oxidized inside the 

MBE chamber in order to expand the unit cell of the W and Mo in order to fully 

sulfurize the material. For the sulfurization process a CVD chamber was used and 

lasted for a short time; 2 minutes at a temperature of 750°C. Once the sample 

was sulfurized high resolution TEM was performed on the sample. Figure 8.1(b) 

shows a low-magnification TEM image from the multilayers on stepped 

substrate, (c) Magnified view of the outlined area in (b) where no multilayer is 

apparent on the step region. However, when the step height is small then there 

will be covered with a multilayer of WS2/M0S2/WS2.

Now we will concentrate on the terrace region where multilayers were grown. As 

shown from Figure 8.2, we have seen two layer and three layers of WS2M0S2 and 

WS2/M0S2/WS2. Once the growth of the multilayer is optimised, the 

measurement of the electric and optical properties of the multilayer of 

WS2/M0S2/WS2 will be attempted

Figure 8.2 High Resolution HAADF images of two thicknesses: (a) 2 monolayers on the left and 

(b) 3 on the right. The presence of an intermediate fuzzy looking layer is indicative of non- 

sulfurized W metal or WOj.

15



References

[1] R.G. Sumesh Sofin, Thesis, Trinity College Dublin, Ireland, (2006).

[2] M. F. Craciun, S. Russo, M. Yamamoto, J. B. Oostinga, A. F. Morpurgo and 

S. Tarucha, Nat. Nano., 4 (2009) 383-388.

[3] W. Bao, L. Jing, J. Velasco, Y. Lee, G. Liu, D. Tran, B. Standley, M. Aykol, 

S.B. Cronin, D. Smirnov, M. Koshino, E. McCann, M. Bockrath, C.N. Lau, Nat 

Phys, 7(2011) 948-952.

[4] C.H. Lui, Z. Li, Z. Chen, P.V. Klimov, L.E. Brus, T.F. Heinz, Nano Lett., 11 

(2010) 164-169.

[5] C.H. Lui, Z. Li, K.F. Mak, E. Cappelluti, T.F. Heinz, Nat Phys, 7 (2011) 944- 

947.

[6] T. Taychatanapat, K. Watanabe, T. Taniguchi, P. Jarillo-Herrero, Nat Phys, 7 

(2011)621-625.

[7] F. Zhang, J. Jung, G.A. Fiete, Q. Niu, A.H. MacDonald, Phys. Rev. Lett., 106 

(2011)156801.

[8] L. Zhang, Y. Zhang, J. Camacho, M. Khodas, I. Zaliznyak, Nature Physis, 7 

(2011)953-957.

[9] E.V. Castro, Phys. Rev. Lett., 99 (2007) 216802.

[10] T. Ohta, A. Bostwick, T. Seyller, K. Horn, E. Rotenberg, Science, 313 

(2006)951-954.

[11] Y. Zhang, T.-T. Tang, C. Girit, Z. Hao, M.C. Martin, A. Zettl, M.F. 

Crommie, Y.R. Shen, F. Wang, Nature, 459 (2009) 820-823.

[12] K.F. Mak, C.H. Lui, J. Shan, T.F. Heinz, Phys. Rev. Lett., 102 (2009) 

256405.

[13] J.B. Oostinga, H.B. Heersche, X. Liu, A.F. Morpurgo, L.M.K. Vandersypen, 

Nat Mater, 7 (2008) 151-157.

[14] F. Xia, D.B. Farmer, Y.-m. Lin, P. Avouris, Nano Lett., 10 (2010) 715-718.

[15] M. Aoki, H. Amawashi, Solid State Commun., 142 (2007) 123-127.

[16] A.A. Avetisyan, B. Partoens, F.M. Peeters, Phys. Rev. B, 80 (2009) 195401.

[17] A.A. Avetisyan, B. Partoens, F.M. Peeters, Phys. Rev. B, 79 (2009) 035421.

[18] K. Zou, F. Zhang, C. Clapp, A.H. MacDonald, J. Zhu, Nano Lett., 13 (2013) 

369-373.

16



[19] P.Y. Huang, C.S. Ruiz-Vargas, A.M. van der Zande, W.S. Whitney, M.P. 

Levendorf, J.W. Kevek, S. Garg, J.S. Alden, C.J. Hustedt, Y. Zhu, J. Park, P.L. 

McEuen, D.A. Muller, Nature, 469 (2011) 389-392.

[20] K. Kim, Z. Lee, W. Regan, C. Kisielowski, M.F. Crommie, A. Zettl, ACS 

nano, 5 (2011)2142-2146.

[21] V.Y. Aristov, G. Urbanik, K. Kummer, D.V. Vyalikh, O.V. Molodtsova, 

A.B. Preobrajenski, A.A. Zakharov, C. Hess, T. Hanke, B. Buchner, 1. Vobornik,

J. Fujii, G. Panaccione, Y.A. Ossipyan, M. Knupfer, Nano Lett., 10 (2010) 992- 

995.

[22] A. Chaika, O. Molodtsova, A. Zakharov, D. Marchenko, J. Sanchez-Barriga, 

A. Varykhalov, 1. Shvets, V. Aristov, Nano Res., 6 (2013) 562-570.

[23] A.N. Chaika, O.V. Molodtsova, A.A. Zakharov, D. Marchenko, J. Sanchez- 

Barriga. A. Varykhalov, S.V. Babenkov, M. Portail, M. Zielinski, B.E. Murphy, 

S.A. Krasnikov, O. Liibben, l.V. Shvets, V.Y. Aristov, Nanotechnol., 25 (2014) 

135605.

[24] A.W. Tsen, L. Brown, M.P. Levendorf, F. Ghahari, P.Y. Huang, R.W. 

Havener, C.S. Ruiz-Vargas, D.A. Muller, P. Kim, J. Park, Science, 336 (2012) 

1143-1146.

[25] O.V. Yazyev, S.G. Louie, Nat Mater, 9 (2010) 806-809.

[26] A. H. Castro Neto, Guinea, F. Peres, N. M. R. Novoselov, K. S. Geim, A.

K. , Rev. Mod. Phys., 81, 109-162 (2009).

[27] K. F. Mak, K. L. He, J. Shan, T. F. Heinz, Nat. Nanotechnol., 7(8), 494-498

(2012).

[28] K. F. Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, Phys. Rev. Lett., 105, 

136805 (2010).

[29] K. K. Kam, B. A. Parkinson J. Phys. Chem. B, 86, 463. (1982).

[30] B. Radisavijevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Nature 

Nanotech., 6, 147 (2011).



118



Appendix A

Resistive switching on NiO thin film

Stepped surfaces may play an important role in the soft breakdown of forming 

voltage. Current passing along and perpendicular to the steps, should result in 

anisotropic effects when creating conducting filaments in the NiO. Thus 

preventing the device from being damaged and require less forming voltage. 

When current passes along the steps it can be easier to create conducting 

filaments. This is due to different types of defects. If we can control the defect 

direction and densities it would be interesting not only in the field of resistive 

switching but also in the field of electronic engineering. It have been reported 

that filament formation in NiO took place in the gran boundaries of the thin film. 

Therefore, we report results of resistive switching on NiO grown on stepped 

MgO (100) substrates.

The NiO thin film was deposited on the stepped MgO substrate by an Edwards e- 

beam evaporating system and then post-annealed in air. Afterwards it has been 

characterized by AFM and SEM. Once it was characterized, contacts were 

deposited by using UV and EBL lithography and then I-V measurements were 

performed in a probe station.

In this section we used a vicinal 5° miscut MgO substrate as a template for the 

growth of the NiO thin film. The MgO substrate was annealed in the furnace at 

1200°C for 3 hours in air in order to create terrace and step morphology on the 

surface. Once the sample was annealed, an AFM scan was carried out to observe 

the surface of the annealed substrate. Figure 1(a), shows an AFM image of the 

MgO substrate which was annealed at 1200°C for 3 hours. The periodicity of the
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annealed MgO substrate was calculated by using the AFM images. The 

periodicity and height of the MgO substrate were ~85 nm and ~7 nm 

respectively. Once we prepared a stepped surface on the vicinal MgO substrate, 

the NiO thin film was deposited on the stepped MgO surface. The Edwards e- 

beam evaporating system has been used to grow the NiO thin film from NiO 

pellets. The base pressure before the deposition was approximately 4.0x10'^Torr. 

During the deposition the oxygen pressure inside the process chamber was 

between 2.5x10'^ Torr and 3.2x10'^ Torr, while the substrate temperature was 

maintained at room temperature (RT). The substrate was rotated during the 

deposition in order to achieve a homogeneous thin film. In the Edwards 

evaporating system we cannot heat the substrate holder, therefore we deposited at 

room temperature. The thickness of the film was monitored with the crystal 

balance and we deposited around 30 nm of NiO thin film. The surface 

morphology was examined by using an atomic force microscope (AFM). Figure 

1(b) shows the NiO thin film deposited on the stepped MgO substrate.

Figure 1 2x2 size images of 5° miscut of MgO (110). (a) Vicinal MgO substrate annealed at

1200°C for 3 hours, (b) NiO thin film on stepped MgO substrate

The resistance of the sample deposited at room temperature was more than 200 

MO. The sample was post annealed in the furnace for 1 hour at 400°C in air to 

observe any decrease in the resistance of the thin film. The resistance of the 

sample was measured with the probe station and we could see that annealing in 

air resulted in decreasing the resistance of the sample. The resistance of the 

sample was 25 MO. This was because of the low concentration nickel vacancies, 

and the fact the deposition was at low atmospheric pressure (3.2x10'^ Torr). As 

we increased the oxygen content by annealing the sample in air, nickel vacancies
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increased which makes it a highly doped p-type semiconductor [1, 2] and the 

quality of the film increased which also resulted in the decrease of the resistance.

Figure 2 shows SEM images of Ag electrodes which were deposited on top of the 

NiO thin film. The electrodes were placed parrallel to electric field (a), and 

perpendicular to electric field (b). The width of electrodes was 500 nm and the 

gap between two electrodes was 180 nm.

400 nm

Figure 2 A SEM images of Ag electrodes on top of the NiO thin film (a) steps are parallel to the 

electric field (b) steps are perpendicular to the electric field.

Electrical measurement were carried ovit using a two probe method with a 

Keithley 2400 source meter. Two standard cables were plugged in the 

input/output sockets on the front side of the device and the end of the other side 

of the cable connected to the two tungsten probes mounted in a probe station. 

The two tungsten probes were connected, chosing the pads with 100x100 pm 

dimensions on the sample for the measurement. We prefered dc-voltage sweep 

measurements for the Ag/NiO/Ag contacts at room temperature. During the 

forming voltage, we limited the current to 2pA to avoid permanent damage of the 

samples.

Electric field applied perpendicular to the steps

As an activation process for resistive switching, a high electric field was needed 

for applying to the oxide material. Intitially we measured the electric forming 

process which was applied perpendicular to the steps testing eight devices (see 

Figure 3(a)). In order to activate the resistive switching in NiO, a high electric 

field was needed to apply to the oxide material to create a conducting filament. 

The process is crucial and in order to preserve the oxide material the maximum 

current which passes throuth the NiO film was limited. The current compliance
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was set to 2 |iA, to prevent the device from the permenent breakdown. The dc 

voltage was applied and the current was measured.For all samples 120 V was 

applied and CC was set to 2 pA. From the l-V measurements we can see that the 

forming voltage are different and some of did not reach the compliance current. 

This means that during the application of the forming volatge all devices had not 

survived as shown in Figure 3(b). Only one SEM image was put here because all 

devices looked the same after the forming voltage. In the SEM image a big hole 

with a width of 100 nm is clearly seen and the electrodes and NiO thin film were 

destroyed after the forming voltage. None of these devices survived. Afterwards 

the electric field was applied parallel to the steps.

400 nm

Figure 3 Forming voltage, electric field applied perpendicular to the steps (a), SEM image after the 

forming voltage on one of the samples (b).

Electric field applied parallel to the steps

In this case, electric field was applied parallel to the steps in order to observe any 

difference in comparison to the electric field applied perpendicular to the steps. 

The same parameters were set as mentioned above, compliance current set at 2 

pA but the forming volatge was less than for the voltage applied perpendicular to 

the steps. Figure 4(a) shows the forming voltage for the electric field applied 

parallel to the steps. The initial resistance of the devices was around 30 MH 

before the forming voltage and once the conducting filament was created the 

resistance of the sample was 1 MQ. Eight devices have been tested and all of 

them survived after the forming voltage. However the forming voltages were not 

as predicted, with forming voltages between 20-70 V. In Figure 4(b), we 

demonstrated the set voltage which is much less than the forming voltage. Once
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the sample was activated, it can be switched between set (LRS) and reset (HRS). 

However in Figure 4(b) we have demosntrated that only the set voltage was 

present at ± 5 V. This implies that the type of switching is unipolar, because the 

set and reset takes place at both polarities.

Voltage (V)
-to -8 .6 -4 -2 0 2 4

Voltage (V)
8 to

Figure 4 Forming voltage, electric field applied parallel to the steps (a), set voltage (b)

We found that steps plays an important role in the forming process. Electric field 

applied perpendicular to the steps showed that it was impossible to form 

conducting filament on the NiO film. Moreover, NiO thin film and electrodes 

have been destroyed after applying high electric field. However, when electric 

field was applied parallel to the steps, all of devices survived and the forming 

voltages were less. Using a stepped substrate as a template for the resistive 

switching mechanism we could see the anisotropic effect of the steps. In the 

future, we will use different step densities and demonstrate how much forming 

voltage is required to form the conducting filament and determine the influence 

of steps.

Appendix B

Resistive switching on stepped SrTiOs (100) substrate

We also tried to measure resistive switching on stepped SrTiOs substrates. First 

we will give a short description about how the sample was prepared for the 

electrical measurements. The vicinal 2° miscut sample of SrTi03 along the 

<010> direction have been used in this experiment. The sample has been 

annealed in the high temperature furnace at 1300°C for 3 hours in air. After 

thermal treatment, surface morphology have been examined by AFM and
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periodicity and height were ~78 nm and 3.1 nm respectively (see Figure 5(a)). 

Contact pads were fabricated through EBL and UV lithography technique. This is 

shown in the images in Figure 5(b, c) taken by SEM, where two terminal 

electrodes with gap widths of 280 nm and electrodes widths of 10 pm.

Figure 5 AFM image of vicinal SrTiOj after high temperature annealing, (a) SEM images of two 

terminal measurements where the electrodes were fabricated by EBL technique, and the electrodes 

were placed perpendicular to the steps (b) electrodes placed parallel to the steps (c).

Electrical measurements were performed at room temperature with the two probe 

method. High electric field was applied in order to form the initial conducting 

fdament in the oxide material. High voltage was applied along the steps and 

perpendicular to the steps and no difference in voltage has been observed. The 

same voltage was required to activate the conducting filament. Once the 

conducting filament was activated, the resistance of the sample can be switched 

on and off by applying a voltage to the positive and negative polarity.

Figure 6 Forming of the conducting filament in SrTi03 where the electric field is applied 

perpendicular to the steps and parallel to the steps.
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The resistance of the sample can be changed from high resistance to low 

resistance by connecting and rupturing the conducting filament. Resistive 

switching in SrTiOj is the bipolar type of switching where SET occurs in one 

polarity and RESET occurs in the other polarity. During SET the compliance 

current has to be set in order to prevent the sample from being destroyed, where 

in the RESET case compliance current can be removed. Figure 7(a, b) shows 

where a few cycles have been performed applying the electric field along the 

steps and the same for the perpendicular to the steps. However, after a few cycles 

resistive switching was not reproducible and the shape of the hysteresis became 

noisy. This is an indication that both the substrate and the electrodes have been 

destroyed.

Figure 7 SET and RESET switching demonstrated by applying electric field along the steps (a) and

perpendicular to the steps (b)

SEM images show that the electrodes and substrate itself were heavily damaged 

after a few 1-V cycles. It is due to oxygen bubbles that are accumulated on the 

anode.

Figure 8 SEM images of the damaged electrodes after a few cycles
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