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Abstract

Borophene (Bo), a polymorphic 2D sheet of boron atoms, has been intensely
researched over the past decade. Several Bo polymorphs have been predicted to be
metallic and hosting Dirac cones, thus representing an alternative to graphene and
other atomically-thin 2D metals. Motivated by these and many other interesting
properties of Bo, I have investigated single-phase Bo samples of high coverage in
terms of their nanoscopic morphology and electronic band structure. Furthermore,
my work on the Bo decoration, as a viable route for modification of Bo’s intrinsic
properties, is governed by potential applications of Bo in electric batteries and gas
storage systems. In an attempt to comprehensively characterize the electronic
properties of pristine Bo after growing it on Ir(111) substrate, data from
photoemission spectroscopies and scanning probe techniques have been integrated
with density functional theory calculations. The non-uniform bonding between
pristine Bo and iridium, confirmed by X-ray photoelectron spectroscopy and
scanning tunnelling microscopy / spectroscopy data, was found to be the reason
behind the Bo stripy structure characterized by nanoscopic and unidirectional
modulation. The modulation accounts for the observed replicated bands in the
angle-resolved photoemission spectroscopy spectra. Therefore, the stripe-like Bo
sheet, acts as a diffraction grating for the photoelectrons. Afterwards, in situ and ex
situ Bo ageing was investigated along with possible routes for restoring the pristine
structure of Bo through annealing cycles in ultra-high vacuum. Also, the band
structure of a freshly-made Bo sample was manipulated through its decoration with
Li atoms which is related to charge transfer effects within the system. The present
studies contribute to the understanding of the fundamental structural and electronic
properties of the investigated Bo polymorph, which is indispensable for

materializing its applicative potential.

Keywords: 2D materials, borophene, iridium, Umklapp bands, surface states, Li

decoration, ageing
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Sazetak

Borofen (Bo), polimorfni 2D sloj atoma bora, intenzivno je istraZivan tijekom
posljednjeg desetljeca. Predvideno je da su nekoliko polimorfa Bo metalni i da
sadrze Diracove konuse, Sto predstavlja alternativu grafenu i drugim atomski
tankim 2D metalima. Motiviran ovim i mnogim drugim zanimljivim svojstvima Bo,
istrazio sam jednofazne uzorke Bo visoke pokrivenosti u smislu njihove
nanoskopske morfologije i elektronicke strukture vrpci. Nadalje, moj rad na
dekoraciji Bo, kao odrzivom putu za modifikaciju intrinzic¢nih svojstava Bo, odreden
je potencijalnim primjenama Bo u elektriénim baterijama i sustavima za pohranu
plina. U pokusaju da se sveobuhvatno karakteriziraju elektronic¢ka svojstva cistog
Bo nakon uzgoja na Ir(111) podlozi, podaci iz fotoemisijske spektroskopije i tehnika
skeniraju¢e sonde integrirani su s izra¢unima teorije funkcionalne gustoce.
Utvrdeno je da je nejednoliko vezanje izmedu cistog Bo i iridija, potvrdeno
rendgenskom fotoelektronskom spektroskopijom i podacima skenirajuce tunelske
mikroskopije / spektroskopije, razlog prugaste strukture Bo karakterizirane
nanoskopskom i jednosmjernom modulacijom. Modulacija objasnjava uocene
replicirane vrpce u spektrima fotoemisijske spektroskopije razlucene pod kutom.
Stoga, trakasti sloj borofena djeluje kao difrakcijska reSetka za fotoelektrone. Nakon
toga, istraZeno je in situ i ex situ starenje borofena, zajedno s mogucim putevima za
vradanje izvorne strukture borofena kroz cikluse Zarenja u ultra visokom vakuumu.
Takoder, struktura vrpci svjeZe pripremljenog uzorka borofena manipulirana je
njegovim ukrasavanjem atomima litija, Sto je povezano s efektima prijenosa naboja
unutar sustava. Sadasnja istraZivanja doprinose razumijevanju temeljnih
strukturnih i elektronickih svojstava istrazivanog polimorfa borofena, Sto je

neophodno za ostvarenje njegovog aplikativnog potencijala.

Kljucne rijeci: 2D materijali, borofen, iridij, Umklappove vrpce, povrsinska stanja

Li dekoriranje, starenje
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1 Introduction

1.1  Graphene and beyond: an overview of elemental 2D materials

The relation among size, morphology and fundamental properties of matter (e.g.
mechanical, chemical, electrical, magnetic, optical, etc.) is complex: it depends on the
scale at which the material is investigated. To illustrate, when reducing any of the
spatial dimensions of a physical object to a few nanometres (1 nm = 10m), physical
properties drastically change due to the pronounced influence of surface effects,
structural defects and quantum phenomena [1]. For example, as the spatial
dimension z —i.e. the thickness — of graphite is diminished to one-atom thick sheet,
graphene is formed. Graphene is a rightly semi-metallic nanostructure with a
nanoscopic dimension along z axis where electrons are confined, and two
macroscopic dimensions along x and y axes where electrons are delocalized, hence
rendering it a two-dimensional (2D) material. Such nanostructures usually require
a solid substrate for mechanical support. In other words, dimensionality is a crucial

defining parameter in materials science nowadays [2].

Graphene was realised in 2004 by graphite exfoliation (Fig. 1.1) for the
purpose of studying electric field effect on such a nanostructure [3]. Graphene,
characterised by ambient stability [4], high carrier mobility at room temperature due
to the energy bands linear dispersion [5, 6], mechanical robustness [4] and scalable
fabrication, was encouraging for researchers to produce other elements of the
periodic table in 2D form. Moreover, the zero-band gap of graphene [7, 8] has also
been an additional motivation to search for other candidates to be either
complementary or alternative 2D materials to graphene as far as potential device
applications were concerned. Hence, other 2D materials exhibiting a band gap such
as transition metal dichalcogenides (TMDs) have been identified as suitable
candidates for use as semiconductors, while hexagonal boron nitride (hBN) and

transition metal oxides have a potential to be used as insulators [9].



Figure 1.1 Graphene may be exfoliated from graphite, its bulk predecessor. In
addition, graphene sheet is conceptually viewed as a planar unfolding of Ceo

molecule. Adopted from [10].

Generally speaking, there are three key advantages of 2D materials over more
“conventional” materials: high surface area, reduced dimensionality and easily
tuneable electronic structure [11]. The big surface-to-volume ratio is crucial for
applications related to catalysis, sensors and energy storage; the latter aspect also
benefits from the characteristic high charge capacitance. The reduced dimensionality
means that properties of such materials are dominated by quantum effects thanks to
their two-dimensional nature. The tuneability of the electronic structure, in
particular the electronic bandgap, as in silicene, germanene, and phosphorene,
renders such materials ideal for electronics and optoelectronics [12] with an optical
response spanning from microwaves to infrared radiation [13]. Also, they are
promising in photonics applications due to their potential in manipulation of the

propagation and detection of electromagnetic waves [14].

Tuneability of the electronic structure of 2D materials may be realised in
response to the following external stimuli: strain, electric field, stacking of different
monolayers, doping, adsorption of various atoms or molecules on top of the 2D
material (chemical functionalization) or via the intercalation of another material
between the 2D material and the substrate [15, 16]. In addition, nanoribbon
formation is one effective way for modulating the electronic properties of the parent
2D material. For example, reducing the graphene to a nanoribbon, whose width is
less than 10 nm, results in band gap opening, thus rendering graphene

semiconducting [17 , 18]. A nanoribbon is an interesting physical system because



electrons in such a system are confined in two dimensions: the nanoribbon width (y)
and height (z), thus I(y,z) < Ar where I(y,z) is the critical dimensionality of the system!
and Ar is Fermi wavelength of the electron? [1]. In other words, electrons behave as
if they are in an infinite potential 1D quantum well: the narrower the ribbon, the
larger the energy separation between the electronic states. Hence, nanoribbons may
provide a platform for 1D-quantum electronically confined system investigation
[19].

Returning to the family of elemental 2D materials, the experimentally realised
members have expanded beyond graphene as illustrated in the evolution timeline
displayed in Fig. 1.2. The atoms in monoelemental sheets adopt a range of structures:
honeycomb structure, including puckered variants as in bismuthene or
phosphorene [20], octagonal lattice, square lattice and rectangular lattice [12], [21,
22]. In addition, the diversity in lattice structures and differences in the number of
valence electrons result in numerous interesting properties. In terms of electronic
properties, moving across the periodic table of elements from group II to group VI,
elemental 2D materials exhibit a transition from metallic to semi-metallic to

semiconducting behaviour [12].

stanene

hatn borophene gallenene arsenene goldene
graphene afnene tellurene selenene
2012 2013 2014 2015 2016 2017 2018 2019 2020 .. 2023 2024
silicene germanene bismuthene molybdenene
phosphorene L antimonene plumbene beryllene

Figure 1.2 Evolution timeline of experimentally realised elemental 2D materials.
Adapted from [12].

Spin-orbit coupling in elemental 2D materials is an essential factor
influencing the electronic properties. It causes a small bandgap opening around the

Dirac cone in 2D materials with a linear band dispersion such as graphene, silicene

1 The spatial dimensions below which the quantum size effect of the system is prevalent.
2 For metals: Ar~ 0.5 — 1 nm, and for semiconductors: Ar~ 200 nm [1].



and germanene [23]. The coupling strength increases with the increase of the atomic
number (Z > 30), consequently candidates such as stanene, antimonene, bismuthene
[24] and plumbene [23] are predicted to exhibit quantum spin Hall effect and host
non-trivial topology. The non-trivial topology results in the following: a nanoribbon
of such material may host both 1D electronic states at its edge (physical border),
yielding a non-dissipative electric current, and a band gap within the 2D body of the
nanoribbon [23].

The growth of elemental 2D materials is a rapidly advancing field with
various methods tailored to different materials and applications. Chemical vapour
deposition (CVD) and molecular beam epitaxy (MBE) are leading techniques for
producing high-quality monolayers of graphene, silicene and germanene. Although
methods like liquid-phase exfoliation and hydrothermal synthesis are scalable, they
may result in lower material quality. Laser ablation and sputtering are useful for
specialized applications but face challenges in achieving uniform monolayer
growth. Deciding on the growth method largely depends on properties sought in
the 2D material, scalability, and application requirements. For a well-comprehensive
review of the growth methods for the elemental 2D materials, the reader is advised

to consult reference [23].

Although the unique properties of elemental 2D materials have promising
applications in electronics, photonics and energy storage, overcoming challenges
related to synthesis, stability, and integration will be key for their broader adoption
in commercial applications [25]. Production of high-quality monolayers of such
materials remains a challenge, as many of them are difficult to isolate or maintain
under standard conditions [12]. Regarding chemical stability, in contrast to
graphene, elemental 2D materials are highly reactive: they either quickly oxidise or
decompose when exposed to air. Therefore, either chemical modification [16] or
encapsulation of the 2D material would be required in order to achieve its
environmental stability, hence its technological exploitation [23]. Finally, integrating

such materials with existing technologies still poses a serious challenge.



1.2  Idealistic freestanding borophene

Since the discovery of boron B (Z = 5) in 1808, diverse studies, experimental as well
as theoretical, have been conducted on pristine forms (allotropes) of the element and
its compounds. Bulk boron, unlike a multitude of 2D materials that are naturally
layered and also have 3D counterparts, is not layered [26]. To illustrate, the f-
rhombohedral unit cell of bulk boron, shown in Fig. 1.3, consists of 105 atoms and it
is not trivial to exploit for fabrication of a single sheet of boron atoms in the top-
down approach. Thus, bottom-up synthesis routes of 2D boron are vital.

The first two decades of 21%t century witnessed a number of significant
theoretical studies on diverse B configurations of reduced (lower) spatial
dimensions such as B nanoclusters, B nanotubes and 2D nanosheets of B atoms
dubbed borophene (Bo) [27-31] which served as guidelines for experimentalists in
the field. Yakobson and co-workers, for instance, did ground-breaking theoretical
research on structure, kinetics, and properties of various geometrical configurations
of borophenes, derived from macroscopic and fundamental molecular interactions.
The group has also worked on theoretical prediction of 2D materials, in particular
on their behaviour and physical properties [30-33]. Theoretical prediction of material
physical properties is derived from computational models such as density functional
theory (DFT) and cluster expansion (CE) that forecast the material existence and
model its electronic, mechanical, and thermal properties prior to its synthesis in the
laboratory. Predictive modelling, therefore provides a roadmap for experimentalists
as it was the case in the early stage of borophene research (see Section 1.3.1):
predictions made about Bo stability, synthesis conditions, and potential applications
have been a crucial guide for 2D materials research community. For an in-depth
treatment of theoretical prediction of 2D materials, the reader is advised to consult
the overview given in reference [10].

Borophene’s structure may be defined as a triangular mesh of B atoms with
periodically arranged hexagonal holes or vacancies [30]. The idealistic triangular
structure of Bo has no hexagonal holes (HH) (see Fig. 1.4) which are necessary for
the stability of the Bo sheet [34]. Therefore, such a structure is merely a theoretical
model used as a starting point for examination of other realistic (i.e. obtainable in

experiments) Bo polymorphs.
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Figure 1.3 The f-rhombohedral unit cell of bulk boron (left), consisting of 105 atoms,

is not possible to exfoliate into a single sheet of boron atoms (second from left). The

most stable sheet of B atoms, labelled a-sheet, may be conceptually formed by
unfolding Bso cluster. Molecular-beam epitaxy (MBE) is one of the promising
bottom-up synthesis routes to fabricate monolayer borophenes on different
substrates (third from left), however decoupling such monolayers from their

substrates remains a challenge (right). Adopted from [10].

Favourable Bo structure is conceptually dictated by balancing the surplus of
electrons in a triangular B mesh via creation of hexagonal holes. In other words,
hexagonal hole formation and metal substrates passivation, as will be shown in
Section 1.3, are two ways of realizing Bo in the laboratory. The number 7 is a

characteristic global density parameter [29] of a Bo sheet defined as follows:

Number of hexagonal holes

"= Number ofatoms in the original triangular lattice

Different Bo polymorphs may share the same 1 value, therefore the size and basis
(i.e. B atom arrangement) of Bo unit cell, is an equally important distinction amongst
polymorphs as is the 1 parameter. Most published work on borophenes follow a
notation established earlier [29] where the Greek letters o, 3, 0, X,  were adopted to
label Bo polymorphs. The most stable freestanding Bo polymorph is considered to
be a-sheet (1 =1/9) (shown in Fig. 1.4b) due to the optimal filling of B orbitals i.e. all
bonding states are occupied while all antibonding states are empty [34]. This
stability, however, shifts to other polymorphs when interaction with the substrate is
taken into account. The a-sheet may be conceptually thought of as an unfolded Bso
cluster as sketched in Fig. 1.3, thus providing further analogy with the graphene-

fullerene system.
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Figure 1.4 Top (upper row) and side (bottom row) views of several different Bo

sheets. (a) Ideal free-standing triangular Bo (n = 0) with considerable buckling.
Panels (b), (c) and (d) display diverse configurations of HH in Bo sheets of n=1/9, n
=1/8 and n = 1/6, respectively. The configuration (1 = 1/9) shown in (b) is the most
stable freestanding Bo polymorph, called a sheet. Adopted from [33].

The electron deficiency of B atom (Z =5; 1s?2522p!) gives rise to the Bo polymorphism
[33] and its high reactivity [35]. As a result, two-centre two-electron (2c2e) and
multicentre two-electron bonding co-exist. The covalent bonds endow the sheet with
considerable strength while the metallic-like multicentre bonds make the structure
potentially flexible [33]. The metallic character of Bo, theoretically predicted via DFT
calculations, originates from the delocalization of the p: orbital over a wide energy
range around Er [33]. Bo metallicity renders the material a potential conductive layer
in future flexible electronics [33]. However, the metallic character of Bo polymorphs
realised so far are still lacking experimental evidence. For such evidence, transport
measurements are yet to be done to estimate the electron mobility which in turn
requires mastering the transfer of Bo to an arbitrary substrate. Mazaheri et al. could
successfully transfer y3; polymorph onto a dielectric substrate and obtain a linear
current voltage (I-V) curve as a confirmation of the polymorph metallicity [36].
Successful transfer of Bo sheets to an arbitrary substrate is a crucial step towards

their transfer to a device-compatible substrate [37] .



1.3  Substrate-supported borophene

1.3.1 Crystal structure: polymorphism and stability

For epitaxial Bo systems, it has been predicted that the Bo-sheet geometrical
configuration depends on its interactions with the supporting substrate [31]. In other
words, different substrates yield different Bo polymorphs as boron vacancies in the
Bo triangular lattice stabilise the Bo sheet. Hence, epitaxial growth on metallic
substrates of well-defined surface crystallography was thought to be a feasible
method for fabrication and stabilisation of 2D boron sheets. Employing first
principles calculations in 2013, Liu et al. predicted the formation of HH-embedded
Bo sheets on metal substrates such as Cu(111), Ag(111), Au(111) and on metal
borides such as MgB:2 and TiB: [31] (refer to Fig. 1.5) where the coordination number
of each B atom may be 3, 4, 5 or 6. Interestingly, the occurrence of HHs within Bo
sheets was later predicted to be the reason behind the high storage capacity of Bo,
hence its potential usage as an electrode material [38-40].

The first successful experimental realisation of two Bo polymorphs on a
metallic substrate, Ag(111), was reported independently by two groups: Mannix and
co-workers in 2015 (see Fig. 1.6a-c) [41] and Feng and co-workers in 2016 [42]. This
was followed by a surge in publications reporting alternative Bo synthesis routes
and investigating the morphology and physical properties of various Bo
polymorphs. Synthesis methods of monolayer Bo include molecular beam epitaxy
(MBE) from solid boron rods [41, 43, 44], sonochemical exfoliation from boron
powders [45, 46], chemical vapor deposition (CVD) from gaseous diborane
precursors [36, 47] and segregation-enhanced epitaxy from borazine [48]. This is by
no means an exhaustive list of Bo growth methods, the reader may consult the
reviews given in references [49-51] for a well-comprehensive treatment of the

subject.
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Figure 1.5 Top: schematics of Bo sheets atomic structure (represented by line
networks) with different vacancy concentrations x (equivalent to n parameter) in
vacuum and on substrates (bright spheres indicate the topmost substrate layer).
Bottom: the plots show the chemical potential of Bo sheets as a function of vacancy
concentration x in vacuum and on various substrates: Cu(111), Ag(111), Au(111),

Mg-terminated MgB:, and Ti-terminated TiB2 surfaces. Adopted from [31].
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Figure 1.6 STM images and schematic models of monolayer Bo polymorphs grown
on three different metallic substrates. (a) striped-phase Bo on Ag(111). The inset
displays rectangular lattice with overlaid lattice vectors. (b) Top view sketch of the
Bo monolayer. The green rectangle marks the Bo unit cell. (c) Striped phase with two
moiré patterns: rhombohedral and honeycomb indicated with white rhombus and
purple arrow, respectively [41]. (d) Bo islands on Au(111) and its corresponding
structural model (e) [43]. (f) Bo sheet on Cu(111) and its model (g) [52].
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A well-defined metal substrate effectively reduces the Bo formation barrier,
henceforth provides fine energetic balance towards the emergence of novel
epitaxially grown Bo polymorphs [31, 53]. Bo monolayer sheets of different
configurations have been experimentally synthesized on the substrates of Ag(111)
[41], Au(111) (see Fig. L6d-e) [43], Cu(111) [52, 54] (see Fig. L6f-g), Ir(111) [48, 55],
and Al(111) [56]. It is worth mentioning that the monolayer limit has been surpassed
or at least challenged by the synthesis of a bilayer of Bo on a number of well-defined
metallic substrates as: Ru(0001) [57], Ag(111) [58] and Cu(111) [52]. Besides the
demand for high-quality and large-area synthesis, Bo manipulation for device

fabrication and its transfer to arbitrary substrates pose another challenge [33].

Although there are published theoretical predictions of Bo stability and
structure on different metallic substrates [31], accompanying valence-band and core-
level spectroscopy experiments investigating the electronic structure of the pristine
epitaxial Bo systems remain lacking judging by the few publications on the subject.
For instance, oxidation [35] and hydrogenation of Bo on Ag(111) [59], recently
investigated by some research groups, are two possible routes to stabilise Bo in non-
pristine form and retrieve its initial pristine form upon annealing. Further research

into other chemical species for stabilizing Bo is still needed.

1.3.2 Physical properties

Physical properties of Bo - such as mechanical, electronic and optical properties- are
generally affected by various factors such as temperature, polymorphism and in-
plane anisotropy (see Fig. 1.7 for the key properties). For instance, the mechanical
properties of Bo may be tuned by varying the concentration of HH [60]. To add, the
calculated considerable strength of Bo sheets has been found to originate from B-B
bond whereas the multicentre bonding (refer to Section 1.2) provides the sheet with
flexibility. When a Bo sheet is mechanically stretched beyond critical strain, it
becomes stronger due to the induced phase transition [61]. The mechanical
robustness of Bo sheets is an essential condition for a successful transfer to an

arbitrary substrate.
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Phonon heat capacity and thermal conductance have been theoretically predicted to
be inversely proportional to the characteristic 17 parameter of the Bo sheet: Bo sheets
of high n value exhibit low phonon heat capacity and thermal conductance due to

the reduced interatomic vibrations as the Bo sheet density decreases [62].

AR

Metallicity
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Mechanical flexiblity Superconductivity

Figure 1.7 Key physical properties of Bo. Adopted from [63].

Electronic structure of Bo can exhibit various interesting features, depending on the
particular polymorph, which have been examined both theoretically and
experimentally. For example, Dirac cones and superconductivity signatures are
being currently intensively investigated in the 2D community [64-66]. Angle-
resolved photoemission spectroscopy (APRES) reportedly confirms the existence of
gapless conical shaped valence and conduction bands at the Fermi level in two
phases of borophene on Ag(111), namely f12 and xs sheets [67, 68]. A strong electron-—
phonon coupling resulting in phonon-mediated superconductivity has been
calculated for several Bo polymorphs in references [32, 69]. The predicted critical
temperature® Tc of various borophenes is influenced by electronic DOS at the Fermi
level. However, electron doping and tensile tension of Bo, arising from the atoms of

the substrate topmost layer, are two factors deterring the realisation of

3 the temperature below which the material loses its electric resistivity i.e. becomes
a superconductor.
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superconductivity because of their negative impact on the electron-phonon
coupling, rendering it a challenge to realise T experimentally [70]. Thus, theoretical

research on superconductivity in borophenes still lacks experimental verification.

The examination of Bo-substrate interaction, as well as Bo interaction with
other atoms and molecules may be used for functionalization of Bo [59]. In this
context, borophenes have a potential to serve as materials for energy storage: it has
been found that dispersion of alkali metal atoms onto the boron sheet considerably
increases hydrogen binding energies and storage capacities. Hence, borophenes are
considered potential candidates for hydrogen storage and Li ion batteries. First-
principles calculations predict that the most stable site for the spontaneous
adsorption of Li to be above the hexagonal hollow sites of the Bo sheet (see Fig. 1.4)
[71]. The Li adsorption is characterized by low diffusion energy barriers ~ 0.69 eV
[71] and a relatively strong binding energy of ~ 3.28 eV between the Bo sheet and Li
adatom [39]. It should be noted that low energy barrier of Li diffusion is desirable
for optimal charge-discharge rates of rechargeable batteries [71]. Recently, it has
been predicted that the energy barrier of Li diffusion increases by depositing more
Li [72] due to the repulsive forces between Li adatoms. In addition, by investigating
the effect of adatoms coverage on average adsorption energy, a gradual decrease in
the adsorption energy with increasing the coverage of adatoms has been predicted
[71]. Also, since the simulated Li adatoms intercalation on Bo exhibit high charge
capacity of ~1720 mA h/g, three metallic Bo polymorphs have been later reported to
be a potential high-performing anode material for non-lithium-ion batteries [73]. To
add, the simulations of Li adatoms on Bo have shown induced lattice distortion,
hence deformation of Bo sheet [39]. However, the Bo sheet original structure is
retrievable after the separation of Li ions [39]. Borophenes are also likely to exhibit
structural phase transition when adsorbing metal atoms as a consequence of charge

donation from the adsorbates, however further examination is still required [33].

Bilayer Bo is a system consisting of two Bo layers in which the upper Bo sheet
is expected to be less affected by the substrate topmost layer while the layer at the
interface is significantly bound to the substrate, thus acting as a buffer [74, 75]. Liu
and co-workers reported successful MBE of bilayer Bo on Ag(111) substrate [58].
Using STM and non-contact AFM, they determined the structure of the bilayer Bo

to be two sparsely covalently bonded a-phase layers. Field-emission resonance
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spectroscopy revealed that bilayer Bo has higher crystallinity, revealed by the Stark-
shift in image potential states, and work function in comparison with single-layer
Bo [58]. Along with induced resilience to chemical degradation, phonon-mediated
superconductivity has been theoretically explored in bilayer Bo intercalated with the
alkali, alkaline-earth, and transition metal atoms. Such a system is expected to
exhibit enhanced T. values (ranging up to 36 K) compared to its freestanding
monolayer counterparts whose predicted Te ranges up to 33 K (Bo interaction with
the substrate would notably suppresses superconductivity rendering T. much
lower, though) [76]. Theoretical calculations demonstrate that superconductivity in
bilayer Bo arises from the interplay between the out-plane p: states of B atom and
the partially occupied in-plane (s + p:) bonding state at the Fermi level [76].
Experimental realisation of such intercalated Bo bilayers has not been reported yet.
For an even more detailed overview of recent progress in Bo research, the reader is

kindly advised to consult recent review articles such as references [49-51].

1.3.3 xspolymorph: borophene on Ir(111)

A Bo polymorph on the Ir(111) surface, specifically the y polymorph, was first
reported towards the end of 2019 by Vinogradov et al. [55]. Bo x, polymorph formed
as B atoms were deposited onto Ir(111) during the MBE evaporation of a boron rod
of high purity. The substrate was heated in the temperature interval 300 - 600 "C
during B deposition. Itis worth mentioning that this polymorph was experimentally
realised as a new phase of Bo much earlier during the cooldown of Ir(111) after
dissolving hBN islands grown on the same substrate- by exposing it to borazine
vapour [77, 78], however, the reported Bo coverages were rather low. Based on
LEED and high-resolution STM measurements, the proposed unit cell of g
polymorph shown in Fig. 1.8 contains 25 B atoms and 5 atomic vacancies (i.e. HHs)
[55] rendering it one of the largest experimentally realised Bo unit cells - in
comparison with the unit cells of other Bo polymorphs realised so far. The
characteristic HH density parameter is 1 = 1/6. Theoretical calculations show that Ir
supported Bo xs polymorph exhibits a smaller DOS at the Fermi level than its
analogous freestanding sheet, however, metallicity has been predicted for both cases
[55].
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Figure 1.8 The proposed model for Bo ygunit cell imposed on an STM image. The
filled black circles are boron atoms. Adopted from [55].

The total charge transfer between Bo-sheet and the Ir substrate, based on the
reported Bader charge analysis, was found to be small: approximately two electrons
per Bo unit cell are donated to Ir surface. The y, polymorph intercalation with gold
(Au) atoms proved its robustness: Au atoms could lift off the Bo-sheet without
breaking it apart [55].

In an alternative synthesis approach, Omambac and co-workers reported the
epitaxial growth of single-phase micrometre-sized Bo on Ir(111) using borazine as a
precursor via the segregation-enhanced mechanism [48], the details of which are
elaborated on in Section 3.1. Furthermore, Cuxart and co-workers reported the
growth of Bo y, polymorph on Ir from diborane [47]. They also managed to produce
lateral and vertical heterostructures of Bo and hBN from two precursors: borazine
and diborane. The findings highlight the importance of using high-purity precursors
to ensure the selective deposition of single phases and pave away for the in-situ

growth of heterostructures and for safeguarding Bo from oxidation.
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1.4  Objectives

The first aim of the research in this thesis is to fabricate extended, high-quality Bo y,
polymorph samples on Ir(111), with uniform thickness and homogeneous structure
using the segregation-enhanced epitaxial growth. Borazine (BsNsHs) is to be used as
a precursor, instead of the widely-used method of evaporation of a boron rod of high
purity, in order to realise a few-millimetre continuous Bo coverage. The main
drawback of the boron source evaporation, often used by other research groups, is
that the grown samples are often inhomogeneous and likely to contain 3D boron

clusters.

A high and homogeneous Bo coverage is a crucial step for the characterisation of
the pristine sample using high-resolution surface-area-averaging techniques of
surface science. These include methods such as XPS and ARPES for the sake of
investigating the chemical composition, stability, binding to the substrate and
electronic band structure of the system. Also, as borophenes are reactive and prone
to oxidation, ageing of a freshly grown pristine Bo/Ir(111) is to be further
investigated in both UHV environment and ambient conditions via XPS and

STM/STS techniques to examine its retrievability after ageing.

Considering the potential of Bo as an electrode material due to the predicted high
storage capacity, the Bo electronic structure will be manipulated by decorating the
Bo/ Ir system with a charge donor such as Li atoms. Li (Z = 3; 1s%2s'), characterised
by its low ionization potential i.e. high reactivity, easily donates its lone valence

electron and can effectively induce charge rearrangement in epitaxial Bo systems.

16



2 Experimental methods

2.1 Low-energy electron diffraction (LEED)

Low energy electron diffraction is a technique employed to probe the crystal
structure of surface and subsurface layers of atoms of a given specimen using
electrons in the 20-500 eV energy range. Only the first few atomic layers contribute
to the diffraction due to the short mean free path of electrons inside a crystal. The
electron gun (e-gun) emits electrons impinging on the sample surface which are
backscattered towards the fluorescent screen (as shown by the arrows in Fig. 2.1).
The backscattered electrons constitute diffraction spots (see below for the
corresponding mathematical description) which are then displayed on a fluorescent
screen and can be imaged in a digital format using a CCD camera. The geometry of
the diffraction pattern reveals the arrangement of surface atoms and any adsorbates
while the spot intensities may provide information on the adsorbate coverage
density. LEED is usually applied in the backscattering geometry near normal
incidence. A basic LEED display system is shown in Fig. 2.1 [79].

q ]

camera

fluorescent

screen window

Figure 2.1 Schematic of basic LEED setup. Adopted from [79].
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LEED experiments are conducted in a UHV chamber where a well-defined
crystalline surface of the specimen under investigation elastically scatters the
electrons yielding a characteristic diffraction pattern provided that g~ a where 4,is
the wavelength of the incident electron and a is the interatomic spacing of the
investigated specimen. The energies of incident and diffracted electron beams are
conserved i.e. |ky| = |k| where k, and k are the wavevectors of incident and
scattered beams, respectively. The wavevector absolute value and wavelength of an
electron are interrelated through the following relations:
kol =20 k=5
Ao A
The 2D reciprocal lattice of the surface may be represented as an array of rods
extending from the surface lattice points as illustrated in Fig. 2.2a-b in a
construction known as Ewald sphere. The distance between diffraction spots (green
points where the rods cross the sphere) is inversely proportional to a. The von Laue
condition for constructive interference states that:
Gne = k —ky = ha” +kb”

Gpi is a vector of the reciprocal lattice, i and k indicate the crystal Miller indices in
reciprocal space, and a* and b"are the reciprocal lattice vectors. The Ewald sphere
(Fig. 2.2) visualises the effect of von Laue condition where green spots correspond
to the points of constructive interference formed by the diffracted electron waves.
The hemispherical fluorescent screen of the LEED apparatus (Fig. 2.1) corresponds
to the upper half of the Ewald sphere. The incident wavevector kg lies parallel to the
reciprocal lattice rods (LEED is performed using a beam of electrons impinging
normal to the surface). The vectors @ and bare related to the real-space lattice

vectors a and b by the following relations:

where 71 is the surface normal unit vector [79]. Thus, the resultant LEED pattern

depicts reciprocal space.
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Figure 2.2 Construction of Ewald sphere. (a) Diffraction spots (green circles) form

on the fluorescent LEED screen at points of constructive interference. The spots
(rods) are numbered by their hk values. (b) More LEED spots are visible as the radius
of Ewald sphere (and thus the |kg| value) increases at higher kinetic energies of the

impinging electrons [80].

2.2 Low-energy electron microscopy (LEEM)

Low-energy electron microscopy is a technique which uses elastically backscattered
electrons to image a crystalline surface. High resolution imaging is achievable by
LEEM (as low as ~ 5 nm), where the real-space image (LEEM mode in Fig. 2.3a) and
diffracted intensities (LEED mode in Fig. 2.3b) may be also acquired by selecting
different operation modes of the instrument [81]. In LEEM, an electron beam of low
energy (below 100 eV) strikes the sample, some electrons are reflected back, while
others may be scattered or absorbed. The reflected electrons carry information about
the surface structure. The intensity of the detected electrons depends on the local
surface potential and topography. Therefore, LEEM may capture variations in
surface topography such as steps, terraces, domain stacking order or defects [81].
LEEM also enables the measurement of diffraction intensities from tiny areas and

individual domains (so-called micro-LEED or p-LEED), which is usually

19



unattainable with conventional LEED setups. Hence, it can also provide a deep
insight into in-situ crystal growth. Another advantage of LEEM is its capability of
real-time imaging by capturing dynamic processes occurring on surfaces in real
time, such as phase transitions, adsorption, and desorption events. The ability to
observe these processes relies on the rapid acquisition of reflected electron signals,
which can be correlated with time-dependent changes in the surface structure [79].
A distinctive intensity-voltage spectrum (LEEM I-V curve) may also be recorded for
each pixel of the detector camera where the kinetic energy of the incident electrons
is varied by tuning the start voltage applied to the sample. LEEM I-V spectrum
provides energy-dependent reflectivity of the sample surface (as shown in Fig. 3.7 )
where the resultant contrast basically comes from the atomic structure and electronic
band structure of the surface. Thus, LEEM I-V curves may be used as a fingerprint

for distinctive surface phases [79, 81].

The LEEM images and XPS spectra shown in Chapter 3 of the thesis were all
recorded in Spectroscopic PhotoEmission and Low Energy Electron Microscope
(SPELEEM) (sketches of its operation modes are displayed in Fig. 2.3) at Elettra
synchrotron Nanospectroscopy beamline shown in Fig. 2.4. In such a setup,
spectroscopic operation may be realised either in real space photoemission electron
microscopy (PEEM), diffraction imaging mode (microprobe LEED, microprobe
photoelectron diffraction, microprobe ARPES), or spectroscopy mode (microprobe-
XPS) [81]. Thus, the sample in the SPELEEM may be probed either with low energy
electrons (0 — 750 eV) generated by a source such as LaBs, or employing
monochromatized soft X-rays (40 — 1000 eV). During real space imaging, contrast
apertures of 10, 30, or 100 um (Fig. 2.3a) were employed in order to adjust the lateral
resolution of the microscope by limiting its angular acceptance. The lateral
resolution in LEEM mode is ~10 nm. LEEM images are recorded in bright-field
imaging mode when only specular diffraction spots are utilized for the formation of
the real space sample image. The hemispherical energy filter and contrast aperture
may be used simultaneously (Figs. 2.3a, c) in order to select a well-defined
photoemission angle and kinetic energy, to enable real space PEEM imaging of the
corresponding features in the electronic structure. The measurements may be

confined to micron sized surface areas in the microprobe diffraction and
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spectroscopy operation modes by using the field limiting aperture (Figs. 2.3b, c),
thus allowing micro-XPS or micro-ARPES measurements. The reader is advised to

refer to references [81, 82] for a thorough treatment of the subject.
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Figure 2.3 Setup of electron optics in three operation modes of SPELEEM: (a)
imaging (LEEM or PEEM) mode. (b) diffraction (LEED) mode. (c) micro-
spectroscopy mode. A photograph of the microscope given below in Fig. 2.4.
Adopted from [81].

Figure 2.4 Nanospectroscopy beamline in Elettra synchrotron. The shown apparatus
enables recording LEED, LEEM, PEEM, XPS and ARPES data.
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2.3 Scanning tunnelling microscopy (STM)

Scanning Tunnelling Microscopy (STM) is an experimental technique employed for
simultaneous analysis of the structural and electronic characteristics of the
conductive surfaces. The microscope was invented by Heinrich Rohrer and Gerd
Binning in 1981 to map surface topography with atomic resolution using quantum
tunnelling effect [83]. Therefore, the invention sparked a revolution in surface
characterisation in the field of materials science. The sample surface in an STM is
scanned by an extremely sharp metallic tip in a raster pattern as a small bias
(tunnelling) voltage V4, (in the range from a few mV to a few V) is applied between
the tip and the sample. The STM may be operated in two modes: the constant-height
mode where the tip position is kept unchanged along z axis while monitoring the
tunnelling current I; and the constant-current mode where I, is kept constant while
changing the z position of the tip. I, is then detected as the tip is moved across the
sample surface (Fig. 2.5). As the sample-tip separation z, i.e. the tunnelling barrier

width, increases, the tunnelling current decays exponentially:

I ~ Vi, e72%2 where k = Jme(de +h¢s uliz)

The decay constant « is related to the work functions of the tip ¢, and sample ;.
The energy of electrons encountering the lowest potential barrier is given by el},.
The symbols m, and & correspond to the electron effective mass and reduced Planck
constant, respectively. Since k¥ ~ 1 A for most metals, I; decays by an order of
magnitude for z ~ 1 A, therefore the topmost atom at the tip apex contributes
significantly to the tunnelling curent. For a tiny separation between the sample and
the tip (z<1 A), their respective wavefunctions overlap and the electrons may tunnel
through the vacuum barrier between them. When a small bias (tunnelling) voltage
V,, is applied, one obtains I; from the occupied states of one conductor (either the tip

or the sample) to the unoccupied states of the other [84].

Scanning tunnelling spectroscopy (STS) is performed at a bias voltage
between the tip and sample to estimate the local electronic density of states (LDOS)
of the sample p;. The quality of an STM image depends on p: the higher the value
of p;, the higher the number of electronic states contributing to I.. STM/STS

measurements are highly sensitive to the thermal drift of the sample induced by
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temperature variations, therefore cryogenic temperature is necessary for accurate
measurements. For a tip made of Pt-Ir alloy (Fig. 2.6, inset), its LDOS (p;) is rather
flat, therefore we have p, (¢ — eV}) = p.(0), i.e. p; may be assumed to be constant.
Also, assuming that there is a minimal overlap between the wavefunctions of the tip
and sample leading to a constant matrix element |Mg|?, the tunnelling current for

small tunnelling voltages may be approximated by the following integral [84]:

eVy

4me
K V) = T @) Ml [ pile) de
0

The derivative of I; with respect to the applied voltage is: % ~ ps(eVy), therefore

measuring ;—; is measuring the density of electronic states of the sample. STS is

employed to measure a point spectra in relation to the bias voltage or to measure
av

STS maps. In the latter, the tip scans the surface at a fixed bias voltage to measure 5—;

signal for the preset bias voltage along with surface topography [84].

Tunnelling
’ current

Figure 2.5 Schematic of an STM tip above a metallic surface containing an adsorbate.
The tunnelling current between the surface and the tip is highly sensitive to the

distance of the tip above the surface. Adopted from reference [85].

STM/STS measurements within this thesis were performed in: (i) home-built
Athene STM setup in Cologne, Germany. Single-point I/V spectra, acquired in 128 x
128-point grids, were numerically differentiated to obtain dI/dV curves. All data
were recorded at room temperature T = 300 K. The processing of STM images

(background subtraction and contrast enhancement) was performed via WSxM
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software [86]. (ii) low-temperature STM setup (Omicron LT-STM) in the Faculty of
Science and Technology, University of Twente, Enschede, the Netherlands (Refer to
Fig. 2.6). In this setup the data were recorded at T = 77.5 K. Data processing was done
with Gwyddion software.

Figure 2.6 Omicron LT-STM setup. The inset shows a freshly chemically-etched Ir-
Pt tip before mounting it onto the tip-holder.

2.4 Photoemission spectroscopy (ARPES and XPS)

The photoemission spectroscopy (PES) is based on the photoelectric effect; therefore,
it may be called the photon-in, electron-out technique. Photoemission occurs only if
the energy of the incident (probing) photon hv exceeds the work function of the
material (sample) @, which is the minimum energy required for an electron at the
Fermi level E to escape into the vacuum, i.e. above the vacuum level Ej, therefore:
@ = E, — Eg (refer to the schematics of Fig. 2.7). The photon energy of incident
monochromatic light is a crucial parameter in PES, it may vary from VUV (6 - 124
eV) to hard X- rays (> 5 keV) [87].
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Figure 2.7 Basic sketches of two PES scenarios. One photon, illustrated as a pulse of
finite duration, excites an electron from its initial (ground) state ¢ from the a)
valence band (blue shaded region) - ARPES scenario or b) core level ¢, state lying
closer to the element nucleus - XPS scenario- to a final state energy & above the
vacuum energy level E,. The purple dashed horizontal line indicates the bottom of
the conduction band. Adopted from [88].

In angle-resolved photoemission spectroscopy (ARPES) the photoelectrons ejected
from the valence band of either a metallic or semiconducting crystal are collected,
within a certain angular range of emission with respect to the sample normal, along
the optical axis of the cylindrical lens of the electron spectrometer - the
hemispherical analyser in our setup (Fig. 2.8). The intensity distribution of the
photoelectrons as a function of kinetic energy Ej and the photoemission angles
(0, @) is recorded by the spectrometer I(Ey, 6, ¢).

The final photoelectron spectrum directly reflects the electronic structure
E(k), namely, the electron binding energy Ep versus its in-plane crystal momentum
k in reciprocal space. The conversions (6, ¢) — (ky, k) - the components of k; since
k= m -and Ey — Ep are possible through the following conservation laws:

N ZmeEk

k, = Tsin@cosq)
2m,E
k, = Teksinesin(p
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p = hk; = /2m.E) sin 6

Eg = hv — E} — &
Where: p and m, are the momentum and mass of the photoelectron, respectively;
and @ is the work function of the spectrometer. The electronic structure and
photoelectron spectrum are interrelated due to the conservation of k; components
(ky, ky), arising from the crystal translational symmetry along x and y directions, and
energy conservation during the photoemission process [89]. The measured spectra
of photoelectrons, their energies and momenta distributions, convey information on

the energetics and occupied band density of states (DOS) of the system.

/ 11 \ .
R 4 %

Figure 2.8 Schematic of the basic ARPES setup. The sample excitement with photons
(illustrated as a blue pulse of finite duration), ranging in energy from the UV to XUV,
leads to photoemission of electrons from the valence band of the sample. A fraction
of the photoelectrons is then collected by the hemispherical analyser which registers

them by both kinetic energy Er and photoemission angles (6, ¢). Adopted from [89].

The dependence of the inelastic mean free path (IMFP) of a photoelectron on its Ej,
is illustrated by the universal curve (Fig. 2.9). The curve shows that for incident
photon energies above 20 eV in the VUV region, the IMFP is short (< 0.6 nm) which
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indicates that ARPES is a highly sensitive surface technique, therefore a significant
part of the total ARPES signal originates from the topmost surface layer of the
sample. The surface sensitivity is also mandatory when probing surface states of

crystals such as Ir(111) as will be shown in Section 4.2.

In X-ray Photoelectron Spectroscopy (XPS) (Fig. 2.7b) the photoelectrons are
excited from the core levels that lie close to the nucleus of the probed atom, but their
emission angle is disregarded, i.e. electron momentum information is not recorded.
The final spectrum is a (I-Ep) curve where the intensity ( ~ number of collected
photoelectrons) is plotted against the binding energy. XPS is used to identify the

atomic composition and oxidation state(s) of the specimen being examined.
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Figure 2.9 Universal curve, showing dependence of IMFP on the kinetic energy of
the photoelectrons. The energy of the probing photon in PES ranges from VUV (~ 6
- 124 eV) to hard X- rays (> 5 keV). Adopted from [89].

The synchrotron-ARPES based data included in Sections 4.1, 4.2, 5.1 and 5.2 were
acquired in situ in two setups: UARPES (currently URANOS) beamline of the Solaris

synchrotron (Krakow, Poland) and the VUV-Photoemission beamline of the Elettra
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synchrotron (Trieste, Italy). At UARPES, data were recorded in situ, employing the
Scienta DA30OL electron analyser, at room temperature. The linearly polarized light
illuminated the sample at 44° with respect to the analyser axis, with the light spot
diameter on the surface of ~ 0.5 mm. 4D data sets (kx, ky, E, I) were acquired by

exploiting the full acceptance cone of the analyser without moving the sample.

At VUV-Photoemission beamline, ARPES and XPS data were recorded under
normal emission at room temperature. The base pressure of the experimental
chamber was 2 x 1071 mbar. The Scienta R4000 electron analyser, employed for data
acquisition, had the entrance slit oriented parallel to the scattering plane of the
experiment. Linearly polarized light illuminated the sample at 45° with respect to
the axis of the analyser, with a light spot diameter on the sample surface of ~0.5 mm.
4D ARPES data sets (kx, ky, E, I) for the sample were acquired by rotating the sample
azimuthally and by applying symmetry operations to the data. All the XPS and
ARPES data presented in Chapter 4 were recorded in situ, in order to avoid artifacts

resulting from air exposure or breaking the vacuum.

The XPS spectra shown in Section 5.1.2 were recorded at room temperature
via SPECS XPS apparatus of the Faculty of Physics, University of Rijeka. A source of
monochromatic X-rays was an Al anode, characterised by a photon energy of 1486.74
eV Al K« line The angle of the incident X-ray beam was 45° and the spot size diameter
of the beam was ~1-2 mm. For data acquisition a PHOIBOS 100 hemispherical
electrostatic energy analyser with a 5-channel detector was used with the pass
energy values of 10 and 20 eV. The overall energy resolution was = 0.65 eV. The
typical pressure in the UHV chamber in the course of the XPS analysis was in the
10 mbar range. The binding energies of all core photoemission spectra were
referenced to the Fermi level. B 1s XPS peaks were deconvoluted by a product of
Gaussian-Lorentzian functions of the ratio 0.8 and peak width (FWHM) of 0.4 eV.

The background of all acquired spectra was subtracted using Shirley polynomial.

For Li deposition experiments, presented in Section 5.2, a rough estimate of
the effective number of atomic layers - in our case: the layers of Ir atoms in a single-
crystal contributing to the XPS signal- was determined by assuming that all Ir atoms
in the topmost layer of the Ir(111) crystal contribute to the XPS signal while layers
underneath contribute exponentially less. The first four layers of Ir atoms,

corresponding to the sum of four exponential functions: e® + e~%/4 4 ¢=2¢/4 4
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, are considered, where d is the interlayer separation between Ir atoms and A
is IMFP of Ir at measured kinetic energies of the photoelectrons. The Li coverage 6,
was estimated from the following approximation:

o i i
I (L2 + 15/2)”

Ori 1 1
(772 + 15/2)1r - U_Ir(eo T e-d/2 y g—2d/% 4 e—3d/’1) <E_k) [T X Ei)7 /2

Li
+ (I X E)s/a)

where I};, I, are the intensities of spectral emission (i.e. the area under the respective
XPS peaks) of Li and Ir, respectively. Since 4f orbital of Ir exhibits spin-orbit splitting

into the components 4f72 and 4fs2, therefore (I, + Is /2)” is the summation of the

contributions of each splitting component to I,. Ej, is the kinetic energy of
photoelectrons. o;; and o;, are photo-ionization cross-sections of Li and Ir,
respectively. All the XPS peaks included in this work were deconvoluted by a
product of Gaussian and Lorentzian functions. The background of all acquired

spectra was subtracted using Shirley polynomial.
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3  Sample synthesis

The main results given in Section 3.1 were published in the following paper: Borna
Radatovi¢, Valentino Jadrisko, Sherif Kamal, Marko Kralj, Dino Novko, Natasa
Vujici¢ and Marin Petrovi¢, Macroscopic Single-Phase Monolayer Borophene on Arbitrary
Substrates. ACS Applied Materials & Interfaces, 14, 21727-21737 (2022) [37].

3.1  Borophene growth

Due to the usage of several in situ experimental characterization methods, Bo
samples on an Ir(111) single crystal were grown in five different UHV systems (see
Table 3.1 for an overview). We have employed the same Bo preparation protocol
with slight variations to compensate for different geometries of UHV chambers. For
cleaning the Ir substrate, the following steps were pursued: sputtering with argon
or xenon gas, annealing in oxygen and annealing without oxygen (consult Table 3.1
for the parameter values). Sample heating was achieved by electron bombardment
(e-beam heating) from the back side, where electrons thermally emitted from a W
filament were accelerated with high voltages towards the Ir crystal. The surface
quality was monitored utilizing the following indicators: sharp LEED spots of Ir, the
occurrence of Ir surface states around I' or K- point and absence of contamination-

related peaks in XPS spectra (whenever relevant).

The underlying mechanism of Bo synthesis is boron dissolution-segregation
route [48, 37, 90] (see the schematic in Fig. 3.1) where the heated (T ~ 1200 °C) Ir
surface is exposed to borazine (BsNsHs) vapour at p ~1 x 10 —= 5 x 107 mbar. The
sample is heated via e-beam bombardment at heating rates ~15 — 20 °C/s. Once
borazine comes in contact with the heated catalytic surface of Ir, the following
thermal decomposition takes place where the borazine molecule loses all its H atoms

at once [90]:

BsNsHs — BsNs+ 3H21 T>700°C
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Table 3.1 Experimental parameters used for the preparation of borophene in

different UHV setups.

Setup Ir sputtering Ir annealing Borazine Cooling
dosing rate

Nanospectroscopy Art at 1.5 1000 °Cin Oz 1 % 10® mbar | 3-10 °C/s
beamline (Elettra) keV 1230 °C without O2 | at 1100 °C
VUV-Photoemission | Ar* at 2.5 | 800 °Cin O, 5 x 107 mbar | 3-10 °C/s
beamline (Elettra) keV 1100 °C without Oz | at 1100 °C
Surface Physics Lab Art at 1.5 (800-1000°CinO2 |3 x 108 mbar | 3-10 °C/s
(Institute of Physics) keV 1200°C without Oz | at 1200 °C
UARPES beamline Art at 1.5]850°Cin O: 3 x 10 mbar | 3-10 °C/s
(Solaris) keV 1100 °C without Oz | at 1070 °C
STM/STS setup Xerat2keV | 1250 °C without Oz | 1 x 10® mbar | 3-10 °C/s
(University of at 990 °C
Cologne)

Exposure to borazine at T=1200°C B segregation during cooldown

Bo 1ML

Figure 3.1 Mechanism of segregation-enhanced epitaxial growth of Bo on Ir(111). (a)
As the precursor (borazine), is dosed onto the heated surface of Ir crystal, boron
atoms dissolve into the bulk. (b) As the sample is cooled down, B atoms begin to
segregate towards the surface and self-assemble into Bo sheet. (c) A full Bo

monolayer forms on the surface after several dissolution-segregation cycles.
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The resultant hexagonal BsNs molecule conceptually consists of a diatomic building
unit i.e. a BN dimer, bound to another pair of BN dimers [90]. At T >1000 °C, the BN

dimers dissociate with high probability into its constituent B and N atoms as follows:
2BN — 2B+ N2t

As nitrogen desorbs, boron atoms dissolve into the substrate and they segregate
back to the surface upon sample cooling, due to the reduction of B solubility in Ir,
forming Bo. For a well-comprehensive treatment of the growth kinetics, the reader
is advised to refer to the study conducted by Omambac et al.[90]. The sample cooling
to room temperature was performed by gradually turning off the e-beam heating
(with cooling rates ~ 3 — 10 °C/s), no additional active cooling was employed. This
protocol is repeated several times to obtain a sample of a relatively high coverage
exceeding 0.8 monolayer (ML) as evidenced by XPS data given in Section 4.1.
Initially, the Bo coverage 6, was studied as a function of the number of growth
dissolution-segregation cycles (N¢) via LEED. The LEED patterns (a-c) displayed in
Fig. 3.2 reveal the increase in Bo coverage after 5%, 7% and 11* dissolution-
segregation cycles. The six LEED pattern line profiles shown in Fig. 3.3 were
extracted across the first order Ir diffraction spot and its first neighbouring Bo spot
at several N.. For N. < 4, Bo spots were below the detection limit of our LEED
apparatus, indicating a rather low 6g,. The intensity of the Bo spot rises
continuously as Ne increases, indicating a significant increase of fg,. Whereas
intensity of the Ir spot diminishes, signifying the formation of an overlayer on top
of the Ir surface. Neither additional increase of Bo nor decrease of Ir diffraction spot
intensities was observed at Nc> 12 indicating full Bo layer completion. The LEED
pattern of 1 ML Bo/Ir(111), shown in the inset of Fig. 3.3, displays a characteristic
sharp (6x2) pattern with three rotational domains [78, 48]. Vinogradov et al., as it
was mentioned in Subsection 1.3.3., assigned xs polymorph to such a diffraction
pattern after realizing it on Ir(111) using MBE [55]. Similar was done by employing
a conventional CVD technique [47].

It should be emphasized that either higher pressure (> 10® mbar) of the
precursor or lower temperature (< 1000 °C) of Ir(111) surface favours the formation
of 2D hBN over Bo. Under such thermodynamic conditions most BN dimers,

resulting from the thermal decomposition of borazine molecules, do not dissociate
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into B and N, thus yielding high nucleation density of hBN. It is noteworthy that
temperature increase (T > 950 °C) promotes defect creation in hBN islands and
initiates Bo formation. At T > 950 °C, hBN islands decay much slower than BN
dimers. In other words, two rather different 2D materials, i.e. Bo and hBN, may grow
from the same molecular precursor depending on how the dosing pressure of the
precursor and the substrate temperature are tuned [90] and care must be taken to
avoid hBN formation when Bo layers are sought. It is noteworthy that dissolution-
segregation growth method rendered high-coverage samples suitable for Bo transfer
onto a substrate of choice (Si wafer) [37] thus pushing applicative potential of
borophene closer to realisation. Another advantage of this growth method over
other methods is avoiding cluster formation either on formed Bo patches or bare
regions of the substrate. Examples of non-optimum synthesis, producing samples

containing hBN or Bo mixed with various B species, are presented in Section 3.2.

Figure 3.2 LEED patterns (a-c) reveal an increase in Bo coverage after 5" (a), 7% (b)
and 11* (c) dissolution-segregation cycles. Black and magenta circles indicate Ir and
Bo spots, respectively. The patterns were recorded at 44 eV. Arc-like features visible

in all panels are LEED screen inhomogeneities.
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LEED intensity (a.u.)

21 22 23 24 25 26 27 28

Figure 3.3 A sequence of Ir and Bo diffraction spot profiles extracted from a set of
LEED patterns recorded after a given number of dissolution—-segregation cycles (Nc).
A decrease of Ir spot intensity (at kir = 2.65 A1) and an increase of Bo spot intensity
(at 5/6 ki = 2.23 A"') as a function of Ncare noticeable. Inverted LEED pattern of a
monolayer Bo/Ir(111) recorded at 35 eV after 12" dosing cycle, with the Ir spots
encircled in grey, is shown in the inset. The superposition of three 120°-rotated (6 x
2) patterns corresponds to the Bo layer. Each parallelogram corresponds to a Bo unit

cell of one orientational domain.

Bright-field LEEM was employed to monitor the formation of Bo on Ir(111) in real
time. The sequence of LEEM images recorded within ~15 um field of view (Fig. 3.4a-
n) shows evolution of Bo filling of Ir terraces within 8 minutes of sample cooldown.
Prior to cooldown, the Ir crystal was exposed to borazine at 1 x 10 mbar for 180 s.
Panel (a) shows Ir terraces just before B atoms begin to nucleate forming Bo sheets.
Panel (b) displays first nucleation of B atoms on one Ir terrace whereas panels (c-e)
show further expansion of Bo sheet, covering ~ 50% of the terrace. At a cooling rate
of ~ 0.3 °C/s it took about 15 s for one Ir terrace to be almost fully covered with Bo

as displayed in panels (a-d).
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Bo coverage of the sample region shown in Fig. 3.4, is given as a function of time in
Fig. 3.5. It is evident that segregation-driven Bo growth exhibits a step-like mode,
consisting of alternating periods of rapid and slow g, increase, rather than the
smooth, continuous mode typical of graphene formation onto the same substrate
[90]. The latter mode is due to the fact that nucleation of graphene islands takes place
on the Ir terraces and at its step edges in contrast to the step-like mode of Bo growth
arising from different segregation rates of the B atoms from the bulk of the crystal
towards the surface. Each step in the graph (rapid g, increase) corresponds to the
emergence of a new Bo nucleation site followed by Ir terrace filling with Bo. It is
noticeable that, on the average, the Bo growth rate declines with time, mainly due
to the depletion of B atoms from the subsurface Ir regions. The eight minutes during
which the sample cooled from 1076 to 922 °C, and with the borazine exposure

preceding the cooldown, yielded ~ 0.65 ML Bo coverage.
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891°C

Figure 3.4 LEEM sequence (a-n), acquired at 17 eV and field of view ~15 um,
revealing Bo formation onto Ir terraces as B atoms segregate onto the surface during

the sample cooldown. The time interval between (a) and (n) is 8 minutes.
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Figure 3.5 Bo coverage (6g,) shown as a function of time. The step-like growth trend
of the graph reveals the explosive nature of the Bo segregation mechanism. The
graph has been extracted from the sequence of LEEM images displayed in Fig. 3.4
acquired within ~15 um field of view. Apparent decrease of Bo coverage at t ~ 100 s

is due to the thermal drift during the sample cooling.

3.2  Contaminated and ill-defined borophene samples

In this section, examples are provided of undesired Bo samples, due to the
inhomogeneity of their chemical composition. The borazine deposition rate, surface
morphology of the substrate, its cleanliness and temperature are crucial factors in
the synthesis of borophene (see Section 3.1), and here we showcase typical
experimental signatures of non-optimized synthesis protocols. These examples also
highlight the possibility of tuning the synthesis procedure to obtain other 2D

materials and structures.
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The LEED pattern displayed in Fig 3.6a reveals the formation of hBN instead of
borophene all over the sample surface due to high borazine pressure (>5 x 107 mbar)
whereas the pattern shown in Fig 3.6b reveals Bo mixed with hBN due to the same
reason. In a spatially-resolved approach of another Bo synthesis attempt, the regions
displayed in LEEM images (Figs 3.7a and 3.8a) reveal different levels of contrast (i.e.
electron reflectivity) indicating formation of other materials on the Ir surface along
with Bo. Fig. 3.7b features the corresponding intensity-voltage (I-V) curves
pinpointing four areas marked with four different colours in panel (a) and provide
further spectroscopic support of their difference. The magenta circle marks an Ir
terrace covered with Bo while the three elongated dark patches, one of which is
marked with a grey circle, are uncovered Ir terraces. The two bright triangular
islands visible nearby the grey circle are assigned to hBN due to their characteristic
shape. The orange and brown circles label the brighter terraces on the left, whose IV
signatures are deviated from that of Bo, are considered to be unwanted

contaminations. In the following, their chemical composition will be determined.
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Figure 3.6 LEED patterns of (a) hBN formation on Ir(111) instead of Bo as revealed
by the typical moiré pattern due to the lattice mismatch between hBN and Ir unit
cells [90]. (b) Bo mixed with hBN sample where the moiré pattern still persists. Both

patterns were recorded at 201 eV.
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Figure 3.7 LEEM image (a) and the corresponding LEEM I-V curves (b) showing the
intensity change of the reflected electrons as a characteristic feature of each of the
regions formed on the surface. Aside from Bo covered Ir terraces, such as the one
marked with a circle in magenta, the brighter terraces on the left reveal (orange and
brown circles) the formation of BCN alloy. The three elongated dark patches, like
the one marked with a grey circle, correspond to uncovered Ir terraces. The LEEM

image was acquired at 24.14 eV and at 88°C.

Another region of the sample (see Fig. 3.8a), containing material(s) with LEEM-IV
signatures resembling the ones shown in Fig. 3.7, was examined via micro-XPS
displayed in Fig. 3.8b-c. The fit components of the B 1s spectrum in Fig. 3.8b1
appearing at 188.38 and 188.84 eV correspond to B atoms of Bo sheet experiencing
two binding strengths to the topmost Ir atoms (see Section 4.1 for more elaboration
on Bo-Ir binding). The third component of the fit at 189.42 eV corresponds to boron
carbon nitride (BxCN) hybrid bonds reported earlier in literature [91, 92]. The
spectrum shown in Fig. 3.8b2 displays a small B 1s peak at 188.73 eV, originating
from seemingly Bo-void Ir terrace marked with a black circle in Fig. 3.8a, may
indicate the occurrence of some B clusters in that area. The bright area marked with

orange circle in Fig. 3.8a (corresponding to the orange-circled region in Fig. 3.7a)
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mainly contains an amorphous BCN alloy (aBCN) because the predominant B 1s
peak at 188 eV in Fig. 3.8b3 corresponds to the reported value of binding energy for
aBCN in reference [92].

The three B 1s peaks of the spectrum in Fig. 3.8b4 originate from the area
marked with the brown circle in Fig. 3.8a: a major contribution at 190.33 eV
attributed to hexagonal BCN (hBCN) alloy and hBN (the triangular feature
appearing darker than the surrounding area in the LEEM image) and two minor
contributions: at 188 eV arising from aBCN [92] and at 188.90 eV corresponding to

the binding energy values reported for boron carbides of different stoichiometries
BxCy [92].
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Figure 3.8 Core-level spectra of flawed region. (a) LEEM image of a various degrees
of contrast showcases a region of Ir surface with mixed coverage. Field of view is 15
pum and electron energy is 24.14 eV. (b-c) the corresponding XPS spectra recorded in
1s spectral regions for B (b) and C (c) at photon energies 400 eV and 270 eV,
respectively. The displayed spectra were extracted from four areas marked with the

following colours: magenta, black, orange and brown.
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The minor C 1s peak at 284.10 eV (Fig. 3.8¢c1) found in the Bo region (indicated with
a magenta circle in Fig. 3.8a) indicates B-C bonding in the form BxCN, as deduced
from the examination of the B 1s peak. The three resolved C 1s peaks, extracted from
the area marked with an orange circle in Fig. 3.8a, were fitted as follows: the first
peak appearing at 283.10 eV may be assigned to boron carbide of B«C stoichiometry,
the second peak at 284.39 eV, corresponds to another boron carbide of BCs
stoichiometry, and the third peak at 285.32 eV is ascribed to carbon bound to
nitrogen (CN) [91, 92]. The corresponding XPS C 1s signal arising from the area
marked with the brown circle in Fig. 3.8a indicates the formation of boron carbides
of various stoichiometries BxCy and CN although in a smaller amount as compared
to the orange-encircled region. Furthermore, the formation of graphene is excluded
because of the mismatch of the aforementioned binding energy values with the C 1s
value (284.2 eV) characteristic of pristine graphene / Ir(111) [93]. One may conclude
that in the contaminated areas, marked with orange (predominantly aBCN) and
brown circles (mostly hBCN and hBN), mixing of B, C and N atoms in various
stoichiometric ratios took place during the synthesis of Bo. The carbon found in this
region is likely to originate from degassing the sample holder during thermal
treatment or insufficient Ir surface cleaning prior to the Bo synthesis. One way to
minimise the surface contamination with carbon is to repetitively anneal the sample
in Oz prior to dosing the borazine precursor. Apparently, having a Bo sample of
relatively high coverage (> 0.8 ML) does not exclude the possibility of having regions
contaminated with BCN thin films, sparse hBN islands or boron carbides. Thus,
caution must be taken in data interpretation, especially of the data obtained from

area-averaging techniques.
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4 Electronic properties of borophene

The main results of this chapter were published in the following paper: Sherif
Kamal, Insung Seo, Pantelis Bampoulis, Matteo Jugovac, Carlo Alberto Brondin,
Tevfik Onur Mentes, Iva Sarié Jankovi¢, Andrey V. Matetskiy, Paolo Moras, Polina
M. Sheverdyaeva, Thomas Michely, Andrea Locatelli, Yoshihiro Gohda, Marko
Kralj, and Marin Petrovi¢, Unidirectional Nano-modulated Binding and Electron
Scattering in Epitaxial Borophene, ACS Applied Materials & Interfaces, 15, 57890-57900
(2023) [94].

41  Core-level spectroscopy

Spectral investigation of the core levels of the substrate and 2D material in question
is crucial for understanding the nature of binding between the two in terms of
strength and homogeneity. Therefore, a reference (conventional, area-averaged)
XPS spectrum of pristine Ir in the 4f region was recorded prior to Bo growth on Ir
substrate, Fig. 4.1a (bottom). The fitting procedure involves both surface and bulk
components since they are found at two distinct binding energies. In addition, the
two components of each of those peaks arise from spin-orbit coupling exhibited by
the electrons of 4f orbital: the component 4f72 corresponds to lower Es: 60.33 eV and
60.80 eV, and 4fs2 corresponds to higher Es: 63.33 eV and 63.80 eV. Thus, the
difference in binding energies between surface (Irs) and bulk (Irs) is ~ 0.50 eV (Fig.
4.1a). The given values match the data reported in literature [95]. Following the Bo
growth with high coverage (~ 0.8 ML), evidenced by the comparable intensities of Ir
and Bo diffraction spots [37] (consult the LEED inset in Fig. 4.1a), the characteristic
B peak in the corresponding 1s region (Fig. 4.1b) was recorded at the same photon
energy. Although there was no change in the binding energies of Ir 4f spectrum (Fig.
4.1a, top), the reduction of surface-to-bulk intensity ratios for the spectral
components by a factor of ~ 4 accounts for quenching of the Ir 4f surface component
by the Bo monolayer on top of the Ir. Therefore, we presume the occurrence of
considerable interaction between the Bo and Ir(111): similar reduction of the surface

component peak is observed after adsorption of chemical species strongly bound to
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Figure 4.1 (a) Ir 4f spectra recorded for Ir(111) before and after Bo synthesis: pristine
Ir (bottom) and Bo/Ir (top) samples. The surface components (Irs) decline by a factor
of ~ 4 after Bo formation on the surface. The bulk components (Irv) remain intact.
The LEED inset, revealing the characteristic Bo 6 x 2 superstructure, was recorded
prior to the acquisition of the spectrum. (b) B 1s spectrum of freshly synthesized
Bo/Ir sample, fitted with two components. The two distinctive components reveal
inhomogeneous binding between B and Ir atoms. (c) Calculated XPS spectrum of
freestanding Bo reveal two components, labelled Bic and Bsc, arising from four- and
five-coordinated B atoms, respectively. The unit cell of Bo x¢ -polymorph is shown

in the inset. The measured XPS spectra (a-b) were acquired via p-polarized light at
hv =300 eV.

the Ir surface [96, 97]. In contrast, in epitaxial layers exhibiting weak interaction, for
instance graphene or hBN on Ir(111) [95, 98], the surface component remains intact
after the formation of 2D material on top. The relatively minute Ir 4f surface

component is thought to have originated from the Bo-void patches of the Ir surface

43



after the Bo formation, referring to the recent micro-XPS study of Bo/Ir where merely

bulk Ir 4f peaks have been observed in fully covered Bo/Ir regions [99].
The B 1s spectrum of a freshly prepared Bo/Ir(111) sample, shown in Fig. 4.1b,

was acquired for the purpose of investigating its chemical composition and binding
strength of Bo to the Ir substrate. The spectrum is visually resolved into two distinct
peaks located at the following binding energy values: 188.30 (B:) and 188.78 eV (B).
The ratio between the peaks’ intensities ~ 1.4. The peaks were deconvoluted by a
product of Gaussian-Lorentzian functions of the ratio 0.8 and peak width (FWHM)
of 0.4 eV. No other boron-related peaks were found, which also excludes the
formation of hBN layers [96]. Spin-orbit coupling plays no role here because of the
zero value of the quantum number [ of the 1s electron. One is, therefore left with the
following two assumptions to account for the two B 1s peaks: coordination effect
and/or inhomogeneity in binding between B atoms of Bo sheet and the topmost Ir
atoms of the substrate. Further insight into the origin of the two peaks of B 1s, was
gained from the theoretical simulations of XPS spectrum of freestanding Bo X, -
polymorph. The inset in Fig. 4.1c. displays the relaxed positions of B atoms within
the unit cell, which contains 25 atoms. The coordination numbers i.e. the number of
first-neighbour B atoms surrounding each B atom varies and may be either 4 or 5
[55]. The calculated spectrum has two peaks at 187 and 187.7 eV (Fig. 4.1c), with the
dominant peak (Bsc) towards the higher binding energy, in contrast to the
experimentally measured double-peaked spectrum where the more intense peak (B:
peak in Fig. 4.1b) is found at lower binding energy. This difference in the peaks’
intensities is due to the fact that five-coordinated B atoms outnumber the four-
coordinated ones. The shift in Es towards lower values of the calculated spectrum,
when comparing it with the experimental one, indicated by a dashed line, is due to
the absence of the substrate effect. Interestingly, the calculated spectrum matches

the coordination effect reported in [47].

One may conclude that ascribing the B 1s two peaks to the coordination effect
is not justified. However, the second assumption i.e. B-Ir binding inhomogeneity,
reasonable as it seems, requires further confirmation, which will be provided in
Section 4.3. Additional XPS data of in-siu / ex-situ aged Bo and Li-decorated Bo
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samples are provided in Sections 5.1.1 and 5.1.2 where XPS technique is used to

investigate even more complex samples extending beyond pristine Bo.

4.2 Valence band structure

As a prerequisite, our interest is to have a detailed overview of the electronic
structure of bare Ir(111) in order to facilitate detection of any Bo-induced
modifications of the band structure and/or appearance of Bo-related features.
Iridium, like other metals, hosts k-dependent energy band gaps. It also hosts surface
states in which electrons wavefunctions are rapidly damped when moving away
either from the crystal surface into vacuum or into the bulk of the crystal. In other
words, surface state is a discrete energy level split from an energy band due to the
disturbance caused by the free surface. Observation of surface states indicate that
the crystal surface is clean i.e. no strong interaction exists between surface adsorbates
and the topmost layer of the substrate atoms. The experimental investigation of the
band structure of bare Ir along the I'-K symmetry direction reveals four surface
states marked with white arrows in Fig. 4.2: one parabolic state (Ir S1) with a vertex
at I'-point (k; =0 A1) and three states marked Ir Sz, Ss and S around the K- point (k;
=1.52 A"). For a detailed study of the band structure of Ir(111), the reader is advised
to consult reference [97]. If novel features related to Bo valence band happened to
appear within energy gaps of Ir band structure, in the vicinity of either I'-point or K-
point, they would be easily detectable. The work done earlier on graphene/Ir, for
instance, provides a good example as graphene Dirac cones were observed within
the parallelogram-like energy band gap at the K- point of Ir band structure [98]. If,
however, intrinsic electronic bands of Bo overlap in k-space with Ir bands,
hybridization effects would be expected due to the potentially strong interaction
between Ir and the overlaying 2D material, as in the case of e.g. graphene/Ni system
[29].
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Figure 4.2 ARPES characterisation of bare Ir(111) k along the symmetry line I'-K
reveals four surface states indicated as follows: Ir S1 at I'-point (k; =0 A1), and Ir S,
Ir Ss and Ir Ss around the K- point (k =1.52 A1), The spectrum was recorded at hv =
100 eV.

After growing Bo, the sample was mapped via a spatially averaging ARPES with a
spot size diameter of ~ 0.5 mm. The ARPES spectrum shown in Fig. 4.3a reveals new
electronic bands in the gap surrounding Ir Si;, and no other novel bands were
detected. The newly observed bands show linear energy dispersion extending down
to ~ 1 eV of binding energy. They also appear in the Fermi surface of Ir as three
pronounced arc-like features in the proximity of the centre (I'-point) of surface
Brillouin zone (SBZ) indicated by the white arrows in Fig. 4.3b. The three arc-like
features correspond to the rotational domains of Bo (consult Fig. 3.3). The novel
bands are not intrinsic to Bo because of two reasons: they are located outside the Bo
1¢t surface Brillouin zone, and the arcs shape bears no resemblance to the expected

geometry arising solely from the symmetry of Bo surface Brillouin zones.
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Figure 4.3 ARPES spectra of Bo epitaxially grown on Ir(111). (a) Spectrum along the
M-T-K symmetry line. The wavevector q and surface states of Ir (Ir S1 and Ir S2) are
marked with white arrows. (b) Fermi surface of epitaxial Bo on Ir: the 1%t surface
Brillouin zone of Ir(111) and Bo are marked with white regular hexagon and red
elongated hexagon, respectively. The white arrows simultaneously indicate both Bo-
induced bands and the replication wavevectors q. (c) EDCs at the I'-point before and
after growing Bo on Ir(111) (indicated with blue and red circles, respectively). The
spectra were acquired with p-polarized light at hv = 100 eV. (d) Calculated valence
band structure of freestanding Bo. The boundaries of 1+, 24 and 3¢ surface Brillouin

zones of Bo are marked with vertical yellow dashed lines.
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By comparing the dispersion of the newly observed Ir band in Fig. 4.3a to the
dispersion of other intrinsic Ir bulk bands, we find that it resembles the dispersion
of the intrinsic band located at the tail of the wavevector q arrow. One, therefore
may rightly assume that the band, located at the head of the wavevector q arrow in
Fig. 4.3a, is a Bo-induced Ir band arising from Umklapp process. Consequently, the
three vectors q sketched in Fig. 4.3b, pointing from the original Ir bands towards the
Bo-induced bands along I'-M symmetry line, are assumed to be replication
wavevectors. The magnitude of each wavevector is | q| = 1.33 AL, It is worth adding
that the position and intensity of Bo-induced bands remain intact in UHV
environment, for up to ten hours following the sample synthesis. This enhances the
credibility of the replication scenario, because Bo valence band structure is also

expected to be influenced by any chemical modification of Bo (see Section 5.2).

Energy distribution curves (EDCs), extracted at the I'-point from the ARPES
spectrum shown in Fig. 4.3a and displayed in Fig. 4.3c, feature an unaltered surface
state Ir 51 binding energy after the formation of Bo overlayer. However, the surface
state intensity declines (by a factor of 2) as the corresponding linewidth increases
(by a factor of 2.4). The broadening of surface state linewidth signals a reduction of
the surface state at the I'-point. Although the impact of the Bo uncovered Ir surface
on such reduced coherence may not be excluded, due to the contributions from both
Bo and Bo-free regions to the area-averaged ARPES signal, it is likely the surface
state is influenced by the Bo sheet formed on the surface of Ir.

To complement the experimental data, theoretical calculations of the band
structure of freestanding Bo were carried out. It was found that the most
pronounced feature in the calculated band dispersion (Fig. 4.3d) is a parabolic band
with the vertex at Es ~ 5 eV. No pronounced electronic bands are noticeable adjacent
to Er near the I'-point, which may be considered another evidence for the plausible

Ir band replication scenario.

SBZs of Ir (grey hexagon) and Bo (red hexagon) are sketched in Fig. 4.4a. The
vectors of the k-space unit cells of Ir are indicated as g, and g,, and those of Bo are
indicated as b; and b,. The dots mark the reciprocal lattice points of Ir and Bo. It is
important to emphasize that the wavevectors 3b; or b, themselves, matching in
magnitude the value I ql, could not induce the Umklapp process, since in that case

replicated bands would have emerged near the edges of the SBZ of Ir along with the
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three replicas observed in the vicinity of the I'-point. Thus, the proposed replication
scenario must be induced by some Bo-related feature of lower symmetry, other than
the reciprocal lattice of Bo. As it turns out, replication is caused by Bo stripes which
may be considered a 1D lattice with a wavevector q (see Section 4.3 for the
corresponding STM data description). One may infer from the ARPES data of the
Fermi surface displayed in Fig. 4.3b that the observed band replication occurs only

for Ir electrons whose momentum is perpendicular to the Bo stripes.

Figure 4.4 (a) A sketch of the reciprocal unit cells of Ir (the black hexagon and the
reciprocal vectors g, and g,) and Bo (the elongated red hexagon and the reciprocal
vectors b;and b,). The grey and red fillings of the hexagons correspond to the SBZs
of Ir and Bo, respectively. The dots indicate the lattice points of Ir and Bo in k-space.
(b) A sketch of Fermi surface, illustrating the band replication by the Bo stripes. The
three 120°-rotated SBZs of Bo are shown. The intrinsic Ir bands and its replicas are

indicated with yellow and magenta features, respectively.

Umklapp processes resembling this 1D scattering scenario have also been
reported for the following systems: graphene nanoribbons on Ni(771) [100],
graphene sheets on Pt(997) [101] and reconstructed Au(001) [102]. Band replication
has been reported earlier for other 2D materials grown on well-defined metallic
substrates such as silicene on Ag(111) [103] and TaS on Au(111) [104]. To note, there

may be a correlation between band replication and significant surface localization of
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the replicated electronic state. To elaborate, the Ir state undergoing Umklapp
replication in our experiments is localized on the surface of Ir which matches the
band structure calculations from references [108, 109]. One, therefore, may conclude
that surface localization of the electrons, which are more sensitive to the scattering
potential of the 1D lattice of Bo located directly above them, might be the reason
behind the scattering of this particular state as suggested in literature [105-109].

4.3  Topography and spectroscopy at the nanoscale

STM and STS measurements revealed atomic-scale features of Bo/Ir (111)
topography and electronic structure. Fig. 4.5 displays a characteristic STM image of
the system, with a distinctive stripy pattern of Bo x6 polymorph. The stripes,
separated by trenches that appear darker in colour, run diagonally across the field
of view. Two parallel rows of lobes, forming two wave-like substripes, constitute
each stripe. The width of each stripe has been estimated to be d = 14.0 + 0.1 A , in
agreement with other investigations of the same Bo polymorph [55, 48, 47].
Substrate role in the formation of the stripy pattern of Bo is evident when comparing
freestanding Bo with substrate-supported Bo: the freestanding Bo displayed in the
DFT generated image (the inset in the top-right corner of Fig. 4.5a) is void of any

stripes.

STS measurements were performed in order to examine the contribution of
the electronic structure to such appearance of Bo on Ir(111). Fig. 4.5b shows two-
point spectra, recorded at the lobe (P1) and trench (P2) positions. The spectra adopt
an asymmetric V-shape near Fermi level Er, thus indicating the metallic nature of
Bo/Ir. The two spectra, however, differ significantly within the energy range 0.3 - 0.5
eV below the Fermi level where the P: spectrum has DOS much higher than P>
spectrum. Higher DOS is linked to the electronic state observed on the bare Ir(111)
surface (refer to the inset of Fig. 4.5b) and can be assigned to the surface state of Ir
located at the I'-point [97]. Therefore, one may conclude that although the Ir surface
state remains pronounced under the Bo sheet in the lobe positions, however with
spatial modulation in intensity, it is suppressed in the trench positions. Since surface

states are often quenched when interacting strongly with adsorbed species [107,
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108], we conclude that the interaction between B and Ir atoms varies in strength. In
addition, the spatially modulated intensity of the Ir surface state is better visualized
in the STS line scan displayed in Fig. 4.5¢c. The line scan displays a periodic sequence
of high DOS regions at the lobe positions, 0.3 - 0.5 eV below the Fermi level, i.e. at
negative sample bias, as evident from a comparison with the topographic image in
the inset, while the area lying in between two consecutive lobes correspond to low
DOS regions. This correspondence between line scan and the topographic images
provides a connection between the Bo crystal structure and the coherence of Ir
surface state. In other words, a strong B-Ir binding corresponds to a suppressed Ir
surface state (low DOS region) which is a state strongly perturbed by B atoms,
whereas a weaker B-Ir binding corresponds to the pronounced Ir surface state (high
DOS region) which is a state weakly perturbed by B atoms. Furthermore, one may
assume, referring to Fig. 4.1b, that the B: and B2 components of B 1s peak correspond
to weakly bound lobe and strongly bound trench (Fig. 4.5a), respectively. Thus, the
spectral modifications of Ir surface state (Ir S1) shown in Fig. 4.3c and its spatial
intensity modulation (Fig. 4.5b-c) are related features showcasing Bo-Ir

inhomogeneous binding.
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Figure 4.5 STM and STS of Bo onIr(111). (a) A striped Bo sheet is revealed by a high-
resolution STM topographical image. The stripe width is d = 14.0 + 0.1 A. The unit
cell of Bo is indicated by a green parallelogram. Set points: — 0.5 V, 0.5 nA. A DFT-
simulated STM image of a freestanding xs Bo is shown in the inset (top right corner).
(b) dI/dV spectra acquired at the P: and P: positions in (a): P: features Ir surface
electronic state peak at — 0.4 eV (marked by an arrow) which is absent at position P-.
Set point: 0.5 nA. Inset: the dI/dV spectrum of the bare Ir(111) surface; the state at —
0.4 eV is present. Set point: 0.5 nA. (c) The electronic structure across consecutive Bo
stripes: the dI/dV line spectroscopy, acquired along the black line shown in the inset,
displays modulation -0.4 V. Set points: 0.5 nA (- 0.5V, 0.5 nA for the inset).
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Upon comparing ARPES data of Section 4.2 with STM/STS data shown in this
section, it was found that one third of the Bo stripe width (d/3) in real space -
matching the separation between the two substripes - corresponds to the replication
wavevector length in reciprocal space g by calculating (27t/q) = 4.69 = 0.03 A. Such a
periodicity is a length-scale hallmark of both Ir surface-state modulation in a
direction perpendicular to the Bo substripes in one Bo rotational domain. One,
therefore, may conclude that the unidirectional nanoscale modulation of the binding
between Bo and Ir perturbs the Bo layer such that it forms 1D scattering lattice with
a principal scattering component g, giving rise to the observed Umklapp process.
Henceforth, the three arc-like features observed in the Fermi surface of Bo on Ir arise

from the three rotational Bo domains.
4.4 Summary

When a comparison is drawn between the experimental data and theoretical
simulations given in this chapter, one may conclude that monolayer Bo sheet
exhibits a considerable nanoscopic and unidirectional modulation on the Ir
substrate. The modulation is regarded as evidence for the nonuniformity in B-Ir
binding, thus affirming the second assumption made in Section 4.1 regarding the
inhomogeneity in B-Ir binding. Although the B atom coordination effect within the
Bo sheet is most likely present in our XPS data, it is overshadowed by the B-Ir
binding inhomogeneity. Furthermore, only electrons with momentum
perpendicular to the Bo stripes (having width d ~ 1.4 nm) of an extended Bo-sheet
experience scattering and causes the sheet to function as an electron diffraction
(scattering) grating. The Ir-replicated bands, observed close to Fermi level in the
ARPES spectra of Bo/Ir, demonstrate the resultant electron diffraction. This system

serves as a good example for the potential of 2D materials as a scattering medium.
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5 Beyond pristine borophene

Some of the results shown in this chapter were published in the following paper:
Sherif Kamal, Insung Seo, Pantelis Bampoulis, Matteo Jugovac, Carlo Alberto
Brondin, Tevfik Onur Mentes, Iva Sarié Jankovi¢, Andrey V. Matetskiy, Paolo Moras,
Polina M. Sheverdyaeva, Thomas Michely, Andrea Locatelli, Yoshihiro Gohda,
Marko Kralj, and Marin Petrovi¢, Unidirectional Nano-modulated Binding and Electron
Scattering in Epitaxial Borophene, ACS Applied Materials & Interfaces, 15, 57890-57900
(2023) [94].

51  Borophene ageing

5.1.1 In situ ageing of borophene

The B 1s XPS spectrum of a fresh Bo/Ir(111) sample (Fig. 5.1a) acquired following Bo
growth (see Section 3.1) will be used as a reference to examine the chemical stability
and ageing of Bo in different environments. The well-resolved components at 188.30
and 188.78 eV are ascribed to the nonuniform B-Ir binding as elaborated in Section
4.1. The ageing effect was studied by merely monitoring the modifications of the B
1s peaks over a long time span while keeping the sample in UHV conditions (base
pressure of 10" mbar) and at room temperature. The two spectra in Figs. 5.1b-c were
recorded 11 and 22 hours following the synthesis, respectively, and were fitted with
four components. The spectra display changes of the initial B: and Bz peaks along
with the formation of two new peaks Bs and Bs at higher binding energies at 189.07
and 189.37 eV, respectively. The small-intensity Bs peak at binding energy 192.2 eV
emerges after 22 hours of ageing and it may be ascribed to BxOy [109, 110]. The B
peak displays no energy shift, however as the sample ages, the peak intensity
diminishes. In contrast, the Bz peak intensity remains almost constant whereas it
displays a slight energy shift towards lower values by 74 meV. The ratio Is: /Is2is
reduced to 0.65 after 22 hours (for the fresh sample, that ratio was ~ 1.4).
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Figure 5.1 XPS spectra of in-situ aged Bo. In comparison with the pristine Bo
reference spectrum (a) where only two B 1s components (B: and Bz) are present, 11
and 22 h aged samples (b and c) exhibit the appearance of new components (Bs, B4
and Bs) signalling Bo contamination with adsorbed species coming from the UHV
chamber. The spectrum of the annealed sample (d) resembles the spectrum of the

initial pristine Bo/Ir sample with restored positions and intensities. hv =300 eV.
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The changes in B 1s peak are due to the Bo binding to residual C- and/or O-
containing chemical species in the UHV chamber [109, 111, 112]. The vacuum base
pressure inside the chamber, i.e. the partial pressure of the gases above the walls of
the chamber stainless steel from inside, is significantly lower than atmospheric
pressure, which creates a driving force for the gases to diffuse out of the steel giving
rise to C- and/or O- contamination. By comparing the intensity ratio of the pristine
and aged Bo peaks, one may conclude that approximately 1/3 of B atoms in the Bo
sheet were bound to the residual molecules in the UHV chamber after 22 hours of

ageing. In addition, the decline in the B: peak

intensity indicates that dominantly the B atoms weakly bound to Ir atoms
underwent oxidation. The chemically inert 2D materials, such as hBN, in contrast to
Bo, display no contamination when exposed even to air for a long time as revealed
by XPS [113]. Enhancement of Bo stability may be achieved by capping Bo with
another inert 2D material like hBN or graphene, thus forming a vertical
heterostructure such as hBN / Bo [47] or graphene / Bo [110].

It was found that pristine Bo was retrievable by flashing the aged sample to
1100 °C followed by immediate cooldown. The recorded B 1s spectrum for the
retrieved Bo is shown in Fig. 5.1d resembling the one recorded for freshly prepared
sample (Fig. 5.1a). The flashing leads to boron dissolution into Ir and simultaneous
desorption of surface contaminants. Pristine Bo patches form as B atoms segregate
back onto the Ir surface during the cooldown. Elaborate studies on Bo growth
kinetics such as [48] and [90] may be consulted for in-depth treatment of the subject.

5.1.2 Ex situ ageing of borophene

After the Bo sample was characterised in-situ at the VUV beamline in Elettra, it was
taken out of the UHV chamber to age for one year in ambient conditions. Its loading
back into UHV and short annealing (flashing) to 1100 — 1200 °C were performed in
order to study the retrievability of Bo after such an extended period of exposure to
air. The annealing took place at Faculty of physics in Rijeka inside the analytical
UHYV chamber of the XPS setup. Prior to the 1 annealing, reference XPS spectra (Fig.

5.2a-c; bottom) were recorded for B 1s, C 1s and O 1s to investigate the status of the
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sample. There was merely noise in the spectral region of B 1s (Fig. 5.2a) which was
expected due to the effect of surface adsorbates whereas B atoms lay buried
underneath. The sample exposure to ambient conditions results in the formation of
such surface adsorbates. In accordance with the B 1s absence, there was evidence of
significant oxidation and formation of carbides as revealed by C and O peaks in their
respective 1s regions Fig. 5.2b-c, bottom spectra. XPS spectrum of C at 284.30 eV may
support the likelihood of having boron carbides, probably BCs alongside
adventitious carbon formed on the substrate due to long exposure to ambient
conditions [90, 114].
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Figure 5.2 XPS spectra recorded before and after the first and second flashings of the
one-year aged Bo sample. (a) B 1s spectra: characteristic peak emerges as a result of
flashing. (b) C 1s spectra: the amount of carbon diminishes after flashing. (c) O 1s
spectra: oxygen was completely gone after 2" flashing of the sample. All spectra
were recorded at hv =1.48 keV.

1¢t annealing cycle, which lasted seven minutes at a background pressure of p ~ 107
mbar (sample degassing), led to the emergence of a weak signal at the position of
the B 1s peak as shown in the middle spectrum of Fig. 5.2a. The B 1s peak at 187.94
eV becomes clearly visible, as shown in Fig. 5.2a (top), after 2"¢ annealing, which was

run for four minutes at the background pressure of p ~ 10 mbar. The peak position
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is shifted by 0.36 eV towards lower binding energy in comparison to the pristine Bo
(Fig. 5.1a). The shift may suggest the presence of carbon adsorbates on the surface.
For the same sample, the amount of carbon on the sample surface was reduced by
64%, as evidenced from the decrease in C 1s peak area Fig. 5.2b (top). The reduction
in the C 1s peak area may be ascribed to the desorption of carbon adsorbates from
the surface which, apparently, was not complete at the annealing conditions applied.
The oxides, however were no longer adsorbed onto Ir surface as evidenced by the
noise obtained in the O 1s spectral region Fig. 5.2c (top) i.e. no remnant oxygen was
detected. Thus, as a result of 24 annealing of the one-year-aged sample, Bo regions
could be retrieved on the Ir surface, however there was still carbon contamination

on the surface.

For comparison, it has been reported [35] that one-minute of ambient
exposure of Bo on Ag(111) results in reduction of pristine B 1s peak intensity,
signalling accumulation of surface adsorbates. This was accompanied by the
emergence of a new B 1s peak at ~192 eV which is indicative of B-O bonding. Five-
minute ambient exposure of the degraded Bo did not change the XPS spectra
significantly, which indicates rapid degradation of Bo due to its high reactivity [35].
Apparently, minute-long exposures of Bo to air do not necessarily lead to its
complete oxidation. However, during prolonged exposure of Bo to ambient,
reaching up to one year as in our case, sample degradation is total unless it is covered
by a protective layer which provides chemical stabilization, such as a relatively thick
(> 6 nm) layer of AIO«[115].

The effects of Bo exposure to ambient conditions were also studied on the
nanoscopic level by utilizing STM and STS. Another Bo sample was freshly prepared
in the UHV chamber at the Institute of Physics in Zagreb using the growth
parameters reported earlier in Section 3.1 (Table 3.1), it was taken out of the chamber
and transported to the University of Twente in the Netherlands. The overall time of
exposure to ambient conditions was approximately six days. Insertion of the air-
exposed sample back into UHV was followed by its initial low-temperature
annealing at 300 — 400 °C and p ~ 107 mbar for 21 minutes which did not improve
the rough and contaminated Ir terraces as evident from the STM topography images

shown in Fig. 5.3a-c. Afterwards, the 1%t high-temperature annealing (1200 > T > 1000
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°C, p ~ 107 mbar) for 5 minutes was performed with the aim of triggering
dissolution-segregation process and retrieving pristine Bo regions on the surface as
described in Section 5.1.1. However, STM imaging showed no improvement of the
rough and contaminated Ir terraces (not shown). Eventually, the 2 high-
temperature annealing (1200 > T > 1000 °C, p ~ 107 mbar) for 18 minutes, led to partial
recovery of Bo patches, recognized by their stripy appearance (Fig. 5.4a-b) and
ranging in width between 3.8 and 13 nm. The spatial orientations of Bo patches
marked with white arrows in Fig. 5.4b demonstrate the three rotational domains of
Bo discussed earlier in Sections 3.1 and 4.2. Partial loss of B atoms is expected after
2 annealing due to the desorption of B atoms from the surface and their trapping
in the bulk of Ir crystal. Thus, the formation of Bo patches and perhaps even
nanoribbons (see below) on Ir terraces was more likely to happen instead of more

extended Bo layers covering the entire Ir terraces.

aged Bo/Ir(111). (a) Disordered arrangement, evidenced by the corresponding FFT
pattern shown in panel (b), of what appears to be contaminants adsorbed onto Ir
surface (75 x 75 nm? [ =0.2 nA, V=-0.4 V). (c) An enlarged view of the Ir terrace
edge covered with contamination (30 x 30 nm? [=0.2nA, V=-04V).
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Figure 5.4 STM images displaying first evidence of retrieved Bo patches as a result
of high temperature annealing (1200 > T > 1000 °C) of aged Bo/Ir(111). (a) An
overview of Ir terraces with partial Bo coverage appearing as scattered patches as
indicated by green arrows (400 x 400 nm? [ =0.3 nA, V=- 0.5 V). (b) One terrace of
Ir with irregular Bo patches in three rotational domains the directions of which are
indicated by white arrows (58 x 58 nm?, I =0.3nA, V=-0.2V).

The V-shaped graph of (dI/dV) versus the applied bias to the retrieved Bo sample is
displayed in Fig. 5.5 reveals the metallic nature of Bo stripe where dI/dV is
approximately proportional to the density of states for small samples biases. For
comparison, the dI/dV curve of a freshly-made Bo sample (the sample shown in
Section 4.3) is also shown in Fig. 5.5. Both graphs feature asymmetrical rate of
decrease in LDOS with respect to Er of the scanned different Bo samples. Moreover,
the similarity of the dI/dV patterns also implies the full recovery of electronic
properties of Bo.
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Figure 5.5 dI/dV spectra recorded for fresh and retrieved Bo stripes. A similar V-
shape, which is a signature for the metallicity of the measured regions, suggests a
full recovery of Bo after annealing the ex-situ aged sample. 15-point adjacent-
averaging smoothing was applied to each curve in order to lower the noise level (I
=0.4nA).

Bo islands and patches may be thought of as being made of a series of parallel
Bo nanoribbons (~10 nm in length on average) (Fig. 5.6a-b), where a nanoribbon is
actually one stripe of the Bo structure as described in Section 4.3. Therefore, the
width of a nanoribbon may be estimated by measuring the width of an island or a
patch and counting the number of stripes within it (see below). Obviously, a single
nanoribbon can be considered to be the basic building block of Bo layer because of
two reasons: (i) neither a “half-ribbon” nor a sub-stripe (in terms of its width) was
ever observed; (ii) all Bo islands always contain an integer number of ribbons. One
characteristic feature of the isolated Bo nanoribbon is the zig-zig pattern of atomic
arrangement displayed in Fig. 5.6d, originating indeed from aforementioned lobes
(see Section 4.3), which is preserved in Bo islands and extended layers as well (see
Fig. 4.5a). The average Bo nanoribbon width ( d = 1.56 nm) (Fig. 5.6d) was estimated
from the line profile shown in Fig. 5.7 made across three Bo stripes of the Bo patch

displayed in Fig. 5.6b.
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Figure 5.6 STM images of retrieved Bo following high temperature annealing (1200
> T > 1000 °C) of aged Bo/Ir(111). (a) Bo patches of various widths and two 60°-
rotated spatial orientations (~ 70 x 70 nm?, [=0.3 nA, V=-0.32 V) (b) Zoom-in to the
area marked by a yellow square in (a) (25 x 25 nm? [ =0.4 nA, V=-0.2 V) (c) Co-
existing Bo patches and nanoribbons (50 x 50 nm?, [ =0.4 nA, V=-0.3 V) (d) Zoom-
in to the area marked by a yellow square in (c), displaying a solitary Bo nanoribbon
of the following dimensions [ = 8.3 nm and d = 1.56 nm (14 x 14 nm? [ =0.4nA, V=-
0.3 V). (e-g) FFT patterns reveal the region predominant spatial orientation(s) in STM
images (a-c). (h) The ring-like feature seen in the FFT pattern of the single Bo
nanoribbon in panel (d), marked by white arrows, arises from the zig-zig pattern of

atomic arrangement in the nanoribbon.
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Figure 5.7 Line profile extracted along the white line drawn across the three Bo
nanoribbons of the Bo patch shown in the STM inset. The height is ~ 0.3 nm. The
width of a nanoribbon (d #1.56 nm) was estimated by averaging the widths of the
three nanoribbons marked in the inset.

For comparison, metallic Bo nanoribbons fabricated via B atoms evaporation have
been reported on Au(111) [116] which are narrower (~1 nm) and longer (20 nm) than
the ones shown in Fig. 5.6. Also, Li et al. reported two mixed phases of Bo
nanoribbons grown on vicinal Ag(977) with atomically precise edge geometry. Each
phase revealed an oscillation in LDOS along the nanoribbon length (Friedel
oscillations) [19, 117, 118]. However, the passivation of Bo nanoribbons and
controlling their lateral segregation require further investigation in future, also
possibly by considering vicinal surfaces as suitable substrates. Nevertheless, our
data showcase the possibility for a straightforward Bo nanoribbon fabrication route
which is viable even for the air-exposed epitaxial boron systems. Further
investigation is required, preferably by scanning probe spectroscopies, to gain

deeper insight into the electronic structure of such quasi-1D quantum objects.
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5.2  Li decoration of borophene

Li atoms, characterised by their small size (crystal radius ~ 0.90 A) [119] and high
reactivity, are to be used to study one route of the Bo chemical modification. Our
interest is to investigate which scenario of the following is likely to take place as Li
is deposited onto Bo/Ir: adsorption, intercalation or both, and how these
configurations may affect the crystallography and electronic structure of epitaxial
Bo.

We recorded the XPS spectra of Ir 4f (Fig. 5.8a bottom) and Li 1s regions (Fig.
5.8b bottom) for the pristine Bo/Ir sample as a reference for the forthcoming
experiments. Surface and bulk components of the Ir 4f peaks appear at the following
binding energies: 60.33, 60.80 eV, and 63.33, 63.80 eV, respectively, in agreement
with the values reported earlier in Section 4.1. Given that the surface component of
the Ir 4f peak is suppressed in the presence of the Bo overlayer [110], we may
conclude that Bo coverage on the surface was less than a monolayer. Based on the
surface component intensity, we estimate the Bo coverage to be ~ 0.8 ML.
Afterwards, Li was deposited sequentially via Li evaporation from an SAES getter
at an applied current I =7 A whereas the Bo/Ir sample was kept at room temperature
(RT). Ir 4f and Li 1s spectra were recorded after each step of Li deposition i.e. after 3,
6 and 15 minutes of cumulative deposition time. Continuous decrease in the surface
component (SC) area of Ir 4f peak is noticeable as more Li is deposited. There is a
total reduction in SC by 16% after 15 minutes of Li deposition. The presence of Li is
evidenced by XPS spectra of Li 1s (Fig. 5.8b) revealing the characteristic Li 1s peak,
after 3 minutes of Li deposition, appearing at 55.87 eV, which is a slightly higher
binding energy than what has been reported for Li on graphene [120] and Li on hBN
[121]. A total shift of 0.3 eV towards a lower Es, growth in the peak intensity along
with peak broadening were observed after the fifteen-minute Li deposition. The shift
towards lower binding energies is consistent with earlier reports for Li on graphite
systems [120]. The Li coverage of Bo in monolayers (ML), 6;;, was estimated from
the recorded XPS data by introducing corrections such as atomic subshell
photoionization cross-section o and integral of the spectral peak [122] (see Section
2.4 for details of 8;; quantification). 8;; after the first 3 minutes of Li dosing = 0.9 ML,
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total 6 minutes yielded 1.8 ML and reached 4.7 ML after 15 minutes of total
deposition time.

af. . Irdf b Li1s
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Figure 5.8 Core-level spectra before, during and after step-wise Li decoration of
Bo/Ir. (a) Ir 4f spectra reveal surface and bulk components labelled with different
colours. (b) Li 1s spectra. The peak shifts to a lower binding energy as more Li is
deposited. Ageing causes peak broadening and emergence of a new component
ascribed to Li oxide species. Annealing the sample at 1100 °C for three minutes
removes all Li atoms. The spectra were recorded with p-polarized light at hv = 100
eV.

After the final Li deposition step, the sample was left in UHV for 13.5 hours.
Such ageing renders additional 10% drop in the area of SC compared to the area of
SC of the spectrum acquired at the end of Li deposition. The area reduction is
presumably the effect of adsorbates bound to the bare Ir surface. Ageing also
resulted in Li 1s peak broadening indicating chemical change in the sample: peak 2
in Fig. 5.8b appearing at 56.81 eV may be attributed to Li oxide species of variable
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stoichiometry since it is known from literature that Li2O peak appears at 56.40 eV
while Li2O2 peak appears at 57.51 eV of binding energy [123, 124]. The sample ageing
renders ~ 0.1 eV shift in peak 1 towards a higher Es while the peak width remains
intact. Peak 1 may be ascribed to either unoxidized Li or Li bound to Bo. The large
width of peak 1 is likely to arise from an average of several chemical configurations
of Li on the surface, however, individual components could not be resolved in our
measurements. When comparing the areas under the curves before and after ageing,
we presume that ~ 9% of Li underwent oxidation in 13.5 hours. Annealing the
sample at 1100 °C for three minutes removed all Li atoms adsorbed on Bo/Ir as
revealed by the noise in Li 1s region in Fig. 5.8b (top), void of any detectable peak.
It is noteworthy that the noise in the 0 ML Li (bottom) and annealing spectra (top)
are seemingly dotted lines rather than scattered points because the intensity scales
for all the spectra have been reset to be the same. Also, the number of the acquired
data points for Li 1s spectra shown in Fig. 5.8b are not the same (i.e. different number

of XPS scans) given the time limitation during synchrotron beamtime.

The formation of 4.7 ML Li gives rise to several components in the B 1s
spectrum. The first peak was fitted with three components Bo, Bi+B2 and Bs with a
major contribution of Bi+B2 component (Fig. 5.9, bottom) at 188.66 eV. The spectrum
indicates a change in the chemical environment of B atoms in the Bo sheet due to the
deposited Li, and it is no longer possible to discern the individual B: and B:
components visible in Fig. 4.1b. Hence, we use the Bi1+B2 component in Li-decorated
samples to jointly address modifications of the peaks which were detected in pristine
Bo. An important factor triggering the chemical modifications of Bo is linked to a
charge transfer from Li to B and creation of various Li-B-O complexes. The Bo and Bs
components of the first peak appearing at 187.60 eV and 189.80 eV, respectively, may
be ascribed to a reduced state of boron oxide B:O (1< x < 6) [125, 126]. One may not
exclude the possibility of lithium boride (Li:By) formation, which might also have a
minor contribution at ~188 eV to the Bo component . Additionally, the second peak
at 191.85 eV indicates the formation of B:O, during the relatively short Li deposition
experiment. The formation of boron oxides seems to be accelerated, in comparison
to Li-free Bo samples, due to the reactivity of Li atoms which can facilitate
production of highly reactive O atoms from residual O: molecules present in the

UHV environment. Indeed, upon ageing for additional 2.5 hours (Fig. 5.9, top) inside
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the UHV chamber at a base pressure of ~ 10'* mbar, Li expedites further Bo oxidation
yielding a large B:O, peak and the formation of other B- / C- oxides (BC:Oy) revealed
by the two minor components at 190.50 and 191.35 eV [109, 110].

t=2.5h aged Li@Bo/Ir

4.7 ML Li @BolIr Lo

194 193 192 191 190 189 188 187
E, (eV)

Figure 5.9 XPS of the B 1s region (a) after 4.7 ML Li deposition and (b) additional
ageing for 2.5 hours in UHV. Emergence of three boron oxide peaks (Bo, Bs, B-Oy)
and the mixing of B1 and Bz components is attributed to the Li effect on Bo. In-situ

ageing (top) gives rise to additional boron oxide peaks of various stoichiometries.

Besides the core-level investigation via XPS, crystallography of the Li-decorated
samples described up to now was examined with electron diffraction. Since XPS
spectra indicate the presence of uncovered Ir on the sample, the first step was to
study possible structures of Li on bare Ir. Sequential LEED patterns, therefore, were
recorded to study the evolution of Li superstructures onto bare Ir(111) in order to
have a reference guideline for subsequent, more complicated experiments which

involve Bo. The LEED pattern displayed in Fig. 5.10a results from averaging over a
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sequence of patterns acquired over 45-minute time span of Li deposition totalling to
6. = 1.6 ML. Overall, two well-defined Li superstructures formed: (23 x 2V3)R30°
and (1.31 x 1.31)R10.89° as schematically shown in Fig. 5.10b-c. Also, additional
superstructures exhibiting faint and/or blurred diffraction spots were detected

which indicate poor Li ordering on the sample surface.

s .
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® @
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Figure 5.10 Two well-defined Li superstructures with respect to Ir (111) at 6;; = 1.6
ML. (a) An averaged LEED pattern generated from a sequence of patterns recorded
at 40 eV throughout the Li deposition for 45 minutes. The pattern reveals the Li
superstructures (2¥3 x 2V3)R30° (blue circles) and (1.31 x 1.31)R10.89° in two
rotational domains (red and purple circles). The corresponding simulations of
superstructures (generated by LEEDpat software) are shown for (b) (1.31 x
1.31)R10.89° superlattice in two rotational domains marked with red and purple
spots and (c) (2V3 x 243)R30° superlattice.
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In the following, we proceed with the examination of the crystallography of Li
deposited onto Bo/Ir(111). The LEED patterns displayed in Figs. 5.11a, b, d and e can
be related to the Li 1s spectra shown in Fig. 5.8b. At 6;; ~ 0.9 ML, a superstructure
identified as (12 x 12) is visible in the LEED data shown in Fig. 5.11b. Apparently,
that superstructure bears no resemblance to the ones found during Li deposition on

bare Ir(111), displayed in Fig. 5.10a, indicating Bo involvement in its existence.
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Figure 5.11 LEED patterns for different concentrations of Li on uniform Bo/Ir(111)
(~ 0.8 ML). (a) Pristine Bo/Ir(111). (b-c) Li (12 x 12) superstructure at 6;; ~ 0.9 ML and
its LEEDpat simulation. The Li superstructure is marked with red, green and purple
spots whereas the Bo pattern is indicated with white spots of the same size in both
figures; the seven white spots of greater size indicate Ir pattern. (d) 13.5-hour aged
sample. (e) Pristine Bo is retrieved after annealing. (b’) Two Li superstructures
formed at 8y; ~ 2.7 ML after one-minute annealing at 380°C: (V3x\3)R30° (blue circles)
and V7 x V7 (magenta and purple circles mark two rotational domains). (¢’-d’) The
simulation of Li (V3 x Y3)R30° and V7 x V7 superstructures, respectively. All patterns
were acquired at E =83 eV.
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The decline in the LEED pattern intensity of 13.5-hour aged sample (Fig. 5.11d) may
be attributed to the formation of adsorbates on the surface (see Fig. 5.9, top). In the
follow-up control experiment, the sample was first flashed to 1100 °C to remove Li,
however Li (12 x 12) superstructure was still there as revealed by LEED (not shown).
Annealing the sample at 1100 °C for three minutes caused the disappearance of the
(12 x 12) superstructure as revealed by LEED data in Fig. 5.11e. Also, no new traces
of any Li superstructure were found, which indicates that the pristine Bo was
retrieved. This is in agreement with the earlier XPS data in Fig. 5.8b which confirms
removal of all Li atoms from Bo/Ir after such extended high temperature annealing.
Alternatively, Li deposition onto Bo/Ir for 9 minutes at I =8A (8y; ~ 2.7 ML) followed
by moderate one-minute annealing at 380 °C resulted in the formation of two other
identified Li superstructures presented in Fig. 5.11b": (V3 x Y3)R30° (marked with
blue circles) and V7 x V7 (magenta and purple circles). Additionally, the six blurred
streaks, marked with black oval shapes, in Fig. 5.11b" might relate to the disordered
Li (1.31 x 1.31)R10.89° superstructure formed at a lower coverage (6.; = 1.6 ML) on
bare Ir (Fig. 5.10a). Interestingly, the Li superstructures displayed in Fig. 5.11b-b’
were obtained by varying Li concentration (6;; = 0.9 ML and 2.7 ML, respectively)
and thermal treatment. Thus, our results imply that Li atomic positions depend on
the abundance of Li atoms on the surface and the energy which is provided to the
system via low-temperature annealing. Overall, Bo coverage, total amount of
deposited Li atoms and the thermal treatment of the sample play a significant part
in determining the resulting superstructure. Homogeneity of Li adsorption on the
surface needs further investigation, including theoretical calculations, in order to
fully understand the mechanism underlying the formation of different Li

superstructures.
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Valence band structure modifications upon Li deposition have been tracked with
ARPES and are shown in panels (a-d) of Fig. 5.12. The data feature the characteristic
surface state (Ir S1) of Ir(111), marked with a white arrow at the I'-point in the vicinity
of the Fermi level as well as the Bo-induced replicated bands, marked with grey
arrows, reported earlier in Section 4.2. Fig. 5.12a shows ARPES spectrum of pristine
Bo/Ir(111), which was recorded immediately after Bo growth on bare Ir(111) and
taken as a reference, where the binding energy of surface state (Ess) appears at 0.35

eV below the Fermi level.

0.9 ML Li

Intensity (a.u.)
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Figure 5.12 ARPES data of submonolayer Bo on Ir(111) decorated with Li. (a-d) Step-
wise Li deposition gradually shifts Ir S:1 (indicated by a white arrow) to a higher
binding energy. The Ir replicated band (grey arrow) remains visible after depositing
4.7 ML Li, although with lower intensity. (e) The corresponding EDCs were
extracted from the displayed ARPES spectra at the I' point (k; =0 A1), The total shift
of Ir S1 AEss = 1.30 eV along with the reduction in its intensity are associated with Li
adsorption. The spectra were recorded with p-polarized light at hv =100 eV.
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A comparison between panels (a) and (b) of Fig. 5.12, where the latter was recorded
at 6; = 0.9 ML reveals a considerable surface state shift towards a higher binding
energy (to Ess = 0.65 eV below the Fermi level) whereas its intensity declines. The Ess
shifts further to = 0.9 eV at 6; = 1.84 ML and then to = 1.30 eV at 8; = 4.7 ML (Fig.
5.12c-d). The surface state intensity deteriorates considerably at 6;; = 4.7 ML. In
addition, the intensity of both Bo-induced replicas and Ir energy bands are reduced
as more Li is deposited. Reduction of the Ir surface state intensity is expected, since
adsorbates are well known to disturb the coherence of these surface-localized
electronic states [127]. Moreover, pile-up of Li atoms on top of the sample can cause
attenuation of photoemission intensity of all electronic bands, including the surface
state bands as well as the replica bands. However, considering that the replica
intensity reduction is more pronounced than the reduction of other bands in the
ARPES data, then it is reasonable to assume that deterioration of the Bo grating effect
is taking place. We propose two possible scenarios for this: (i) random adsorption of
Li on Bo sheet, causing Bo lattice disruption and decoherence of the diffracted
electrons, or (ii) lifting of Bo sheet from Ir because of the intercalation as Li atoms go
in between the Bo sheet and topmost Ir atoms, resulting in the Bo grating

“flattening”, hence the reduced diffraction effect.

Fig. 5.12e displays the corresponding energy distribution curves (EDCs),
extracted from the ARPES data, where the expected response to the sequential
introduction of Li is evident. Continuous broadening of the I'-point peak of EDC as
more Li is deposited and a total shift of 1 eV at 6;; = 4.7 ML are both pronounced.
Both the shift and broadening of surface states are hallmarks of reduced momentum
coherence [128] induced by the alkali metal. Pervan et al. reported a similar shift in
the Ir surface state at the K-point and decrease in the peak spectral intensity of EDCs
for disordered Li phase on bare Ir(111) which result from the hybridization between
Li states and Ir surface state [127]. However, when they investigated disordered Li
phase on graphene/Ir, only the energy shift without a decline in the spectral intensity
was detected. The latter observation arises from the fact that graphene, unlike Bo,
blocks the incoherent scattering of Ir surface state electrons by exhausting DOS of
Li, which would otherwise hybridise with Ir surface state causing its momentum
decoherence [127].
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Considering the fact that Bo coverage on Ir(111) for the data shown in Fig. 5.12 was
lower than 1 ML (~ 0.8 ML), the Ir S:1 shift caused by Li might be due to direct
adsorption of Li atoms onto uncovered Ir terraces and/or intercalation of Li at the
Bo-Ir interface. The latter scenario may be explained by diffusion of Li atoms
through the HH of Bo sheet, as the Li ion size (~ 0.9 A) [119] is smaller than the HH
size (1.5 A), whereas diffusion through Bo triangular lattice sites is unlikely to

happen due to their small size.

Aside from the Brillouin zone centre and vicinity of the Fermi level, the
valence band structure near the K-point and down to 10 eV of binding energy, was
recorded for the pristine Bo/Ir and the lithiated Bo/Ir (61; = 4.7 ML) samples. The
panels in Fig. 5.13 display the ARPES spectra along with the EDCs extracted from
them at k = 1.2 A1, The Ir surface state (Ir Sz) at the K-point shifts from the Fermi
level by 0.12 eV towards a higher Es. (Fig. 5.13d). In addition, by comparing the
insets in (a) and (b) in Fig. 5.13, where the contrast has been readjusted for a better
visibility of the low-intensity feature, a non-dispersing band (indicated by a white
arrow) is observed at 8.8 eV in the latter inset. This new band gives rise to the small
peak appearing at the same energy in the extracted EDC shown in Fig. 5.13d
(marked by a black arrow) which is absent in Fig. 5.13c. The flat band may be
ascribed to the formation of oxide species promoted by the adsorbed Li on top of Bo
[129], in line with the XPS data shown in Fig. 5.8b. One may consider the observation
of such a band a proof that Li adsorption occurred on top of the sample and that Li
intercalation at the Bo/Ir interface is less probable. Had all Li atoms been intercalated
between Bo and Ir atoms, Li atoms would likely have been screened off from oxygen
atoms existing in the UHV environment, in such a way that the flat band would not
have formed. However, to further elucidate the likelihood of these different Li
geometries (adsorption vs. intercalation) on Bo/Ir, dedicated STM and DFT studies

are planned in the future.
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Figure 5.13 ARPES spectra of Bo/Ir before (a) and after deposition of 4.7 ML of Li
(b). The corresponding EDCs extracted at kj = 1.2 A are displayed in (c-d). A flat
band (white arrow) appears at Es = 8.8 eV (b) after Li deposition. Brightness and
contrast were enhanced in the Es range 7 — 10 eV (inset, marked by dashed
rectangles) for a better visibility of ARPES spectra. The spectra were acquired with
p-polarized light at hv =100 eV.

53  Summary

Observed changes in B 1s peak arising from Bo binding to residual C- and/or O-
containing chemical species in the UHV chamber indicate the high reactivity of
epitaxial Bo. When the XPS spectral intensities of B 1s peak, recorded during the
sample ageing were compared, it was estimated that ~ 1/3 of B atoms in the Bo sheet
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were bound to the residual molecules in the chamber after 22 hours. Thus, B atoms
undergo chemical changes as the time passes, however the extent of the changes
depends on how strong they are bound to the Ir atoms. Li was found to promote
oxidation of Bo as it reacts with residual chemical species in the UHV and is known
to efficiently crack O: molecules into reactive O atoms. An aged Li/Bo/Ir sample
showed a pronounced effect of Li-promoted oxidation as signalled by the huge B-O
peak in the XPS data.

High-temperature annealing (1200 > T > 1000 °C) enables the dissolution-
segregation mechanism of B atoms by which pristine Bo is retrieved from aged, i.e.
contaminated samples. In addition to temperature, the time duration of the
annealing needed to trigger B dissolution is a crucial parameter, since it takes a few
minutes to obtain pristine Bo from in-situ aged samples. However, to retrieve Bo
from ex-situ aged samples, it takes longer time, tens of minutes, due to the high
surface coverage of various adsorbates which is the consequence of the sample
exposure to air. While utilizing dissolution-segregation steps to retrieve pristine Bo,
partial loss of B atoms is expected, thus resulting in reduced Bo coverage after each
step.

Decoration of pristine Bo with Li at room temperature in UHV environment
gives rise to a variety of Li superstructures which depend on the concentration of
deposited Li and thermal treatment of the system afterwards. Li adatoms piling up
on the surface may either cause the decoherence of the diffracted electrons and/or
diffuse through the Bo sheet hexagonal holes lifting Bo sheet from Ir, thus causing
intercalation.

The mere decline in the intensity of the surface state at I'-point (Fig. 5.13) and
of the other Ir energy bands after Li deposition, is not conclusive evidence for the
most likely dynamics scenario of Li atoms: adsorption on top of Bo sheet or
intercalation between Bo and Ir. However, one may assume that Li adsorption on
top of Bo/Ir is more likely considering the flat energy band in the valence band
spectra which can be assigned to oxidized Li on top of Bo. Therefore, the
homogeneity and regularity of Li adsorption calls for further theoretical and

experimental studies.
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6 Conclusions and outlook

The investigated samples of monolayer Bo y, polymorph presented in this thesis
were grown on Ir(111) via boron dissolution—-segregation route using borazine as a
precursor (Section 3.1). The advantage of this route of choice over other synthesis
approaches is the high and uniform coverage (up to 1 ML) of Ir terraces with a Bo
monolayer, as revealed by LEEM data. Also, the utilized growth method diminishes
the probability of B clusters formation either on formed Bo patches or bare regions
of the substrate, and minimises the number of grain boundaries and other defects
within the Bo.

The experimental data and theoretical calculations for pristine Bo/Ir(111)
system provided in Chapter 4 reveal nanoscopic and unidirectional modulation
exhibited by monolayer Bo sheet on the Ir substrate. This modulation originates
from the inhomogeneity in Bo-Ir binding demonstrated by two well-resolved B 1s
XPS peaks and spatial variation of Ir surface state coherency, which consequently
yield Ir band replication (i.e. Umklapp process) observed close to Fermi level in the
ARPES spectra of the system. To add, the overall Bo-Ir binding is of considerable
strength in comparison with weakly-bound graphene on Ir, as evidenced by the
decline of surface components of Ir 4f doublet in the respective XPS spectrum.
Overall, the Bo-sheet also acts as an electron diffraction (scattering) grating due to

its stripe-like morphology which arises from the Bo-Ir binding modulation.

The pristine structure of Bo, demonstrated considerable chemical (re)activity
even in vacuum environment: it was estimated from the XPS spectra that 1/3 of B
atoms of the Bo sheet were bound to residual contaminants (C- and O- containing
chemical species) after 22 hours of ageing in UHV (Section 5.1). Therefore, pristine
Bo, driven by the electron deficiency of its constituent B atoms, readily reacts with
the surrounding atoms and molecules. However, the pristine Bo structure is easily
retrievable after in situ and to a certain extent after ex situ ageing through high-
temperature annealing (1200 > T > 1000 °C) thanks to the dissolution—segregation
mechanism, during which B atoms reassemble into a fresh Bo mesh on the Ir surface.
The downside of such a protocol is the decrease of resultant Bo coverage due to the

loss of B atoms during the substrate annealing.
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Decoration of pristine Bo with Li at room temperature in a UHV environment gave
rise to a variety of Li superstructures depending on the concentration of deposited
Li and thermal treatment of the system afterwards (Section 5.2). The mere decline in
the intensity of the ARPES spectrum after Li deposition, in conjunction with other
experimental data, does not provide conclusive evidence for the most likely scenario
of Li atoms dynamics: adsorption on top of Bo sheet or intercalation between Bo and
Ir. However, the Li adsorption scenario seems to be more probable due to the
observed non-dispersing electronic band close to the Fermi level, which may
pinpoint oxide formation promoted by Li atoms lying atop the Bo sheet. Bo
decoration with other alkali metal atoms such as Cs is proposed for future studies,
due to their relatively large crystal radii, which would enable a comparison with
much smaller Li atoms addressed herein. In such way, further details about alkali-
Bo interaction would be clarified and possible routes for dedicated alkali-based Bo

modifications proposed.

The chemical stability and environmental inertness of a material are crucial
factors as far as applicative aspects are considered. One grand challenge in the
borophenes research, as demonstrated in the thesis, is their instability due to high
reactivity. Deliberate oxidation and hydrogenation of Bo on silver, for instance, have
reportedly demonstrated improved Bo stability in non-pristine form and the
retrievability of pristine Bo upon annealing. In line with this strand, chemical
tuneability of Bo should be further investigated as a potential route for stabilising
Bo and tailoring its properties. In another approach, enhancement of Bo stability
may also be achieved by coupling it with another inert 2D material like hBN or
graphene, thus forming a vertical heterostructure such as hBN-Bo or graphene-Bo.
This direction awaits further exploration and requires refinement of currently
available synthesis protocols and development of methods for the transfer of such

heterostructures to substrates of choice.

By examining even further the possibilities of layer stacking in the vertical
direction, bilayer Bo systems inevitably come into play. Bilayer samples have been
experimentally realised on some metal substrates, however bilayer Bo on Ir(111)
remains unexplored system to date. The investigation of bilayer Bo grown on Ir may
enable thorough study of the intrinsic electronic properties of pristine Bo Xe

polymorph, which is a step further towards better modelling of various Bo-based
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applications. In addition, future realisation of multilayer Bo may serve as a Bo
stabilisation route, i.e. a form of its homogeneous encapsulation, however this
research direction still faces many challenges due to the complex boron chemistry
and boron’s intrinsic hindrance to exist in 2D form. Finally, the predicted
superconductivity in intercalated bilayer Bo is still to be experimentally realised and
may expand the investigation of many-body effects in 2D materials, thus expediting

the development of boron-based 2D superconductors.
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