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Summary

In this thesis, the atomic and electronic structures of several layered materials

have been investigated by a host of surface-sensitive techniques. The core of

this work focuses on layered single crystals, such as Bi(111) and GeTe(111),

and Pt based transition metal dichalcogenides (TMDs) investigated primar-

ily by scanning tunneling microscopy (STM) and scanning tunneling spec-

troscopy (STS).

In this thesis, a theoretical and experimental study of the two-dimensional

(2D) defects on the surface of Bi(111) and the states that they induce is

presented. Bi crystals cleaved in ultra-high vacuum (UHV) at low temper-

ature (110 K) and the subsequently ion-etched surface are investigated by

low-energy electron diffraction (LEED), X-ray photoelectron spectroscopy

(XPS), ultraviolet photoelectron spectroscopy (UPS), STM and STS tech-

niques in combination with density functional theory (DFT) calculations.

STS measurements of cleaved Bi(111) reveal that a commonly observed bi-

layer step edge has a lower density of states (DOS) around the Fermi level,

as compared to the atomically-flat terrace. Following ion bombardment, the

Bi(111) surface reveals anomalous behaviour at both 110 K and 300 K. Sur-

face periodicity is observed by LEED and a significant increase in the number

of bilayer step edges and energetically unfavourable monolayer steps were ob-

served using STM. It is suggested that the newly exposed monolayer steps

and the type A bilayer step edges result in an increase to the surface Fermi

density as evidenced by UPS measurements and the Kohn-Sham DOS.

In the same chapter, the atomic and electronic properties of a GeTe(111)

bulk single crystal was investigated. Two types of domain boundaries were

observed, one of them being similar in structure to the van-der-Waals gap in

layered materials. This structure is responsible for the formation of surface

domains with preferential Te termination (∼68%). Breaking of the covalent
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bonds (Ge termination) was observed using STM. The lateral dimensions

of the surface domains are in the range of ∼10-100 nm, and both Ge and

Te terminations reveal no reconstruction determined by STM and LEED.

Additionally, two types of point defects were resolved by STM and their

electronic properties examined by STS.

Turning to Pt-based TMDs, a combination of STM and STS was em-

ployed to investigate the properties of layered PtS2, synthesised via thermally

assisted conversion (TAC) of a metallic Pt thin film. STM measurements re-

veal the 1T crystal structure of PtS2, and the lattice constant was determined

to be 3.58 ±0.03 Å. STS allowed the electronic structure of individual PtS2

crystallites to be directly probed and a bandgap of ∼ 1.03 eV was deter-

mined for a 3.8 nm thick flake at 77 K. These findings substantially expand

understanding of the atomic and electronic structure of PtS2 films. Prior to

STM/STS measurements the quality of synthesised TAC PtS2 was analysed

by XPS, X-ray diffraction (XRD) and Raman techniques.

An experimental and theoretical investigation of the electronic structure

of PtSe2 step edges was performed. Through performing STM and STS

measurements, in combination with DFT calculations, differences between

the electronic properties of PtSe2 step edges (edge states) and atomically-flat

terraces were highlighted. Moreover, a distinct dependence of the bandgap

on the thickness of PtSe2 flakes was demonstrated. Prior to the STM and

STS investigation, the quality of PtSe2 films was characterised by Raman

and XPS spectroscopy. These insights could provide an effective way for

optimizing the interface contact and tunability of the bandgap.

The properties and performance of 2D materials can be greatly affected by

point defects. In this thesis, an experimental and theoretical investigation of

point defects on and near the surface of PtTe2 is presented. Using STM and

STS measurements, in combination with DFT, five common surface and sub-

surface point defects are identified and characterised. The influence of these

defects on the electronic structure of PtTe2 is explored in detail through grid

STS measurements and complementary DFT calculations. These findings

could be of significance to future efforts to engineer point defects in PtTe2,

which is an interesting and enticing approach to tune the charge-carrier mo-

bility and electron-hole recombination rates, as well as the site reactivity for

catalysis.
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Chapter 1

Introduction and Literature

Overview

In this thesis, the atomic and electronic structures of several layered ma-

terials have been investigated by a host of surface-sensitive techniques and

theoretical modelling. The main investigations of this work focus on the lay-

ered single crystals Bi(111) and GeTe(111), and Pt based transition metal

dichalcogenides (TMDs) investigated primarily by scanning tunneling mi-

croscopy (STM) and scanning tunneling spectroscopy (STS).

In recent years, there has been an increase in attention paid to layered

materials due to their wide range of applications in energy and electronics

related fields [1–6]. The investigation of new two-dimensional (2D) materials

has been of increasing interest since the experimental discovery of graphene

[2] with many reports focusing on their fascinating and unique properties,

which are of great interest for both fundamental research [7, 8] and applica-

tions [9–12]. Due to the absence of a natural bandgap in graphene, research

attention has turned towards 2D materials with a bandgap, particularly those

which are stable in ambient conditions. Transition metal dichalcogenides

(TMDs) [13–15] are a family of 2D materials that can be of semiconducting

character with a layer-dependent bandgap [16, 17].

As 2D materials move to the forefront of materials science research it

has never been more important to understand the nature of inherent defects

that modify their idealised properties. Due to the dimensional confinement,

defects proportionally play a significant role in the electronic and atomic

structure of 2D materials [18]. Indeed, the extraordinary responsiveness of

1
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sensors based on 2D materials can be attributed to sensitivity to single de-

fects and adsorbed molecules [19, 20]. Numerous studies have investigated

the presence and influence of point defects in TMDs [21]. However, for re-

stricted lateral dimensions, 1D defects in the form of crystal edges may be

the dominant defect type present. The edges of 2D materials can feature

a variety of termination states including dangling bonds and edge recon-

struction. These can have properties distinct from 2D planes, giving rise to

new phenomena and introducing additional functionalities [22]. It is notable

that the manufacturing of flexible, portable electronics and energy-storage

devices by low-cost methods such as direct ink writing of functional materi-

als is reliant on polycrystalline materials [23], where edge states will have a

significant contribution [24]. Understanding the influence of edges becomes

more critical as thickness of the crystallites within the films is reduced, as

this is typically correlated with the lateral dimensions [25, 26].

Defects on and near the surfaces of materials play a significant role in the

electronic and atomic structure of the surface [13]. By controlling the con-

centration and types of defects, tunability of material properties is possible

[27]. Furthermore, the presence of some quantity of 0D, 1D, and 2D de-

fects on or/and under the surface of a film is largely unavoidable, even under

optimized synthesis conditions. These defects can be interstitial impurities,

vacancies, self-interstitial impurities, substitutional impurities or a mixture

of aforementioned defects. These defects induce surface states which can be

either desirable or unwanted. The aformentined defects and impurities in

materials originate from the environment, the substrate and synthesis condi-

tions. Numerous recent studies have investigated the presence and influence

of defects in TMDs [13–15, 21, 28, 29].

One of the motivations of this thesis was careful classification and char-

acterisation of these defects in order to understand their impact on the elec-

tronic properties of the intrinsic materials and to assess their significance

with a view to potential applications. The ability to resolve atomic structure

and point defects is a key attribute of STM. This can be complemented by

STS, which can be used to acquire information on the LDOS.

Bismuth can be considered as layered material which is attracting inter-

est due to its topological properties [30–34]. Some Bi-based compounds are

topological insulators that hold promise for thermal and catalytic applica-
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tions [35–40]. The electronic structure [41–47] and formation of a charge-

density wave (CDW) in both bulk Bi and ultra thin Bi films have previ-

ously been investigated by synchrotron radiation angle-resolved photoemis-

sion spectroscopy (ARPES) [48–50]. Bi has a rhombohedral crystal structure

which can be described in terms of a small deformation of a simple cubic lat-

tice [51–53]. The shifting of the (111) atomic planes leads to alternating

spacing and chemical bonds; covalent bonds are present when layers are in

close proximity to each other and van der Waals bonds when they are further

apart, resulting in the formation of a layered structure. These deformations

are energetically favourable due to a Peierls transition [54–56]. As a result of

this Peierls transition, there is a gap in the electron dispersion in the vicinity

of the Γ point of the Brillouin zone, while spin-orbit interaction (SOI) plays

a significant role in the formation of the electron spectrum. The energy of

the SOI is comparable with the energy scales of the Peierls instability [56].

Bi has a lattice parameter of 4.54�A, the interplanar distances in the [111]

direction are d1=1.59�A and d2=2.34�A [57, 58]. It has been shown in numer-

ous experiments that Bi single crystals cleave along the (111) plane, breaking

the van der Waals bonds between bilayers [30, 31, 48, 59].

One of the first studies of cleaved Bi(111) by STM was conducted by

Edelman et al. [59]. They observed a new type of defect on Bi(111): twin

interlayers in which a minimal width is observed. The width is governed

by the matching of atomic planes at each side of the twin interlayer. Re-

cently, bismuth and bismuth compounds have been widely studied for their

topological properties [32, 48, 60, 61]. Unlike some of its compounds (e.g.

Bi2Se3, Bi2Te3), bismuth itself is not a first order topological insulator [62].

It therefore does not host 2D helical surface states. However, recent studies

have revealed 1D topological edge states in a variety of different geome-

tries at bismuth surfaces, including the (114) surface [63], screw dislocations

[64], and type-A step edges at the (111) surface [31]. Bi(111) can have two

types of bilayer step edges: armchair or zigzag. The zigzag edges termi-

nate with an atom from the top of the bilayer (type A) while the armchair

edges terminate with an atom from the bottom of the bilayer (type B). It

has been shown using STM and STS that zigzag edges (type A) exhibit one-

dimensional topological edge states and thus a higher density of states at

the Fermi level [30, 31, 33, 44, 65]. These 1D topological states have been



4 Chapter 1. Introduction and Literature Overview

attributed to bismuth being a ‘higher order’ topological material [30]. These

discoveries highlight the importance of studying the electronic structure of

2D defects/1D structures such as step edges at bismuth surfaces.

The primary motivation underpinning this study of Bi(111) relates to the

formation of defects on the surface, their evolution in time and their effect

on the electronic surface states [66, 67]. Using ion bombardment, the degree

of order can be reduced. This can result in anomalous monolayer planes and

A-type bilayer steps coexisting with the B-type bilayer step, which dominate

the pristine cleaved Bi(111) surface.

In section 3.1, STM, STS, low-energy electron diffraction (LEED) and

photoemission measurements of a cleaved Bi(111) surface before and after

ion etching are investigated and contrasted. The effect of ion bombardment

on the atomic and electronic surface structure is demonstrated, using STM,

to produce a surface with a higher density of monolayer steps and bilayer

step edges. Ultraviolet photoelectron spectroscopy (UPS) measurements dis-

play an increase in intensity near the Fermi level by approximately factor of

3. Density functional theory (DFT) calculations are qualitatively consistent

with the UPS measurements, demonstrating an increase in the Kohn-Sham

density of states at the Fermi level (Fermi density) for both the monolayer

step and the type A bilayer step edge, which are shown to be induced by

sputtering, compared to the type B bilayer steps.

The spin field-effect transistor proposed by Datta and Das more than

30 years ago [68] paves the way for data information processing based on

the electron spin. Together with the miniaturization of spintronic devices

down to their ultimate size limit, a promising idea relies on the electrical

manipulation of spin information transport without magnetic materials or

external magnetic fields [69, 70]. To this end, the combination of ferroelec-

tricity and spin-orbit coupling, such as in GeTe, represents an alternative

route towards multifunctional devices with potential applications in future

information technologies [71].

GeTe has been known for a long time as narrow gap semiconductor and

thermoelectric material [72, 73]. One of its unique properties is that it ex-

hibits a reversible transition between crystalline and amorphous states which

is also important for applications in non-volatile phase-change random ac-

cess memories (PCRAMs) [74]. Recently, rhombohedral germanium telluride
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(α-GeTe) in single crystalline form has attracted a lot of attention as an

intriguing material belonging to the class of ferroelectric Rashba semicon-

ductors [71, 75, 76]. In fact, α-GeTe is one of the few known binary ferro-

electric semiconductors with a narrow band gap. The unique combination of

p-metallicity and ferroelectricity enables large spin-orbit splitting driven by

an internal electric field through the Rashba effect [76, 77]. Indeed, a giant

Rashba-type spin splitting of electronic states in GeTe was observed by spin-

and angle-resolved photoemission (spin-ARPES) [76–78], and it was shown

that the spin polarization can be switched by applying an external voltage.

The relationship between the circulation of electron spins at the Fermi surface

and the direction of the ferroelectric polarization was further investigated by

spin-ARPES, and ferroelectric order in single domains of few nanometers in

size was observed by transmission electron microscopy (TEM) [79]. Conse-

quently, GeTe is being considered as a unique platform for programmable

spintronic devices with full-electrical switching.

In ferroelectrics, however, the switching process includes moving of do-

main walls [80, 81]. At the nanoscale, α-GeTe exhibits a domain structure

which can be different depending on the twinning plane. The most common

structure is the so-called herringbone structure of hierarchical morphology

[82]. In such a multidomain structure, polarization reversal may involve inter-

mediate steps, which lead to a deterioration of ferroelectric effects. Equally

important, the atomic structure of domain boundaries, which can strongly in-

fluence the domain wall mobility, has not yet been studied precisely. Since the

mechanism of ferroelectric repolarization is closely related to the properties

of the domain structure, and the switching processes are highly influenced

by the atomic structure of domain walls, engineering and manufacturing

efficient GeTe-based spintronic devices requires deep understanding of the

domain structure.

Presently, photoemission studies on GeTe have been mainly focused on

(111)-oriented films grown by molecular beam epitaxy (MBE) [76, 78]. In

these studies, the MBE grown films possess a single Te-terminated surface

which is generally more stable. In this context, a surface-engineering strat-

egy was recently put forward to access the inverted ferroelectric polarization

of the Ge-terminated surface [77]. In most studies, the films were assumed

to be single domain, however, domains are clearly visible for films grown on
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InP substrates [83]. Based on DFT calculations [77], it was shown that the

surface electronic structure associated to Te and Ge terminations is different,

with their corresponding Rashba-split surface states exhibiting opposite spin

textures and lying below (above) the Fermi level for Te- (Ge-) terminated

surfaces. Moreover, the spin splitting of bulk states is caused by the ferro-

electric distortion, with the spin polarization pointing in opposite directions

according the tendency of the Te-rich (Ge-rich) surface to display outwards

(inwards) ferroelectric polarization. Experimentally, Ge-termination was not

obtained for as-grown films, probably due to the lower surface energy associ-

ated to Te-termination [76], therefore films grown in quasi-equilibrium con-

ditions are expected to always possess single Te-termination. Consequently,

a pristine Ge-terminated surface is only possible to obtain by cleaving GeTe

bulk single crystals, whose atomic and electronic properties have remained

unexplored so far.

GeTe has two bond types along the [111] direction, short stronger bonds

(covalent) and long weaker bonds (van der Waals) [84]. The cleavage plane

for GeTe is (111) and breaks occur along the longer, weaker van der Waals

bonds (Ge-Te distances). Mono-domain single crystals of α-GeTe only exist

in a scale of tens of nanometers due to the domain structure. To obtain

flat surfaces, the structure should include solely inversion domains parallel

to each other which is not typical for GeTe. Generally, the domain structure

can be controlled by deviation from stoichiometry and by heat treatment in

the temperature range of the cubic-to-rhombohedral phase transition.

In section 3.2, a detailed investigation of the atomic and electronic prop-

erties of a GeTe(111) bulk single crystal is presented. Two types of domain

boundaries were observed, one of them being similar in structure to the van-

der-Waals gap in layered materials. This structure is responsible for the

formation of surface domains with preferential Te termination (∼68%). Us-

ing STM, breaking of the covalent bonds (Ge termination) was observed.

The dimensions of the surface domains are in the range of ∼10-100 nm, and

both Ge and Te terminations reveal no reconstruction as determined by STM

and LEED.

The chemical formula for TMDs is generally expressed as MX2, where M

is a transition metal and X is a chalcogen (S, Se or Te). Each discrete layer

of a TMD typically consists of a hexagonal layer of the M atoms which are
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held between two hexagonal layers of the X atoms. The layered structure of

the crystals stems from van der Waals interactions between adjacent TMD

layers. TMDs can have a variety of electronic properties, such as metal-

lic, semiconducting, and superconducting, depending on their composition,

crystal structure and thickness. The properties of 2D TMDs are often signif-

icantly different from their bulk forms and can be fine-tuned for numerous

applications [85]. Due to this versatility, TMDs are poised to play impor-

tant roles in the fields of electronics [86], optoelectronics [87], electrochemical

sensors [88] and catalysis [6], to name but a few. One of the less-explored

branches of TMD materials is noble-transition-metal dichalcogenides (NT-

MDs) [89], (MX2: M=Pt and Pd, and X=S, Se and Te) which exhibit dif-

ferent structural and electronic properties in comparison with well-studied

MoS2 [90, 91].

One member of the NTMD group is platinum disulfide (PtS2), of which

ultrathin films have recently been synthesised [88, 92, 93]. Theoretical and

experimental studies have revealed that the size of the bandgap in PtS2 de-

creases with increasing film thickness [92–95], going from ∼1.7 eV for mono-

layer PtS2 to ∼0.25 eV for the bulk state. Indirect bandgaps were observed

for all layer thicknesses as opposed to MoS2 and WS2 where the monolayer

forms possess a direct bandgap [94]. Relative positioning of valence band

maximum (VBM) and conduction band minimum (CBM) with respect to

the Fermi level indicates that PtS2 is a p-type semiconductor [92–94]. Initial

investigations of its properties suggest that PtS2 holds promise for use in

diverse applications including photodetectors [96, 97], electrocatalysis [98],

photocatalysis [99], thermoelectric devices [100], nonlinear optics and laser

photonics [101]. It should be noted that while PtS2 is a long-established ma-

terial [102, 103] its synthesis is not trivial. Under typical reaction conditions

for the sulfurisation of Pt, the non-layered material PtS, rather than PtS2,

has been reported as the dominant product [104]. When considering the sul-

furisation of Pt, the reaction parameters must be considered and carefully

tuned to obtain an appreciable yield of PtS2 [103].

In section 4.2 the electronic properties and atomic structure of PtS2

films, synthesised via thermally assisted conversion (TAC) of pre-deposited

Pt films, are investigated. The PtS2 films were also characterised by X-ray

photoelectron spectroscopy (XPS) and Raman spectroscopy. STM measure-
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ments were carried out to investigate the crystal structure of PtS2 and deter-

mined the in-plane lattice constant to be 3.58 ± 0.03 Å. STS was employed

in order to probe the electronic properties of the PtS2. From STS measure-

ments the electronic bandgap of a 3.8 nm thick PtS2 crystal, measured at 77

K, was determined to be around 1.03 eV.

Another member of the NTMDs that in particular has lately drawn con-

siderable interest is PtSe2 [105, 106]. PtSe2 displays a wealth of interesting

properties. In its bulk-like state PtSe2 exhibits semi-metallic behavior, but

its electronic structure can be modulated by controlling the layer number,

and it undergoes a semimetal to semiconductor transition as the layer num-

ber is reduced. Single-layer and few-layer PtSe2 are typically, though not

exclusively, observed to be p-type semiconductors with a tunable bandgap.

It has been predicted that monolayer PtSe2 undergoes an indirect-bandgap

to a direct-bandgap semiconductor transition for a strain 8% [107]. Notably

it exhibits high mobility, with experimental charge-carrier mobilities of ∼200

cm2 V−1 s−1, and a theoretical mobility comparable to that of black phos-

phorus (BP), but with the benefit of an air stability that is measured in

terms of months [108]. These remarkable semiconducting properties come

in conjunction with other electronic properties. Studies have suggested its

suitability for electrically tunable spintronics applications [109, 110], and it

has the highest Seebeck coefficient among all the TMDs [111]. In light of

these properties, PtSe2 has demonstrated potential for application in areas

such transistor electronics, broad spectrum photo-detection, catalysis, and

gas sensing [112, 113]. It was shown that the density of edge sites could

be controlled during synthesis for hydrogen evolution [114]. While the rela-

tively low synthesis temperature of PtSe2 enables the growth of the material

directly on polymer substrates for strain gauges [115, 116].

In section 4.3, a comprehensive experimental and theoretical investigation

of the electronic structure of PtSe2 edges is detailed. Through performing

STM and STS measurements, in combination with DFT calculations, the

influence of edge states on the electronic properties of PtSe2 is examined.

Moreover, a distinct dependence of the bandgap on the thickness of PtSe2

flakes is demonstrated. These insights could provide an effective way for

optimizing the interface contact and tunability of the bandgap, which are

crucial for 2D materials electronics community.
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Recently, to expand the available selection of 2D materials, there has been

a concerted effort to synthesize and study new candidate materials. One such

material is PtTe2 which is a member of NTMD family [85, 87, 89]. It has

been shown to be a type-II Dirac semimetal [117] with high conductivity [118]

suggesting it may be suitable for applications in spintronics and quantum

computing [17, 119, 120]. Recently, the potential use of PtTe2 in a variety of

different applications such as electrocatalysis [6, 121, 122], ultrafast photonics

[123] and terahertz photodetection [120] has been reported.

Classification and characterisation of point defects can allow us to un-

derstand their impact on the electronic properties of the intrinsic materials

and assess their significance with a view to potential applications. A typ-

ical problem with detecting and classifying 0D defects on the surface of a

film arises from their low density. Surface-sensitive techniques, such as XPS

and Raman spectroscopy, which are usually utilised in surface-compositional

studies, are not sufficiently sensitive to distinguish these point defects. Re-

solving atomic structure and point defects is a key part of STM. STS can be

used to acquire information on the LDOS. 0D defects can exhibit altered min-

ima or a maxima of electron density, which can manifest as depressions and

protrusions, respectively, in STM images. STM and STS are powerful and

non-destructive techniques for the characterisation of defects in materials;

they are capable of atomic-scale resolution and can be used to locally probe

the electronic properties of point defects. The use of DFT in conjunction

with experimental STM images provides a path to establishing the atomic

structure of the observed surface defects. DFT-STM images are sufficiently

detailed and realistic to permit quantitative comparison with experimental

STM images.

In section 4.4, five common distinct point defects on and near the PtTe2

surface are imaged and identified. The PtTe2 samples examined in this work

are synthesised through the reaction of solid-phase precursor films. Follow-

ing an analysis of the PtTe2 samples with Raman spectroscopy, XPS, X-ray

diffraction (XRD) and scanning electron microscopy (SEM), the PtTe2 sur-

face is examined using STM and STS. The STM and STS experimental re-

sults are complemented and supported by DFT to probe and understand the

electronic properties of PtTe2, the characteristics of different defect types,

and their impact on the electronic structure of PtTe2. These findings are a
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needed detailed examination of the local electronic properties of PtTe2 and

are important in understanding the influence that point defects have on the

material’s properties and subsequent applications.



Chapter 2

Experimental Techniques &

Set-up

2.1 Scanning Tunneling Microscopy

The STM was invented in the early 1980s by Gerd Binning and Heinrich

Rohrer, who were awarded a Nobel prize in Physics for their work in its

development in 1986. Some of the first materials investigated by STM were

the surface of Au(110) and CaIrSn4 [124]. This work demonstrated the STM’s

capabilities by resolving monoatomic steps. After three decades the STM can

probe features on the Ångström scale and in this decade orbital resolution

has been reported [125]. Nowadays, the STM is a real-space, non-destructive

technique with better resolution than all other techniques. During the last

30 years, the STM has shown an outstanding ability to observe electronic

and topographic features on the sub-nanometer scale, which demonstrates

its vital role in developing the field of surface and nano science.

2.1.1 Quantum Tunneling

STM is based on the quantum tunneling effect. Tunneling is a concept that

arises from quantum mechanics, which occurs only on the quantum scale. In

classical physics movement of electron in a potential U can be described by

formula
pz
2m

+ U(z) = E (2.1)

11
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here m is the electron’s mass, pz is the momentum of electron, U(z)

is the potential value at position z and E is the energy of the electron.

This equation works only when E > U(z) because only at this condition

the electron has a non-zero momentum. That means the electron cannot

move to certain region where E < U(z). This classically forbidden region is

called the potential barrier. However, in quantum mechanics, the electron

and other particles, have wave-like behaviour. The state of the electron is

explained by a wavefunction ψ(z). Assuming 1-dimensional case, the time-

independent Schrödinger’s equation describes the motion of a particle’s (in

this case an electron’s) wavefunction ψ(z) moving under the influence of a

potential barrier U(z)

− ~2

2m

∂2ψ(z)

∂z2
+ U(z)ψ(z) = Eψ(z) (2.2)

where m is the mass of the electron, E is its energy, ~ is the reduced

Planck’s constant, and z its position in space.

For a wave encountering the potential barrier U(z) there are three regimes

that need to be considered (shown in Figure 2.1): (I) the incoming wave be-

fore meeting the barrier, U(z < 0) = 0; (II) the wave inside the barrier, here

U(0 < z < d) = U > E; and (III) the wave after transmitting the barrier,

where U(z > d) = 0. In the classical situation, the value of wavefunction

in regimes (II) and (III) would be equal to zero. Nevertheless, non-zero

solutions are possible in Schrödinger’s equation (Equation 2.2).

ψ(z) = ψ(0)e±kz where k =

√
2m(U − E)

~
(2.3)

Seeing that the probability is given by the square of the wave function

and, presuming a small bias V between the STM tip and surface of the

sample, in order for tunneling to occur there must be some probability of

finding an electron between z = 0 and z = d, thus we have:

P ∝ |ψ(0)|2e−2kd (2.4)

When the bias is small, it’s roughly equal to the work function of the

sample/material (U(z)−E ≈ φs). φs is the minimum required energy needed

to bring electrons from the highest occupied energy level (Fermi level, EF , in

metals at T = 0 K) to the vacuum level. By applying small bias (V) means
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Figure 2.1: (a) A one-dimensional potential barrier of the general tunneling
case. (b) Schematic drawing of the tunneling mechanism from the tip to
surface of the sample via the vacuum barrier in a STM.

that only electron states within eV of EF are excited, as a result tunneling

mainly occurs by electrons near EF .

Another condition for tunneling to occur (presume electrons are tunneling

from STM tip to surface of the sample, as in Figure 2.1) there has to be empty

states of the same energy in the surface of the sample for the electrons to

tunnel into. That is why the tunneling current is dependent on the density

of states (DOS), as well as the number of electrons between EF − eV and

EF :

It ∝
EF∑

EF−eV

|ψ(0)|2e−2kd (2.5)
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The DOS, ρs(z, E), by definition is the sum of the probability over an

energy range, such as between EF − eV and EF , provides the number of

available states in this energy range per unit energy:

ρs(z, E) =
1

eV

E∑
E−eV

|ψ(z)|2 (2.6)

Thus the tunneling current is proportional to the DOS and a scaling

factor which decreases exponentially with the distance of the gap

It ∝
EF∑

EF−eV

ρs(z, E)e−2kd (2.7)

The beauty of this equation is how it demonstrates the power of the

exponential dependence when typical physical parameters are considered.

For instance, taking a value for the work function of 4 eV, the tunneling

current decreases by one order of magnitude for every 1 Å increase in the

distance between tip and surface (d).

This exponential dependence of the tunneling current on the gap distance

is the underlying reason behind the STM sensitivity, which provides the high

resolution imaging of atomic features [124, 126].

2.1.2 The Scanning Tunneling Microscope System

Surface analysis is done by a low-temperature slider-type STM from Cre-

aTec Fischer & Co. GmbH. The STM is located inside an ultra-high vacuum

(UHV) chamber which consists of a load-lock, preparation chamber and anal-

ysis chamber. Common cleaning and oxidation procedures such as heating in

UHV and/or in an oxygen environment and ion bombardment can be done in

the preparation chamber. Characterisation of the surface can be performed

by LEED apparatus. A base pressure of 5× 10−11 mbar in preparation cham-

ber is achieved by a titanium sublimation pump (TSP) and an ion pump.

The TSP primarily used following the exposure of the chamber to oxygen

or argon atmospheres. While the preparation chamber is exposed to argon

or oxygen atmospheres, the ion pump valve is closed. At that moment the

vacuum is supported by a turbo molecular pump which located in the load-

lock. Leak valves are utilised to introduce argon and oxygen to the chamber.
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There is a strain-free silica window in the preparation chamber which allows

for in-situ optical measurements to be conducted.

Sample annealing is achieved through resistive heating or by the combi-

nation of resistive annealing and electron bombardment. There is a tungsten

filament for resistive heating which is located just under the sample plate.

The heating stage is electrically isolated from the chamber, thus, high voltage

can be applied to the heating stage. Thermally emitted electrons are accel-

erated to the heating stage, and hence, heating of the sample is achieved

by electron bombardment. The temperature of the sample can be measured

up to 600 °C from a K-type thermocouple. Higher temperatures can be es-

timated by an optical pyrometer. Electron bombardment, which is a more

localised heating technique, will lead to the thermocouple underestimating

the temperature dramatically. That is why, when electron bombardment

is utilized to achieve a higher temperature, the pyrometer demonstrates a

better approach of estimating the temperature of the sample.

In terms of sputtering, argon gas is leaked directly into the gas cell of

the ion gun and is ionised by electron bombardment. Through a biased ring

Ar+ ions can be accelerated. The usual applied range of energy is from 0.5

to 2 keV. Depending on the argon partial pressure and energy, Ar+ emission

current could be in a range of 10µA to 40µA.

When the STM is cooled to the temperature of liquid nitrogen (77 K), a

base pressure of 2×10−11 mbar is achieved in the analysis chamber by a TSP

and an ion pump. Coarse movement is worked by shear piezo stacks which

are connected to ceramic plates. There is an eddy-current damping system

installed, which consists of magnets at the bottom of the STM that hang

from three springs inside a copper box. The movement of the STM (and

magnet) generates a current in the copper box and a resultant opposing

magnetic field, which damps the magnet. Moreover, the entire STM system

can be lifted by an external damping system which consists of four pressurised

(2 bar) canisters. All these will eliminate as much vibration as possible.

There are three defined temperatures at which the STM can be operated:

at room temperature, liquid nitrogen (∼77 K) and liquid helium (∼4 K)

temperatures. The STM is located directly under two cryostats. The inner

cryostat is a meter-tall cylinder and is surrounded by the outer cryostat.

In order to operate at ∼77 K both of the cryostats are filled with liquid
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nitrogen. However, for operation at ∼4 K the inner cryostat is filled with

liquid helium while the outer is filled with liquid nitrogen, which reduces the

evaporation of liquid helium. The STM wires run vertically in-between the

two cryostats to connectors above the cryostats outside of the chamber. One

drawback of this model is that noise can appear in the tunneling current due

to the relatively long length of cable between the operational amplifier and

the tip, which converts the small tunneling current (nA) into a relatively

large voltage (volts).

2.1.3 Scanning Tunneling Microscopy

The STM consists of an extremely sharp (ideally a single atom apex) con-

ductive tip which comes into close proximity (in range of few nms) to a

conductive surface of the sample. There is a bias voltage applied between

the conductive tip and the surface of the sample. Electrons only tunnel, and

therefore current can only be detected, when the distance between surface of

the sample and tip is sufficiently small (in range of around 1 nm). A desired

tunneling current is selected and the tip is allowed to approach the surface

of the sample. This tunneling current and the selected bias voltage deter-

mine the distance between the tip and the surface of the sample following

the approach procedure.

This extremely precise approach procedure is performed by applying high

voltages to piezoelectric ceramics. Piezoelectric ceramics are materials that

observe the separation of net positive and negative charge within the crystal

cells. By applying an electric field along the axis of charge separation it will

induce expansion or contraction of the unit cell. These kind of piezoelectric

crystals tend to exhibit a piezoelectric constant of a few Å/V. That is why

piezoelectric materials are the best for the fine movement of an STM tip.

Piezoelectric ceramics move tip across a small region of the surface, then

back along the same line before moving to the next line where the process is

repeated. As the tip moves across the surface the tunneling current changes

due to the change in the DOS on the surface. The tip height then changes

with z or with DOS while current is monitored. This change is recorded and

is used to colour code the 2d map of the surface producing the typical STM

images.
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Figure 2.2: (a) Tunneling in constant-current mode. The blue dotted line
demonstrates the way that STM tip is followed in the height (z) while tun-
neling current (It) remains constant. It should be noted that the substituted
atom (red) exhibits a alternate height (z) to the blue surface atoms due to
its difference in the LDOS. (b) STM tip operating in constant-height mode.
The tip moves at constant height over the surface and records the tunneling
current. Again, the tunneling current of the substituted atom (red) is higher
due to higher height than the surrounding atoms (blue).

The resolution can be adjusted to determine how many pixels you would

like to obtain in your STM image size. Usually, STM images are in a square

frame. The tip can scan in any in plane direction for obtaining better imag-

ing. The tip scans and saves both forward and backward directions for each

image for identification of possible problems which might occur in imaging

from tip/surface inconsistencies. Moreover, software saves all scanning pa-

rameters, positions and dimensions of the image.

STM images can be performed in 2 modes: in constant current mode

(CCM) and constant height mode (CHM) see Figure 2.2. CCM mode keeps

the tunneling current constant by adjusting the height of the tip as it scans

across the surface (see Figure 2.2 (a)). This CCM mode is utilised more as

it allows scanning large scale images with much less risk, the tip height still

have limits of crashing the tip onto the surface of the sample. However, the

disadvantage of this mode is that it requires a feedback loop system in order

to regulate the tip height. Due to finite response in time of the feedback

system the scan speed is limited and it can introduce some errors to the

resulting images.

CHM mode keeps the tip at the constant height above the surface of the

sample you can always change the tip height after approach. The tunneling

current is measured at each point and the resulting current map provides an
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insight into the electronic and topological properties of the sample’s surface

(see Figure 2.2(b)). CHM mode should only be utilised on atomically flat

surfaces because the tip will likely crash due to the tunnelling distance close

to 2/3 atomic steps in the layers of many materials. However, this mode

allows for a more accurate determination of inter atomic distances.

2.1.4 Scanning Tunneling Spectroscopy

STS probes how the tunneling current varies as a function of the bias voltage

or tip-surface separation. The surface and tip states, which are probed, are

defined by the bias voltage. For instance, if the bias voltage is positive

(+V ), increasing the bias voltage by some energy increment, ε, causes new

surface states which reside eV + ε above the Fermi level to be involved in the

tunneling process. The difference in the tunneling current as the bias voltage

is increased by ε represents the existence of states at eV + ε. Thus, dI
dV

reflects

the LDOS of the surface. This expression can be written mathematically as:

It ∝ V e−2kd
∫ eVbias

0

Ns(E)dE (2.8)

Where Ns(E) is the LDOS of the surface at some energy E.

Expressing the first derivative with respect to the voltage, and taking it

as V =Vbias, gives:
dIt
dV

(Vbias) ∝ VbiasNs(E)dE (2.9)

This derivation is built on the approximation that in the low bias limit the

tunneling current is linearly proportional to the bias voltage. At larger bias,

the tunneling current does not have ohmic behaviour; closer to the Fermi

level the tunneling probability of electrons is always higher. Moreover, the

tunneling current is a convolution of the surface and tip DOS. Equation 2.9

involves the high probability that the tip DOS is constant.

Usually, I(V)-curves are performed in one of three ways: on a point, a

line or a grid. During a point STS experiment the STM tip is placed above

selected point on the surface of the sample and distance between tip and

surface is kept constant by turning off the control feedback loop. The applied

bias voltage between tip and surface swept in defined range and the resulting

current is recorded, this produces an I(V)-curve. The first derivative of the
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I(V)-curve with respect to the voltage is dI/dV , which is proportional to the

DOS of that particular region of the sample surface.

In line and grid analyses, initially the sharp tip is moved to the point at

which an I(V) measurement will be done, the feedback loop is then detached

for a time interval as the voltage is swept across some installed range turning

the feedback loop off keep the tip height constant regardless of changes in

the current. Before moving to the next point, where spectroscopy will be

performed, the feedback loop is re-engaged. The tip is moved and the CCM

parameters define the height of the tip at the next spectroscopy point.

2.2 Low-Energy Electron Diffraction

LEED is based on the diffraction of electrons following Bragg’s law. Two sci-

entists, Davisson and Germer, first observed the diffraction of electrons from

a single crystalline sample in 1927 [127]. It is known that this experiment

occurred due to an accident which resulted in a polycrystalline nickel sample

being over oxidised. The following high-temperature heating performed to

remove the surface oxide caused the formation of larger crystallites. The

distribution of scattered electrons demonstrated significant changes before

and after annealing the sample. It turned out that the electrons were be-

having like waves incident on a diffraction grating. By considering the lines

of nickel surface atoms as lines as a diffraction grating and the electron to

have a de Broglie wavelength associated with its energy, the experiment was

found to agree with theoretical scattering profiles. This measurement was

the first to experimentally confirm that an electron can behave as a wave,

which was hypothesised by Louis de Broglie in his PhD thesis in 1913. Thus,

it contributed a huge step forward in the development of quantum mechanics.

Louis de Broglie suggested that the particle’s wavelength (λ) is strongly

related to the Planck constant (h) and its momentum (p) as follows

λ =
h

p
. (2.10)

Electron’s kinetic energy is taken from the accelerating voltage

1

2
mv2 = eV. (2.11)
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Then, the momentum of the electron can be written

p = mv =
√

2meV . (2.12)

That is why the electron’s wavelength is proportional to the inverse of

the square root of the accelerating voltage

λ =
h√

2meV
. (2.13)

In order to produce a diffraction pattern, the electron wavelength should

be comparable with the spacing of the lattice. For a bigger wavelength (λ) or

smaller lattice spacing (d), diffraction of the angle (θ) increases, and follows

the following relationship:

mλ = d sin (θ) (2.14)

here m is an integer and λ is the wavelength of the incident wave.

Due to the electrons’ low energy (typically 50-150 eV), their mean free

path in a material is limited to the first few atomic layers (depth is approx-

imately from 1Å to 3Å). LEED gives information only on the 2D surface’s

topological structure, which makes LEED a surface sensitive technique.

The LEED apparatus, which is demonstrated in Figure 2.3, consists of

an electron gun with a filament inside, a series of four retarding grids, and

a fluorescent screen. The filament emits electrons, which are accelerated by

a voltage (V ), towards the sample. The first and fourth retarding grids are

connected to the ground in order to eliminate stray fields. There is a potential

difference of −V ± δV , which is generated between the second and third

retarding grids. This potential difference prevents undesirable inelastically

scattered electrons from reaching the fluorescent screen. The fluorescent

screen, which is outside the second and third retarding grids, is retained at a

large positive bias in order to accelerate the transmitted elastically scattered

electrons towards it. LEED experiments will be presented in Chapter 3

in Figure 3.1 and Figure 3.3 and in Appendix section in Figure 6.2 and

Figure 6.5.
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Figure 2.3: Experimental set-up of the low-energy electron diffraction appa-
ratus. LEED consists of an electron gun, a series of four retarding grids, and
a fluorescent screen. Between the second and third retarding grids a potential
difference of −V ± δV is generated. This prevents undesirable inelastically
scattered electrons from reaching the fluorescent screen.

2.3 X-ray and Ultraviolet Photoelectron Spec-

troscopy

The principle of operation of XPS and UPS is based on the photoelectric

effect, which is shown in Figure 2.4. This phenomenon was discovered by

German physicist Heinrich Hertz in 1887. Later, another German physicist

Albert Einstein was awarded the Nobel prize for its explanation in 1905.

This effect represents an important discovery in modern science. The energy

of electrons, which are emitted from an illuminated surface of a metal, was

observed to increase only when the light’s frequency was increased. Whereas

increasing the amplitude only raised the number of emitted electrons from

the metal’s surface. Likewise, electron emission was only seen if the frequency

of the light was higher than some threshold value. These new observations at

that time were contradictory to Maxwell’s equation. However, Einstein came
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Figure 2.4: Schematic of the photoelectron effect. The kinetic energy of
photoelectrons which originate from the Fermi level is given by the difference
between the photon energy hf , and the work function of the material, φ. For
electrons residing in bound orbitals, the binding energy of this orbital must
also be subtracted from the kinetic energy.

up with a solution by characterising light as individual quanta (in this case

the photon) which had a discrete amount of energy. It is known that electrons

absorb individual photons, and if the photon energy is greater than the work

function of the metal, electron emission occurs. The photoelectron energy,

which prior to photon absorption has a binding energy EB with respect to

the Fermi level, can be written as:

Ek = hf − (φm + EB) (2.15)

The kinetic energy of an electron can be directly related to the binding

energy of the orbital it resided in prior to photoemission.

XPS and UPS use a monochromatic, collimated beam of X-rays or ultra-

violet (UV) light, respectively, which is incident on the surface of a sample.

An electron energy analyser measures the kinetic energies of the photoemit-

ted electrons. XPS can identify the nature of elements and their valence

state. In addition, the cross section for absorption of photons at certain en-

ergies depends on the number of electrons available to absorb such photons,
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which means that XPS can provide information about the ratio of elements

present in a sample. UPS can give information about the states of a valence

band.

XPS and UPS are surface sensitive techniques because of the short in-

elastic mean free path of electrons. As a result of this short inelastic mean

free path, the vast majority of photoelectrons will have originated from the

first few nanometres of the measured sample.

In this thesis, UPS and XPS measurements were performed by using a

two systems laboratory-based Omicron MultiProbe-XPS and Kratos both

have monochromated Al-Kα X-rays (hf = 1486.7 eV) and He(I) UV-lamp.

The XPS and UPS measurements have been performed by members of the

APRG group and collaborators.

2.4 UHV Transfer System

The characterization of materials’ surfaces on atomic level requires that the

surface of materials remain unchanged during and between experiments. This

implies that the rate of arrival impinging gas atoms from environment should

be as low as possible. That is why experiments should be carried out in near

perfect vacuum conditions. It can be shown from the kinetic theory of gases

that the flux, I, of impingement of gas molecules at the surface can be given

by the expression;

I =
p√

2πmkBT
. (2.16)

Here m is the mass of an impinging gas atom or molecule, p is the gas

pressure, kB is Boltzmann’s constant, and T is the temperature. Then we

can easily obtain a monolayer formation time (τ)

τ =
n0

I
=
n0

√
2πmkBT

p
(2.17)

where, n0 is the the number atoms to form a monolayer on the surface

of the sample. According to the equation 2.17 in order to keep a surface

clean from contaminants for approximately 1 hour at room temperature, it

must be under vacuum conditions better than 1× 10−9 mbar (assuming the

sticking coefficient is 1).
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Figure 2.5: UHV transfer system. Transfer system contains arm, NEG pump
which is marked in blue box, Ion pump (red), and valve (green). UHV in the
transfer system could be around P = 1× 10−10 mbar

During my PhD journey, I was heavily involved in the development of a

vacuum suitcase. The suitcase system was initially built by members of the

APRG group and was utilised for in-situ measurements between our XPS

and MBE chambers. The changes which I introduced included modification

of the sample plate locking mechanism of a sample holder and the length

of the vacuum transfer arm. Because there was no possibility to extend the

existing arm, a new one was introduced along with a reducing ConFlat (CF)

flange (CF40 to CF63). This alteration allowed to connect the STM chamber

to this network and perform in-situ deposition and characterisation without

any exposure to air between 3 systems (MBE-XPS-STM). Furthermore, I

modified the atomic terrace low angle deposition (ATLAS) and magnetron

sputtering (MS) deposition systems, allowing them to also connect to the

UHV transfer system and expand this in-situ network to MBE-XPS-STM-

ATLAS-MS. In order to improve the vacuum in this transferable system

a Non-Evaporable Getter (NEG) pump was added. The transfer system

consists of the arm with an Omicron sample plate locking mechanism, gate

valve, CF 40 connector, and two pumps (NEG and ion). This UHV transfer

system was heavily used in numerous research projects.

The pressure in the vacuum suitcase can reach 10−10 mbar as demon-

strated in Figure 2.5 (b). UHV conditions in the transfer system are achieved

by a small ion and a NEG pumps. This small ion pump (Gamma Vacuum

20S) has the capacity to pump 20 litres per second. The compact NEG
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pump with a pumping speed of 200 litres per second had been purchased

from SAES Group company. This model of NEG (CapaciTorr D200) could

be easily regenerated after some time of usage by heating up to 833 K. These

two pumps are marked on Figure 2.5 (a) in red and blue, respectively.

One of the advantages of the system is its simplicity; it does not require

multiple people to operate or move between vacuum systems. Another ben-

efit is an increase in the quality and accuracy of measurements due to the

elimination of exposing samples to air. This is found to be very beneficial to

all surface science experiments being conducted between systems, ensuring

reliability and consistency.

2.5 Density Functional Theory

It has been known for some time that materials properties are dictated by

their electronic structure, however, only relatively recently it became feasible

to calculate these properties with relatively high precision. Considerable

improvements in computing power and software over the past few decades

made it possible to conduct accurate material simulations. [128].

DFT is a powerful modelling tool used to simulate the electronic and

atomic structures of atoms, molecules, and solids. The main aim of DFT

is the quantitative understanding of material properties and behaviour from

the principals of quantum mechanics. Primary DFT simulations have lead

to the concept of the theoretical design of materials which can predict novel

materials that have new and/or desired properties.

2.5.1 Kohn-Sham Theory

Walter Kohn and his co-author Lu Jeu Sham published a paper in 1965,

where they showed a practical approximation to calculate the ground state

energy by solving a non-interacting Hartree-type problem with the same

ground state energy as the interacting system [129]. The Kohn-Sham method

is the most widely used method in codes which conduct first-principles electronic-

structure calculations based on DFT.

Kohn-Sham (KS) established a fictitious system by which the electrons

are non-interacting themselves [129]. These non-interacting electrons are

subjected to an additional potential known as the KS potential. The KS
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potential is defined so that the fictitious system of non-interacting (calcu-

lated) particles has the same ground state density as the real/true system

of interacting particles. Solving for the fictitious system therefore gives the

same result as for the desired real/true system at the ground state. This is

believed to be true for all systems but no counter examples have been shown

to date. This proposed non-interacting model is much more simplified than

the real/true interacting model. Moreover, the ground state wave-functions

are can be expressed as single particle wave-functions, which are defined as

KS orbitals. The KS equations can be obtained from these KS orbitals as:(
− h2

2m
∇2 + Veff (z)

)
ψi(z) = εiψi(z) (2.18)

ψi is KS orbital with its orbital energy defined as εi.

Veff (z) = V (z) +

∫
ρ(r

′
)

|r − r′ |dr
′
+ Vxc(z), (2.19)

here the exchange correlation term Vxc(z) is given by

Vxc(z) =
δExc
δρ(z)

. (2.20)

Veff (z) is the effective potential which consists of the external potential

V (z) and the exchange correlation potential Vxc(z). Where, Vxc(z) is found

to dependent on the exchange correlation energy Exc(z). Exc(z) is comprised

of 2 terms, the exchange interaction (Pauli repulsion for fermions) and the

electronic correlation, which relates to the interaction between electrons in a

quantum system. Moreover, the latter also can be due to the anti-symmetry

of a many-electron wave-function.

That is why the KS formulation succeeds in modifying the N-body prob-

lem into N single-body problems, each one incorporated through the effective

potential of KS and these equations should be solved self-consistently. There

is no physical meaning to the single-particle KS eigenvalues and orbitals.

They are just a basic mathematical tool utilised to obtain the real/true

ground state electron density. However, there is the exception that the ion-

isation energy of the model can be yielded from the KS eigenvalue of the

highest filled state.



2.5. Density Functional Theory 27

The KS equations can be easily resolved in the plane-wave DFT code util-

ising the self consistent field (SCF) calculations [130]. Making an initial guess

for the system’s electron density and using it to the external potential V (z).

The KS-single particle Schrödinger equation (Equation 2.18) is solved to de-

termine the wave-functions, which are called KS-orbitals. These KS-orbitals

are utilised to obtain the new electron density. That procedure repeats until

the new and previous electron densities converge within a desired threshold.

2.5.2 Hellmann-Feynman Theorem

A number of material properties are influenced by the total energy of a sys-

tem, such as the lattice constants, phonons and bulk modulus etc. Nonethe-

less, some properties of the material depend on the derivative of the energy,

for example the compression/tension in the crystal cell. Converging of a

unit cell is possible when the forces (compression and tension) on the cell

walls is minimised. By utilising perturbation methods such as the Hellmann-

Feynman theorem this can be achieved [131].

In quantum physics, the Hellmann-Feynman theorem relates to the deriva-

tive of the total energy with respect to a parameter. The Hellmann-Feynman

theorem states, as soon as the spatial distribution of the electrons are ob-

tained by resolving the Schrödinger equation (Equation 2.2), all forces in

the system can be calculated utilising classical electrostatics. Proof of the

Hellmann-Feynman theorem has been showed independently by numerous

authors, including Paul Güttinger in 1932 [132], Wolfgang Pauli in 1933, Hans

Hellmann in 1937 [133], and Richard Feynman in 1939 [134]. Since Feynman

proved this theory it has become widespread in usage. At that time Feynman

was an undergraduate at Massachusetts Institute of Technology. The proof

became Feynman’s undergraduate thesis, which was published in the journal

as article, ”Forces in Molecules” [134].

Eψ = Hψ, (2.21)

an n-body problem is not solvable in general. ψ is the eigenfunction, which

is always normalised. The eigenvalue E is the energy.

∂E(ν)

∂ν
= 〈ψ(ν)|∂H

∂ν
|ψ(ν)〉, (2.22)
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where E(ν) is potential energy of the ionic configuration. The force, which

is generalised, towards another ionic position is provided as the derivative
∂E(ν)
∂ν

.

The Born-Oppenheimer approximation expresses that the electrons con-

vert to the nuclear configuration. Thus, positions of the nuclear are the

parameters and the total energy of the system is a function of their coor-

dinates. In order to resolve the ground state, the total energy needs to be

optimised with respect to these coordinates. There are several methods to

optimise the system. One of the common and the easiest methods to imple-

ment is to take the gradient of steepest descent in the energy landscape to

find the local minimum. Nevertheless, one of the disadvantages of this way

is it could be slow to converge and may become stuck in a local minimum,

unable to find the global minimum.



Chapter 3

Breaking of Covalent Bonds:

Case of Bi(111) and GeTe(111)

Single Crystals

3.1 Scanning Tunneling Microscopy & Spec-

troscopy of Bi(111)

3.1.1 Introduction

In recent years, there has been increased attention on layered materials due

to their wide range of applications in energy and electronics related fields

[1–6]. Bismuth is one such material, attracting interest due to its topological

properties [30–34]. Some Bi-based compounds are topological insulators and

find thermal and catalytic applications [35–40]. The electronic structure

[41–47] and formation of a charge-density wave (CDW) in both bulk Bi and

ultra thin Bi films have previously been investigated by synchrotron radiation

ARPES [48–50].

Bi has a rhombohedral crystal structure which can be described in terms

of a small deformation of a simple cubic lattice [51–53]. The shifting of the

(111) atomic planes leads to alternating spacing and chemical bonds; cova-

lent bonds are present when layers are in closer proximity to each other and

van der Waals bonds when they are further apart, resulting in the formation

of a layered structure (see Fig. 3.8(b)). These deformations are energetically

29
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favourable due to a Peierls transition [54–56]. As a result of this Peierls tran-

sition, there is a gap in the electron dispersion in the vicinity of the Γ point

of the Brillouin zone, while spin-orbit interaction (SOI) plays a significant

role in the formation of the electron spectrum. The energy of the SOI is

comparable with the energy scales of the Peierls instability [56]. Bi has a

lattice parameter of 4.54�A, the interplanar distances in the [111] direction

are d1=1.59�A and d2=2.34�A [57, 58]. It has been shown in numerous exper-

iments that Bi single crystals cleave along the (111) plane, breaking the van

der Waals bonds between bilayers [30, 31, 48, 59].

The primary motivation underpinning this study relates to the formation

of defects on the surface, their evolution in time and their effect on the

electronic surface states [66, 67]. Using ion bombardment, the degree of

ordering can be reduced. This can result in anomalous monolayer planes and

A-type bilayer steps coexisting with the B-type bilayer step, which dominate

the pristine cleaved Bi(111) surface. In this section, STM, STS, LEED and

photoemission measurements of a cleaved Bi(111) surface prior to and after

ion etching are investigated and contrasted. The effect of ion bombardment

on the atomic and electronic surface structure is demonstrated, using STM, to

produce a surface with a higher density of monolayer steps and bilayer step

edges. UPS measurements display an increase in intensity near the Fermi

level by approximately a factor of 3. DFT calculations are qualitatively

consistent with the UPS measurements, demonstrating an increase in the

Kohn-Sham density of states at the Fermi level (Fermi density) for both the

monolayer step and the type A bilayer step edge - which are shown to be

induced by sputtering - compared to the type B bilayer steps.

3.1.2 Experimental and Computational Details

Experimental Details. Experimental measurements were performed across

several UHV systems. A vacuum suitcase with a base pressure of 2 × 10−10

mbar was utilised for transferring crystals between STM and XPS systems

under UHV conditions. The STM used in this study is a commercial low-

temperature system from Createc with a base pressure of 5 × 10−11 mbar.

All of the STM images were obtained at liquid nitrogen temperature (77 K)

in CCM. The preparation chamber of the UHV system is fitted with a cool-

ing/heating stage, LEED and an ion gun for sputtering. The STM tips used
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were of [001]-oriented single-crystalline tungsten, which were electrochemi-

cally etched in NaOH [135]. The bias was applied to the sample with respect

to the tip. XPS measurements were performed using two XPS systems; an

Omicron MultiProbe and a Kratos XPS. Both systems ultilise monochro-

mated Al Kα (E = 1486.7 eV) with an instrumental resolution of 0.6 eV and a

chamber base pressure of 5×10−11 mbar. The valence spectra were measured

by UPS with an excitation energy of He I (21.2 eV). The work function was

determined by the cut-off of the secondary electrons. LEED measurements

were taken across two systems, one for room temperature and the second for

low-temperature measurements.

Experimental measurements were conducted on ultra high purity bismuth

single crystals (residual resistance ratio (RRR): 800). The surface was pre-

pared by cleaving the crystal in the load-lock of the UHV system at a pressure

of ∼ 5×10−8 mbar at approximately 110 K. The sample was promptly (within

5 - 10 seconds) transferred to the preparation chamber, where the pressure

quickly returns to the base pressure of ∼ 2 × 10−10 mbar. All stages of the

sample preparation were monitored in-situ by LEED and/or XPS. The sur-

faces with well ordered LEED patterns demonstrating the (1×1) structure

and/or without any contamination, concluded by XPS, were used in this

study (see Fig. 3.1(d) and (e)).

Computational Details. First-principles quantum-mechanical simu-

lations of Bi steps and 2D defects were performed using the PWscf DFT

code of the Quantum Espresso suite [136, 137]. Simulations were carried out

using a slab geometry consisting of 10 layers (5 bilayers) with each layer con-

taining 21 atoms, arranged linearly in the Bi[1̄10] direction, with additional

partial layers added to one surface of the slab to form the desired step edge

structures. An out-of-plane vacuum spacing of 10 Å was used. The initial ge-

ometric parameters used in simulations were taken from experimental results

found in the literature [57]. The atomic positions and cell dimensions were

allowed to fully relax using a per atom force threshold of 10−2 eV/Bohr and

a total energy threshold of 10−3 eV. A scalar-relativistic ultrasoft pseudopo-

tential [138] and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation

functional [139] were used in this study, with a converged plane-wave en-

ergy cut off of 680 eV. The equivalent converged k-space sampling density

for the 6 atom unit-cell is 15×15×4 in the reciprocal-space Bi[1̄10], Bi[1̄1̄2],
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Bi[111] directions, respectively. These run-time parameters yielded a total

energy convergence of 1 meV/atom. The atomic positions in the slab were

fully relaxed for each of the simulations presented. The number of k-points

was scaled to the slab dimensions, with 1 k-point used for both the out of

plane reciprocal-space sampling direction Bi[111] and for the in-plane direc-

tion Bi[1̄10] with 21 atoms in the unit cell, while 15 were used in the other

in-plane direction Bi[1̄1̄2]. The in-plane slab dimension were selected as a

result of the step width optimisation discussed in the results section.

3.1.3 Results: Cleaved Surface of Bi(111)

The cleaved surface of Bi(111) consists of large atomically flat terraces with

steps heights of ∼ 4.0 Å, corresponding to a single bilayer. The step edges are

reasonably ordered, see Fig. 3.1(a), and the step edge directions reflect the

4.5 Å

a cb

d e f

Figure 3.1: STM, LEED and XPS of the cleaved Bi(111) surface. (a)
large-scale STM images of Bi(111) surface cleaved in-situ at 110 K in UHV
(150 × 150 nm2, V = 0.4 V and I = 670 pA). (b) and (c) illustrate atomic
resolution of the terrace in image (a). Scale and scanning parameters for
(b) & (c) are 20 × 20 nm2, V = 2 V and I = 80 pA; 4.5 × 4.5 nm2, V = 2 V
and I = 80 pA, respectively. (d) LEED image of the cleaved Bi(111) in UHV
showing a high order of the surface. (e) The XPS spectrum demonstrates
that this surface is atomically clean. (f) Line profile of interatomic spacing
of approximate periodicity 4.5 Å across the green line labelled in (c).
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Figure 3.2: STS investigation of band profile across the double
bilayer step of Bi(111). (a) Large scale STM image (150 × 150 nm2,
V=1.2 V and I=70 pA). (b) STM image of the green square labelled in (a)
(30×30 nm2, V=1.0 V and I=80 pA). The blue line (15 nm) indicates where
the line spectroscopy has been performed (stabilisation parameters V=1.2
V and I=70 pA). (c) Representative dI/dV spectra measured on and away
from step edge. (d) 2D plot of tunneling spectra across the blue line (dI/dV
in bias range ±0.5 V) which demonstrates a suppression of the LDOS on the
edge of the 2 bilayer steps.

3-fold symmetry of the (111) plane. The well ordered nature of the surface is

demonstrated by STM and LEED measurements. Atomic resolution can be

observed in Fig. 3.1(b) and (c). The line profile in Fig. 3.1(f) illustrates that

the interatomic distance is around 4.5 Å, which is in agreement with other

works [59, 140]. The LEED measurements presented in Fig. 3.1(d) demon-

strate that the cleaved crystal is highly ordered and has long-range order.

XPS measurements (Fig. 3.1(e)) demonstrate that this surface is atomically

clean without measurable levels of carbon or oxygen contamination. Fol-

lowing XPS measurements, UPS measurements were performed on the same

cleaved surface, which can be seen in Fig. 3.3(e) (black line).

The electronic structure of Bi type B step edges was investigated. A

large scale STM image of Bi(111) terraces (150 × 150 nm2) obtained at a
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bias of 1.2 V and a tunneling current of 70 pA is presented in Fig. 3.2(a). A

smaller scale STM image (30× 30 nm2) corresponding to the area indicated

by the green square in Fig. 3.2(a) is presented in Fig. 3.2(b). A double bi-

layer step edge between two terraces runs vertically though the centre of the

image (V = 1.0 V and I = 80 pA). STS measurements were performed at each

of the 50 points along the 15 nm length blue line [66, 141]. An I(V)-curve

was obtained for each point [142] and differentiated with respect to the volt-

age. Fig. 3.2(c) displays representative dI/dV spectra measured on and away

from the step edge (the blue triangle is taken from point 5, red triangle is ac-

quired from point 25 and green triangle is taken from point 45 in Fig. 3.2(d),

respectively). The resulting dI/dV curves are shown in Fig. 3.2(d) as a 2D

map. Each vertical line is a dI/dV curve plotted between -0.5 V and 0.5 V,

with the magnitude of dI/dV expressed using a colour scale, where warmer

colours indicate a larger value. Spectra were measured every 3 Å along the

blue line in Fig. 3.2(b). The dI/dV spectrum at point number 25 was per-

formed on the central step (Fig. 3.2(b)). A suppression of the LDOS near

the Fermi level (in the range of -0.01 V to -0.25 V) is observed at this double

bilayer step edge. The similarity between points 5 and 45, obtained on each

terrace highlights the uniformity of the terraces and the stability of the STS

measurements. The 2D map shows the evolution of the edge state in space;

the width of the blue region, corresponding to lower DOS, reduces as one

moves away from the step. At points 5 and 45 (blue and green spectra in

Fig. 3.2(c) the step is clearly not influencing the electronic characteristics.

3.1.4 Results: Surface of Bi(111) After Argon Bom-

bardment

2D defects were introduced to the surface via argon sputtering and the influ-

ence on the surface periodicity was examined by LEED. The changes to the

electronic structure in the surface region were monitored by UPS measure-

ments during the sputtering process. An argon ion beam energy of 2 keV was

used at an incidence angle of 55◦ (emission current, I = 20µA). Bismuth

samples were bombarded at 300 K and 110 K for 10 and 12 minutes, respec-

tively. With regards to the sputtering parameters, sample size and design of
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the chamber, the approximate flux, fluence and dosage are 3×1011 (ions/cm2

s), 2× 109 (ions/s) and 1.8× 1015 (ions/cm2), respectively.

LEED images taken before and after (Fig. 3.3(a) and (b), respectively)

Ar+ sputtering for 10 minutes at 300 K indicate that the surface remains

ordered after sputtering. Evidently, the surface of the Bi crystal recrys-

tallises following the disorder induced by Ar+ sputtering. In an effort to

prevent the recrystallisation process, the experiment was repeated at 110 K.

By cooling the crystal it was aimed to retain the amorphous structure of the

surface, as has been demonstrated in the case of Sb(111) [143]. In that work,

Chekmazov et al. did not observe a LEED pattern after Ar+ bombardment

at low temperature (110 K), however a diffraction pattern appeared as the

temperature was increased to 300 K. The presence of a LEED pattern fol-

lowing Ar+ sputtering for 12 minutes at 110 K indicates that the surface,

once again, possesses sufficient energy to regain crystallinity. Sputtering at

temperatures below 110 K, which have not been explored in this study, may

be required to retain the amorphous state. The terminating bismuth layer

can be amorphous or the lattice can be distorted, which can change the elec-

tronic structure of Bi(111) [144]. However, taking into account the mean free

path of electrons incident to Bi and the energy range employed, the LEED

pattern is predominantly formed from a depth of approximately 5 Å [145].

Spot profile analysis of the LEED pattern before and after Ar+ treatments

was performed [145]. This procedure involved analysis of LEED images which

were taken at the same settings. Since 2 LEED systems were employed at

different temperatures, LEED images before and after Ar+ bombardment

could be compared separately at room temperature and at low temperature.

Figure 3.4 demonstrates spot profiles before and after Ar+ etching at room

and low (110K) temperatures. In case of the room temperature measurement

(see Figure 3.4(a) and (b)) it can be seen that there is very small deviation

between spots (black:before and red:after treatment).

In case of the low temperature LEED measurement (see Figure 3.4(c)

and (d)) the spot intensity slightly decreased after Ar+ etching (black:before

and red:after treatment). It should be noted that in this particular LEED

system a cylindrical sample holder, which can be rotated, is used. That is

why intensity of the brightest spot was measured. The Bi single crystal was

glued exactly in the centre of this sample holder.
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Figure 3.3: LEED and UPS spectra of the Bi(111) surface fol-
lowing Ar+ etching. (a) LEED pattern was obtained from the cleaved
surface of Bi(111) at room temperature at Ep =57 eV. (b) LEED after
10 mins of sputtering at room temperature and at Ep=57eV (E = 2 keV,
PAr =5× 10−5 mbar and I=20 µA). (c) LEED of the cleaved crystal at
110 K and at E=95eV. (d) LEED of the surface sputtered at 110 K for 12
mins (E = 2 keV, PAr =5× 10−5 mbar and I=20 µA). LEED in (c) and (d)
obtained in conjunction with UPS measurements. (e) UPS measurements
were performed at 110 K before and after different durations of Ar+ sputter-
ing (E = 2 keV, PAr =5× 10−5 mbar and I=20µA). The black UPS spectra
corresponds to the UHV cleaved Bi(111) prior to Ar+ sputtering. Ar+ sput-
tering was conducted at 110 K for 2 mins (red), 7 mins (green), and 12 mins
(blue).

UPS measurements indicate that the DOS near the Fermi level increases

as the surface is bombarded. UPS measurements were preformed before

sputtering and after 2, 7 and 12 minutes of sputtering at 110 K. The corre-

sponding spectra are presented in Fig. 3.3(e). It is apparent that the intensity

of the UPS spectra near the Fermi level increases, approximately by a fac-

tor of 3, following 2 minutes of Ar+ etching. Thus, following sputtering the

surface exhibits more pronounced metallic properties. Further sputtering of

the surface did not result in a remarkable increase in the UPS spectrum near

the Fermi level. This observation is in contrast with the study of Sb(111)

[143], which demonstrated that the feature near the Fermi level edge becomes

more pronounced with increasing etching duration, corresponding to a more

defective surface. In the case of Bi(111), one can conclude that 2 minutes is

sufficient to saturate the surface with defects and that this saturation limit
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Figure 3.4: Spot profiles of the LEED measurements before and after
Ar+ bombardment. (a) LEED pattern was obtained from the cleaved
surface of Bi(111) at room temperature at Ep =57 eV. (b) LEED after
10 mins of sputtering at room temperature and at Ep=57eV (E = 2 keV,
PAr =5× 10−5 mbar and I=20 µA). (c) LEED of the cleaved crystal at
110 K and at E=95eV. (d) LEED of the surface sputtered at 110 K for
12 mins (E = 2 keV, PAr =5× 10−5 mbar and I=20µA). Line profiles are
black:before and red:after treatment

is related to the recrystallisation process. In order to see a gradual shift of

the Fermi edge for Bi, the sputtering conditions (time, ion energy or flux)

would need to be decreased.

STM measurements were performed following Ar+ sputtering at 300 K.

Fig. 3.5(a) depicts a large scale STM image (1000× 1000 nm2, V=1.5 V, I=73

pA), which demonstrates the change in topography of the Bi(111) surface in

comparison to the cleaved surface presented in Fig. 3.1(a). While the sur-

face structure initially appears disordered, closer inspection reveals order

on a smaller scale. This observation is verified by LEED measurements

(Fig. 3.3(b)). Fig. 3.5(b) depicts a subsection of Fig. 3.5(a) (200× 200 nm2

and V=1.5 V, I=70 pA) which displays pseudo hexagonal structures (nanois-

lands) with preferential edges (indicated with dashed, blue lines) correspond-

ing to the 3-fold symmetry of Bi(111). Drozdov et al. [31] has shown that

hexagonal “pits” in Bi(111) exhibit alternating step edge types, A and B.
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Figure 3.5: STM images after Ar+ sputtering. Ar+ sputtering was
performed at room temperature with ion beam energy of 2 keV and partial
pressure PAr =5× 10−5 mbar for 10 mins. Scale and the scanning parameters
for (a) (1000× 1000 nm2 and V=1.5 V, I=73 pA), for (b) (200× 200 nm2

and V=1.5 V, I=70 pA), and for (c) (20× 20 nm2 and V=1.5 V, I=70 pA).
(d) and (e) are line profiles in image (c) which demonstrate a step height
of the Bi monolayer of around ∼1.35Å and ∼1.75Å.

Bi(111) islands are geometrically identical and demonstrate the same alter-

nating step edge types. Sputtering results in a significant increase in the

number of type A and type B edges at the surface.

The STM image (20× 20 nm2 and V = 1.5 V, I = 70 pA) presented in

Fig. 3.5(c) displays a close up of these structures. Issues with tip stabil-

ity, as a result of scanning this rough sputtered surface, limited the quality

of STS measurements, and hence, STS measurements are not presented. The

line profile across a step edge of the nanoisland shown in Fig. 3.5(d) and (e)
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demonstrates step heights of approximately 1.35 Å and 1.75 Å closely corre-

sponding to the monolayer step height of 1.6 Å [32, 57, 146, 147].

Further analysis of the step heights was conducted and the resulting his-

togram is displayed in Fig. 3.6(a). The histogram shows the number of points

(from Fig. 3.6(b)) as a function of the tip-surface distance, relative to the

highest terrace on the surface. In order to determine the step heights each

peak is deconvoluted and the distance between peaks measured. Two dis-

tinct step heights are apparent, 4 Å and 2.7 Å. The 4 Å step corresponds

to a bilayer of Bi(111) while the value of 2.7 Å is assigned to a monolayer

of Bi(111). The theoretical atomic lattice spacing between single Bi(111)

layers are 1.6 Å and 2.4 Å [57] depending on the bond type, covalent or van

der Waals. Surface relaxation of the monolayer atoms and a distinct LDOS,

demonstrated in the next section, affect the STM tip-surface distance and

thus the measured values differ slightly to that of theory (the geometric

spacing). The smaller step height difference of 1.6 Å is not seen in this his-

togram, however step heights of 1.35 Å and 1.75 Å are observed in Fig. 3.5(c)

and may correspond to this step. The peaks corresponding to these 1.35 Å

and 1.75 Å steps might be masked by the other larger peaks. The small

separation between this peak and the common bilayer peaks makes deconvo-

lution challenging. The height profiles indicate the presence of an additional

step feature, with step height values close to that of the theoretical lattice

spacing for a monolayer of Bi(111) [57, 58].

Considering that the energy of Ar+ ions is on the order of 103 eV and

that the binding energy (either covalent or van der Waals) is of the order

of 1 eV, the probability of an ion breaking covalent or van der Waals bonds

is approximately equal. This may then explain the presence of the mono-

layer structures on the surface. Sun et al. [148] demonstrated that covalent

bonds on Bi(100) break following bombardment with Ar+ with an energy of

300 eV. The presence of ordered structures following argon sputtering leads

to the conclusion that two opposing processes are involved in their formation:

amorphisation and recrystallisation of the surface. The sputtering process

destroys the surface order, and the concurrent recrystallisation is likely due

to the diffusion of atoms on the surface. If so, it is a thermally activated

process with a very low activation energy. At 110 K, the diffusion process

results in the partial recrystallisation of the surface and the presence of nor-
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Figure 3.6: Histogram of step heights following Ar+ sputtering. (a)
Deconvoluted step heights of the sputtered surface shown in (b), step heights
corresponding to monolayer steps (≈ 2.7Å) are indicated by red arrows. (b)
STM image after Ar+ sputtering at room temperature with partial pressure
PAr =5× 10−5 mbar for 10 mins. Scale and scanning parameters of the image
are 50× 50 nm2 and V=1.5 V, I=80 pA.

mally energetically unfavourable but stable in UHV monolayer steps. The

increased density of bilayer steps will not increase the Fermi level character;

STS measurements in Fig. 3.2 show the bilayer step has a lower DOS around

the Fermi level with respect to the terrace.

The present findings indicate that argon sputtering produces 2D defects

(monolayer steps and nano-islands), increasing the DOS near the Fermi level

as indicated by UPS measurements in Fig. 3.3(e). Similar to the case of

Sb(111) [143], the formation of monolayer steps is a result of a local violation

to the conditions for Peierls transition. The Peierls transition is an out

of plane distortion to the periodic lattice of Bi(111) which results in the

formation of a layered structure with alternating covalent and van der Waals

bonds. These bonds are energetically favourable in comparison to the simple

cubic structure. Local breaking of these bonds results in an energetically

unfavourable monolayer structure at the surface. This process leads to a

change in the spectrum of electronic states: the proportion of monolayers

(with higher DOS) will increase, which may lead to the evolution in the UPS

spectra near the Fermi level in Fig. 3.3(e).
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Figure 3.7: Survey and zoomed XPS scans of sputtered surface. Sur-
vey and zoomed XPS scans of the Carbon 1s, Oxygen 1s and Argon 2p regions
after Ar+ ion sputtering, which indicates no signature of the contamination
and Argon on the surface.

Recently, the breaking of covalent bonds of a layered material was ob-

served in a GeTe(111) crystal [149]. Like Bi, along the [111] direction GeTe

has alternating short strong bonds (covalent) and long weaker bonds (van der

Waals) [84]. In the study of GeTe(111) crystal, it has been shown that the Ge

termination, which corresponds to covalent bonds, results from cleaving. In

this work, surface vacancies, which may originate from Ar+ sputtering may

also play a role in increasing in the Fermi density at the surface. Calculations

by M.P.K. Sahoo et al. indicate an increase the Fermi density of the atoms

which surround the vacancy due to dangling bonds[45]. Any contribution

which may arise from surface vacancies is not believed to significantly con-

tribute to the Fermi density. LEED images after Ar+ sputtering indicative

of Bi(111)-imply vacancies are at low concentration if present, whereas the

histogram shows a significant number of monolayer features on the surface.
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It should be noted that the crystal was not moved during cycles of Ar+

sputtering and UPS measurements. Furthermore, the work function of the

material does not change following ion etching. Figure 3.7 is the XPS spec-

trum obtained after Ar+ sputtering. From the Carbon 1s, Oxygen 1s and

Argon 2p regions it is clear that no contamination is present on the sur-

face. This XPS analysis could exclude a possibility of surface contamination.

Also, taking into account relatively low sputtering energy (2keV) and ab-

sence of the Argon in the XPS spectrum, it can be concluded that no Ar+

ion implantation was induced by Ar+ sputtering [150–152].

3.1.5 Results: Density functional Theory Calculations

of Step Structures

DFT calculations were performed in order to further investigate the struc-

tural and electronic properties of Bi(111) terrace types (monolayer & bilayer)

and step edges (type A & type B). The calculations help elucidate the exper-

imental measurements, which suggest that the monolayer terraces exhibit a

higher DOS near the Fermi level leading to more pronounced metallic prop-

erties.

The electronic and structural properties of a slab that includes a bilayer

step was first investigated. The slab was composed of 5 complete bilayers

with an additional partial bilayer at the surface, resulting in a terrace edge.

Each layer of the 5 complete bilayers is comprised of 21 atoms which run

in the Bi[1̄10] direction. The number of atoms in the partial bilayer was

varied in order to determine the sufficiently large terrace width. Slabs were

allowed to fully relax and the difference in the bond lengths between the

central atoms of the partial bilayers were compared. The average difference in

bond length between steps that have 7 and 17 atoms in the Bi[1̄10] direction

was approximately 0.5%. Here, 7 and 17 atoms comprise the top half of

the bilayer, while the bottom half is comprised of 8 and 18 atoms in the

Bi[1̄10] direction. The bilayer step with 7 atoms in the Bi[1̄10] direction

was the minimum step width used in simulations. A slab with a bilayer

terrace terminated by type A and type B step edges was fully relaxed (see

Fig. 3.8(b)).
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Figure 3.8: Simulated Fermi density (LDOS at Fermi level) of mono-
layer and bilayer steps on Bi(111) (a) Fermi density of surface atoms
from bilayer (Blue) and monolayer (Red) step structures ((b) and (c) respec-
tively), calculated using Löwdin population analysis [153]. The line for the
monolayer section of the monolayer step structure is solid, while the remain-
ing bilayer component is broken. (b) Atomic positions in the surface region
for a bilayer step exhibiting a type A and type B step edge. The colour
of each filled circle indicates the magnitude of Fermi density. (c) Atomic
positions in surface region for a monolayer step structure. The colour of
each filled circle indicates the magnitude of Fermi density. The 9 simulated
atomically-thin layers under the surfaces shown in (b), (c) are not depicted.
In (a) note the large Fermi density of the A type step and the monolayer, in
comparison with the bilayer and B type step, which more normally dominate
the cleaved surface.

The Fermi density (LDOS at the Fermi level) was calculated using Löwdin

population analysis [153] based on pseudo-atomic orbitals. The location of

the circles in Fig. 3.8(b) indicate the atomic positions of the surface region of

the system in the Bi[1̄10] and Bi[111] direction, while the colour of the cir-

cles indicates the magnitude of the (Kohn-Sham system) Fermi density. The

blue line in Fig. 3.8(a) indicates the Fermi density of the surface atoms as a

function of atomic position in the Bi[1̄10] direction. The Fermi density is ap-

proximately the same for each atom on the surface, reducing near the type B

step edge and increasing significantly at the type A step edge. The STS data

presented in Fig. 3.2(c) also exhibits a lower DOS near the Fermi level for the

bilayer step edge compared to the terrace. A terrace terminated by two type

B step edges was found to be energetically favourable (∼0.21 meV/atom)

relative to type A and type B terraces depicted in Fig. 3.8(b).
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Figure 3.9: Integrated plots of LDOS. (a) Integrated LDOS plot from
the Fermi level to -1 (eV). (b) Integrated LDOS plot from the Fermi level
to +1 (eV).

Fig. 3.8(c) displays the atomic positions of the surface region of a mono-

layer step structure following relaxation. This structure is achieved by adding

a bilayer that is incomplete and asymmetric: the top (terminating) atomic

layer of the bilayer contains 7 atoms while the underlying atomic layer con-

tains 17 atoms in the Bi[1̄10] direction. For comparison, the 9 complete layers

beneath the surface contain 21 atoms each. The colour of the filled circles

once again represents the magnitude of the Fermi density. The solid red

line in Fig. 3.8(a) indicates the Fermi density of the monolayer step portion

of this structure, while the broken red line indicates the remaining portion,

consisting of a bilayer step and terrace. The increase in the Fermi density

in the region of the monolayer step by a factor of 2-3 may be noted, with

the largest increase occurring at the monolayer step edges. The atoms in

this section of the layer and the atoms from the layer beneath have relaxed

towards one another and, as such, the spacing closely resembles that of cova-

lent bonds rather than the van der Waals. The change in spacing extends to

neighbouring atoms and results in a small deviation in the Fermi density as

compared to the conventional bilayer atoms. In Figure 3.9, integrated LDOS

plots of the surface region atoms of the monolayer terrace structure from the

Fermi level to ±1 eV is presented.

Fig. 3.10(a) displays the atom-averaged DOS within a ±2 eV window

centred on the Fermi level for the three central surface atoms (shown in

Fig. 3.8(b) and (c)) of the bilayer and monolayer steps. Two distinct DOS

curves are evident, with the monolayer step (orange) having a larger DOS

in the vicinity of the Fermi level, importantly between 0 eV and -0.6 eV, in

agreement with the differences observed by UPS. Fig. 3.10(b) displays the

LDOS in a ±2 eV window centred on the Fermi level for the step edge atoms

(indicated in Fig. 3.8(b) and (c)) of each step type. The monolayer edge
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Figure 3.10: Simulated LDOS of atoms from monolayer and bilayer
terraces of Bi(111) (a) Average LDOS of the central 3 atoms from the
bilayer step of Fig. 3.8 (b) and the 3 central atoms of the monolayer step in
Fig. 3.8 (c). LDOS of the pristine surface of a 60 layer Bi(111) slab is also
presented. (b) LDOS of the bilayer type B and monolayer step edge atoms
indicated in Fig. 3.8 (b) and (c).

atom (orange) has a larger DOS near the the Fermi level. The LDOS of the

pristine surface (green) is included for comparison.

Figure 3.11 represents dI/dV curves corresponding to the experimental

bilayer terraces and calculated LDOS of the monolayer and bilayer terraces.

Issues with tip stability, as a result of scanning a rough sputtered surface,

limited the quality of STS measurements, and hence, no dI/dV experimental

results are presented for the monolayer. DFT calculations for the electron

density at a distance of 3 Å from the surface termination for both bilayer

and monolayer steps have been performed. The bilayer calculation shows a

good agreement with the corresponding STS data in the vicinity of the Fermi

level with the minima shifted to the right of the Fermi level. The monolayer

is calculated to have a larger LDOS in the vicinity of the Fermi level.

The DFT simulations suggest the type A bilayer step and monolayer

terraces can increase the Fermi density in comparison to the bilayer terrace

and type B bilayer step. This indicates that these 2D defects can increase

the Fermi density of the sputtered surface, as is observed in experiment. It

should be noted that these results were published here [154].
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Figure 3.11: Calculated and experimental LDOS. LDOS calculations
for both bilayer and monolayer terraces were performed at a distance of 3 Å

3.1.6 Conclusions

The nature of the physical and electronic structure of monolayer and bilayers

Bi(111) steps and their corresponding step edges were thoroughly investi-

gated. Clean, atomically flat Bi(111) undergoes partial surface recrystallisa-

tion following Ar+ bombardment. This process occurs at temperatures as low

as 110 K. One would assume that Ar+ sputtering destroys the surface order,

resulting in an amorphous state, however, simultaneous diffusion remark-

ably results in recrystallisation and consequently, nanostructures exhibiting

monolayer steps. These structures were observed using STM measurements.

LEED diffraction patterns, which were measured before and after ion bom-

bardment, also indicate that the surface retains an ordered nature.

UPS measurements, taken at intervals during Ar+ bombardment, indi-

cated an increase in the number of electronic states near the Fermi level

following bombardment. This increase in the DOS is understood to origi-

nate from two sources. Firstly, the local breaking of the Peierls transition,

which results in the presence of energetically unfavourable monolayer steps

contributes. DFT calculations predict the monolayer terraces exhibit a sig-

nificantly larger DOS near the Fermi level than bilayer terraces. Secondly,
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the presence of hexagonal nanoislands on the surface increases the number

of bilayer type A and type B step edges. DFT calculations predict the type

A edges to exhibit a Fermi density even larger than that of the monolayer

terraces. Conversely, type B edges exhibit a Fermi density smaller than that

of the bilayer terraces. This indicates that the increase in the DOS observed

by UPS is due to the increased presence of the monolayers and type A step

edges. The Kohn-Sham density of states is qualitatively consistent with the

zero-frequency limit of UPS, indicating that the Fermi density is boosted

by a factor of 3 near the defective regions as a result of the breaking of the

Peierls transition. The increased Fermi density at the surface observed in the

monolayers is reminiscent to that of topological insulators, which see use in

thermoelectrics and have been touted for future applications in spintronics

with topological quantum computation [155, 156]. It should be noted that

these results were published here [154].
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3.2 Scanning Tunneling Microscopy & Spec-

troscopy of GeTe(111)

3.2.1 Introduction

GeTe has been known for a long time as a narrow gap semiconductor and

thermoelectric material [72, 73]. One of its unique properties is that it ex-

hibits a reversible transition between crystalline and amorphous states which

is also important for applications in non-volatile phase-change random ac-

cess memories (PCRAMs) [74]. Recently, rhombohedral germanium telluride

(α-GeTe) in single crystalline form has attracted a lot of attention as an

intriguing material belonging to the class of ferroelectric Rashba semicon-

ductors [71, 75, 76]. In fact, α-GeTe is one of the few known binary ferro-

electric semiconductors with a narrow band gap. The unique combination of

p-metallicity and ferroelectricity enables large spin-orbit splitting driven by

an internal electric field through the Rashba effect [76, 77]. Indeed, a giant

Rashba-type spin splitting of electronic states in GeTe was observed by spin-

and angle-resolved photoemission (spin-ARPES) [76–78], and it was shown

that the spin polarization can be switched by applying an external voltage.

The relationship between the circulation of electron spins at the Fermi surface

and the direction of the ferroelectric polarization was further investigated by

spin-ARPES, and ferroelectric order in single domains of few nanometers in

size was observed by transmission electron microscopy (TEM) [79]. Conse-

quently, GeTe is being considered as a unique platform for programmable

spintronic devices with full-electrical switching.

In ferroelectrics, however, the switching process includes moving of do-

main walls [80, 81]. At the nanoscale, α-GeTe exhibits a domain structure

which can be different depending on the twinning plane. The most common

structure is the so-called herringbone structure of hierarchical morphology

[82]. In such a multidomain structure, polarization reversal may involve inter-

mediate steps, which lead to a deterioration of ferroelectric effects. Equally

important, the atomic structure of domain boundaries, which can strongly in-

fluence the domain wall mobility, has not yet been studied precisely. Since the

mechanism of ferroelectric repolarization is closely related to the properties

of the domain structure, and the switching processes are highly influenced
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by the atomic structure of domain walls, engineering and manufacturing

efficient GeTe-based spintronic devices requires deep understanding of the

domain structure.

GeTe along the [111] direction has short stronger bonds, which correspond

to covalent bonds, and long weaker bonds which correspond to van der Waals

[84]. The cleavage plane for GeTe is exactly (111) and follows along longer

Ge-Te distances. Mono-domain single crystals of α-GeTe only exist in a

scale of tens of nanometers due to the domain structure. To obtain flat

surfaces, the structure should include solely inversion domains parallel to

each other which is not typical for GeTe. Generally, the domain structure

can be controlled by deviation from stoichiometry and by heat treatment in

the temperature range of the cubic-to-rhombohedral phase transition.

In this section, the influence of the domain structure of GeTe single crys-

tals with parallel inversion domains on the atomic and electronic structure

of the (111) surface is investigated. The crystal was cleaved in UHV and

characterized using STM. It is shown that in the case of inversion domains

there are two type of boundaries: flat Te-Te boundaries of the van der Waals

(vdW) type and non-planar boundaries of more complex structure including

a corrugated Ge layer. The natural cleavage plane proceeds not only between

Te-Te layers but also though domains of different polarity, resulting in sur-

face domains of both Te and Ge terminations in the ratio of 68/32. Both

terminations reveal no reconstruction. Finally, the surface domains of differ-

ent termination could be a platform for the development of multifunctional

spintronic devices, where the electrical reconfiguration of the information en-

coded by the electron spin could be exploited, for instance, in non-volatile

ultrahigh density data storage applications. Moreover, two types of point

defects were resolved by STM and its reveals the influence on the electronic

properties, i.e., LDoS.

3.2.2 Results: Surface Structure of the GeTe(111)

The planar configuration of the inversion domains enables a large quasi-flat

cleavage plane corresponding to the [111] direction. The lateral dimensions

of surface domains are in the range of tens to hundreds of nanometers as

can be seen from the STM (see Figure 3.12 (a) and Figure 3.14 (a)). The

typical lateral size of individual GeTe(111) domains is in the range of 30-150
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Figure 3.12: Steps at GeTe (111) of the cleaved surface: (a) Large
STM image of the cleaved surface in UHV. (b) and (c) atomic steps revealed
by STM. (d) and (e) corresponding height profiles along the white dashed
lines shown in (b) and (c). The STM images were measured at V = -3.0 V
and I = 40 pA (a), V = 2.5 V and I = 25 pA (b), and V = 2.2 V and I =
45 pA (c).

nm, although smaller and larger domains are also present. Within flat areas,

atomic steps with a height corresponding to a Ge-Te bilayer (∼0.4 nm) or 2

bilayers are commonly observed. Examples are given in Figure 3.12 (a)(b).

In very rare cases, true atomic (monolayer) steps of about 0.17 - 0.20 nm can

be distinguished in Figure 3.12 (c). These monolayer steps likely correspond

to the cleavage plane proceeds through the breaking of covalent bonds.

More insight into the atomic structure of the surface domains is provided

in Figure 3.13. Both LEED (Figure 3.13(a)) and STM measurements (Fig-

ure 3.13(b) and (c)) demonstrate six-fold symmetry with an atomic spacing

corresponding to the Ge-Ge (or Te-Te) distance in the layer (Figure 3.13(b))

or a honeycomb pattern (Figure 3.13(c)). The latter is recorded on the same

surface domain and fits well to the joint atomic motif of the topmost sur-

face atomic layer and the next underlying atomic layer. The appearance of

two different patterns depends not only on the bias voltage but also on the

tip-to-surface distance, tunnelling gap resistance and tip state. It should be

mentioned that atomic resolution was obtained exclusively at relatively low

tip-to-surface distances, and therefore, the influence of the tip state is rather

high. In fact, the two different patterns measured from the same surface

area can be explained by strong tip-to-surface interaction at very small tun-

neling gaps, which leads to the modification of the surface atom electronic

structure and to substantial relaxations of the surface atoms during scanning
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Figure 3.13: Atomic structure of the GeTe (111) surface: (a) LEED
pattern measured at E=147 eV; (b, c) STM images obtained at approxi-
mately the same tunneling gap resistance but different tip states. The STM
images were measured at V = 0.5 V and I = 40 pA (b) and V = 0.45 V
and I = 30 pA (c). The images are shown with the GeTe lattice overlaid.
Grey and red circles show the positions of Te and Ge atoms in the top bilayer
(based on the bulk structure).

[157]. Different relaxations of Ge and Te atoms interacting with the W[001]

tip apex atom enable this situation where both sublattices of the GeTe(111)

surface bilayer are visualized by STM. All in all, both LEED and STM clearly

evidence the (1×1) ordering and the absence of a structural reconstruction

as predicted theoretically by DFT modelling [158].

Apart from steps two types of atomic scale defects were observed. The

suggestion of two different terminations is supported by experimental obser-

vations, illustrated by Figure 3.14(b) and Figure 3.14(c). The STM images

were measured in different locations indicated by dashed squares B and C

in Figure 3.14(a). Figure 3.14(b) shows two types of atomic scale defects

namely, (i) dark depressions with three-fold symmetry which are resolved

better when measured at large bias voltages and (ii) bright protrusions which

were resolved in the entire range of the bias voltages used in the STM ex-

periments. Stable scanning can be achieved at bias voltage between ± 0.5

and ± 3 V, while the use of lower bias voltages led to the tip crashing. The

concentrations of bright and dark defects are similar in Figure 3.14(b). The

averaged defect density is about 2-3 108 cm−2 in these specific locations. At

the same time, in some surface areas the concentration of dark depressions

substantially exceeded that of bright protrusions. STM measured in one

such area is shown in Figure 3.14(c). In this 40×40 nm2 STM image only

three-fold symmetrical dark defects can be observed. Images similar to those
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Figure 3.14: Large area STM images of GeTe(111) surface. Squares B
and C on panel (a) indicate the surface areas shown with higher resolution
in panels (b) and (c) respectively.

shown in Figure 3.14(b) and Figure 3.14(c) were reproducibly resolved for

different GeTe(111) surface areas.

Figure 3.15 presents STM images of the same surface area measured at

different tunneling parameters and/or tip states. Dark nanometer-sized de-

pressions are clearly seen in the STM image measured at the largest bias

voltage applied (2.0 V, Figure 3.15(a)). At the same time, dark triangular

features are hardly resolved at a bias voltage of 0.8 V (Figure 3.15(b)). How-

ever, the most interesting change of the STM contrast occurred at the end

(top) of scanning the image shown in Figure 3.15(b) (all images in Figure 3.15

were scanned from bottom to top). While depressions are still discernible in

Figure 3.15(b), a single bright protrusion located in the top right corner in

Figure 3.15(a) is not resolved anymore. At the same time, one can see an en-

hancement of the atomic resolution contrast in the top lines of Figure 3.15(b).

This observation can be explained as follows; The bright protrusion observed

in the top corner of Figure 3.15(a) can be related to an adatom on the surface.

This adatom was caught by the tip during scanning that led to the disap-

pearance of this feature in the top part of Figure 3.15(b) and a change of the

topographic contrast. The STM image measured with this contaminated tip

from the same surface area at similar tunneling parameters (bias and current)

afterwards revealed regular hexagonal lattice and absence of defects of any

types (Figure 3.15(c)). Therefore, it might be suggested that bright defects

on STM images are related to adatoms on the surface, while dark depressions

are related to subsurface defects in the GeTe lattice. In this case, the surface

areas with a large number of bright protrusions can be related to more chem-
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Figure 3.15: STM images of GeTe(111) surface at different tunneling
parameters. (a-c) STM images of the same GeTe(111) surface area mea-
sured at different tunneling parameters and tip state. The contrast on dark
depressions with three-fold symmetry is substantially reduced with decreas-
ing bias voltage. The STM image shown in panel (c) was measured after the
tip modification related to the catching of an adsorbate atom, resolved as a
bright protrusion in the top right corner of panel (a). The image shows an
ideal, defect-free hexagonal lattice without any depressions, suggesting that
dark depressions in the STM images of the GeTe surface are most probably
related to defects in the subsurface layers.

ically reactive atomic termination (see Figure 3.14(b)), while surface areas

demonstrating mostly triangular-shaped depressions can be related to less

reactive termination of GeTe(111) surface (see Figure 3.14(c)).

The absence of multi-tip effects is strongly supported by (i) the well re-

solved single and multiatomic steps in surface areas with high roughness (e.g.,

Figure 3.12(d) and (e)) and (ii) the well resolved surface and subsurface de-

fects (e.g., see images in Figure 3.14(b) and Figure 3.14(c) demonstrating sin-

gular depressions and protrusions without evidence of multi-tip effects). The

transformation of a particular surface area from an atomic-scale hexagonal to

honeycomb pattern was observed when the STM tunneling gap resistance was

changed (see Figure 3.13). This effect was observed on numerous occasions

in different surface areas and is not related to a double tip. These STM ex-

periments clearly demonstrate the reduction of the tunneling gap resistance

with unchanged tip state led to a transition from hexagonal to a honeycomb

pattern in the atomically resolved STM images of GeTe(111). This effect is

similar to imaging one of two carbon atoms in the honeycomb surface lattice

of graphite and can be related to (i) strong surface atom relaxations at small

tunneling gaps and (ii) substantial modification of the electronic structure of
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Figure 3.16: Point spectroscopy of defect-free and defect sites in
GeTe. (a) STM image of defects on/in GeTe(111), which was recorded
with scanning parameters V = 2.3 V and I = 25 pA. (b) Associated dI/dV
point spectra on (red) and adjacent to (blue) the defect, respectively.

the surface atom interacting with the tip atom at very small distances [157].

It should be noted that these STM results were published here [149].

3.2.3 STS of Defect-Free GeTe Surface and Point De-

fect

To understand the electronic nature of the observed point defect, STS was

utilised to investigate both pristine GeTe(111) and defect site. The STM/STS

investigation of the point defect reveals its influence on the electronic prop-

erties, i.e., LDoS.

Point STS acquired from the defect is presented in Figure 3.16. Fig-

ure 3.16(a) STM shows an image of the defects on/in GeTe(111). The blue

(point 1) and red (point 2) stars in Figure 3.16 (a) mark points on the

defect-free terrace and the defect on/in GeTe(111), respectively. The point

spectrum was averaged over 10 individual I(V)-curves. The CCM scanning

parameters to move the tip between points were V=2.3 (V) and I=25 (pA).

Variation in the tunneling current at different voltages is due to differences

in the electronic structure. The voltage was swept between +2 V and -2 V.

Figure 3.16(b) displays the comparative dI/dV (numerical derivative of I(V))

spectra of the two marked points. The red and blue plots are the spectra

taken on the defect and on the adjacent non defective surface, respectively.
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It should be noted that the defect has a slightly higher LDoS compared to

the pristine surface of GeTe(111).

3.2.4 Conclusion

In this section, an STM investigation of the atomic and electronic properties

of a GeTe(111) bulk single crystal was performed. Two types of domain

boundaries were observed, one of them being similar in structure to the

van-der-Waals gap in layered materials. The configuration of the inversion

domains enables a cleavage plane along the [111] direction which proceeds

through domains of different polarity, resulting in surface domains of both

Te and Ge terminations. This structure is responsible for the formation

of surface domains with preferential Te termination (∼68%). Using STM,

breaking of the covalent bonds (Ge termination) was observed. The lateral

dimensions of the surface domains are in the range of ∼10-100 nm, and

both Ge and Te terminations reveal no reconstruction determined by STM

and LEED. Additionally, two types of point defects were resolved by STM.

These findings are important in the context of potential applications of GeTe

in non-volatile spintronic devices with novel functionalities at the nanoscale.

It should be noted that these results were published here [149].
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4.1 Introduction of Pt Based Transition Metal

Dichalcogenides

The investigation of new 2D materials has been of increasing interest since

the discovery of graphene [2] with many reports focusing on their interest-

ing and unique properties, which are of great interest for both fundamental

research [7, 8] and applications [9–12]. 2D materials evidently have the po-

tential to revolutionise the fields of electronics, energy and catalysis [87].

Critically, their exceptional properties are often not apparent in the bulk

forms of the base materials. As such, methods that can produce 2D materi-

als with controllable well-defined qualities and dimensions are essential. The

morphologies of 2D materials are highly dependent on the synthesis process

and conditions. High quality materials can be obtained by MBE but this

method is not generally regarded as being scalable. Mechanical exfoliation

of bulk crystals and CVD are established routes for the synthesis of large-

area uniform thickness sheets. However, alternative approaches such as liquid

phase exfoliation (LPE) and TAC can be expedient, due their simplicity and

57
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high yield. Furthermore, the polycrystalline films produced by these meth-

ods can be highly advantageous for applications that rely on edge sites, such

as catalysis.

Due to the absence of a natural bandgap in graphene, research atten-

tion has turned towards 2D materials with a bandgap, particularly those

which are stable in ambient conditions. TMDs [13–15] are a family of 2D

materials that can be of semiconducting character with a layer-dependent

bandgap [16, 17]. The chemical formula for TMDs is generally expressed

as MX2, where M is a transition metal and X is a chalcogen (S, Se or Te).

Each discrete layer of a TMD typically consists of a hexagonal layer of the

M atoms which are between two hexagonal layers of the X atoms. The lay-

ered structure of the crystals stems from van der Waals interactions between

adjacent TMD layers. TMDs can have a variety of electronic properties,

such as metallic, semiconducting, and superconducting, depending on their

composition, crystal structure and thickness [16, 89].

The properties of 2D TMDs are often significantly different from their

bulk counterparts and can be fine-tuned for numerous applications [85]. Due

to this versatility, TMDs are poised to play important roles in the fields of

electronics [86], optoelectronics [87], electrochemical sensors [88] and cataly-

sis [6], to name but a few.

As 2D materials move to the forefront of materials science research it

has never been more important to understand the nature of inherent defects

that modify their idealised properties. Due to the dimensional confinement,

defects play a significant role in the electronic and atomic structure of 2D

materials [18]. Indeed, the extraordinary responsiveness of sensors based on

2D materials can be attributed to sensitivity to single defects and adsorbed

molecules [19, 20]. Numerous studies have investigated the presence and

influence of point defects in TMDs [21]. However, for restricted lateral di-

mensions, 1D defects in the form of crystal edges may be the dominant defect

type present. The edges of 2D materials can feature a variety of termina-

tion states including dangling bonds and edge reconstruction. These can

have properties distinct from 2D planes, give rise new phenomena and in-

troduce additional functionalities [22]. It is notable that the manufacture of

flexible, portable electronics and energy-storage devices by low-cost methods

such as direct ink writing of functional materials is reliant on polycrystalline
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materials [23], where edge states will have a significant contribution [24].

Understanding the influence of edges becomes more critical as the thickness

of the crystallites within the films is reduced, as this is typically correlated

with the lateral dimensions [25, 26].

From their initial identification, group-6 TMDs have been the dominant

2D semiconducting materials of choice. However, more recently group-10

TMDs, also referred to as NTMDs, with distinct properties have come to

prominence due to their suitability for future nanoelectronics. The NTMDs

(e.g. PtS2, PdS2) distinguish themselves from their highly studied group-6

counterparts (e.g. MoS2, MoSe2) by their natural 1T phase rather than 2H

phase.

Recently, to expand the available selection of 2D materials, there has been

a concerted effort to synthesise and study new candidate materials. Classifi-

cation and characterisation of point defects can allow us to understand their

impact on the electronic properties of the intrinsic materials and assess their

significance with a view to potential applications. Resolving atomic struc-

ture and point defects is a key aspect of STM. STS can be used to acquire

information on the LDOS. 0D defects can exhibit altered minima or a max-

ima of electron density, which can manifest as depressions and protrusions,

respectively, in STM images.

4.2 PtS2: Electronic and Structural Charac-

terisation of Polycrystalline Thin Films.

4.2.1 Introduction

One member of the NTMD group is platinum disulfide (PtS2), of which ultra-

thin films have recently been synthesised [88, 92, 93]. Theoretical and exper-

imental studies have revealed that the size of the bandgap in PtS2 decreases

with increasing film thickness [92–95], going from ∼1.7 eV for monolayer

PtS2 to ∼0.25 eV for the bulk counterpart. Indirect bandgaps were observed

for all layer thicknesses as opposed to MoS2 and WS2 where the monolayer

film possess a direct bandgap [94]. Relative positioning of the valence band

maximum (VBM) and conduction band minimum (CBM) with respect to

the Fermi level indicates that PtS2 is a p-type semiconductor [92–94]. Initial
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investigations of its properties suggest that PtS2 holds promise for use in

diverse applications including photodetectors [96, 97], electrocatalysis [98],

photocatalysis [99], thermoelectric devices [100], nonlinear optics and laser

photonics [101]. It should be noted that while PtS2 is a long-established ma-

terial [102, 103] its synthesis is not trivial. Under typical reaction conditions

for the sulfurisation of Pt, the non-layered material PtS, rather than PtS2,

has been reported as the dominant product [104]. When considering the sul-

furisation of Pt, the reaction parameters must be considered and carefully

tuned to obtain an appreciable yield of PtS2 [103].

TEM is a powerful and widely-used technique for the characterisation of

2D materials. It is capable of atomic resolution and can be used to inves-

tigate the crystal structure, as well as the presence and quantity of defects

[93, 96, 120]. However, direct measurements of the electronic band struc-

ture are not straightforward via TEM. Another limit associated with TEM

is the requirement of additional sample preparation, namely that the ma-

terial to be investigated must first be transferred onto a TEM grid, a po-

tentially destructive process which can introduce contaminants. Moreover,

recent reports have indicated that damage by the TEM electron beam can

be a problematic issue for TMDs [159–161]. On the other hand, STM & STS

are non-destructive techniques, which can be used to map morphology and

probe the electronic structure of samples [21, 149, 162, 163] and, provided a

conductive pathway can be established through the sample, do not require a

transfer process that can damage the materials.

In this section 4.2, the electronic properties and atomic structure of PtS2

films, which were synthesised via thermally assisted conversion (TAC) of pre-

deposited Pt films, were investigated. The PtS2 films were also characterised

by XPS and Raman spectroscopy. STM measurements to investigate the

crystal structure of PtS2 were carried out and the in-plane lattice constant

to be 3.58 ± 0.03 Åwas determined. STS was employed in order to probe

the electronic properties of the PtS2. From STS measurements the electronic

bandgap of a 3.8 nm thick PtS2 crystal, measured at 77 K, was determined

to be around 1.03 eV.
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4.2.2 Experimental Details

PtS2 samples were synthesised through the TAC of pre-deposited Pt films.

A 2 nm thick metal Pt film was deposited by argon-ion sputtering (Gatan

Precision Etching and Coating System (PECS)) onto a conductive pyrolytic

carbon (PyC) film supported on a SiO2/Si substrate [163].

A low-temperature STM from Createc was utilised in this study, details

of the STM/STS measurements are described in chapter 3.

XPS spectra were recorded using a PHI Versa Probe III instrument. Spec-

tra were recorded at a pass energy of 26 eV with a monochromatic Al Kα

(1486.6 eV) source and dual-beam charge neutralisation with charge correc-

tion to the C 1s core-level at 284.8 eV using the CasaXPS software.

Raman spectroscopy was performed with a WITec Alpha 300 R confocal

Raman microscope and a 532 nm excitation energy. Spectra were gathered

by averaging across >10 discrete point spectra with a laser power < 200 µW.

4.2.3 Synthesis and Characterisation of PtS2 Film

The synthesis of the PtS2 films was performed through TAC of pre-deposited

Pt films. It is notable that the synthesis temperatures of Pt-based TMDs by

TAC are much lower than those associated with W or Mo films [17, 90], which

lowers the thermal budget and broadens the potential application space by

enabling growth on diverse substrates. A 2 nm thick metal Pt film was

deposited by argon-ion sputtering onto a PyC film on a SiO2/Si substrate

[163]. The Pt film was annealed for 1 hour at 500 ◦C in a quartz-tube furnace

with a localised high saturation of S vapour and a 150 sccm 10% H2/Ar flow

at 300 mbar (see Figure 4.1 Figure 4.1(a)). This arrangement was based on

the nested configuration described by Xu et al. [120]. An additional local

sulfur charge is placed at the mouth of the inner tube, at the edge of the

primary hot-zone, to increase the S vapour concentration within. Previous

research has shown that at lower pressure, or lower sulfur content, films with

PtS stoichiometry are obtained [104]. This simple method avoids the need

for exotic, expensive or hazardous precursors and is essentially a scalable

process suitable for producing large-area polycrystalline films.

High-resolution XPS, Raman spectroscopy and XRD were utilised to con-

firm the synthesis of PtS2. The characteristic XPS core-levels for PtS2 are
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Figure 4.1: Characterisation of the PtS2 film. (a) Schematic of the
sulfurization process with the nested tube configuration. (b) and (c) Fitted
XPS of PtS2 film demonstrating the Pt 4f and S 2p core levels respectively.
(d) Raman spectrum of a PtS2 film presenting the three Raman-active vibra-
tional modes. These two methods help to confirm the successful synthesis of
PtS2.

the Pt 4f and the S 2p (see Figure 4.1(b) and (c)), both regions show domi-

nant doublet pairs corresponding to PtS2. The Pt 4f 7/2 peak is centred at

73.9 eV while the S 2p 3/2 is at 162.2 eV, consistent with the reported values

for PtS2 [164]. From the fitting, the small shoulder at ∼72 eV is attributed

to a low level of Pt(II) contribution. Comparing the relative peak areas of

the PtS2 components yields a stoichiometry of PtS1.89 [120].

Raman spectroscopy using 532 nm excitation yielded the spectrum shown

in Figure 4.1 (d). PtS2 has three main characteristic Raman modes, all of

which are clearly distinguishable in this spectrum. These are the out-of-

plane E1
g mode at 303 cm−1 and the in-plane modes A2

1g and A1
1g at 343 and

∼334 cm−1, respectively. The small shoulder ∼360 cm−1 is likely due to the

polycrystalline nature of the film or the presence of PtS, as this feature is not

observed for in the Raman spectra of exfoliated PtS2 [93, 100]. Otherwise this

spectrum is consistent with high-purity PtS2 with relatively small grain sizes
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Figure 4.2: XRD of polycrystalline thin-film PtS2 on PyC/SiO2/Si
substrate.

yielding broader Raman peaks when compared to mechanically-exfoliated

PtS2 [93, 100, 120].

As noted earlier, a lack of sulfur during synthesis will result in the syn-

thesis of PtS, but despite evidence of an excess of elemental sulfur, there is

still evidence of trace PtS present in the films from XRD measurements (see

Figure 4.2). The formation of polycrystalline PtS2 is also supported by XRD

of the thin-film, as shown in Figure 4.2.

4.2.4 Scanning Tunneling Microscopy of PtS2 Film

STM was used to investigate the atomic structure of the TAC-grown PtS2

film as shown in Figure 4.3. The 1T atomic-structure model of PtS2 is

schematically shown in Figure 4.3(a) (side and top-views). The large-area

scan in Figure 4.3(b) reveals that the film is polycrystalline consisting of

crystalline grains (flakes) of PtS2 with approximate lateral dimensions up to

40 nm. The root-mean square (RMS) roughness of the image 2(b) is around
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Figure 4.3: STM images of PtS2 film. (a) Structure model of 1T-PtS2

with side- and top-views. (b) Large-scale STM image of the PtS2 showing
the polycrystalline film (500×500 nm2, V=1.5 V and I=120 pA). (c) STM
image of the area which is depicted in (b) (blue box), demonstrating flakes
of PtS2 with partially atomically-clean surface (150×150 nm2, V=1.5 V and
I=120 pA). (d) Atomically-resolved STM image, with FFT inset, of the 1T-
PtS2 surface indicates an interatomic distance of 3.58 ± 0.03 Å (2.5×2.5
nm2, V=1.4 V and I=400 pA).

2.6 nm. Overall, the surface morphology is similar to that of TAC-grown

PtSe2 [25]. It can be seen from Figure 4.3(c) (area depicted in Figure 4.3(b)

by the blue square) that there are some atomically-clean areas on the surface

of the flakes, as can be judged from the sharp straight edges of the flakes.

This indicates the stability of the PtS2 during transfer, under ambient con-

ditions, from the growth furnace to the STM chamber, which is in contrast

with the behaviour of some 2D materials such as black phosphorous [108].

However, some contamination is present on the surface, most likely due to
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the exposure to ambient conditions. The crystal angles observed advocate

hexagonal symmetry, which implies the presence of PtS2, rather than cubic

symmetry, which would suggest a significant presence of PtS [104]. Fig-

ure 4.3(d) displays an atomic-resolution image of the defect-free PtS2 surface

(area indicated by the blue square in Figure 4.3(c)), verifying the 1T crys-

tal structure of the PtS2 grains [93, 120]. An in-plane interatomic distance

and a monolayer step height for the PtS2 of 3.58 ± 0.03 Å and 5.5 ± 0.06

Å, respectively, were obtained from this atomically-resolved STM image and

these are in good agreement with previous theoretical and experimental re-

ports [93, 96, 99, 101]. The fast Fourier transform (FFT) of the atomically

resolved STM image is presented in inset of Figure 4.3(d): the surface ex-

hibits clearly ordered structures with the (1×1) symmetry of PtS2. The

spatial periodicity of a = 3.58 Å in the PtS2 crystal was measured from

FFT. It should be noted that no surface preparation under UHV (annealing

or ion sputtering) was carried out prior to STM/STS investigation.

4.2.5 Scanning Tunneling Spectroscopy of PtS2 Film

In order to understand the electronic nature of the TAC-grown PtS2, STS was

employed to map LDOS of the pristine surface of PtS2. A large-scale STM

image showing grains of PtS2 is shown in Figure 4.4(a). The inset in Fig-

ure 4.4(a) shows the line profile of the PtS2 flake (around 3.8 nm) where STS

measurements were performed. It should be noted that thickness of the flake

is an approximation since STM probes the density of states. Figure 4.4(b)

shows a high-resolution STM image (4×4 nm2) of the atomically clean PtS2

surface. Figure 4.4(c) illustrates grid STS [142] measurements performed on

the same area as in Figure 4.4(b). 40×40 individual I(V) measurements were

conducted on the grid with dimensions of 4×4 nm2. At each point of the grid,

the spectra were averaged over three individual I(V)-measurements. The tip

was moved in constant-current mode with the scanning parameters V=1.4 V

and I=400 pA between points. The small variation observed in the tunnelling

current at different voltages is due to differences in the electronic structure.

The voltage was swept between -1.45 V and + 2 V. Figure 4.4(c) represents

the tunnelling current from the I(V) at each spectroscopy point at a bias

voltage value of -1.45 V. Slightly brighter points correspond to a higher tun-
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Figure 4.4: Grid STS of PtS2 film. (a) Large-area STM image with ∼3.8
nm thick flake of PtS2 where STS analysis was performed. (b) Atomically-
resolved STM image of the PtS2 surface (4×4 nm2, V=1.4 V and I=400 pA).
A grid spectroscopy measurement was performed on the area depicted in (b).
(c) 40×40 point grid spectroscopy measurement demonstrates the tunneling
current value (taken from the I(V)) at each spectroscopy point on the grid at
a bias voltage value of -1.45 V. (d) An averaged dI/dV spectra of the whole
grid, which indicates that the bandgap is around 1.03 (eV)

nelling current value at -1.45 V. A pixelated outline of the atomically-resolved

features can be observed from the grid STS in Figure 4.4(c).

It is known that dI/dV spectra (numerical derivative of I(V)) are pro-

portional to the LDOS. The averaged dI/dV spectrum, which was acquired

on the pristine terrace of PtS2, is depicted in Figure 4.4(d). The spectrum

shown is an average of a few thousand individual spectra on the atomically

clean surface. The VBM is positioned at 0.27 ± 0.02 eV below the Fermi

level, and the CBM is positioned at 0.76 ± 0.02 eV above the Fermi level.
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Thus, the obtained bandgap of PtS2 here is around 1.03 ± 0.04 eV, which

is slightly larger than the bandgap predicted for this thickness in theoretical

studies [94]. The LDOS of the PtS2 flake is sharp in the conduction band,

while in the valence band the LDOS increases gradually. The relative loca-

tion of the Fermi level with respect to the CBM and VBM reveals p-type

semiconducting behaviour for PtS2 flake [92, 94]. Such a bandgap would

be suitable for many applications including thermoelectric devices [100] and

infrared photodetectors [96, 97]. The beauty of this material is that the

bandgap can be tuned by controlling the thickness of the PtS2 film. Ad-

ditionally, low-temperature synthesis of the PtS2 allows growth on diverse

substrates, such as glass and polyimide [116], and thus broadens the poten-

tial application area. These results establish that STM and STS are powerful

techniques that can be applied to the characterisation of TAC-grown PtS2.

These results were published here [141].

4.2.6 Conclusions

These results verify that PtS2 can be preferentially grown by the TAC process

and it has been demonstrated that STM-based techniques can be applied to

locally investigate the atomic structure and electronic properties of polycrys-

talline PtS2 films synthesised by TAC. XPS, XRD and Raman spectroscopy

confirmed the successful growth of PtS2 with the close to correct stoichiom-

etry. STM measurements allowed the crystal structure of the TAC-grown

PtS2 to be resolved and a lattice constant of 3.58 ± 0.03 Åwas determined.

The bandgap for a flake with thicknesses 3.8 nm, obtained via STS mea-

surements, was found to be 1.03 ± 0.04 eV. The relative position of the

Fermi level indicated p-type semiconducting behaviour. These fundamental

results can contribute to future studies focused on PtS2 and its application

in devices. It should be noted that these results were published here [141].
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4.3 PtSe2: Observation of Edge States

4.3.1 Introduction

A member of the NTMDs that has lately drawn considerable interest is PtSe2

[105, 106]. PtSe2 displays a wealth of interesting properties. In its bulk-like

state PtSe2 exhibits semi-metallic behavior, but its electronic structure can

be modulated by controlling the layer number, and it undergoes a semimetal

to semiconductor transition as the layer number is reduced. Single-layer

and few-layer PtSe2 are typically, though not exclusively, observed to be p-

type semiconductors with a tunable bandgap [16]. It has been predicted

that monolayer PtSe2 undergoes an indirect-bandgap to a direct-bandgap

semiconductor transition for a strain of 8% [107]. Notably it exhibits high

mobility, with experimental charge-carrier mobilities of ∼200 cm2 V−1 s−1,

and a theoretical mobility comparable to that of black phosphorus (BP), but

with the benefit of stability in air that is measured in terms of months [108].

These remarkable semiconducting properties come in conjunction with other

electronic properties. Studies have suggested its suitability for electrically

tunable spintronics applications [109, 110], and it has the highest Seebeck

coefficient among all the TMDs [111]. In light of these properties, PtSe2 has

demonstrated potential for application in areas such as transistor electronics,

broad spectrum photo-detection, catalysis, and gas sensing [112–114]. It was

shown that the density of edge sites could be controlled during synthesis for

hydrogen evolution [114]. A relatively low synthesis temperature of PtSe2

enables the growth of the material directly on polymer substrates for strain

gauges [115, 116].

In this section 4.3, an experimental and theoretical study of the electronic

structure of PtSe2 step edges is described in detail. By performing STM and

STS measurements, in combination with DFT calculations, the alternative

electronic properties of the PtSe2 step edge (edge states) were investigated

in comparison with flat terraces. Moreover, a distinct dependence of the

bandgap on the thickness of PtSe2 flakes is demonstrated. Prior to STM &

STS measurements the quality of PtSe2 films was evaluated by Raman and

XPS techniques. These findings could provide an effective way for optimising

the interface contact and tunability of the bandgap, which are crucial for 2D

materials electronics community.
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4.3.2 Experimental and Computational Details

Synthesis of PtSe2 film

PtSe2 film were synthesised through the TAC method. Pt films, with

thicknesses up to 5 nm, were deposited on SiO2/Si substrates by argon-ion

sputtering (Gatan Precision Etching and Coating System (PECS)). PtSe2

was obtained by annealing the samples at 450◦C for two hours under a 150

sccm H2/Ar flow in an Se-rich environment. For conductive measurements

the PtSe2 films were liberated from their growth substrates by etching in 2M

NaOH solution and directly floated onto a conductive Au/Ti (35 nm/5 nm)

layer on a SiO2/Si substrate. The film of Au/Ti (35 nm/5 nm) was deposited

onto a SiO2/Si substrate using a Temescal FC2000 electron-beam evapora-

tion system. Spin-coated polymethyl methacrylate (PMMA) was required

to support thinner films during the transfer process. After transfer this was

dissolved by high performance liquid chromatography (HPLC) acetone and

the films were washed in isopropyl alcohol (see Figure 4.5 (a)).

Sample Characterisation

A low-temperature STM from Createc was used for all STM/STS experi-

ments. The experiments were carried out under UHV conditions with a base

pressure of 3×10−11 mbar. All the STM images were recorded at liquid nitro-

gen temperature (77 K) in the CCM. The preparation chamber of the STM

is fitted with a heating stage for annealing the samples. Electrochemically

etched (001)-oriented single-crystalline tungsten tips in NaOH were cleaned

in situ with argon ion bombardment. The tunnelling bias was applied to

the sample with respect to the tip. Some samples had been annealed up to

220◦C. The sample temperature was monitored using a k-type thermocou-

ple. XPS spectra of the Pt 4f and Se 3d core-levels were measured utilizing a

monochromated Omicron MultiProbe XPS system with an aluminum X-ray

radiation source (1486.7 eV) and instrumental resolution of 0.6 eV under

UHV conditions (5×10−11 mbar). After subtraction of a Shirley background,

the core-level spectra were fitted with combination of Gaussian-Lorentzian

line shapes using the CasaXPS software.

Density Functional Theory

The norm conserving pseudopotentials and pseudo-atomic localized ba-

sis were used with Perdew-Burke-Ernzerhof (PBE) of generalized gradient

approximation (GGA) to describe the exchange correlation energy [139].
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OpenMX numerical atomic orbital basis sets s4p3d2 and s4p3d3 were used

for Pt and Se, respectively [165]. Structural optimisation was achieved by

minimising the total energy with respect to the atomic positions until the

maximum force component became less than 0.01eV/Å.

4.3.3 PtSe2 Film Synthesis and Characterisation

PtSe2 was synthesised through the TAC of Pt films. The process results

in highly disordered polycrystalline films, this morphology was verified us-

ing STM. Raman spectroscopy was used to confirm the films were largely

unaffected by the transfer process (Figure 4.5 (a))

Figure 4.5: Raman and XPS characterisation of the PtSe2 film. (a)
Schematic of the lift-off and transfer process (b) Raman spectrum of PtSe2
film before and after transfer, an additional Si peak is observed at 520 cm−1

on the original substrate. (c) and (d) XPS of PtSe2 film showing the Pt 4f
and Se 3d core levels respectively.
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Figure 4.5 (b) is Raman spectra of PtSe2 film before (black spectrum) and

after (red spectrum) transfer. An additional Si peak is observed at 520 cm−1

on the original substrate. PtSe2 has two main characteristic Raman modes,

which are clearly distinguishable in these spectra. These are the out-of-plane

E1
g mode at 177 cm−1 and the in-plane mode A1

1g at ∼207 cm−1. These

spectra are consistent with high-purity PtSe2 reported earlier with relatively

small grain sizes [25, 106].

XPS measurements were performed to investigate the quality of produced

PtSe2 films from a compositional point of view and explore purity of the sur-

face. All energetic positions were corrected with respect to the adventitious

carbon peak at 284.8 eV. Figure 4.5 (c) and (d) show the spectra of the Pt 4f

and Se 3d core-level regions of representative 5 nm film of PtSe2. The spec-

trum of the Pt 4f region displays a doublet structure with energy separation

of 3.3 eV (peak positions at 73.5 eV and 76.8 eV for Pt 4f 7/2 and Pt 4f

5/2, respectively). Similarly, the Se 3d region spectrum displays two peaks

with binding energy separation of 0.86 eV observed for the 3d 5/2 and 3d

3/2 states.

4.3.4 Scanning Tunneling Microscopy of PtSe2 Film

An STM investigation was performed to study the atomic structure of the

polycrystalline TAC-grown PtSe2 films. Highly disordered polycrystalline

film morphology was verified using STM. Figure 4.6 shows STM images of

PtSe2 film. The 1T atomic-structure model of PtSe2 is schematically shown

in Figure 4.6(a) (side and top-views). Figure 4.6 (b) and (c) illustrate a large-

area scan with the majority of grains being hexagonal, it also can be seen that

some contamination is present on the surface of the sample. The morphology

of the film obtained by STM is in agreement with reported AFM and SEM

characterisation methods [25, 106]. Figure 4.6(d) is an atomic-resolution

STM of a defect-free area of the PtSe2 surface (area indicated by the blue

square in Figure 4.6(c)), confirming the 1T crystal structure of the PtSe2

grains. An average lattice constant and a layer step height for the PtSe2 of

3.80 ± 0.03 Å and 5.20 ± 0.06 Å, respectively, were determined from the

atomically-resolved surface, which is in agreement with experimental results

and previous reports [21, 105, 166].
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Figure 4.6: STM of the PtSe2 film. (a) Structure model of 1T-PtSe2 with
side- and top-views. (b) and (c) Large-scale STM images of PtSe2 demon-
strating the polycrystalline film with hexagonal forms of the flakes (170×170
nm2, V=1.2 V, I=35 pA and 75×75 nm2, V=1.2 V, I=35 pA, respectively).
(d) Atomically-resolved STM image of the 1T-PtSe2 defect free surface in-
dicates the crystallinity of the grains and an interatomic distance of 3.8 ±
0.03 Å (5×5 nm2, V=0.2 V and I=650 pA)

The STM images reveal a number of defects on the PtSe2 film. Fig-

ure 4.7(a, b) are STM images of the same area scanned at positive and

negative bias, probing occupied and unoccupied states, respectively. The

defects on Figure 4.7(a, b) respond to the change of bias from positive to

negative by changing their brightness (contrast relative to the pristine struc-

ture). The STM images obtained at positive and negative bias indicate there

are 3 distinct defects in this area of the sample, which might be assigned

as interstitial defects due to their stability. For better illustration these de-

fects are indicated with colored circles. These observed defects are consistent

with STM work which was recently published [21]. However, in the afore-
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Figure 4.7: Atomically-resolved STM images of point defects
scanned under positive and negative bias voltages. (a) and (b)
Atomic resolution STM images scanned at the same area at opposite biases,
showing unoccupied and occupied states of the interstitial defects, respec-
tively. Scales and scanning parameters are for (a) 12×12 nm2, V=0.8 V,
I=220 pA and for (b) 12×12 nm2, V=-0.8 V, I=220 pA.

mentioned work CVT synthesis was used instead of the TAC method that

this study is focused on. The findings highlight that both types of synthesis

(CVT and TAC) produce the same types of defects. From the STM analysis

it can be concluded that the films are polycrystalline with some defects on

the surface and size of the crystalline grains of PtSe2 can reach 40 nm in size.

4.3.5 Scanning Tunneling Spectroscopy of PtSe2 Film

The presence of multiple steps is noticeable on the large-scale STM images

of the PtSe2 crystal. The STM/STS investigation of the step edges reveals

the existence of edge states. Figure 4.8(a) shows the STM image of the step

edge of the PtSe2 with grid spectroscopy measurements performed on the

same area (depicted in Figure 4.8(b)). 50×50 individual I(V) measurements

were performed on the grid with dimensions of 10×10 nm2. At each point

the spectra were averaged over 15 individual I(V)-curves. As the tip was

moved across the grid, the tip height was stabilised by the CCM scanning

parameters. Prior to obtaining a spectroscopy measurement at any point,

the feedback loop was turned off such that the current could be recorded as a

function of the voltage while maintaining a constant tip height. Subsequently
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Figure 4.8: Grid spectroscopy of the edge of PtSe2. (a) STM topogra-
phy of the step edge of PtSe2 (10×10 nm2, V=0.8 V and I= 100 pA). A grid
spectroscopy measurement was performed in the area in (a). (b) depicts
the tunneling current value (taken from the I(V)) at each spectroscopy point
on the grid (50×50 points) at a bias voltage value of 0.24 V. Bright lines
(higher tunneling current) correspond to the edge states of PtSe2 terrace.
(c) individual dI(V)/dV spectra of three points on the grid highlighted by
the colored stars in (b) positioned on a flat terrace and on the step edge.
(d) 2D STS map which was taken from (a) along the blue line.

the feedback was turned on and the tip was moved to the next grid position.

The CCM scanning parameters used to move between points were V=0.8 V

and I=100 pA. Variation in the tunneling current at different voltages is due

to differences in the electronic structure. The voltage was swept between

+1 V and -1 V. To illustrate this point Figure 4.8(b) depicts the tunneling

current from the I(V) at each spectroscopy point at a bias voltage value of

0.24 V. Brighter points correspond to a higher tunneling current value at

0.24 V. This current map is characterised by bright lines corresponding to

the terrace edge of the PtSe2. It is interesting to note that the terrace edge

exhibits a high DOS compared to the flat terraces. These altered electronic
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Figure 4.9: Experimental and calculated bandgap measurements. (a)
DFT simulations of the LDOS for different layer sicknesses from which the
bandgap as a function of layer thickness was determined. (b) Experimental
STS measurements were performed on different lateral sizes of PtSe2 flakes.
All experimental STS data which are shown in the table are performed on
the clean surfaces without any contamination.

properties at the step edge resemble ripples gradually reducing in size further

away from the edge. This is understood in terms of edge states, which have

different electronic properties from the atomically-flat surface. Effectively

the DOS near the Fermi level is altered at the edge but returns to that of

flat terraces after moving about 3-4 nm away from the edge

An I(V)-curve was obtained for each point and differentiated with respect

to the voltage. Figure 4.8(c) illustrates representative dI(V)/dV (numerical

derivative of I(V)) spectra, in the range of ±0.5 V, of three points on the grid

STS (see Figure 4.8(b)) indicated by the colored stars positioned on a flat

terrace (blue and green) and on the step edge (red). The DOS increases near

the Fermi level at the edge of the step in comparison with the flat terrace.

Most notable is the higher DOS between 0.15 and -0.5 V in the spectra. It is

noted that there is some similarity between blue and green points, obtained

on the each terrace. However, the green point has a slightly enhanced DOS

in comparison with the blue point, which is expected for thicker PtSe2 [16].

The band profile of the PtSe2 step edge was measured by STS. The re-

sulting dI/dV curves are shown in Figure 4.8(d) as a 2D map. Each vertical
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line is a dI/dV curve plotted between -1.0 V and 1.0 V, with the magnitude of

dI/dV expressed using a colour scale, where warmer colours indicate a larger

value. Spectra were measured every 2 Å along the blue line in Figure 4.8(a).

An increase of the LDOS near the Fermi level is observed at the double layer

step edge. The 2D map shows the evolution of the edge state in space.

The bandgap in PtSe2 depends directly on the layer thickness. In Fig-

ure 4.9 theoretical DFT calculations (a), in combination with experimental

STS measurements (b), demonstrate a distinct layer dependence of the PtSe2

energy gap. The agreement is not perfect but there is a general trend; smaller

and thinner flakes exhibit a bigger bandgap. One should note STS mea-

surements were performed on the clean surface. Here, the DFT calculation

thickness is compared to the lateral size of the flakes measured by STM. The

reason for doing so is that there is a high error associated with step heights

measure by STM as the DOS of each flake can be different. In a previous

report it was shown by SEM that the thickness of PtSe2 flakes is dependent

on the lateral size [25].

4.3.6 Conclusions

In this section, large-area PtSe2 films of varying thickness (2.5-6.5 nm) were

formed at 400◦C by TAC of ultra-thin platinum films on Si/SiO2 substrates,

The quality of films was assessed using XPS and Raman spectroscopy. In

section 4.3, a comprehensive experimental and theoretical investigation of the

electronic structure of PtSe2 flake edges was detailed. STM and STS mea-

surements, in combination with DFT calculations, show distinctly different

electronic properties of the PtSe2 step edge in comparison with atomically-

flat terraces. Moreover, a distinct dependence of the bandgap on the thick-

ness of PtSe2 flakes was shown. These insights could provide an effective

way for optimizing the contact interface and tunability of bandgap, which

are crucial for 2D materials electronics community.
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4.4 PtTe2: Visualisation of Point Defects

4.4.1 Introduction

Defects on and near the surfaces of materials play a significant role in the

electronic and atomic structure of the surface [13]. By controlling the con-

centration and types of defects, tunability of material properties is possible

[27]. Furthermore, the presence of some quantity of zero-dimensional (0D)

defects on or/and under the surface of a film is largely unavoidable, even

under optimized synthesis conditions. These point defects can be interstitial

impurities, vacancies, self-interstitial impurities, substitutional impurities or

a mixture of aforementioned defects. These 0D defects induce surface states

which can be either desirable or unwanted. The above-mentioned defects and

impurities in thin films originate from the environment, the substrate and

synthesis conditions. Numerous recent studies have investigated the presence

and influence of point defects in TMDs [13–15, 21, 28, 29].

Careful classification and characterisation of these defects can facilitate

understanding of their impact on the electronic properties of the intrinsic

materials and, in turn, help with assessing their significance for potential

applications. The crystal structure of PtTe2 has been characterized by TEM

in several experimental studies [118, 167, 168]. Although TEM can routinely

resolve the atomic structure of materials, it cannot provide easy access to the

electronic band structure around the Fermi level of individual point defects.

Moreover, recent reports have shown that TMDs are sensitive to electron

beams and distinguishing between native vacancy defects and those induced

by the electron beam can be challenging [159–161]. STM and STS, on the

other hand, can be used to probe the electronic structure of samples in a

non-destructive manner [141].

The ability to resolve atomic structure and point defects is a key attribute

of STM. This is complemented by STS, which can be used to acquire infor-

mation on the LDOS. 0D defects can exhibit altered minima or maxima of

electron density, which can manifest as depressions and protrusions, respec-

tively, in STM images. A typical problem with detecting and classifying 0D

defects on the surface of a film arises from low area density. Surface-sensitive

techniques, such as XPS and Raman spectroscopy, which are usually utilised

in surface-compositional studies, are not sufficiently sensitive to distinguish
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these point defects. STM and STS are powerful and non-destructive tech-

niques for the characterisation of defects in materials; they are capable of

atomic-scale resolution and can be used to locally probe the electronic prop-

erties of point defects.

The use of DFT in conjunction with experimental STM images provides

a path to establishing the atomic structure of the observed surface defects.

In DFT-derived STM images (DFT-STM), the tip is modelled as a locally

spherical potential well and the tunnelling current is proportional to the

LDOS of the surface, at a position close to and above the surface similar

to the position of a tip in a STM experiment. It is assumed that the tip

wave function has an s-orbital character and, at distances away from the

surface, the partial density will be zero for localized basis-set calculations

since the basis orbitals have a finite range. DFT-STM images are sufficiently

detailed and realistic to permit quantitative comparison with experimental

STM images.

In this section, five common distinct point defects on and near the PtTe2

surface are imaged and identified. The PtTe2 samples examined in this work

are synthesised through the reaction of solid-phase precursor films. Following

an analysis of the PtTe2 samples with Raman spectroscopy, XPS, XRD and

SEM, the PtTe2 surface is examined using STM and STS. The STM and STS

experimental results are complemented and supported by DFT to probe and

understand the electronic properties of PtTe2, the characteristics of different

defect types, and their impact on the electronic structure of PtTe2. These

findings are a valuable detailed examination of the local electronic properties

of PtTe2 and are important in understanding the influence that point defects

have on the material’s properties and subsequent applications.

4.4.2 Experimental and Computational Details

Synthesis of PtTe2 film

PtTe2 samples were synthesised through the reaction of solid-phase pre-

cursor films. First, a Pt film of 10 nm thickness was deposited on a substrate

by Ar sputtering, with Te (in excess) subsequently electrodeposited upon the

Pt film. The sample was then annealed in an inert atmosphere at 450 ◦C for

90 minutes to form PtTe2. The substrate used was a SiO2/Si wafer with a
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conductive PyC layer on top [163]. The synthesis procedure is described in

detail elsewhere [6].

Characterisation of PtTe2 Film

A commercial low-temperature STM from Createc was used to examine

the PtTe2 samples. Details of the microscope, scanning mode and tips are

described in section 3.1 For surface preparation, the sample was annealed up

to 430 ◦C for 3 h in UHV. With the temperature measured by the system’s

k-type thermocouple.

XPS spectra of the Pt 4f and Te 3d core-levels were measured by a

monochromated Omicron MultiProbe XPS system with an aluminum X-ray

radiation source (1486.7 eV). The instrumental resolution of the system is

0.6 eV and a base pressure 5× 10−11 mbar.

A WITec Alpha 300R with a 532 nm excitation laser was utilised to

collect the Raman spectrum shown in this work. The Raman measurement

was obtained with a laser power of ∼ 200 µW and using a spectral grating

with 1800 lines/mm and a 100 x objective lens (N.A. = 0.95). The spectrum

shown is an average of a line scan with 20 points, each point having an

integration time of 3 seconds.

XRD analysis was performed using Bruker D8 Discover equipment with

a monochromated Cu K-alpha source.

SEM images were acquired using a Karl Zeiss Supra microscope operating

at an accelerating voltage of 3 kV with a 30 µm aperture and a working

distance of around 3-4 mm.

Computational details

First-principles electronic structure calculations were performed based

on fully relativistic DFT within the GGA as implemented in QuantumATK

[169]. Norm-conserving pseudopotentials for the exchange correlation poten-

tial were considered. OpenMx numerical atomic orbital basis sets of s2p2d2f1

were considered for both Pt and Te atoms [165]. Brillouin-zone integrations

were performed over a grid of k-points with a density of approximately 9×k

points per angstrom in Monkhorst-Pack scheme [170], and the real-space

quantities were calculated with an energy-cutoff of 250 Rydberg. The local-

ized basis functions allow for the consideration of larger supercell dimensions

and hence lower vacancy density. Periodic boundary conditions were applied

to create simulation supercells, and to avoid any interaction between the
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periodic images of the neighboring slabs. The cell dimension along the film

growth axis was chosen to be >2 nm. The geometries were fully relaxed until

the force acting on each atom was <0.01eV/Å. The structure consisted of

a single defect in a 6 × 6 × 1 supercell corresponding to a defect density of

2.3× 1013 cm−2. In the calculation of point defects, an atom from the lattice

was replaced by an ”empty” atom which represents a basis set of orbitals

with no electron population.

The effect of spin-orbit coupling (SOC) was considered in the PtTe2 struc-

tures due to the strong effect of 5d orbitals in the transition metal atoms. To

improve the structural and electronic properties description of this layered

material obtained by DFT calculations, van-der-Waals (vdW) interactions

were incorporated in calculations by adding a nonlocal vdW term to the local

and semi-local exchange correlation functionals through Grimme’s dispersion

correction. It is known that the quasiparticle bandgap is underestimated in

standard DFT calculations and approximate quasiparticle corrections, as im-

plemented in the GGA-1/2 method, have been found to greatly improve the

estimation of bandgap energy [171, 172]. In the GGA-1/2 method an atomic

self-energy potential is defined to cancel the electron-hole self-interaction en-

ergy. This potential is defined as the difference between the potential of

the neutral atom and that of a charged ion resulting from the removal of a

fraction of its charge. The GGA-1/2 method, which can provide a better

description of the defect levels [173], was also employed in calculations.

4.4.3 PtTe2 Film Synthesis and Characterisation

Following the deposition of the Pt and Te layers on the substrate by sput-

tering and electrodeposition respectively, the sample was annealed at 450 ◦C

for 90 minutes to synthesize the PtTe2 film [6].

To evaluate quality and confirm the successful synthesis of PtTe2 films

XPS was used. Pt 4f and Te 3d core-level regions of a 20 nm PtTe2 film

(grown from a starting 10 nm Pt film) are depicted in Figure 4.10 (a) and

(b). In the Figure 4.10(a) Pt core-level spectra demonstrate two major peaks

at 72.35 eV and 75.7 eV, corresponding to Pt 4f 7/2 and Pt 4f 5/2 with a

spin-orbit splitting (SOS) value of 3.5 eV. In the Te 3d region two sets of

doublets are observed, suggesting the majority of Te atoms are bound to Pt

in the form of PtTe2, while some Te is bound to oxygen due to prolonged air
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Figure 4.10: XPS, XRD and Raman characterisation of PtTe2 film.
(a) and (b) XPS of 20 nm PtTe2 film demonstrating the Pt 4f and Te 3d
regions respectively. (c) Raman spectrum of a 20 nm PtTe2 film indicating
the two Raman-active vibrational modes. (d) XRD of 20 nm PtTe2 film, the
most intense peaks are indicated. Combined these three techniques serve to
confirm the synthesis of PtTe2.

exposure of the film. Major Te 3d 5/2 and Te 3d 3/2 peaks bound to Pt are

positioned at 573.1 eV and 583.5 eV separated by a SOS value of 10.4 eV,

which is in agreement with previous reports [6].

A Raman spectrum of a PtTe2 film is presented in Figure 4.10 (c). This

shows the expected signal of bulk-like PtTe2. The two modes visible are the

in-plane Eg mode at ∼111 cm−1 and the out-of-plane A1g at ∼158 cm−1.

The crystallinity of the films was investigated via XRD. Figure 4.10 (d)

displays an XRD pattern obtained from a 20 nm PtTe2 film. There are

numerous peaks distinguishable in the spectrum, with the most intense peak

at ∼69◦ attributed to the substrate. Other prominent peaks for PtTe2 in the

spectrum are in agreement with previous reports [6, 117, 174, 175]. The (001),

(011), (002), (012), (110), (003), (013), (004) and (121) peaks are identified,
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Figure 4.11: SEM images of 20 nm film of PtTe2. SEM images of 20
nm film of PtTe2 demonstrate the polycrystalline film with flakes between
200 and 400 nm in the size.

with the most intense of these labelled on the graph. It is noteworthy that

apart from the discrete peaks, there is a broad background signal present in

the measurement. The presence of crystalline peaks and a broad background

is consistent with the polycrystalline nature of the PtTe2 film, with crystalline

grains of considerable size. [6, 28, 117, 174].

SEM images of the PtTe2 film show its polycrystalline nature with grains

ranging between 200 and 400 nm in lateral size (see Figure 4.11). The com-

bined measurements from these four complementary techniques confirm the

successful synthesis of PtTe2 films.

4.4.4 STM Characterisation of Point Defects in PtTe2

During ex-situ transfer to UHV the sample was mounted on an STM puck.

A detailed STM investigation was performed to study the atomic structure

of the polycrystalline PtTe2 film, similar to previous studies focused on other

materials [21]. The 1T atomic structure of PtTe2 is schematically represented

in Figure 4.12(a). Figure 4.12 shows STM images of a 20 nm thick PtTe2

film. Figure 4.12(b, c) present large-area scans, different grains can be dis-

cerned and the majority of these have hexagonal forms, consistent with SEM

observations. The noticeable surface contamination likely originates from the

sample being exposed to ambient conditions between synthesis and analysis.

Figure 4.12(d) is an atomic-resolution STM of a defect-free area of the PtTe2

surface (area indicated by the blue square in Figure 4.12(c)), confirming the
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Figure 4.12: STM images of the polycrystalline PtTe2 film. (a)
Schematic view of 1T-PtTe2. (b) Large-scale STM image of the PtTe2 poly-
crystalline film (1500×1500 nm2, V=1.5 V and I=80 pA). (c) STM image
exhibits some contaminants present at the upper edge on the surface of the
PtTe2 crystal (600×600 nm2, V=1.5 V and I=60 pA). (d) STM image show-
ing atomic structure of PtTe2 in a defect-free area with an interatomic dis-
tance of 4.0 ± 0.03 Å(4×4 nm2, V=0.7 V and I=300 pA). (e) and (f) STM
images of some defects on a polycrystalline PtTe2 film. (e) Empty-states
STM image of the PtTe2 film (20×15 nm2, V=0.85 V and I=185 pA). (f)
Filled-states STM image of the PtTe2 film (20×15 nm2, V=-0.85 V and I=185
pA).

1T crystal structure of the PtTe2 grains. An average lattice constant and a

layer step height for the PtTe2 of 4.0 ± 0.03 Å and 5.1 ± 0.06 Å, respectively,

were determined from the atomically-resolved surface, which is in agreement

with simulated results and previous experimental reports [174, 175]. Con-

sidering this, it was estimated from STM that the thickness of the flakes in

these measurements ranged from 30 to 50 layers.

Figure 4.12 (e, f) are STM images of the same area of the PtTe2 sur-

face scanned at positive and negative biases, corresponding to empty and

filled states, respectively, which demonstrate a variety of defect types. The

contrasting appearance of defects between Figure 4.12(e, f) is in response

to the change of bias from positive to negative, i.e. their brightness (con-

trast) changes. The clear distinction between the defects indicates different

atomic configurations within each type. By resolving each defect in their
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Defect
type

Defect assign-
ment (See DFT
calculations
below)

Density of the de-
fects observed by
STM as received
(1/cm2×1011)

Density of the defects
observed by STM
after annealing at
430Co for 3 h in UHV
(1/cm2×1011)

A Te vacancy in
the top row

8.1 1.4

B Pt vacancy in
the second layer

6.0 0.5

C Te vacancy in
the bottom row

10.1 1.8

D Pt vacancy in
the first layer

2.0 1.4

E Antisite de-
fect with Te
replacing Pt

1.0 0.9

Table 4.1: Densities of defects before and after annealing treatment measured
by STM.

empty and filled states, five types of point defects at the PtTe2 surface were

identified, which are labelled henceforth as A, B, C, D, and E. A trend was

noticed where defects with a bigger presence in terms of size on the surface

appeared less bright, modelling correlated this with defect depth from the

surface, similar to previous reports on PtSe2 [21].

Figure 4.13 (a-e’) are high-resolution STM images of the five defect types

at empty and filled states. Defects of type A appear as depressions at both

positive and negative bias voltages. Defects of type B, C, D and E display

protrusions (depressions) at negative (positive) bias voltages. Defects of type

B, C and E have clear three-fold symmetry. While defect type D has a

six-fold symmetry at positive bias (empty states) and three-fold symmetry

at negative bias (filled states). Table 1 displays a rough estimation of the

defect density, based on cumulative counts within areas imaged with atomic

resolution before (∼ 1000 nm2) and after (∼ 2200 nm2) annealing. While

the sampled areas were relatively small, and limited to areas of minimal

contamination, some interesting trends are apparent. Among these five types,

tellurium vacancies, defects of type A and C are the most common at the

PtTe2 surface, which is consistent with the calculated defect formation energy

(see Figure 4.17). Furthermore, the density of these defects diminishes readily
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Figure 4.13: Atomically-resolved STM images of five types of point
defects A to E scanned under positive and negative bias voltages.
Top panel: STM images (a-e) of defects scanned under positive bias (empty
states). Bottom panel: STM images (a’-e’) of the same defects scanned
under negative bias (filled states). Scanning parameters are: for Type A
defect (V=±0.55 V, I=580 pA). Type B defect (V=±0.85 V, I=175 pA).
Type C defect (V=±0.85 V, I=185 pA). Type D defect (V=±0.85 V, I=185
pA). Type E defect (V=±0.9 V, I=250 pA).

after annealing at 430 ◦C for 3 hours in UHV. However, while several flakes

were examined before and after annealing, a distribution in defect density

could be expected due to the polycrystalline nature of the film and the defect

density will inherently depend on the synthesis conditions. Each defect type

will now be discussed separately.

Examining the defects on an individual basis, type A defects appear as de-

pressions on the surface at both bias polarities (see Figure 4.13(a)). However,

there is a small difference in the brightness of the STM images surrounding

the depression for negative bias voltages (filled states) that confers it a crown

shape. It is thought that this type of defect is a Te vacancy in the top Te

layer of the surface of PtTe2 layer.

Type B defects are of a larger 6×6 triangular depression shape at positive

bias voltages. However, at negative bias voltage the defect is characterized

by a small protrusion of the same triangular area (see Figure 4.13(b)). This is

the largest among the observed defect types, and the large lateral dimensions

suggest that the defect is positioned deeper than the other defects [21].

Defects of type C look like a lobed 3× 3 triangular depression at positive

bias voltage and a small depressed triangle flanked by a triad of distinctive
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protruding spots at negative bias voltage (see Figure 4.13(c)). The tunnel-

ing currents change in response to atomic positions and differences in LDOS.

Typically, protrusions in STM are the result of a higher LDOS. The LDOS

of this type of defect will be discussed in further detail in the STS charac-

terisation section below.

Type D defects resemble a hexagonal depression at positive bias (see

Figure 4.13(d)). However, scanning at negative bias voltages completely

changes the appearance of the defect. There are three small inward-pointing

depressed triangles surrounding a slightly elevated central point. The shape

of the defect scanned under negative bias looks like a trefoil. The trans-

formation of this type of defect is interesting due to its complete change in

shape from six-fold symmetry to three-fold symmetry when the bias polarity

is changed.

Defect type E is a 3 × 3 triangular depression at positive bias voltage

(see Figure 4.13(e)). However, for the STM image obtained at negative bias,

the defect appears as a 3 × 3 triangular protrusion of the same shape as at

positive bias but inverted. STS measurements on this type of defect are also

discussed further below.

Using STM atomic-resolution imaging of polycrystalline PtTe2 films can

be achieved. Furthermore, atomically-resolved defects within the crystal lat-

tice can be identified and distinguished by imaging their contrasting features

with positive and negative biases. Additional examples of the defects, which

were established are presented in the STM images in Supplementary Figure

4 in the paper [66].

4.4.5 STS Characterisation of Defect-Free PtTe2 Sur-

face and Selected Defects

To understand the electronic nature of the observed point defects, STS was

used to investigate both pristine PtTe2 and defect sites. The STM/STS

investigation of the point defects reveals their influence on the electronic

properties, i.e., LDOS.

Figure 4.14(a-d) show a grid STS investigation of the type C defect in

PtTe2. Figure 4.14(a) shows an STM image (3× 3 nm2) of the type C defect

in PtTe2 and grid spectroscopy measurements performed on the same area
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(depicted in Figure 4.14(b)). The grid was composed of 25 × 25 individual

I(V) measurements with dimensions of 3× 3 nm2. At each point the spectra

were averaged over 3 individual I(V)-curves. The CCM scanning parameters

to move the tip between points were V=0.6 (V) and I=740 (pA). Varia-

tion in the tunneling current at different voltages is due to differences in the

electronic structure. The voltage was swept between +1 V and -1 V. Fig-

ure 4.14(b) depicts the tunneling current from the I(V) at each spectroscopy

point for a bias voltage value of -0.150 V, which corresponds to the filled

states. While Figure 4.14(d) shows the tunneling current from the I(V) at

each spectroscopy point for a bias voltage value of +0.148 V, which corre-

sponds to the empty states. Darker/brighter points in Figures 3(b and d)

correspond to a lower/higher tunneling current at -0.150 V (filled states) and

+0.148 V (empty states), respectively. The blue (point 1) and red (point 2)

stars in Figure 4.14 (a) mark points on the defect-free terrace and the type

C defect, respectively. These regions are also marked in Figures 3(b and d).

It is interesting to note that the defect edge exhibits a higher LDOS com-

pared to the flat defect-free terrace. These altered electronic properties in

the vicinity of the defect can be understood in terms of a Te vacancy that

would create a high acceptor density resulting in the triangular shape, which

gives rise to the three protrusions seen in Figure 4.14 (d) and Figure 4.13

(c’). Figure 4.14 (c) displays the comparative I(V) and dI/dV (numerical

derivative of I(V)) spectra of the two marked points. From Figure 4.14 (c)

it can be seen that these three dark/bright points on the defect have a much

higher LDOS in the filled states in comparison with the empty states. The

LDOS of the defect is boosted to almost twice that of the pristine terrace in

the filled states. However, the LDOS of the defect in the empty states only

changes slightly compared to that of the pristine terrace, except in the region

from 0.4 V to 0.77 V where it is slightly diminished. This suggests that it is

probably a p-type defect.

Figure 4.14(e-h) detail grid STS analysis of the type E defect in PtTe2.

An STM image of a type E defect is shown in Figure 4.14(e) (4 × 4 nm2,

V=0.9 V and I=250 pA). Grid spectroscopy measurements in Figure 4.14(f)

were performed on the same area. The 4×4 nm2 grid is composed of 30×30

measurements each averaged over 3 individual I(V)-curves. The voltage was

swept from -2.2 V to +1.7 V. Figure 4.14(f) depicts the tunneling current
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Figure 4.14: Grid spectroscopy of PtTe2 type C and E defects. (a)
STM topography of the type C defect (3×3 nm2, V=0.6 V and I=740 pA).
Grid spectroscopy was performed on the area in (a). (b) I/V map depicts
the tunneling current value (taken from the I(V)) at each spectroscopy point
on the grid (25×25 points) at a bias voltage value of - 0.150 V (filled states).
Three dark points correspond to lower tunneling current of the defect on
the filled states in PtTe2. (c) Individual I/V (dotted line) and dI/dV (solid
line) spectra of two points indicated by the colored stars in (a), (b) and (d)
positioned on a flat terrace and on the defect. (d) I/V map at + 0.148V
above the Fermi level. (e) STM topography of the type E defect (4×4 nm2,
V=0.9 V and I=250 pA). Grid spectroscopy was performed on the area in
(e). (f) I/V map depicts the tunneling current value (taken from the I(V))
at each spectroscopy point on the grid (30×30 points) at a bias voltage value
of - 2.2V. (g) Individual I/V (dotted line) and dI/dV (solid line) spectra
of two points on the grid indicated by the colored stars in (e), (f) and (h)
positioned on a defect-free terrace and on the defect. (h) I/V map at + 1.48
V above the Fermi level.

from the I(V) at each spectroscopy point at a bias value of -2.2 V, which

corresponds to the filled states. While, Figure 4.14(h) shows the tunneling

current from the I(V) at each spectroscopy point for a value of + 1.48 V

above the Fermi level, which corresponds to the empty states. It should be

noted that the defect has a slightly higher LDOS compared to the pristine

surface of PtTe2 [21, 176]. Figure 4.14(g) illustrates I(V) and dI/dV spectra

of two points on the grid indicated by the colored stars positioned on the

pristine surface (blue point 1) and on the type E defect (red point 2). From

Figure 4.14(g) it can be seen that the dark side (defect has dark contrast at

-2.2 V and bright contrast at + 1.48 V) of the defect has a slightly higher
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Figure 4.15: Point spectroscopy of PtTe2 type A defect. (a) STM (V
= 0.85 V, I = 184 pA) of type A defect. (b) Associated dI/dV point spectra
on (red) and adjacent to (blue) the defect.

LDOS in the filled states in comparison with the LDOS of the pristine surface.

The LDOS of the defect in the empty states fluctuates over the dI/dV spectra

of the pristine surface. Due to the challenging nature of grid STS, only two

types of defects are examined in detail here.

Point STS acquired from defect type A is presented in Figure 4.15. The

red and blue plots are the spectra taken on the defect and on the adjacent non

defective surface, respectively. It is notable that for this defect the difference

is more subtle than for the presented C and D type defects, with the most

significant difference being observed in the empty states.

4.4.6 DFT Simulated STM Images of Point Defects in

PtTe2

To help understand the experimental observations, a variety of defects within

a monolayer (ML) or bilayer (BL) PtTe2 were systematically explored in these

ab-initio calculations.

To obtain DFT-based STM images for the defective structures, ML or

BL slabs were considered to reduce the calculation time, since thicker slabs

are extremely computationally demanding. However, in order to ensure that

this approach would not diminish the accuracy of the DFT-STM images,

the exact same calculations were performed for a Te single-point vacancy in

monolayer, bilayer and trilayer PtTe2 slabs, and no difference was observed

between the resulting DFT-STM images. This was expected as the images
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are obtained at a plane just above the top surface of the slab. As shown in

Figure 4 in the published paper [66], PtTe2 undergoes a semiconducting-to-

semimetallic transition as the film thickness increases. Thus, to be able to

consistently compare the DOS with the selected experimental dI/dV spectra

(Figures 3(c and g)) from the 50- to 60-layer-thick metallic PtTe2 flakes, a

trilayer slab was considered for defect type C, which will be discussed later.

Figure 4.16 shows STM images of fully relaxed DFT-predicted atomic

structures of the defect types A-E as defined and listed in Table 4.1, allowing

the nature of the defects most likely responsible for the features observed

in the experimental STM images to be identified. As with the experimental

data, both positive and negative biases are presented to aid identification.

Images under positive bias are presented in the top row and those at negative

bias are shown in the middle row of Figure 4.16. Associated top and side

views of these relaxed structures are depicted in the bottom row of this figure.

Additional DFT-STM images for some other types of defects are shown in

the published paper [66] in Figures S12 and S13.

A single chalcogen (here Te) vacancy is a common defect in TMDs [160,

177], as formation energy calculation confirms (discussed in the Defect For-

mation Energy section in paper [66]). Hence the type A defect, whose opti-

mised structure is shown in Figure 4.16(a), was studied first. This type of

defect is generated by removing a single Te atom from the surface of a ML

of PtTe2. Since there are two equivalent surfaces of ML PtTe2, these two

different surfaces are labeled as top and bottom in Table 1. The DFT-STM

images based on the calculated structures show a single-site depression at

the surface at both positive and negative biases and fit quite well with the

experimental images shown in Figure 4.13(a). The effect of this defect type

on the band structure of ML PtTe2 is shown in Figure 5(b) of the paper [66].

Figure 4.16(b) shows the DFT-STM images of type B defects where the

Pt vacancy in the second layer of BL PtTe2 leads to a 4×4 triangular protru-

sion at both negative and positive biases, which is in good agreement with

the experimental STM image. Similar to type A, the type B defect DFT-

STM images do not show much contrast between positive and negative bias

voltages. The band structure of BL PtTe2 with a Pt vacancy is presented

in Supplementary Figure 14(a) in paper [66]. The projected DoS (PDoS) of
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Figure 4.16: DFT-STM images of the five types of defects A-E iden-
tified. Images (a-e) at positive bias, and images (a

′
-e

′
) at negative bias

conditions. Figures (a
′′
-e

′′
) the top-view and side-view of the associated re-

laxed structures illustrating the defect in each structure. Red dashed circle
represents a vacancy.

Pt atoms next to and away from the vacancy is compared in Supplementary

Figure 14(b) in published research [66].

For defects of type C, a distinct feature has been observed for both posi-

tive and negative biases. As indicated by white dotted line in Figure 4.16(c),

a 2×2 triangular depression is formed where outside the middle of each side

a bright protrusion spot is clearly visible. These features fit very well with

the experimental images shown in Figure 4.13(c). Notably, a clear contrast

between positive and negative bias voltages has been observed for this type

of defect. It is worth mentioning that type A and type C defects have the

same impact on the band structure of ML PtTe2.

Defects of type D show 1×1 triangular protrusions at both positive and

negative bias voltages, although the protrusions are much more apparent at

positive bias voltage (Figure 4.16(d)). For this defect type, the Pt vacancy,

which exists in ML PtTe2, can build a high acceptor density at the three

neighboring Te sites creating the three protrusions at positive bias forming a

triangle. This analysis is further supported by the depression created at the
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position of the Pt vacancy at negative bias voltage (see Figure 5(d) for the

band structure of ML PtTe2 with a Pt vacancy in work [66]). The observa-

tion of slight asymmetry in the images could be related to the asymmetric

spatial distribution of charge densities to accommodate the vacancy-induced

perturbation of the neutral system, as shown in the Supplementary Figure

15 of paper [66].

The DFT-STM images for type E defects agree with the experimental

STM images. Features such as a 3×3 triangular protrusion (depression) at

negative (positive) bias are observed, but reversed, which is consistent with

the experimental images (see Figure 4.13(e)). The impact of this defect type

on the band structure of ML PtTe2 is presented in Supplementary Figure 16

of published work [66]. This is compared with another possible antisite defect

(Pt replacing Te, type E’), which is energetically much less favorable, as will

be discussed in the next section. As previously noted, due to computation-

ally expensive calculations, ML or BL PtTe2 was considered to generate the

DFT-based STM images of the defects. However, to have fair comparison

between calculated DoS and measured dI/dV, the atomic-scale simulations

were performed on trilayer PtTe2 (without bandgap) in order to calculate

the DoS for a Te vacancy (defect type C). The PDoS at Pt and Te atoms

near and away from vacancy type C is presented in Supplementary Figure

17 of publication [66] showing that both Pt and Te atoms next to the Te

vacancy create more states in the valence band compared to the conduction

band. This result is consistent with the experimental dI/dV data shown in

Figure 4.14. There is also a good agreement between simulations and ex-

periments in the conduction band where a dip is evident after a peak in the

DoS.

The formation of different atomic defects depends on the material growth

dynamics [178]. The qualitative explanation based on DFT calculations to

reveal the stability of different defect types by calculating the formation en-

ergies of all the defect types can be seen in Figure 4.17. The same plot

including some additional less-probable types of defects is shown in Supple-

mentary Figure 19 in the paper [66]. The calculated formation energies are

consistent with the densities of defects reported in Table 4.1. In addition,

Table 4.1 shows that the density of defect type C is higher than that of de-

fect type E. This agrees with theoretical result that the formation energy of
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Figure 4.17: DFT-calculated formation energies for selected defect
types in PtTe2. Te vacancy has the lowest formation energy.

defect type C is noticeably lower than that of defect type E which suggests

the synthesis process is Pt rich. These results were published here [66].

4.4.7 Conclusions

In summary, point defects in PtTe2 thin films were studied, which were syn-

thesised through the reaction of solid-phase precursor films, through a combi-

nation of experimental STM/STS and DFT simulations. Five different types

of point defects were imaged and identified. The formation energies for these

defects were calculated and found to be in agreement with the density of

these defects observed experimentally by STM. Both STS and DFT showed

that the defects influence the electronic structure of PtTe2. DFT indicates

that PtTe2 is semimetallic for thicknesses greater than monolayer, confirmed

by experimental observation. These findings will play an important role in

understanding the electrical properties of PtTe2, the prominent point defects

in the structure and how the point defects influence the local electronic struc-

ture. These results will be critical for optimizing the synthesis of PtTe2 and
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tailoring its properties for electronic and spintronic devices through defect

engineering. It should be noted that these results were published here [66].



Chapter 5

Conclusions & Future Work

5.1 Conclusions

In the first section of chapter 3, the structural and electronic properties of

monolayer and bilayer Bi(111) steps and their respective edges were studied

in depth by several surface sensitive techniques and DFT simulation. The

atomically flat Bi(111) surface, which was cleaved in UHV, experience par-

tial surface recrystallisation after Ar+ sputtering. This recrystallisation after

Ar+ bombardment occurs even at low temperatures (110 K). It can be as-

sumed that Ar+ bombardment destroys the surface order of Bi(111), resulting

in amorphisation, however, simultaneous diffusion remarkably results in re-

crystallisation and consequently, nanostructures exhibiting monolayer steps.

These nanostructures were observed by STM. LEED patterns, which were

measured before and after Ar ion sputtering, also indicate that the surface

remains ordered. UPS measurements, which were taken at different intervals

during Ar+ sputtering, indicate an increase in the number of electronic states

near the Fermi level after bombardment. This rise in the DOS is presumed

to stem from two origins. Firstly, the local breaking of the Peierls transi-

tion, which results in energetically less favourable monolayer steps. DFT

simulations suggest that the monolayer terraces have a significantly bigger

DOS near the Fermi level than bilayer terraces. Secondly, the presence of

hexagonal nanoislands on the surface increases the number of bilayer type

A and type B step edges. DFT simulations indicated that the type A bi-

layer edge has a Fermi density even larger than the monolayer terraces. On

the other hand, type B bilayer edges have a Fermi density smaller than flat

95
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bilayer terraces. This indicates that the increases in the DOS observed by

UPS are due to the increased presence of monolayers and type A step edges.

The Kohn-Sham DOS is qualitatively in agreement with the zero-frequency

limit of UPS, indicating that the Fermi density is increased by a factor of

3 near the Fermi level on defective regions as a result of the breaking of

the Peierls transition. The increased Fermi density at the surface observed

in the monolayers is reminiscent to that of topological insulators, which see

use in thermoelectrics and have been suggested for future applications in

spintronics with topological quantum computation [155, 156].

In section 3.2, the atomic and electronic structures of a GeTe(111) single

crystal were investigated. Two types of domain boundaries were observed,

one of them being similar in structure to the van-der-Waals gap in layered

materials. This structure is responsible for the formation of surface domains

with preferential Te termination (∼68%). By utilising STM, cleavage of

the covalent bonds (Ge termination) was distinguished. The lateral sizes of

the surface domains are in the range of ∼10-100 nm, and both Ge and Te

terminations reveal no reconstruction, as resolved by STM and LEED.

In section 4.2, it was shown that PtS2 can be successfully grown by the

TAC process and it was demonstrated that STM-based techniques can be

applied to selectively study the atomic and electronic properties of poly-

crystalline PtS2 films. Prior to the STM investigation, XRD, XPS and Ra-

man spectroscopy were performed, which confirmed the successful growth of

PtS2 with the correct stoichiometry. STM measurements allowed the crystal

structure of TAC-grown PtS2 to be resolved and the interatomic spacing was

determined to be 3.58 ± 0.03 Å. The bandgap for a flake with thicknesses

3.8 nm was determined to be around 1.03 eV through STS experiments. The

relative position of the Fermi level to VBM and CBM indicated p-type semi-

conducting behaviour. These fundamental insights can contribute to future

studies focused on PtS2 and its application in devices.

In section 4.3, a comprehensive experimental and theoretical investiga-

tion of the electronic and atomic structure of PtSe2 edges was presented. By

carrying out STM and STS experiments, in combination with DFT calcula-

tions, alternative electronic properties of the PtSe2 step edge (edge states)

were shown in comparison with atomically flat terraces. Moreover, a distinct

dependence of the bandgap on the thickness of PtSe2 flakes was shown. Be-
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fore STM and STS investigation, the quality of PtSe2 films was characterised

by Raman and XPS techniques. These insights could provide an effective way

for optimising the interface contact and tunability of the bandgap, which are

crucial for 2D materials electronics community.

In the last section (section 4.4) of chapter 4, point defects in PtTe2 thin

films were studied through a combination of experimental STM/STS and

DFT simulations. PtTe2 thin films were synthesised through the reaction of

solid-phase precursor films. Five different types of point defects were imaged

and identified. The formation energies for these defects were calculated and

found to be in agreement with the density of these defects observed exper-

imentally via STM. Both STS experiments and DFT calculations demon-

strated that the defects influence the electronic properties of PtTe2. DFT

indicates that PtTe2 is semimetallic for thicknesses greater than a monolayer,

which is confirmed by experimental STS observation. Moreover, PtTe2 is a

semiconductor for the monolayer case and defects would locally change the

bandgap. These insights will play an pivotal role in comprehension of the

electrical properties of PtTe2, the prominent point defects in the structure

and how the certain point defects influence the local electronic properties.

These findings will be critical for optimising the synthesis of PtTe2 and tai-

loring its properties for electronic and spintronic devices through defect en-

gineering.

5.2 Future Work

The widespread use of layered materials in numerous applications ensures

that research into their physical and chemical properties will be continued

for a long time. There is a big drive to make these materials more efficient

across their broad range of applications. In order to achieve high efficiency, a

comprehensive knowledge of their properties on the atomic scale is required,

especially for modern electronics and catalysis. In this thesis, fundamental

work relating to the atomic and electronic structures of some layered materi-

als and the impact of 0D, 1D and 2D defects on electronic nature of materials

was presented. Nevertheless, it is believed that much more can be achieved.

In chapter 3, the atomic and electronic properties of Bi(111) and GeTe(111)

single crystals have been investigated by a host of surface-sensitive techniques
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and theoretical modelling. It was shown that breaking of covalent bonds in

these single crystals is possible with some probability via Ar+ sputtering

or just cleavage. Although, covalently broken terraces were studied exten-

sively some further fundamental work is still required, such as performing

STS on these terraces. This will allow the electronic structure of the cova-

lently broken terraces (2D defects) to be locally probed, which will inform

possible future applications of these materials. In the case of GeTe, dI/dZ

spectroscopy can be acquired at two distinct regions (Ge and Te terminated

terraces). dI/dZ spectroscopy measurements can provide local work function

information of the monolayer terrace. Another interesting continuation of

the GeTe study would be performing DFT simulations to better understand

the nature of point defects, which were experimentally observed by STM

and probed via STS. Moreover, DFT simulation of 2D defects and both Te

and Ge terminated step edges can provide insights into their local electronic

properties.

2D, or atomically layered, materials possess remarkable properties, which

are attractive for both fundamental research and applications. These prop-

erties originate from their atomic-scale structure and constituent elements

which can be controlled during synthesis. Quite often, 2D materials have

defects on and near their surfaces that have a significant influence on the

electronic and atomic structure (as was presented in this thesis). Therefore,

a detailed atomic-structure study is of high importance for the majority of

2D materials as it can reveal the relationship between the synthesis condi-

tions and resultant defects. Future work in this area could establish defect

engineering processes through a combination of fundamental studies.

A variety of defect types can be present in Pt-based TMDs include 0D

and 1D defects as was shown in this thesis. These 0D and 1D defects can

give rise to new phenomena and introduce additional functionalities. Hence,

understanding the local modification of the atomic-scale structure, includ-

ing arrangement and density of the edges, is clearly crucial. Experimental

findings obtained via STM and STS can be complemented by DFT in or-

der to assist in the correct assignment of resolved defects and to develop a

mechanism for tuning the types of defects and their density.

In chapter 4, the electronic and structural nature of Pt based TMDs were

extensively studied via modern experimental techniques and DFT simula-
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tion. TMDs were investigated primarily by STM and STS techniques. Even

though TMDs were deeply investigated in this thesis there is plenty of room

for further scientific studies. In section 4.2, the atomic and electronic struc-

ture of a PtS2 film was studied. However, both 0D and 1D defects can be

found and probed via STM/STS in PtS2 films. Detailed characterisation and

classification of these defects could facilitate understanding of their impact

on the electronic properties of the intrinsic materials and, in turn, help with

assessing their significance for potential applications. Also, this investigation

could shine a light on defect engineering through which the desired proper-

ties of the materials could be tuned. Such an investigation would require

not only comprehensive knowledge of the properties of defects on the atomic

scale, but also supporting DFT simulations. DFT theory calculations would

provide insight on these 0D and 1D defects and their influence on the prop-

erties of the material. DFT can also be used to investigate the formation

energy of different defect types, which can be related to the experimentally

observed distribution of defects.

In section 4.3, the electronic and atomic structure of the step edges of

PtSe2 films were studied. Although the step edges in PtSe2 were investi-

gated intensively, further fundamental work is required. Both Se and Pt

terminated step edges of the PtSe2 could be simulated via DFT. These the-

oretical findings could then be compared with experimentally-observed STS

of edge states. DFT could also be utilised to study the formation energy of

both Se and Pt terminated step edges of the PtSe2. These insights could

provide an effective way for optimising the contact interface, which is pivotal

for 2D materials electronics community.

In section 4.4, five common distinct point defects on and near the PtTe2

surface were imaged and identified. Building on this, step edges of PtTe2

could be investigated through combined experimental STM/STS and theo-

retical calculations. This combined study could provide knowledge on how

Te or Pt-terminated step edges influence the material properties. Moreover,

the calculation of formation energy for both Te and Pt terminated step edges

of the PtTe2 could be performed by DFT. These studies could provide in-

sights into how the catalytic activity of PtTe2 is affected by edge states, or,

in other words, how the lateral size of PtTe2 flakes influences its catalytic

properties.
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In conclusion, the demonstrated pieces of research can motivate researchers

who are working in different areas ranging from 2D materials, TMDs, surface

science, heterostructure and crystal growth and computational physics and

chemistry. These experimental and theoretical findings lay the foundations

for developing a mechanism to tune the type and density of defects, through

which desired material properties can be achieved.



Chapter 6

Appendix

6.1 Oxidation of Nb(110): Atomic Structure

of the NbO Layer and its Influence on

Further Oxidation

6.1.1 Introduction

The surfaces of both oxidised transition metals and transition metal oxides

form complex phases and reconstructions. This is due to the number of oxi-

dation states transition metals can adopt and the ease at which the surface

composition can be altered by annealing in reducing or oxidising environ-

ments [179–184]. Understanding the oxidation processes and the properties

of these surface is of importance in heterogeneous catalysis, heterostructure

oxide growth, electronics and energy, where this class of material is pivotal.

Niobium has one of the highest superconducting transition temperatures

(TC = 9.2 K) of all the elements [185] and finds application in superconducting

radio frequency particle accelerators [186–188], superconducting quantum in-

terference devices (SQUIDs) [189], infrared photodetectors [190] and Cooper-

pair transistors [191]. Niobium and/or niobium oxide takes a prominent place

in the tunnel barriers of single electron transistors [192] and Josephson junc-

tions [193, 194]. The presence of oxides will clearly influence the tunneling

characteristics in such devices. Niobium oxides see further relevance as cat-

alysts. For example, small amounts of Nb2O5−y and NbO2 can increase the

catalytic activity of transition metals in redox reactions [195]. Nb2O5−y sees

101
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application as a dielectric in capacitors with conductive NbO acting as the

electrode. Dielectric breakdown sees the formation of high resistance NbO2

at the Nb2O5−y/NbO interface, which prevents device failure [196].

Niobium oxides exhibit a wide range of structures with a correlated

wide range of properties; NbO is superconducting with TC = 1.4 K [197].

NbO2 is metallic at room temperature but exhibits a Peierls-type metal-

semiconductor transition (body-centered tetragonal to rutile) at 1081 K [198–

200], which makes it promising for electronic applications [201–203]. Nb2O5−y

is insulating and polymorphic and is the most stable niobium oxide in am-

bient conditions. At room temperature the stable phases of these oxides

are amorphous while crystalline phases are stabilised at higher temperatures

[123, 204].

Pure niobium is not observed in ambient conditions and oxygen is a com-

mon defect. Niobium’s superconductivity transition temperature drops by

close to 1 K per percent oxygen impurity [205]. The oxygen resides predom-

inately in interstitial octahedral sites [206–208]. Recently it has been shown

that oxygen can only be removed entirely at temperatures above 2400 °C
[209]. Sputtering can remove oxygen from the surface region but annealing,

which facilitates recrystallisation, at temperature as low as 200 °C results in

significant segregation of oxygen at the surface [209].

The nature of the oxides which form at niobium surfaces can depend on

the termination of niobium. The oxidation of (110) terminated and polycrys-

talline niobium initially see the formation of NbO [210–213] and subsequently

NbO2 and Nb2O5−y at larger exposures [210–215]. In the case of Nb(001),

NbO2 and Nb2O5−y are observed [216], but not NbO. In all of these stud-

ies Nb2O5−y is concluded to terminate the crystal. The most notable study

in this regard is the energy resolved 3d core-level spectra presented in M.

Delheusy’s thesis, demonstrating that after oxidation Nb2O5−y dominates

the surface region [217]. Annealing the oxidised crystal in vacuum reduces

Nb2O5−y to NbO2 at ∼150 °C [216], while at ∼300 °C this NbO2 is reduced

to NbO [214–216]. Temperatures in excess of 2000 °C [209, 218, 219] are

required to remove NbO.

Nb(110) [218–221] and Nb(001) [222–224] are the only oxidised niobium

terminations that were investigated by scanning tunneling microscopy (STM).

Both of these show similarities with the formation of a regular array of one-
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dimensional NbO nanocrystals [218–221, 223, 225], of the order of a few

nanometers in length. Although the oxide termination of Nb(001) have also

assigned as NbO2 [222].

The NbO which forms at the niobium surface is extremely stable [218,

220, 223] and can play a large role in the superconductivity and tunneling

characteristics of niobium. In addition, NbO will likely influence the struc-

ture of higher valence niobium oxides which form an interface with NbO.

Therefore, NbO can play a role in the catalytic and dielectric behaviour of

the higher valence niobium oxides. For these reasons and considering the

lack of detailed surface studies of the niobium oxides, we have performed

a combined STM and x-ray photoelectron spectroscopy (XPS) study of the

in-situ oxidation of the NbO(111)/Nb(110) termination. Initially the pre-

viously reported NbO(111)/Nb(110) termination is examined. Subsequently

this termination is oxidised at low and high dosage, which gives rise to sub-

monolayer and several monolayer coverages, respectively. We will show the

structure and electronic properties of the NbO/Nb(110) substrate plays a

pivotal role in the initial stages of the oxidation process.

6.1.2 Experimental Details

Measurements have been performed across two ultra-high vacuum (UHV)

systems, a STM system and an XPS system. The XPS and STM experiments

have been performed separately on the same (110) terminated niobium single

crystal. The crystal has been exposed to atmospheric conditions between ex-

periments. Throughout this work the STM results will be presented and the

corresponding XPS measurements, obtained after applying similar prepara-

tion procedures, will be qualitatively discussed. The microscope used in this

work is described in details in section 3.1. The STM tips used were [001]-

oriented single-crystalline tungsten, which were electrochemically etched in

NaOH. The bias is applied to the sample with respect to the tip.

The sample temperature was measured from a K-type thermocouple up to

600 °C. Higher temperatures are estimated by an infrared optical pyrometer

(ε= 0.25). XPS measurements have been performed using an Omicron Mul-

tiProbe XPS system using monochromated Al Kα X-rays (XM 1000, 1486.7

eV) with an instrumental resolution of 0.6 eV. Spectra have been analysed

and fitted with CasaXPS.
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6.1.3 Results: NbO Terminated Nb(110)

When Nb(110) is oxidised and subsequently annealed in reducing conditions,

an ultra-thin layer of NbO, which is (111) terminated, forms at the surface

[214, 219, 221, 226]. The (111) plane of the NbO is parallel to the (110)

plane of the underlying niobium crystal. NbO terminated Nb(110) has been

reported after annealing the crystal oxidised in ambient conditions [221] but

also after annealing a niobium crystal with a clean surface, in which case

oxygen dissolved in the bulk diffuses to the surface [219, 225, 226]. The

NbO(111) forms Nishiyama-Wassermann or Kurdjumov-Sachs epitaxial re-

lation with the Nb(110) [217]. The Nishiyama-Wassermann dominates the

literature [214, 221, 225, 226] and it is depicted in Figure 6.1(a). The an-

nealing temperature and oxidation environment are critically important in

determining which epitaxy relationship is present [217]. In this work the

Nishiyama-Wassermann epitaxial relationship is observed.

The terminating NbO layer is not complete as compared to its bulk NbO

counterpart: it is characterised by the periodic arrangement of strictly par-

allel rows of atoms 2-3 nm in length. Henceforth these one-dimensional rows

will be referred to as nanocrystals [219]. The nanocrystals are orientated

along the two NbO<110> directions which are rotated by 5◦ with respect

to the two Nb<111> directions of the Nb(110) plane. The nanocrystals and

their relative arrangement is depicted in Figure 6.1(b), only one of the two

possible domains is depicted. Misfit dislocations result in variation in both

the displacement between the nanocrystals and length of the nanocrystal.

The niobium single crystal was introduced to the UHV chamber and

annealed in a ultra-high vacuum (UHV) environment at 850 °C for 1 h. Fig-

ure 6.2 shows large scale and atomic resolution STM images of the surface

subsequent to the annealing. The two domains of the nanocrystals of NbO

terminated Nb(110) are evident in (b). The presence of the monoxide is fur-

ther evidenced by XPS measurements depicted in Figure 6.2(c), where NbO

is the only oxide observed. Prior to the XPS measurements the crystal, which

had been exposed to ambient conditions, was annealed at 700 °C in UHV for

20 mins. The long range order is demonstrated by LEED measurements de-

picted in (c). The LEED is characterised by the superposition of a Nb(110)

and a NbO(111) diffraction pattern, indicative of the Nishiyama-Wasserman

epitaxial relation. The LEED produced by the Kurdjumov-Sachs epitaxial re-
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Figure 6.1: (a) The Nishiyama-Wassermann epitaxial relationship between
the Nb(110) and NbO(111) lattices. The schematic depicts the unit cells and
not all the atoms therein. The Nb[001] aligns with one of the NbO<110>
directions ([11̄0] is chosen in the schematic). The other two NbO<110>
directions are rotated by 5◦ with respect to the two Nb<111> directions of
the Nb(110) plane. It is these two NbO directions which are the orientation
of the nanocrystals, one of which is depicted in (b). (b) depicts the Nb atoms
which terminate the NbO nanocrystals. The depicted rhombus defines the
arrangement of these nanocrystals. Slight variation in the length of and the
distance between nanocrystals are commonly observed. The area separating
stacks of parallel nanocrystals, termed a channel, is highlighted.

lationship would consist of the superposition of a Nb(110) and two NbO(111)

diffraction patterns [217]. The diffraction pattern in (c) is qualitatively the

same as the diffraction pattern obtained prior to STM measurements. These

STM, XPS and LEED measurements support previous observations of this

termination [214, 219, 221, 226].

The STM image Figure 6.3(a) contains a large terrace and a sequence

of narrow terraces. The narrow terraces always have a width of ∼3 nm in

the [1̄10] direction. In fact these narrow terraces are simply a stack of NbO

nanocrystals. The orientation of the nanocrystals alternates step-by-step be-

tween the two domains. Grid spectroscopy measurements were performed

on the area depicted in Figure 6.3(a). 64× 64 individual I(V) measurements

were performed on the grid. At each point the spectra were averaged over

10 individual I(V)-curves. As the tip was moved across the grid, the tip

height was stabilised by the constant-current mode scanning parameters.

Prior to obtaining a spectroscopy measurement at any point, the feedback

loop was turned off such that the current could be recorded as a function of

the voltage while maintaining a constant tip height. Subsequently the feed-
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Figure 6.2: STM, LEED and XPS measurements of NbO terminated
Nb(110). The ambient oxidised crystal was vacuum annealed at 850 °C prior
to STM measurements. (a) illustrates the terrace structure. (b) high reso-
lution image illustrates the NbO(111)/Nb(110) nanocrystal termination. In
(b) the two domains are evident. (c) Similar treatment during XPS mea-
surements (700 °C in UHV for 20 mins) illustrate that the only oxide present
is NbO. (a) 170 nm× 170 nm, V = 1.2 V and I = 74 pA. (b) 10 nm× 10 nm,
V = 2 mV and I = 61 pA.

back was turned on and the tip was moved to the next grid position. The

constant-current mode scanning parameters used to move between points

were V = 1.3 V and I = 50 pA. Therefore, for every I(V) measurement the

current at 1.3 V was 50 pA. Variations in the tunneling current at differ-

ent voltages are due to differences in the electronic structure. The voltage

was swept between + 2 V and - 2 V. Figures 6.3(c) & (d) illustrate I(V) and

dI(V)/dV (numerical derivative of I(V)) spectra of two points on the grid

indicated by the green and the blue star positioned on a nanocrystal and

in a channel between the nanocrystals, respectively. While the termination

is conducting throughout, the two points are inequivalent. Most notable is

the higher DOS between 1 and 2 eV above the Fermi level (+1 to +2 eV

in the spectra). To illustrate this point Figure 6.3(b) depicts the tunneling

current from the I(V) at each spectroscopy point at a bias voltage value of

2 V. Brighter points corresponds to a higher tunneling current value at 2 V.

This current map is characterised by bright lines corresponding to the terrace

edges and in the channels in-between the nanocrystals on the terrace. The

white rectangles in Figure 6.3(a) and (b) highlight the channels, which are

also depicted schematically in Figure 6.1(b). It is interesting to note that the

terrace edge parallel to the nanocrystals (highlighted by the dashed ovals in

Figure 6.3(a) and (b)) does not exhibit as high DOS compared to the ter-
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races which coincide with the edge of the nanocrystals. This indicates that

the presence of the nanocyrstal edges are in part responsible for the high

DOS (in this energetic range) of the terraces running in the [001] direction.

This is understood in terms of relaxation of the misfit-induced strain, which

is easier at the edge of the nanocrystal; Arfaoui et al. commented that a

larger nanocrystal length could be stabilized at the edge of a terrace, likely

due to the reduced strain [220].

Analysis of the O 1s peak, depicted in Figure 6.3(e), can provide insight

into the different electronic character of the nanocrystals and channels. Two

components, one at 530.3 eV (OI) and one at 531.7 eV (OII), indicate the

presence of two nonequivalent oxygen chemical states. These measurements

support those performed by Razinkin et al. [226]. The ratio of these two

states (57% OI, 43% OII) can be compared to the ratio of the bright and dark

areas on the grid STS. One can speculate that the differing surface electronic

structure is related to the distribution of the two oxygen states. This is

corroborated by Razinkin et al. who observed an increase in the OI/OII ratio

when the polar angle was reduced. This indicates that the ”highest” features,

the nanocrystals, have a higher OI/OII ratio compared to underlying layers.

This is in agreement with the STS in which the nanocrystals and channels,

which are at different heights, exhibit different electronic character. This is

suggested to correlate to the different OI/OII ratio.

6.1.4 Results: Low Dosage Oxidation NbO Terminated

Nb(110)

Oxygen can easily diffuse through the niobium bulk [227], partly due to the

low atomic density of niobium. Upon oxidation NbO is the first oxide to

form, and its presence slows further oxidation [212, 213]. Ronay and Nord-

lander have calculated the barrier for the incorporation of oxygen though

the surface layer of metals and their oxides using an effective medium ap-

proximation [228, 229]. The barrier strongly depends on the structure: the

homogeneous and dense rocksalt structure exhibits a higher barrier than

spinel, rutile or bixbyite. Channels of low electron density in the lattice re-

duce the barrier. For example, the barrier of low-density body-centered cubic

Nb(110) and dense face-centered cubic NbO(110) are 0.7 eV and 3.9 eV, re-
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Figure 6.3: Grid spectroscopy of NbO terminated Nb(110).
(a) (30× 30 nm V = 0.3 V and I = 105 pA): STM image of the
NbO(111)/Nb(110) nanocrystal termination. A grid spectroscopy measure-
ment has been performed on the area in (a). (b) depicts the tunneling
current value (taken from the I(V)) at each spectroscopy point on the
grid at a bias voltage value of 2 V. Bright lines (higher tunneling current)
correspond to the terrace edges and the channels (an example of a channel
is indicated by the white rectangle in (a) and (b)) in-between the NbO
nanocrystals. (c) & (d) illustrate individual I(V) and dI(V)/dV spectra of
two points on the grid highlighted by the green and blue stars in (a) and
(b) positioned on a nanocrystal and a channel between the nanocrystals,
respectively. The different electronic structure is most pronounced in the
region between 1 and 2 eV above the Fermi level (+1 to +2 eV in the
spectra). (e) O 1s spectra indicating the presence of two oxygen chemical
states.

spectively. Ronay and Nordlander have also examined NbO(111) termination

in the cases of a perfect termination and the termination which contains an

oxygen vacancy in the third layer [228]: the perfect termination has a barrier

of 4 eV, similar to NbO(110), while the surface containing an oxygen vacancy

exhibits a barrier of 1.2 eV. This reduction again illustrates the strong influ-

ence of inhomogeneities. Clearly, the barrier for oxygen penetration though
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Figure 6.4: Low dosage oxidation of NbO terminated Nb(110). NbO
terminated Nb(110) was exposed to a small dose (PO2 = 5× 10−10 mbar for
≈30 s) of molecular oxygen at 77 K. The bright randomly positioned features
in (a) are attributed to oxygen. Annealing the surface in (a) to 1400 °C re-
sults in the formation of clusters ≈1 nm in diameter seen in (b) and (c), which
form chains of up to 10 separated clusters. These clusters reside in between
the niobium nanocrystals of NbO terminated Nb(110). High resolution STM
image (c) demonstrates the features consist of 5 resolved atom-sized features.
However, small variations in size and number of atom-sized features are ob-
served. (a) 50× 50 nm, V = 1.4 V and I = 68 pA. (b) 30× 30 nm, V = 0.4 V
and I = 66 pA. (c) 10× 10 nm, V = 0.01 V and I = 62 pA.

the NbO(111) termination of Nb(110), whose precise atomic structure is un-

known, can have a large to small barrier value depending on the exact atomic

structure.

In order to probe both the interaction of oxygen with this termination

at the atomic-scale and this termination’s protective nature, NbO termi-

nated Nb(110) was exposed to a low dose of molecular oxygen. Exposure

was performed at liquid nitrogen temperature. The motivation to do so was

to monitor the adsorption process in real-time with low-temperature STM.

However, the STM tip was not stable in the oxygen environment even at very

low oxygen partial pressure. NbO terminated Nb(110) was exposed to molec-

ular oxygen (PO2 = 5× 10−10 mbar, the base pressure was 2× 10−10 mbar) at

77 K for 30 s. The STM image in Figure 6.4(a) illustrates the presence of ad-

ditional features on the surface as compared to the clean surface depicted in

Figure 6.3(a). These features, attributed to physisorbed oxygen, form some

seemingly random shapes not correlated to the substrate. This surface with

additional oxygen was annealed at 1250 °C for 30 mins and flashed at 1400 °C
for 10 s in UHV. This results in the formation of clusters less than a nanome-

ter in size, the vast majority of which reside in between the nanocrystals
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Figure 6.5: High dosage oxidation of NbO terminated Nb(110). (a)
and (b): STM images after in-situ oxidation of Nb(110) single crystal at
600 °C for 10 mins at PO2 = 2× 10−4 mbar. Large scale (tens of nanometers)
structure is observed in (a), while in (b) it is clear that there is no order on the
nanometer scale. (c) STM image after gentle UHV annealing at 150 °C. The
thickness of the oxide is reduced as evidenced by the appearance of terraces
highlighted by the dashed square, which correspond to the underlying NbO.
This is corroborated by the observation of LEED spots corresponding to the
Nb(110) and/or the NbO(111). No diffraction spots were observed prior to
this gentle annealing. The arrows at the top of (a) and (c) guide the eye to
the terraces of the underlying NbO running in the [001] direction. (d) and
(e) illustrates I(V) and dI(V)/dV spectroscopy measurements of the surface
depicted in (a) and (b): the termination is semiconducting with a gap of
∼ 1.5 eV. (f) XPS measurements have been performed on the crystal after
a similar preparation procedure (700 ◦C anneal in a 2×10−4 mbar oxygen
partial pressure for 1 h). The Nb 3d lineshape is comprised of metallic Nb,
Nb2O, NbOx and Nb2O5 contributions.(a) 500× 500 nm, V = 1 V, I = 132 pA,
(b) 70× 70 nm, V = 1 V and I = 100 pA and (c) 500× 500 nm, V = 1 V and
I = 160 pA.

(Figure 6.4(b)). Chains of up to 10 separated clusters are observed to form.

A high resolution STM image of these clusters is presented in Figure 6.4(c):

the cluster is characterised by five distinguishable atom-sized features. Small

variations in terms of number of atoms and cluster shape are observed.
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As was detailed in the previous section, NbO terminated Nb(110) forms

upon UHV annealing either the oxidised (ambient or otherwise) surface or

the oxygen-free surface which contains oxygen dissolved in the bulk. It is

noted that annealing the crystal up to 1600 °C does not result in the for-

mation of these clusters. Arfaoui et al. [219] and Razinkin et al. [226]

also annealed the niobium crystal free of surface oxygen at 900−1900 °C
and 1700 °C, respectively and observed the NbO(111)/Nb(110) nanocrystal

termination identical to that in Figure 6.2 without the presence of the clus-

ters. It appears these clusters only form after the oxidation and subsequent

annealing of the NbO(111)/Nb(110) nanocrystal termination.

As mentioned above, these features are always observed in the channels

in between the niobium nanocrystals. During heating, excess oxygen will

likely desorb or diffuse to the channels where they are stable. Quite often we

observe some poorly ordered areas in between the nanocrystals (for example

see Figure 6.2(b)), which was also observed by Arfaoui et al. [219]. Nio-

bium residing in these disordered areas (or channels per the nomenclature

of the text) and the mobile physisorped oxygen likely form niobium oxide

compounds after high-temperature annealing. The formation of these fea-

tures indicates (1) the excess oxygen cannot diffuse through the NbO lattice

to the underlying bulk niobium and (2) the features are stable enough that

the annealing temperature of 1400 °C is not sufficient to result in desorption

to the vacuum.

The grid spectroscopy of NbO terminated Nb(110) provides insight into

the nucleation position of the clusters: 1 - 2 eV above the Fermi level the chan-

nels in between the nanocrystals exhibit a considerably larger DOS compared

to the nanocrystals. At the current time it is unclear why the clusters reside

in this specific electronic environment. However, a hypothesis is given by

considering both the conductivity and enthalpy of the niobium oxides; The

conductivity of the different niobium oxides reduces from metallic NbO to

semiconducting NbO2 and finally insulating Nb2O5. In turn, the enthalpy

of formation for NbO, NbO2 and Nb2O5 is -415 kJ/mol, -780 kJ/mol and -

911 kJ/mol, respectively [230]. Therefore, the conductivity increases as the

enthalpy decreases. One can hypothesise that the adsorbed oxygen will pref-

erentially reside in the area of higher conductivity, which corresponds to a

lower enthalpy of formation of an oxide, as is observed. The enthalpy also
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decreases as the oxidation state decreases. The model of Razinkin et al. con-

cluded that oxygen in the channels has a lower oxidation state than oxygen

in the nanocrystals [226]. It is noted that at negative bias voltage, the centre

of the nanocrystals exhibit a slightly larger DOS than the channels.

Pulsing with the STM tip produces a very high electric field locally, which

depends on the tip structure, tip-surface distance and the applied voltage.

Pulsing can probe the stability of adsorbates and the energetic barrier for

the transition of adsorbates from the surface to underlying layers [231, 232].

We pulsed the clusters at ± 7 V. This procedure leaves the clusters unaltered

as judged by STM images before and after pulsing, further indicating their

stability and the protective nature of NbO terminated Nb(110).

6.1.5 Results: High Dosage Oxidation of NbO Termi-

nated Nb(110).

The clean NbO/Nb(110) has been annealed in an oxygen atmosphere (envi-

ronment) (PO2 = 2×10−4 mbar) for 10 minutes at a temperature of 600 ◦C.

LEED measurements (not presented) are indicative of a disordered termina-

tion, with only a homogeneous background observed. STM measurements,

which are depicted in Figure 6.5(a), illustrate large scale order characterised

by features of length 50-500 nm and width 10-30 nm. These features are ob-

served in two directions separated by 110±1◦. The directions correspond

closely to the [1̄11] and [11̄1] directions of the niobium substrate. XPS

measurements have been performed on the crystal after a similar prepa-

ration procedure (700 ◦C anneal in a 2×10−4 mbar oxygen partial pressure

for 1 h after UHV annealing at 700 ◦C). The Nb 3d core level is depicted

in Figure 6.5(f). The lineshape has been fit with Nb(5%), Nb2O (29%),

NbOx (31%) and Nb2O5 (34%) components. The width of the the NbOx com-

ponent suggests it is a disordered mix of NbO and NbO2, although it is closer

to NbO than NbO2. LEED measurements recorded in conjunction with the

XPS measurements were, as with the STM measurements, indicative of a dis-

ordered termination. As discussed in the introduction, it is well established

that when Nb2O5−y is present it terminates the crystal, followed by oxides

with lower valency [214–217]. Considering the phase diagram, pentoxide is

the stable phase for the annealing conditions considered in this work [233].
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With these points and the XPS in mind, the surface termination depicted in

Figure 6.5 is concluded to be a thin-layer of Nb2O5−y.

Grid STS measurements have been performed on a 15 nm× 15 nm area.

The majority of points show semiconducting character with a gap of 1.5± 0.1 eV.

Although at some points the gap is observed to be as large as 2 eV. The

growth of Nb2O5−y of known to be inhomogeneous [194] and the resultant

thickness variation can lead to a variation in the band gap of the terminat-

ing layer. Bulk Nb2O5−y has a band gap of 3.7 eV [234] while other niobium

oxides are conducting or have a small gap (NbO2) [235]. The variation of

the band gap measured here and that of bulk Nb2O5−y can be due to the

symmetry breaking surface, the interaction with the underlying lower valence

oxides and/or varied stoichiometry due to the preparation procedure, which

may induce a higher density of oxygen vacancies resulting in a higher density

of Nb4+ and even Nb3+ sites [194].

It is interesting that on the nanoscale (Figure 6.5(b)) there is no ordering,

however on the larger scale (tens of nanometers) we clearly observe ordering

characterised by large features with distinct orientations. Considering the

coherence length of 10 -20 nm, LEED will only probe the structure within

the features. LEED diffraction spots were not observed indicating the lack

of atomic-scale order. Generally speaking, large scale order follows crystalli-

sation and subsequent growth on a smaller length scale. However, here this

is clearly not the case. We must consider the influence of the underlying

niobium oxide structures and the parent Nb(110) substrate. The first point

to note is that the orientation of these pentoxide features is the same as

the nanocrystals of the NbO termination (see Figure 6.2(b)). The direc-

tions correspond to the two NbO<110> directions of NbO(111) which are

rotated by 5◦ with respect to the two Nb<111> directions of Nb(110) (see

Figure 6.1(a)). This NbO terminated the crystal prior to the oxidation and it

is well established that in the case of heavily oxidised Nb(110), NbO resides

under the Nb2O5−y layer [214–216]. In fact, the terraces of the NbO are vis-

ible even in the presence of the Nb2O5−y termination, this is emphasised by

the blue arrows above Figure 6.5(a). Upon gentle in-situ UHV annealing at

150 ◦C, which is sufficiently high temperature to reduce the pentoxide thick-

ness [216], areas without any the pentoxide features are observed. In these

regions the underlying terraces of the NbO structure are exposed. One such
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example is depicted by the dashed rectangle in Figure 6.5(c). LEED mea-

surements performed after the gentle anneal, presented inset of Figure 6.5(c),

show faint, broad diffraction spots corresponding to the Nb(110) substrate

and/or the NbO(111) termination. With the reduced Nb2O5−y thickness,

LEED is more sensitive to these underlying structures. It is proposed that

the NbO(111) acts as a seed for the initial growth and nucleation of the

Nb2O5−y. It is noted that NbO terraces edges are in the same direction

as the two nanocrystal directions, however terrace edges are also along the

[001] direction but the pentoxide features are not observed in this direction.

The NbO nanocrystal termination is dictated by the symmetry of the (110)

termination of niobium, and hence, the Nb2O5−y termination is, albeit in-

directly, dictated by the specific termination of niobium. One can expect a

modified pentoxide terminations when supported by other Nb termination

which would be an interesting avenue for further study. Pentoxide is utilised

for gas sensing [236, 237] and catalysis [195]. The unique structure observed

here will very likely influence such processes. It should be noted that these

results were published here [142].

6.1.6 Conclusions

In situ oxidation of the NbO(111)/Nb(110) nanocrystal termination at low

and high dosage has been examined. The contrasting oxides which form

are strongly influenced by the substrates structural and electronic proper-

ties. High resolution grid scanning tunnelling spectroscopy measurements

of the NbO(111)/Nb(110) termination reveals regions of higher density of

states in between the nanocrystals where they terminate. Low-dosage oxi-

dation, resulting in sub-monolayer coverage, and subsequent ultra-high vac-

uum annealing of the NbO(111)/Nb(110) termination sees the formation of

resolved clusters, which reside in between the nanocrystals in the regions

of altered electronic structure. The formation of these clusters, which are

very likely niobium oxide in nature, illustrates the nano-porous nature of

the NbO(111)/Nb(110) termination, which differs from the niobium bulk in

which oxygen can diffuse easily. Annealing the NbO(111)/Nb(110) termi-

nation in an oxidising environment (600 °C and PO2 = 2× 10−4 mbar) results

in a Nb2O5−y termination confirmed by XPS measurements. No short-range

order is observed by LEED or STM. However, long-range order on the scale
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of tens of nanometer is observed, with the orientation of the features coincid-

ing with that of the nanocrystals. STS measurements demonstrate that this

Nb2O5−y termination is semiconducting with a gap of ∼1.5 eV. This reduced

gap relative to bulk Nb2O5−y is suggested to be due to the influence of the

underlying conducting niobium oxides. Furthermore, the relatively reduc-

ing conditions of the preparation may produce an under oxidised Nb2O5−y.

These results were published in the peer reviewed paper here [142].
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6.2 Atomic and Electronic Structure of the

Sb(111)

6.2.1 Results: LEED and STM of Cleaved Sb(111)

Surface

Experimental measurements were conducted on ultra high purity antimony

single crystals. The surface was prepared by cleaving the crystal in the load-

lock of the UHV system at a pressure of ∼ 5× 10−8 mbar at approximately

Figure 6.6: LEED patterns of the cleaved Sb(111) surface. (a)
LEED pattern was obtained from the cleaved surface of Sb(111) at room
temperature at Ep =73 eV, (b) at Ep =94 eV, (c) at Ep =112 eV and (d) at
Ep =181 eV.
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Figure 6.7: Large area STM images of the cleaved Sb(111) surface.
(a) large-scale STM images of Sb(111) surface cleaved in-situ at 110 K in
UHV (300×300 nm2, V = 1.0 V and I = 190 pA). (b) STM image of the blue
square labelled in (a) (100× 100 nm2, V=0.8 V and I=380 pA).

110 K. The sample was promptly (within 5 - 10 seconds) transferred to the

preparation chamber, where the pressure quickly returns to the base pressure

of ∼ 2×10−10 mbar. All stages of the sample preparation were monitored in-

situ by LEED. The surfaces with well ordered LEED patterns demonstrating

the (1×1) structure were investigated in this study (see Figure 6.6).

The LEED measurements presented in Figure 6.6 demonstrate that the

cleaved crystal is highly ordered and has long-range order. The LEED pat-

terns in Figure 6.6 were obtained at different energies. Figure 6.6(a) was

taken at 73 eV, Figure 6.6(b) at 94 eV, Figure 6.6(c) at 112 eV, and Fig-

ure 6.6(d) at 181 eV. The LEED measurements demonstrate that Sb(111)

single crystal’s surface is of very good crystalline quality and it does not have

contamination on the surface.

STM was used to investigate the atomic structure of the Sb(111) single

crystal as shown in Figure 6.7. The large-area scan in Figure 6.7(a) reveals

that the Sb(111) single crystal has large atomically flat terraces (scanning

parameters are 300×300 nm2, V = 1.0 V and I = 190 pA). It can be seen from

Figure 6.7(b) (area depicted in Figure 6.7(a) by the blue square) that the

surface of the Sb(111) crystal is clean (scanning parameters are 100×100 nm2,

V=0.8 V and I=380 pA).
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Figure 6.8: Atomically resolved STM images of the cleaved Sb(111)
surface (a) STM image of Sb(111) surface cleaved in-situ at 110 K in UHV
(50× 50 nm2, V = 0.9 V and I = 1000 pA). (b) Atomically-resolved STM im-
age, with FFT inset, of the Sb(111) surface indicates an interatomic distance
of 4.3 ± 0.03 Å (15×15 nm2, V=0.4 V and I=1000 pA).

Figure 6.8 displays an atomic-resolution image of the cleaved Sb(111)

single crystal’s surface in UHV, verifying the crystalinity of the Sb(111) in

accordance with LEED. Figure 6.8(a) is a STM image of the Sb(111) surface

cleaved in-situ at 110 K in UHV (50 × 50 nm2, V = 0.9 V and I = 1000 pA).

Figure 6.8(b) is an atomically-resolved STM image of the Sb(111) surface

which indicates an interatomic distance of 4.30 ± 0.03 Å (15×15 nm2, V=0.4

V and I=1000 pA). The FFT of the atomically resolved STM image is pre-

sented in inset of Figure 6.8(b): the surface exhibits clearly ordered structures

with the (1×1) symmetry of Sb(111). The spatial periodicity of a = 4.3 Å

in the Sb(111) single crystal was measured from FFT. As can be seen from

Figure 6.8(b) several point defects are present there. Some of them have

protrusions and some of them have depressions. STS measurements on these

defects are also discussed further below.

6.2.2 Results: STS of Defect-Free Sb(111) Surface and

Point Defects

To understand the electronic nature of the observed point defect, STS was

utilised to investigate both pristine Sb(111) single crystal and defect sites.
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Figure 6.9: Point spectroscopy of defect-free and Sb(111) defect
sides. (a) STM image of defects on/in Sb(111), which was recorded with
scanning parameters V=0.4 V and I=1000 pA. (b) Associated 4 dI/dV point
spectra adjacent to the defects and pristine surface (blue stars).

The STM/STS investigation of the point defects reveals their influence on

the electronic properties, i.e., LDoS.

Point STS acquired from defects is presented in Figure 6.9. Figure 6.9(a)

is an STM image of the defects on/in Sb(111) single crystal. The 4 blue

stars in Figure 6.9(a) mark points in a defect-free area (point 1 and 3) and

two points corresponding to two different defects (2 and 4) on/in Sb(111)

single crystal. Each presented spectrum is averaged over 10 individual I(V)-

curves. The CCM scanning parameters to move the tip between points were

V=0.4 (V) and I=1000 (pA). Variation in the tunneling current at different

voltages is due to differences in the electronic structure. The voltage was

swept between -2 V and +1.6 V. Figure 6.9(b) displays the comparative

dI/dV (numerical derivative of I(V)) spectra of the four marked points (blue

stars). It should be noted that the both dark and bright defects have a

slightly lower LDoS compared to the pristine surface of Sb(111) single crystal.

6.2.3 Conclusion

In this section, an STM investigation of the atomic and electronic properties

of Sb(111) bulk single crystal was performed. The configuration of the inver-

sion domains enables a cleavage plane along the [111] direction. Using LEED
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and STM the atomic structure of Sb(111) was observed. Additionally, two

types of point defects were resolved by STM. The influence of the point de-

fects on the electronic structure was observed via STS measurements. These

findings will play an important role in understanding the electrical proper-

ties of Sb(111), the prominent point defects in the structure and how the

point defects influence the local electronic structure. These results will be

critical for optimizing the synthesis of Sb(111) and tailoring its properties

for electronic and spintronic devices through defect engineering.



References

[1] Kang Xu, Liang Wang, Xun Xu, Shi Xue Dou, Weichang Hao, and

Yi Du. Two dimensional bismuth-based layered materials for energy-

related applications. Energy Storage Materials, 19:446–463, May 2019.

[2] K. S. Novoselov. Electric field effect in atomically thin carbon films.

Science, 306(5696):666–669, October 2004.

[3] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and

A. K. Geim. The electronic properties of graphene. Reviews of Modern

Physics, 81(1):109–162, January 2009.

[4] Victor Yu. Aristov, Alexander N. Chaika, Olga V. Molodtsova,

Sergey V. Babenkov, Andrea Locatelli, Tevfik Onur Menteş, Alessan-
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mac Ó Coileáin, Niall McEvoy, Hannah C. Nerl, Babak Anasori,

Jonathan N. Coleman, Yury Gogotsi, and Valeria Nicolosi. Additive-

free MXene inks and direct printing of micro-supercapacitors. Nature

Communications, 10(1), April 2019.

[24] Yu Hao, Li-Chun Xu, Jibin Pu, Liping Wang, and Liang-Feng Huang.

Stable zigzag edges of transition-metal dichalcogenides with high cat-

alytic activity for oxygen reduction. Electrochimica Acta, 338:135865,

April 2020.

[25] Chanyoung Yim, Vikram Passi, Max C. Lemme, Georg S. Duesberg,
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Ali Yazdani, B. Andrei Bernevig, and Titus Neupert. Higher-order

topology in bismuth. Nature Physics, 14(9):918–924, July 2018.

[31] Ilya K. Drozdov, A. Alexandradinata, Sangjun Jeon, Stevan Nadj-

Perge, Huiwen Ji, R. J. Cava, B. Andrei Bernevig, and Ali Yazdani.

One-dimensional topological edge states of bismuth bilayers. Nature

Physics, 10(9):664–669, August 2014.

[32] Han Woong Yeom, Kyung-Hwan Jin, and Seung-Hoon Jhi. Topological

fate of edge states of single Bi bilayer on Bi(111). Physical Review B,

93(7):075435, February 2016.

[33] Lang Peng, Jing-Jing Xian, Peizhe Tang, Angel Rubio, Shou-Cheng

Zhang, Wenhao Zhang, and Ying-Shuang Fu. Visualizing topological

edge states of single and double bilayer Bi supported on multibilayer

Bi(111) films. Physical Review B, 98(24):245108, December 2018.

[34] Anil Murani, Alik Kasumov, Shamashis Sengupta, Yu A. Kasumov,

V. T. Volkov, I. I. Khodos, F. Brisset, Raphaëlle Delagrange, Alexei
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Fujii, Giovanni Vinai, Stefano Cecchi, Domenico Di Sante, Raffaella

Calarco, Ivana Vobornik, Giancarlo Panaccione, Silvia Picozzi, and



References 131

Riccardo Bertacco. Ferroelectric Control of the Spin Texture in GeTe.

Nano Letters, 18(5):2751–2758, January 2018.
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