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Resumo

Apresentamos uma investigacao sistematica da sintese de nanoestruturas de carbono e
de grafeno dopado (Gr) por meio de métodos de crescimentos bottom-up. Utilizamos
microscopia de tunelamento em varredura e espectroscopia de tunelamento de eletrons
(STM/STS) para explorar a morfologia das amostras durante a sintese e suas
propriedades eletronicas locais, enquanto a espectroscopia de fotoelétrons de raios-X
(XPS) foi empregada para estudar o estado quimico da amostra. Célculos da teoria
do funcional da densidade (DFT) foram realizados para suportar nossos resultados
experimentais.

Em primeiro lugar, apresentamos o crescimento de monocamadas de boro-nitrogénio-
carbono (h-BNC) na hexagonais a partir de um tnico e novo precursor molecular
(hexametil borazina — C6H18B3N3) superficie de Ir(111). A partir de imagens de STM
combinadas com calculo DFT, demonstramos que o h-BNC ¢é formado pela dopagem de
Gr com (BN)g unidades dispostas em conformagao de seis anéis, localizadas nas regioes
tipo fcc e hep do padrao moiré do Gr na superficie do Ir(111). Isso limita sua densidade
em Gr e minimiza a segregacao. Experimentos adicionais foram realizados em Rh(111),
os resultados mostram que a sintese de h-BNC ou heteroestruturas laterais Gr-hBN a
partir de um tnico precursor molecular nao ocorre nesta superficie, devido a interdifusao
dos atomos de carbono no cristal de Rh na temperatura de crescimento de h-BN. No
entanto, em Rh(111) uma monocamada de h-BN de alta qualidade foi sintetizada.

Em segundo lugar, investigamos a sintese de redes quadradas porosas organometalicas de
porfirinas Br4TPP sobre a superficie Ag(100) empregando a sintese quimica assistida por
superficies. Diferentes motivos organometalicos foram formados a temperatura ambiente
(RT). Estudamos o papel critico da temperatura do substrato durante a deposi¢ao do
precursor. Os resultados mostram que o crescimento das redes quadradas é favorecido a
450K. Combinado resultados de STM e calculos de DFT, identificamos a conformacao
de adsorcao molecular como saddle shape e a periodicidade de rede como sendo de
(1,904+0,03)nm. Os célculos sugerem que, uma vez formada a rede TPP com os dtomos
de Ag, a remocao desses atomos é um processo altamente energético; portanto, o sistema
fica cineticamente aprisionado. Portanto, promover a ligacao C-C por tratamento térmico
sem destruir a rede nao ¢é possivel. Foram observadas cadeias de moléculas ao longo da
diregao (530) em Ag(100) para temperaturas de deposigao acima da RT. As moléculas

estao em estrutura totalmente invertida, a conformacao tipica de adsorcao relatada em
Cu(111).

Finalmente, mediante o método de reacao de acoplamento de Ullmann, foram sintetizadas
nanofitas (GNRs) porosas de grafeno dopadas com nitrogénio sobre a superficie Ag(100)
e Cu(111). Para cada superficie, investigamos a influéncia da temperatura do substrato
durante a deposicao molecular na seletividade das vias de reagao, encontrando o
parametro apropriado para o crescimento das cadeias, o que permite controlar a sintese
pela temperatura do substrato. A partir de imagens de STM, observamos a coexisténcia
de cadeias organometdlicas com extremidades covalentes e GNRs constituidos por cerca
de seis unidades. As influéncias do substrato sao claramente percebidas pela orientacao
das cadeias metdlicas e das estruturas covalentes.



Abstract

In this thesis, we present the systematic investigation of the synthesis of carbon
nanostructures and doped graphene (Gr) via bottom-up methods, using a comprehensive
multi-technique approach. By scanning tunneling microscopy/spectroscopy (STM/ STS)
the morphology of the sample during the hierarchy synthesis and their local electronic
properties were explored, while X-ray photoelectron spectroscopy (XPS) probed the
chemical state of the sample. Density functional theory (DFT) calculations support
our experimental results.

Firstly, we present the successful growth of hexagonal boron-nitrogen-carbon monolayer
(h-BNC) from a novel single molecular precursor (hexamethyl borazine — C¢H15B3N3)
by chemical vapor deposition (CVD) on Ir(111). From STM images combined with DFT
calculation, we have demonstrated that h-BNC is formed by doping Gr with small BN
nanoclusters. The dopant was identified as (BN)g units arranged in six-fold BN rings
conformation, preferably sitting in the fcc- and hep-type regions of the Gr moiré pattern
on Ir(111). This behavior limits its density on Gr and minimizes the segregation between
Gr and h-NB domanis. In addition, for a BN concentration of about 17%, a band gap
between 1.4 and 1.6 eV was determined, showing the material’s semiconductor behavior.
Additional experiments were performed on Rh(111), the results show that the synthesis
of h-BNC or lateral heterostructures Gr-hBN from a single molecular precursor does not
take place on the surface due to the carbon atoms strongly dissolving into the Rh bulk
at h-BN growth temperature. However, on Rh(111), a high-quality h-BN monolayer was
synthesized.

Secondly, we investigated the on-surface synthesis of organometallic square pore network
from BrdTPP porphyrin on Ag(100). Due to the substrate reactivity and low
debromination barrier, different motif coordinated by Ag adatoms were already formed
at room temperature (RT). We studied the critical role of substrate temperature during
the deposition of the precursor. The results show that square motif growth is favored
at 450K. We identified the molecular adsorption conformation as saddle shape and the
lattice periodicity as (1.90 + 0.03)nm. The calculations suggest that once the TPP
network with Ag adatoms is formed, removing these atoms is a highly energetic process;
hence the system becomes kinetically trapped. Therefore promoting C-C bonding by
thermal annealing without destroying the network it is not possible. Moreover, chains of
molecules sit along (530) direction on Ag(100) were observed for deposition above RT.
The molecules are in fully inverted structure. From our best knowledge, this is the first
time that porphyrins are observed in an inverted structure and saddle shape on Ag(100).

Finally, by surface-assisted Ullmann coupling reaction, nitrogen-doped porous graphene
nanoribbons (GNRs) were synthesized on Ag(100) and Cu(111). For each surface, we
investigated the influence of the substrate temperature during molecular deposition on
the selectivity of reaction pathways, finding the appropriate parameters for growing the
chains, which allows controlling the synthesis by the substrate temperature. From the
STM data, we observed the coexistence organometallic chains with covalent ends and
GNRs constituted by about six units. The substrate’s influences are clearly noticed by
the orientation of the metalled chains and the covalent structures.
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Chapter

Introduction

In 2010 A. K. Geim and K. S. Novoselov were awarded the Nobel Prize in Physics [1,
2] for isolating and characterizing graphene (Gr), a two-dimensional material formed by
the arrangement of carbon atoms in an sp? honeycomb structure. Gr is a zero band
gap material [3] with high carrier mobility [4], making it suitable for electronic device
applications. However, the lack of an intrinsic bandgap strongly restricts its applications
[5], for example, in electronic devices, which typically require a bandgap of about 0.4

eV, at room temperature (RT), for a satisfactory operating on/off ratio [6].

Different approaches focus on opening an energy band gap in Gr have been developed
over the years. One method consists in modulating the electronic properties by
functionalizing the Gr, for example, by doping the material replacing carbon atoms
with other elements|[7-9], or even by the chemisorption of specific molecular groups
in the Gr structure [10]. Another way to induce a band gap in Gr is by electronic
confinement [11], which consists in reducing one dimension of the material below 10 nm,
for instance, growing graphene nanoribbons (GNRs). These structures maintain many
properties of Gr. However, their nanometer width and finite edges with a specific shape

(armchair [12], zigzag [13], or chiral [14]) induce the energy band gap’s opening and
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provide them with new electronic properties. It is also possible to tailor the graphene’s
properties by synthesizing graphene-related functional low-dimensional materials [15],

such as polyphenylene-based polymers and carbon pore networks.

Functionalized Gr, GNRs, and carbon pore networks can be synthesized by different
techniques classified into two growth approach: (i) the top-down and (ii) the bottom-
up approaches. On one hand, the top-down approach involves physically shaping
the desired nanostructure from bulk graphite or carbon sheets, for instance, using
mechanical/chemical exfoliation or lithography [16]. On the other hand, the bottom-
up approach is based on the 2D confinement of well-designed molecular building blocks
(precursor) to a surface [17]. In this way, it is promoted a controlled assembly of
these molecules, allowing the building of well-defined molecular nanomaterials with
atomic-scale precision. In this work, we employed the bottom-up methods of chemical
vapor deposition (CVD) and on-surface synthesis (OSS) for growing carbon-based

nanostructures and doped Gr.

The CVD growth of functionalized Gr has been investigated in previous works. For the
substitutional doping of the material, many different atoms have been used, highlighting
nitrogen (N) and boron (B). These impurities are appropriated carbon substitution due
to their atomic size, avoiding introducing drastic changes in the Gr lattice. N-doped Gr
has been reported with an n-type doping effect and the presence of localized states in
the conduction band [8], without observing an gap opening in Gr. Additionally, in the
case of Gr doped with 2 % B substitution, the Fermi level is shifted -0.65 eV related
to the Dirac energy, inducing a p-type conductivity. Also, this system exhibits the gap
opening of 0.15 eV'.

Theoretical studies have predicted the band gap opening of Gr around K (or K’) point
by introducing BN units as a substitutional dopant [18-20]. First-principles calculations
performed by Ren et al. [21] showed that 6-fold BN ring is the most stable configuration
for doping Gr with BN. This dopant can open an electronic band gap in Gr. The value
of the band gap opened will depend on the doping concentration. In addition, Fan et
al. [18] investigated the electronic properties of Gr doped with BN (dimer), (BN);
(one 6-fold ring), and (BN)jy (seven 6-fold rings) units. They reported the opening of
the Gr band gap due to the charge redistribution relating to the breaking of localized
symmetry of the potential. For the most stable motif, (BN )y, the band gap opening
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induced ranges from 0 to 1.2 eV depending on the BN concentration.

In that regard, synthesizing Gr doped with hexagonal boron nitride units (h-BN)
represents an excellent opportunity to develop new materials with a tunable band gap.
Gr doped with h-BN consists of a hexagonal monolayer formed by boron-nitrogen-carbon,
which is usually called in the literature monolayer h-BNC. The first study on the growth
of h-BNC was published by Ci et al. [22], who reported the formation of randomly
distributed domains of h-BN and C phases (two segregated phases) synthesized from two
molecular precursors as the source of C and BN. As expected, it was not observed an gap
opening. More recent studies [23-25] using a single molecular precursor have reported the
growth of h-BN and Gr domains interconnected, forming h-BN—-Gr lateral structures. In
this case, the superposition of Gr and h-BN bands [26] is observed instead of opening the
Gr energy gap. Some theoretical works associate the formation of segregated structures
with the high energy cost of forming the C-N and C-B bonds compared to B-N bonds
[27-32].

The synthesis of the homogeneous ternary compound of BCN (h-BNC) instead of a
segregated Gr-h-BN structure was reported for the first time by Beniwal et al. in 2017
[33]. In this case, the material was grown on Ir(111) surface from the single molecular
precursor bis-BN cyclohexane. Nonetheless, the experimental evidence of the h-BNC
atomic structure is limited, and the work is strongly supported by theoretical calculations
of the BCN atomic and electronic structure. Therefore, a detailed experimental study
of h-BNC at the atomic scale and its correlation with the local electronic properties is
lacking. Moreover, the synthesis of h-BNC remains challenging due to the tendency to

segregate in systems composed of C, N, and B.

The electronic properties of Gr can also be modulated by reducing its dimensionality; i.e.
is by growing GNRs, for instance. In addition, it is possible to achieve tailored properties
by synthesizing organic and metal-organic coordination networks that can emulate the
Gr structure from aromatic molecular precursors. In order to build GNRs and porous
molecular networks, on-surface synthesis has emerged as a growth method able to
produce atomically precise nanostructures with the appropriate dimensions. For that, it
is relevant to design a suitable molecular precursor and carefully choose the appropriate
catalytic surface for growing the desired nanostructure. Band gap engineering of GNRs

is possible by on-surface synthesis of nanoribbons with a specific structure, width, and
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edge [12-14]. Doped GNRs can be directly grown from molecular precursors that already
contain the doping atoms [34, 35].

GNRs and nanoporous structures based on carbon are prominent candidates for
applications in transistor devices [36]. Theoretical studies have predicted a
semiconductor behavior of Gr by introducing nanopores into the lattice [37].
Therefore, synthesizing these nanomaterials with specific structural symmetry and new
functionalities requires exploring novel molecular precursors and new on-surface synthesis

routines.

Several chemical reactions have been explored to achieve novel surface-assisted motifs,
for instance, direct C-H activation [38, 39], alkyne coupling [40, 41] and decarboxylative
coupling [42]. However, the Ullmann coupling reaction is recognized as one of the most
successful and versatile strategies to synthesize tailored covalently bonded nanostructures
[43, 44]. By Ullmann coupling is possible to control the sequences of the reaction step-

by-step by functionalizing the precursor with halogen atoms.

Following this approach, Ammon et al. [45] explored the growth of porous carbon
nanoribbons on Ag(111) surface using 1,3,5-tris(3-bromophenyl)benzene. The molecular
precursors are deposited at room temperature (RT) as a building blocks on the
surface and form a 2D self-assembled network stabilized by halogen-bonded. After the
dehalogenation process, takes place the metal-carbon coordination of chains. Thermal
annealing promotes covalent bonding, producing well-ordered nanoporous chains. The
last step of the synthesis involves the dehydrogenation of the chains, bringing up the
formation of porous carbon nanoribbons. Also, via the Ullmann coupling reaction,
porous N-GNRs with a band gap of about 2.2 eV are fabricated on Ag(111) [46].
Similarly, Basagni et al.[47] synthesized organic semiconducting wires using three similar
brominated molecular precursors doping with a different number of N atoms on the
Au(788) vicinal surface. The wires grew along the terrace with (111) plane orientation,
and their periodicity matches the Au three times lattice parameter. From the direct
measurement of the local density of states, they found a similar bandbag for N-doped

and undoped wires of 3.3 + 0.2 eV.

Moreover, functional porphyrins-based 2D metal-organic framework (MOFs) offer an

exciting platform for new devices with magnetic and optical controllable properties
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[48, 49]. The motivation for choosing porphyrins as building blocks is based on
their morphological and rich electronic properties, as well as high chemical versatility
and robustness [50-52]. Focusing on these structures, different systems have been
studied. For instance, porphyrins functionalized with biphenylene—cyano (2H-TPCN)
and phenylene—pyridyl substituents (2H-TPyPP) were used to explore the synthesis
of porous metal-organic coordination networks on Ag(111) by adatoms ligands. Lin
et al. [53] showed the synthesis of rhombus and Kagome organometallic networks
with large pores via pyridyl-Fe-terpyridyl coordination of terpyridyl ligand and pyridyl-
functionalized porphyrin.  Typically, MOFs with hexagonal symmetry have been
synthesized, exhibiting electronic structures similar to graphene. Therefore, exploring
non-hexagonal lattice geometries, which would lead to new electronic structures, is
desirable. For instance, Li et al. [54] by first principle calculations found that metal
phthalocyanine-based 2D MOFs coordinated by Ni*2? in a square lattice exhibit rich

structural and magnetic behavior.

In this thesis, we present the systematic investigation of the synthesis of carbon
nanostructures and doped graphene via bottom-up methods, using a comprehensive
multi-technique approach. Scanning tunneling microscopy /spectroscopy (STM/STS) are
employed to explore the morphology of the sample during the hierarchy synthesis and
their local electronic properties, while X-ray photoelectron spectroscopy (XPS) probed
the chemical state of the sample. Density functional theory (DFT) calculations support

our experimental results.

For a broader investigation on the electronic and structural impact of the
functionalization of graphene sheets with heteroatoms as well as on C-based analogue
materials, for instance, porous networks, we have investigated two classes of model

systems:

e The synthesis of non segregating h-BN doped graphene from a novel single
molecular precursor via CVD, and explore its morphological, chemical, and

electronic properties.

e The on-surface synthesis of new carbon-based molecular pore networks and pore

N-doped GNRs.

This manuscript contains the following chapters:
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Chapter 1 is the present introduction. In Chapter 2, we present a general description
of Gr’s structure and electronic properties, together with an overview of fundamental
bottom-up approaches. Chapter 3 introduces the experimental techniques employed in
this thesis and the experimental setup. Chapter 4 presents results on the growth of
h-BN doped Gr. Chapter 5 contains the results of the investigation of the hierarchical
growth of the porphyrin-based pore network. In chapter 6 we describe and compare the
synthesis of pore N-doped GNRs on two different substrates. Furthermore, in Chapter 7

we will give the general conclusion and perspective of this work.
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Chapter

Synthesis of functionalized graphene and
carbon pores networks by bottom up

methods

2.1 Graphene electronic structure

The carbon (C) atom has four electrons and the electronic configuration of its ground
state is 15225%22p?, i.e. two strongly bound electrons occupy the 1s orbital, two electrons
are paired and occupy the 2s atomic orbital, and the remaining two unpaired electrons
occupy different 2p (2p,, 2p,, and 2p,) orbitals, such as shown in figure 2.1a. Moreover,
the excited state of the C, for instance due to the presence of another C atom, could be
described as the electron jumps from the 2s to the 2p orbital (see figure 2.1b). Despite
the higher energy cost in promoting an electron from the 2s to the 2p level, this event is
favorable since to the energy compensation induces by the hybridization of the orbitals,

which leads to the covalent bonding.

Therefore, four quantum states are available for the excited state to perform covalent

bonds. The overlap of 2s and 2p states produces an sp™ hybridization. In the case of
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Gr, basically, the 2s state and two components of 2p state, for instance, 2p, and 2p,,
are mixed to create a hybridized sp? bonding orbital (see figure 2.1c), these three iso-
energetic orbitals are pointing outwards in a plane, forming angles of 120° and bonding
adjacent carbon atoms. The fourth orbital called 7 orbital, 2p, is unchanged, projecting
above and below the plane where the sp? hybrid atomic orbitals were located. If two sp?
carbon atoms are close enough, they form a strong ¢ bond by overlapping the sp? — sp?
hybrid atomic orbitals, such as it is represented in figure 2.1d. Moreover, the 7 orbital
combined with adjacent 7 orbitals generate a huge orbital which allows easy movement

of electrons across the plane.

A A A
R fone [E
205 2Dy 2Dz 200 20y 2D, 2p,
| g T O
= _$+ = "$ L 25 2p; 2py
= P =} EDP &
-4y Ay -HAv
1s 1s 1s

a) Ground state b) Excited state c) sp? hybridization

d) sp2 hybridization in graphene

pz 7T px
p’ p’
O ~ O
sp’ - sp’

Figure 2.1: Schematic representation of the electronic configuration of carbon atoms for (a) ground
state, (b) excited state, and (c) sp? hybridization together with (d) the atomic orbitals for two C atoms,
observing the in-plane sp?-orbitals form the -bonds leaving free p, orbital perpendicular to the plane.
The Gr honeycomb lattice is formed by 3 sp?-bonded C atoms. Adapted from [55]
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The honeycomb structure of Gr can be described as two hexagonal sublattices A and B
with two atoms per unit cell, as observed in figure 2.2. The lattice is described by the

primitive vectors a; and ay as follows:
L a L a
ay; = 5(37 \/g) Ao = 5(37 _\/§>? (21>

where a corresponds to the distance between two carbon atoms and is a = 0.142nm. On
the other hand, the high symmetry points in the first Brillouin zone can be defined as

I', K, M, and K’'. Moreover, the reciprocal vectors are given by:

o = %(1,@) ot = 2-2(1,-@) (2.2)

Figure 2.2: (a) Lattice Gr structure, the primitive vectors (yellow), and the first near-neighbor vectors
(blue) are shown. The carbon atoms of sublattices A and B are colored blue and red, respectively. The
lattice parameter is about |ai| = |di| = 0.25 nm. (b) First Brillouin zone of Gr in the reciprocal
lattice, the high symmetry points are indicated. (c) The electronic band structure is determined by
an orthogonal tight-binding model considering just nearest neighbor atom interactions. The Dirac cone
near the Fermi energy is highlighted in the figure, where it is observed the linear relation between energy
and momentum for the bands. Taken and adapted from [3]
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The tight-binding model is appropriate for studying the electronic structure of Gr. The
theoretical model’s key is finding an optimal representation for a base of pre-defined
orbitals localized at atomic positions [56]. In the Gr lattice, each carbon atom could be
described just by its delocalized m-electron; this is by a single 2p, orbital. The other
electrons are not considered for the calculations because the covalent bonds have filled
the valence band (in the plane). The 2p, orbitals are described by the wave function ¢,,
which are eigenfunctions of the Hamiltonian H, for a single isolated atom with eigenvalues

€p, such as follow

Hy| ¢p) =¢p| &p) with (p | dp) =1 (2.3)

The wave function of the system could be defined as a linear combination of Bloch wave

function of two non-equivalent atoms in the sublattices A and B, such as

WH(r) = a*¢li(r) + D¢l (x) (2.4)

where k is the wave vector of the electron. This wave function is a solution of the

Hamiltonian of system, which is defined as
H*=H,+V (2.5)

where V' represents the electrostatic potential due to ion cores on adjacent atomic sites.

(0% |H| %) (% |H| o)
(o |H| ¢%) (ol |H| )

H* = (2.6)

To obtain the energy eigenstates of the hamiltonian of the system, in the tight binding
context, some approximations are assumed: (1) the crystal field integral is neglected,
(2) it was just considering the interaction between nearest neighbors; therefore, hopping
integral ¢ terms are non-zero only for these first neighbors, and (3) the p orbitals on

different sites do not overlap.

Since atoms in sublattices A and B are chemically identical, the diagonal elements of
the Hamiltonian matrix are equal €, = ¥ = €%, which correspond to the energy of the

p. orbital in an isolated atom. If we consider the three nearest-neighbor vectors in real
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space shown in figure 2.2a and defined as

5 = g (1, \/§) Gy = g (1, —\/5) 5y = a(—1,0) (2.7)

the hopping integral A takes the followed form:

A=t [exp (zki\/g) + 2exp (@;\y/%) cos (k;“)} (2.8)

In this way, it is possible to solve the matrix Hamiltonian and obtain the electronic band

structure of the Gr:

Ei(k)=¢,+t,|1+ 4cos? (@) + 4 cos (@) oS <\/§fo> (2.9)

where E, correspond to anti-bonding m band and E_ describe the the bonding 7 band.
This result describes the dispersion relation of the Gr near the K (or K’) point in the first
Brillouin zone, shown in figure 2.2c¢ and known as Dirac cone, where the linear behavior
of electronic bands near the Fermi level is noticed. At K point, the two bands touch;
this point coincides with the Fermi energy of Gr and allows us to define it as a zero band

gap semi-metal.

2.2 Graphene gap opening approaches

2.2.1 Graphene functionalized by chemical vapor deposition

(CVD)

Substitutional doping of Gr with different atoms induces the disruption of the sp?
hybridization of the carbon atoms. Depending on the doping configuration within the
Gr sub-lattices, locally significant changes in their electronic properties and chemical

reactivity could be promoted.

One of the most efficient methods for doping Gr is chemical vapor deposition (CVD)
on catalytic metal surfaces. This method has been widely used for synthesizing large-

area and high-quality Gr. On surfaces with low solubility of C atoms, such as Cu(111)
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and Ir(111), the growth mechanism started through the adsorption of the precursor
on the substrate. After that, the process involves the decomposition of molecules,
the permanence of a certain type of atom on the surface, and the release of another
as a product of the reaction. In figure 2.3, the synthesis of Gr from methane on
Cu(111) is illustrated. In this example, the hydrocarbon precursor is deposited onto
a preheated surface. Dissociated carbon fragments C'H, (z = 0-3) diffuse quickly due to
the low diffusion barrier of C atoms on Cu(111), and Gr nucleation happens. Nucleation
generally occurs at grain boundaries, defects, crystalline edges, and other high-energy
sites. Therefore, individual Gr islands grow, C'H, radicals attached to the Gr edges
dehydrogenated, followed by the coalescing of the growing Gr domains [57-59].
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Figure 2.3: Schematic representation of Gr growth by CVD on a low solubility Carbon surface from
methane (C'Hy), showing the synthesis steps: (i) deposition and catalytic decomposition, (ii) Surface
diffusion, and first nucleation, and (iii) Growth and expansion. Adapted from [58].

The substrate’s catalytic activity and atomic structure play a determinant role in the
synthesis, i. e., the type of sp? monolayer - substrate interaction and the difference
between the lattice parameter of the two systems. For example, the almost perfect
matching of the lattice constants between Gr and Ni(111) promotes the growth of a
high-quality well-oriented monolayer with a (1 x 1) structure. Otherwise, when a system
is formed by two periodic lattices, one on top of the other with a mismatched lattice
constant or a relative twist, a new periodic pattern, in the range of nm, is formed
and known as the Moire pattern. Hence, mismatch plays a fundamental role in the sp?
monolayer epitaxy, depending on its value could induce compression or tension in the

sp? layer.

For instance, monolayers of hexagonal boron nitride (h-BN) (see figure 2.6a), which is
a 2D material formed by boron and nitrogen atoms covalently bonded in a hexagonal

sp? lattice, have been grown on transition metal surfaces. From molecular precursor as
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borazine, at high metal substrate temperature a single epitaxial monolayer is synthesized.
On Rh(111) the lattice mismatch of -7.0% leads to a strongly corrugated structure as
shown in figure 2.6b-c. The superstructure consists of 13 x 13 unit cells of h-BN on top

of 12 x 12 unit cells of Rh(111) with an in-plane superlattice parameter of 3.22 nm.
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Figure 2.4: (a) Side view and top view of a single monolayer h-BN. Vectors a; and ay indicate the
unit cell. (b) Large-scale STM image and LEED pattern (inset) of h-BN on Rh(111). Adapted from
[60] (c) High resolution STM image. The bright regions are known as wires, in this sites the interaction
with the substrate es weak. The dark regions are depressions in the continuous h-BN layer due to the
strong interaction with the metal substrate, called as pores. Adapted from [61]. (d) Illustration of a
vertical cut through the layer along the main diagonal of the supercell. Adapted from [62].

Substitutional doping on Graphene

Experimentally and theoretically efforts for incorporating nitrogen or boron atoms into
Gr have been attempted by several groups in order to bring on the opening of a band
gap and introduce additional n-type or p-type carriers in carbon systems, respectively.
For instance, Usachov et al. [63] synthesized N-doped Gr on Ni(111) by CVD using
s-triazine molecules. They reported a band gap opening of 0.2 eV and an n-type doping
effect. Moreover, Lv et al. [8] reported the growth of Ny Gr doping from methane (C'Hy)
and ammonia (NHj) on Cu foil. STS measurements show the presence of localized
states in the conduction band. On the other hand, Cattelan et al. [64] produced
boron-doped Gr with a relatively small number of structural defects by catalytically

breaking a carbon-rich precursor (C'H,) mixed with diborane (B2Hg) on the surface of
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the Cu(111). ARPES (angle-resolved photoemission spectroscopy) measurements showed
p-type doping of ~ 0.3 eV. From the XPS and RAMAN data, it was possible to verify
a B concentration in Gr of ~ 2.5%, as well as the formation of boron carbide. A similar
strategy was applied by Usachov et al.[9], who used the catalytic decomposition of the
carborane precursor (CyBigHi2) in the CVD process on Ni(111) and Co(0001). Under
these conditions, B-Gr with concentrations of up to 19% boron was obtained. For lower
concentrations of B, the process can be controlled by introducing propylene (C3Hg)
together with diborane. In this case, doping shows a strong asymmetry between Gr
sites, typically occurring more strongly at top sites. Compared to the previous case,
the higher degree of doping and the type of site doped depend on the precursor, and
the substrate strongly influences it. ARPES measurements indicate the Dirac cone for
energies greater than 2 eV below the Fermi level, while the region between 0 — 2 eV
shows B-Gr states strongly hybridized with substrate states. In this case, the precursor-
substrate combination allowed greater flexibility of the doping level but still showed
certain randomness in the doped sites and, unfortunately strong hybridization of the

electronic states of the material and the substrate.

The structural similarity between graphene and hexagonal boron nitrate (h-BN) with
a lattice mismatch by about 2% [66, 67] motivates the growth and investigation of Gr
doped with h-BN units. Considering that monolayer h-BN is an insulating material with
a large band gap of about 6.8 eV [68] and Gr is a zero-band gap semi-metal, several
studies have predicted a semiconductor behavior for ternary h-BNC structures, with a
tunable band gap between 0 and ~6.8 eV. Therefore, the synthesize this kind of materials
represent a plethora of new areas of applications, for instances in nanoelectronics [20,
69] and nanophotonics devices [70], photocatalytic activity [71], gas adsorption [72], and

supercapacitors [73].

Several experimental attempts have been carried out in order to synthesize h-BNC
monolayers. Ci et al. [22] reported for the first time h-BNC hybrid structures, which
consist of randomly distributed domains of h-BN and C phases. These are two segregated
phases, as shown in figure 2.5a-b. In this growth, two molecular precursors were used
simultaneously, methane and ammonia borane (NHs;—BHj3), and the atomic ratio of B,
C, and N was tuned by controlling the experimental parameters, keeping B:N equal 1.

The local density of states (LDOS) was explored, showing that h-BN domains induce
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Figure 2.5: (a) Atomic structure of h-BNC film acquired by High-resolution transmission electron
microscopy (HRTEM) together with its (b) atomic model highlighted the hybridization between h-BN
and Gr domains. Adapted from [22]. (c)-(d) STM images of the lateral heterostructure formed by Gr,
BNC, and some GNRs. (e) The dI/dV spectra on Ru (I), (II) bright spot, (III), bright clusters, (IV)
dark region, and (V) decoupled BCN. Adapted from [65].

distortion in the zero Gr band gap. Alternatively, the sequential two-step growth method
(Gr is grown on preexisting h-BN patches or vice versa) was employed [65, 74, 75] to
synthesize lateral h-BN-Gr heterostructures with controlled domain sizes and the edge
structures. Lu et al. [65] used this approach on Ru(0001) and found an alternative route
for doping under non-equilibrium conditions, where the atomic exchange of C atoms by
BN units or vice versa is moderate by the metallic substrate. They reported the synthesis

of h — BCyN fuse GNRs (see figure 2.5¢-d). In addition, after decoupling it from the
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surface by oxygen intercalation, an energy gap of 2 eV was observed from the STS data,

as shown in figure 2.5e.
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Figure 2.6: (a) h-BN-Gr lateral heterostructure on Co(0001) obtained from a single molecular
precursor (1,3,5-trimethylborazine). (b) The Angle-resolved photoemission spectroscopy (ARPES) data
clearly shows the m and o h-BN and Gr bands. Adapted from [206]

In order to get more homogeneous h-BNC structures, growth using a single precursor
containing C, B, and N atoms in the same molecule has been reported. For
example, trimethylamine borane [25] and methylamine borane [24] on Cu foil, 1,3,5-
trimethylborazine on Co(0001) [26] and dimethylamine borane on Pt(111) [23]. These
studies reported that h-BN and Gr domains interconnected, forming h-BN-Gr lateral
structures (see figure 2.6), which leads to a superposition of Gr and h-BN bands, such
as it is shown in figure 2.6c. The formation of these segregate structures has been
predicted by several theoretical studies [27-32] that found C—-C and B-N bonds tend to
be energetically more favorable than other bonds in a system composed of C, B and N

atoms. In addition, Beniwal et al. [33] reported the synthesis of 2D hexagonal graphic
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BCN monolayers using bis-BN cyclohexane on Ir(111), here they described the structure
as a homogeneous ternary compound of BCN.

Despite enormous effort, experimental evidence of h-BNC formation is limited. This
motivate us to continue exploring the synthesis of innovative material. For that purpose,

we chose an unexplored precursor and two metallic subtracted Rh(111) and Ir(111).

2.2.2 Growth of GNRs via on surface synthesis (Ullmann

reaction)

On-surface synthesis has received tremendous attention as an alternative to conventional
synthesis methods, showing highly successful in building stable and atomic precision
one-dimensional (1D) and two-dimensional (2D) nanostructures with tunable electronic,
chemical, and magnetic properties. In this approach, from single building blocks carefully
selected, chemical reactions confined to the single-crystal surfaces are stimulated under

ultra-high vacuum (UHV) conditions[76, 77].

In simple words, the method could be described in three steps: (1) The deposition
and adsorption on the surface of the molecular building block with connections and
substituent units. (2) The activation process, which consist in removing the substituents
and leaves free radicals in specific positions, and (3) the diffusion and connection of the

active molecules, forming a nanostructure, as shown in figure 2.7.
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Figure 2.7: Schematic representation of on-surface synthesis approach. Adopted from [78].

In this way, the catalytic role of the surface in the synthesis process has to be in
the spotlight. For example, the balance between adsorption energy and diffusion
energy barrier is crucial. Ourdjini et al. [79] investigated the synthesis of a two-
dimensional polymer via dehydration of 1,4-benzenediboronicacid (BDBA) molecules on
Ag(111), Ag(100), Au(111), and Cu(111) substrates, they found that Ag(111) exhibits

the best compromise between adsorption strength and mobility. Otherwise, on Cu(111),
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molecules have less mobility which avoids the polymerization process. In contrast, on
Au(111), the interaction between the molecules and the surfaces is too weak, leading to

the molecular desorption before the synthesis occurs.

Ullmann coupling reaction

Many coupling reactions have been explored to achieve novel surface-assisted motifs, for
instance direct C-H activation, alkyne coupling and decarboxylative coupling. However,
the Ullmann coupling reaction is recognized as one of the most successful strategies to

synthesize tailored covalently bonded nanostructures.

The Ullmann coupling scheme is based on the deposition of halogen custom designed
molecular precursors on metal substrates. The cleavage of these carbon halogen
bonds results in carbon radicals (surface-stabilized radicals - SSRs), which after surface
diffusion could form metastable organometallic bonds or ultimately carbon-carbon (C-
C) bonds. For the synthesis of biphenyls from a brominated precursor on Cu(111), the
dehalogenation of monomers is followed by the formation of organometallic structures.
This is, the SSRs are bonded to Cu adatoms (C-Cu-C). By the heating of the surface,

the covalent coupling is promoted, and an organic structure is built.

In the Ullmann reaction, as expected, the molecular building blocks are usually
functionalized with iodine, bromine, or both. On the other hand, chlorine and fluorine
are less explored. This could be understood as a function of their dissociation energy,
which is specific for each halogen atom and leads to different activation temperatures.
For example, Blanksby S. and Ellison B. studied the bond dissociation energies of organic
molecules. They found for CsH5 — X with X=Br,I, Cl, and F, the following results: for
iodine 280 kJ mol', bromine 351 kJ mol!, chlorine 406 kJ mol' and fluorine 531 kJ mol®.
Another interesting aspect to consider is that the carbon-halogen bonding energy is
lower compared to C-C bonds. Therefore the dehalogenases process can happen without

destroying the molecular backbone.

Hence, different annealing temperatures are needed to cleavage the halogen substituents.
The complete dissociation of bromine and iodine occurs on Cu(111) at RT. As a result,
organometallic structures are already observed under this condition. On Ag(111) has
been reported the partial debromination at RT. However, on Au(111), the bromine is

split off just after thermal activation. These studies show the careful balance between
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carbon-halogen and the surfaces.

For instance, Moreno et al. [80] explored the metallic catalytic surface effect from a
single molecular brominate precursor, finding very distinct polymers. On Au(111), after
the Ullman coupling and cyclodehydrogenation, well-defined GNRs were obtained. On
this substrate, it is not reported organometallic intermediates species. In the case of
Ag(111), the dehalogenation and dehydrogenation process take place at 150C, and the
covalent C-C bond is inhibited, which leads just the growth of organometallic chains.
On a more reactive surface like Ag(100), metal-coordinated chains are already formed
at RT. This last result also shows the dependence on the orientation of the crystal.
Finally, on Cu(111) was not observed a ordered polymerization, in fact the formation of

organometallic intermediate structures blocks the Ullmann C-C coupling.

Therefore, molecule-substrate interactions and direct molecule-molecule bonds
determine the hierarchy of reaction steps and their thermal activation energies. Some of
the factor involved are: the design, adsorption energy, and diffusion of the precursor, as
well as the reactivity, reconstructions, and adatoms availability of the surface. Moreover,
it is possible to promote new reaction pathways through thermal stimuli, which represent

a promising strategy in the on-surface synthesis context and it is explored in this thesis.

Figure 2.8 illustrates the subsequent surface-assisted synthesis steps followed to grow
GNRs via the Ullmann coupling reaction. In this example, Au(111) is the substrate,
and a brominated molecule is used as a precursor. Here, the monomers are deposited,
keeping the surface at Ty. Then, the sample temperature is increased to 77, inducing
the monomer dehalogenation and 75 for the polymerization of the activated precursors.

GNRs are formed at T3 when the cyclodehydrogenation is activated.

2.2.3 Synthesis of carbon pore networks from porphyrins

molecular precursors

Figure 2.9a illustrates the basic planar structure of the porphyrin macrocycle, together
with the International Union of Pure and Applied Chemistry (IUPAC) numeric ring
system. The basic structure of the macrocycle consists of four pyrroles rings joined by
four methine groups (= CH—). The porphyrin skeleton has twenty carbon atoms with

two iminic (= N—) and two aminic (N H) nitrogen atoms forming part of the pyrrolic
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Figure 2.8: Synthesis of GNRs on Au(111) from deposit a halogen-substituted precursor keeping the
substrate at T;. The activation of the precursor is promoted at 17, followed by the polymerization at
T5. GNRs are finally obtained at T3, temperature for the cyclodehydrogenation. Adapted from Backes
et al 2020 2D Mater. 7 022001

groups. According to the nomenclature present in figure 2.9a, « positions, next to N
atoms are labeled as 1, 4, 6, 9, 11, 14, 16 and 19 , § positions, in front to the N atoms
are labeled as 2, 3, 7, 8, 12, 13, 17 and 18, and meso-carbon, labeled as 5,10,15 and 20,
this is in the bridging methane. Moreover, porphyrins are aromatic compounds with 18
delocalized m-electrons. These carbon-nitrogen macrocycles play fundamental roles in

many biological process, such as photosynthesis [81], respiration and metabolism[82].

The conformation, electronic, optical and magnetic properties of the molecule can be
tuning by chemical substitutions over the macrocycle. The central hole of the porphyrins
macrocycle can host different metals ions (M™), for instances Co, Ni, Cu, Fe and
so on. The coordination of the metal ion M is stabilized by the bonds with the four
nitrogen atoms within the macrocycle and leads to the formation of metalloporphyrin,
as is illustrate in figure 2.9b. Moreover, the tetrapyrrole macrocycle can be functionalized
by a wide variety of terminal moieties, for instance with four phenyl groups bound to
the carbon bridge between adjacent pyrrole groups. This kind the molecule is known
as tetraphenylporphyrin (TPP). If the macrocycle is not functionalized, the molecule is

called as free-base porphyrins, such as one can observe in figure 2.9c.

Tetrapyrroles have shown great potential as highly appropriate building blocks, thanks

to their morphological and rich electronic properties, high chemical versatility, and
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Figure 2.9: a) Structure of the porphyry’s macrocycle forming by four pyrroles connected by a methine
carbon. The actual IUPAC numeric system is also shown. b) Nitrogen atoms within the macrocycle
cavity allow the conformation of stable complexes with metal ions, M. This is the metalloporphyrin
cycle. ¢) 5,10,15,20-tetraphenylporphyrin (TPP), where each methine is connected to a phenyl.

robustness [50-52]. In particular, porphyrins have received much attention due to
their potential applications in catalysis [83], molecular electronics such as organic light-

emitting diodes [84], and field-effect transistors [85, 86].

TPP derivates have been investigated on different metallic surfaces. In most cases,
the molecules exhibit a specific adsorption geometry called saddle-shape conformation.
Figure 2.10a-b shows the optimized geometry reported by Lepper et al. [87]. In this
conformation, the overall orientation of the porphyrin macrocycle can be described as
parallel to the surface. The molecule-substrate interaction is considered the van der

Waals type.

On the other hand, on Cu(111), STM data acquired at RT have shown a peculiar
adsorption features as displayed in figure 2.10c-d. In this conformation, two opposing
pyrrole rings undergo a drastic rotation and the iminic nitrogens point towards the bridge

positions.
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Figure 2.10: Molecular conformation of TPP on Cu(111) surface. (a) side and top view of the atomic
model for saddle-shape molecular conformation. (b) DFT and (c) STM images of a molecule in saddle-
shape conformation. (d) side and top view of the atomic model for the inverted molecular conformation.
(e) DFT and (f) STM images of a molecule in inverted structure. Adapted from [87].
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Chapter

Experimental methods

3.1 X-ray photoemission spectroscoy

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is a powerful surface-sensitive experimental tool to investigate
elemental composition, the chemical and electronic state of the atoms on the surface
sample. This technique is based on the photoelectric effect first observed by H. R.
Hertz in 1887 and later explained by A. Einstein in 1905. XPS spectrum is obtained by
irradiating the sample using an X-ray beam resulting in the photoemission of its electrons.
A photoelectron spectrum is acquired by counting ejected electrons as a function of their
kinetic energies. The energies, intensities and shape of the photoelectron peaks allow

identification and quantification of almost surface elements.

3.1.1 Photoemission process and fundaments

In 1887, Frank Hertz noticed that an electrical discharge between two electrodes
subjected to high voltage occurs more readily when ultraviolet light incidents one of them.

In 1905 Albert Einstein explained this phenomenon based on Planck’s quantization of
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energy concept. In simple words, incident photons directly transferred their energy to
electrons within the atom, causing the emission of these electrons without energy loss,

as can see in the photoelectric effect theory proposed by Einstein:

€maz = hV — ¢, (3.1)

where €,,,, is the kinetic energy of emitted electron coming from the Fermi level of the
sample, hv is the energy of the incident radiation, being h the Planck’s constant and v
the frequency of the radiation, and ¢ the work function of the metallic surface, which is
defined as the minimum energy required to remove an electron from the Fermi level to
the vacuum level and it considered as a consequence of translational symmetry breaking
at the solid boundary. For his work on the photoelectric effect, Albert Einstein was

awarded the Nobel Prize in Physics in 1921.
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Figure 3.1: Tllustration of the photoemession process on a metal sample. The correspondence between
the density of occupied states on the surface and the photoemission spectrum is shown. The elastic
photoelectron peaks are superposed on the continuous background of inelastic secondary electrons.
Such as is shown in the diagram, the binding energy is measured with respect to the Fermi level and
the kinetic energy of the photoelectrons with respect to the vacuum level.

In 1957, Kai Sieghbahn in Uppsala University developed the instrumentation and theory of
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Electron spectroscopy for chemical analysis (ESCA) technique, currently known as X-ray
photoelectron spectroscopy (XPS). In recognition of his contributions to experimental
physics, K. Siegbahn received the Nobel Prize in 1981. Such as its name suggests, in the
case of XPS, the energy of the incident photon is in the soft X-ray region, which could
be defined between 200.0 ev and 2.0 keV. Figure 3.1 illustrates how the photoemission
spectrum reflects the distribution of energy levels occupied by electrons within the solid.
Similar to the photoelectric effect equation, in the photoemission process, an electron
located at a certain core level within the solid is emitted into the vacuum by the complete

absorption of a quanta of energy h from the incident photon:

Ek = hv — EB - qb, (32)

where E}, is the kinetic energy of the emitted photoelectron, Eg is the electron’s binding
energy within the solid, and ¢ is the work function.

The photoemission spectrum shows the intensity or number of photoelectrons detected
as a function of the kinetic energy (or binding energy). The intensity and shape of the
spectra are defined by the photoemission cross-section, o, which is different for each
electron level and depends on the exciting radiation. In the case of x-ray photons,
photoelectrons coming from the core levels formed sharp peaks located at specific
binding energies, which are characteristic of atomic species, giving information on the
elemental composition of the surface samples. Besides elastic events, photoelectrons
undergo inelastic scattering that reduces their kinetic energy. If the loss energy is a
quantized amount, these electrons form features called satellites, for instance, shake-up
and multiplet splitting [88], and could use them in the chemical analysis.

On the other hand, photoelectrons undergoing multiple inelastic collisions make up the
inelastic background observed as a step function of the side with the lower kinetic energy
for each elastic peak. The background is continuous because the energy loss is multiple
random processes. Figure 3.1 represents the typical signal related to the valence band,
which is a broad and weak feature in the spectrum due to a low photoelectric cross-section
at XPS photon energies. Such as is spotlight in [89] photoemission has a maximum
probability at photon energies close to the threshold and drops off rapidly when the
photon energy exceeds the electron binding energy sufficiently. Consequently, XPS is a

tool to probe mainly deep core levels.
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Even though the electrons probed with XPS do not participate directly in the chemical
bonding, the core levels’ binding energy varies depending on the atom’s chemical
environment. In simple words, if there is a change in the spatial distribution of the
electronic charge of the valence levels of an atom due to the formation of a chemical
bond, whether ionic or covalent, the electrons of the internal levels perceive the distortion
of the chemical environment, which is reflected as a change in the bond energy, known
as chemical shift AFp, that is, the difference in energy between two different chemical
forms of the same atom. By means of chemical shifting, information is obtained about
bond types, oxidation states, and other data about the chemistry of the atoms in the
material. Weak interactions between atoms, such as hydrogen bonding, do not alter the

electron distribution enough to change the binding energy [90, 91].

Moreover of the photoelectron peaks, the XPS spectrum shows up additional peaks
related to Auger electrons, which are emitted by the relaxation process of the excited
ions left over from photoemission. In this process, the vacancy created in the atom can
be neutralized through a transition of an outermost electron towards the vacancy. This
represents the relaxation process of the atom. Since the transition is from a less bound
level, an excess of energy equal to the difference between the levels involved is remains
in the system. This energy can be released by expelling a second electron known as
an Auger electron. In contrast to the photoelectron, the kinetic energy of the Auger
electron is independent of the frequency of the exciting photon and is only a function of
the energy of the three levels involved in the process [92]. Another relaxation process,
which competes with the emission of Auger electrons, is the X-ray photon emission by
fluorescence. According to Hercules et al. [93] for low energy processes of 1 keV, the
Auger effect is predominant as a relaxation mechanism, whereas for high energies such
as 10 keV, the emission of X-rays is more likely to occur. Moreover, X-ray emission is a

minority process for light chemical elements (Z > 30).

Such as was mentioned before, XPS is a surface analysis. Although x-rays have a
high penetrating power of approximately 1um, without appreciable attenuation, and
photoionize electrons from the bulk atoms, the information obtained by the technique
corresponds to a few layers of atoms in the surface region of the solid. This is because
photoelectrons have a high probability of losing energy, since they are highly interacting

particles with the solid (they can lose energy when interacting with phonons, plasmons
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Figure 3.2: Tllustration of the secondary electron emission (Auger electron), in this case, K L L23.

or electrons), therefore they are the electrons of the outermost layers of atoms those that
manage to get out and only these are analyzed. This effect is particularly relevant at
kinetic energies from 50 to 1500 eV, where the surface sensitivity varies around 2 to 10

atomic layers (an atomic layer is of the order of 3A).

In order to understand the surface sensibility of the technique, Beer’s law is inspection,
which defines the probability that a photoelectron will escape from the sample without
losing energy. The flow of electrons [} passing through a solid of thickness d without loss
of energy, where each unit of thickness of matter absorbs the same fraction of energy,

experiences an exponential attenuation that is given by
I, = Iyexp~#/Aeost, (3.3)

where I is the intensity or flow of emitted electrons, # is the exit angle of the electrons
concerning the normal to the surface, and A is the inelastic mean free path (IMFP),
which is defined as the average distance an electron travels between successive inelastic
collisions. When 6 is normal to the surface, 95% of the detected photoelectrons originate
from a depth of 3\, known as the analysis depth. For a grazing angle, the depth of

analysis is shallow, and the inelastic bottom is practically non-existent.

The IMFP for electrons varies with their kinetic energy, as shown in figure 3.3 (dots),

and it can be described by a universal curve (solid line), which is experimentally derived,
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and it is express as:

538
A= "5 +041(aky)"?, (3.4)
Ek

where Fj is the kinetic energy, and « is the monolayer thickness (nm). From a careful
inspection of the plot, it is possible to notice that for typical kinetic energy range in
XPS experiments, the IMFP around is about 5 nm, which implies that effectively the
photoelectrons that did not suffer any energy loss must have been emitted from the last

atomic planes of the material, close to the surface.

a) I, = 1 exp_d/’\

A Ik _ [0 eXp—d/)\cosH

O
e

100 E

Inelastic mean free path (nm)
=

e i T T/

Kinetic Energy (eV)

Figure 3.3: (a) Flux of electrons I passing through a solid of thickness d without energy loss. The
dependence of Ij, on 0, d and X is given by equation 3.2. (b) The dependence of the IMFP on the kinetic
energy (each dot represents a different element or transition for metals). The solid line represents the
universal curve that describes the experimental data. Taken from [94]
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3.1.2 Instrumentation

The experiment needs a source of photons, an electron analyzer, and a control and
data acquisition system (see diagram in figure 3.4). Furthermore, the photoemission
experiment has to be carried out under ultra-high vacuum (UHV) conditions to (1)
guarantee the surface of the sample does not change during the experiment. According
to the kinetic theory of gases, the flux of molecules impinging on the surface is directly
proportional to the pressure, so at 107% mbar and RT a monolayer is formed on the
surface in 1.5s, unlike pressure around 107'® mbar where this happens after hours, and
(2) avoid the loss of information caused by possible collisions of the photoelectrons with

residual gases on their way from the sample to the detector through the analyzer.

The photon source could be synchrotron radiation sources, which cover the whole photo
emission energy range, or a laboratory source that has a specific energy, such as UV or X-
ray. In our case, we use an X-ray tube to explore the sample’s core levels. The X-ray tube
has two anodes (Mg and Al), and the highest probability transitions of occurrence, given
by the selection rules, are the ka12 (2p3/2,12 — 1s) and the energy of the transition are
1486.6eV and 1253, 6eV for Al and Mg respectively. The line width of these transitions
is about 1.0eV, which does not limit the resolving power needed for the technique. The
same transitions for doubly and triply ionized Al and Mg atoms produce the k434 (Which
are approximately 10eV from the main line and have about 10% its intensity) and kqs 6
lines, which have much less likely to occur than the k,; 2 and are known as satellite lines.
In addition, these lines are superimposed on a continuum that is a consequence of the
bremsstrahlung process or braking radiation produced by the deceleration of a charged

particle.

The concentric hemispherical analyzer (CHA) consists of three components: (1) a
collection of electrostatic lenses, which retarding and focusing the electrons emitted from
the sample; (2) a hemispherical electron analyzer, which uses an electric field to scatter
electrons and filters, allowing only those with particular kinetic energy to pass through;
and (8) a multiplier set, where the electrons that make it through the detector are

counted.

Two metallic concentric hemispheres constitute the deflector. An electrostatic field is

established between them, which scatters electrons so that just those with a range of
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Figure 3.4: Experimental setup diagram for PES, consisting of an ultrahigh vacuum system, an X-ray
source, a concentric hemispherical analyzer (CHA) and the data acquisition system.

specific kinetic energies can pass the exit slit. There is a mean equipotential surface
between the two hemispheres at Ry = (R1 + R2)/2, the kinetic energy of an electron
traveling along the center line Ry is called the pass energy Ej, the relation between the

potential deflector AV and the pass energy Ey = eV} of the electrons is given by:

Ri R,y
Ey= | —=—= | eAV, 3.5

o= (7 v 22)
The analyzer resolution is defined by AF, which is the full width at half maximum
(FWHM) for the energy distribution of a monoenergetic electron beam. Mathematically

it can be described as
2

w «
AE=Fy| — + — 3.6

‘ (ZRO M ) ’ (3:6)
where w is the size of the output slit and « is the angle at which the electrons enter
the deflector. This equation is obtained from the development of the expressions that

describe the trajectories of the electrons, considering just lower-order terms.

The analyzer can be operated in two modes: 1) constant AE/E mode. In this case, the
collection of lenses is used to focus and transport the electrons to the analyzer input slit,

while the pass energy varies according to electron kinetic energies Ejy. 2) constant AFE



42

mode, the analyzer pass energy is kept constant, and the lens system is used to focus
and decelerate the electrons coming from the sample with a potential delay difference V.
This potential varies within a range to sweep the interval of kinetic energies explored.
In this last operating mode, AE has the same value for the whole spectrum. Therefore

it is easier to quantify it. A set of channel electron multipliers (CEM) is used to count

Output slit

1
Input slit

Figure 3.5: Schematic sketches of the concentric hemispherical analyzer (CHA).

the electrons after passing through the deflector output split. This device is made of
glass, and inside, it is covered by a highly resistive material with suitable emissivity for
secondary electrons. An electron enters one end of the CEM, collides with its internal
wall, and causes the emission of secondary electrons. These are accelerated by the high
potential difference and cause the emission of more electrons that will continue with the

same process, generating a measurable current.

3.1.3 Spectra analysis

The chemical information, for instance, composition and relative concentration between
the elements on the sample’s surface, can be determined from curve fitting XPS spectra.
In order to obtain meaningful results, all the physical and chemical contributions to the

photoelectron spectra have been considered.

1) Background subtraction. For the background subtraction, the Shirley method
[95] was used, in which two arbitrary points P, and P, are selected on each side of the
peak, the intensity at point b, at higher kinetic energy, I, is taken as background and is

subtracted from the initial intensity I obtained for each point P,, so that the intensity



43

at each point is given by:

I(n) = I,(n) — I, (3.7)
which correspond to an iterative process.

2) Lineshape of the peak. The uncertainty principle defines the intrinsic lineshape of
the energy level, and it is described as Lorentzian energy distribution. This original shape
is modified by the photon broadening and instrumental factor, which have Gaussian
character. In this way, the lineshape of the photoemission peak is a convolution of
Lorentzian and Gaussian functions, this is Voigt function. For this thesis, pseudo-Voigt

functions, which are Gaussian—Lorentzian sum and product functions, were used.

3) FWHM of the peak. The spectral resolution or FWHM of the peaks in the
photoemission spectra is determined by the intrinsic width of the photoelectric line, and
the resolution of the instrument [96]. The intrinsic width of the AEj;,. peak is related
to the Heisenberg uncertainty principle and is determined by the half-life time 7 of the
state after the photoemission. Instrumental effects broaden the photoemission peak due
to the inherent FWMH of the incident AFE,_,,, radiation line and the resolution of the
analyzer- Hence, the contributions to the FWHM of the photoemission peak are related
through the following expression:

FWHMy = AE?

T—ray

+ AE?  + AE?

analyzer)

(3.8)

The area under the photoemission peaks is related to the concentration of the elements
present on the sample surface. Calculating the area and correcting for the appropriate
instrumental factors can determine each element’s percentage. The number of electrons

coming from an element of volume with constant area and thickness dz is given by,

I Ek Uz] z]/ N A(Ek)cose (39>

where [;; is the intensity of the peak j of the element ¢, in the equation, K represents
the instrumental constant and contains the X-ray flux, geometric factors, the irradiated
sample area, and the acceptance angle of the photoelectrons by the analyzer. T(E}) is

the function of transmission of the analyzer and could be obtained from the equipment
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Figure 3.6: Br3ps /s spectrum after deposition of Br4TPP on Cu(111) at submonolayer regimen. The
data was collected at a grazing emission angle of 60° from the surface normal and Ep.ss = 20eV. The
energy of peak at 182.1eV indicates that Br-Cu bonds are formed. The Shirley background is also shown
between P, and P,.

and properly used to normalize the raw data. The angular asymmetry factor L;; is the
probability of photoelectron emission in the direction of the analyzer; when the angle
between the incident radiation and the input axis of the analyzer is 60° this quantity
is constant for each orbital, and element. The photoemission cross-section o;; is the
probability that an incident X-ray photon generates the photoemission of an electron
from orbital j of an element ¢. The values of 0;; were calculated by Scofield for the

radiation Alag 2.

Ni(z) is the number of atoms per unit volume or concentration of element i, A(E}) is
the IMFP in the sample, and 6 corresponds to the input angle of the electrons with
respect to the normal to the surface. The exponential term represents the fraction of
photoelectrons produced at a depth z that manage to leave the sample without energy
loss. If it is assumed that the concentration of the elements in the sample is homogeneous
at a depth of analysis, equation 3.7 can be integrated between zero and the thickness
of the sample; the term e BT tends to zero, because the depth of analysis is more

significant than IMFP, so now,
Ii; = KT(Ey)oi; LijniA(Ey) cos 6 (3.10)

In order to determine the relative concentration between two elements, several

parameters in equation 3.8 are equal for both elements. Thus they cancel, and now
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3.2 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) is an experimental technique based on the
principle of quantum tunneling of electrons between two electrodes separated by a
potential barrier. This technique is typically used for imagining surfaces of materials
with sub-atomic resolution.It was pioneered by Gerd Binnig and Heinrich Rohrer in
1982, who were awarded a Nobel Prize in Physics in 1986. This invention opened up a
new research field, directly accessing the local density of the surface sample’s state and

allowing the visualization of atomic and molecular structures.

3.2.1 Quantum tunneling effect

According to the classical mechanic’s theory, a particle traveling toward a one-
dimensional potential barrier, as it is shown in figure 3.7, with mass m and energy
E lower than the height of the barrier (F < V) can not penetrate it to go from one
side to the other. In quantum mechanics, on the other hand, the particle’s motion is
described by a wavefunction that satisfies Schrodinger’s equation. Solving Schrodinger’s

equation inside the barrier, the motion of the particle can be given by:

Y(z) oc e (3.12)

where k = \/2m(Vy — E)/h for E < Vj, with T Planck constant and m the electron mass.
This result shows up there is a non-zero probability (|1(z)|*) that the particle penetrates
the barrier, this phenomenon is known as quantum tunneling. Moreover, probability of
observing the electron in the other side of the barrier is described by the transmission

coefficient,

_ |¢(Z)|2 o o~ 2kd
[4(0)[?

such as one can notice, the transmission coefficient depends exponentially on the width

(3.13)

of the potential barrier d.
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Figure 3.7: One dimensional model of quantum tunneling effect representation.

3.2.2 Working principle

Figure 3.8a) illustrates how the STM works. A sharp metallic tip is attached to a
piezoelectric scanner. This scanner can position the tip both lateral and vertically with
sub-angstrom precision. The wavefunction of the electrons in the sample and the tip
overlap for a small tip-sample distance. Hence, when a bias voltage is applied, the Fermi
level of the sample is shifted with respect to the Fermi level of the tip, and the tunneling
of the electrons happens (see figure 3.8b).

In order to get a better understanding of the physics behind the tunneling phenomenon,
the one-dimensional potential barrier model could be used, assuming the tunneling
junction as a metal-vacuum-metal, where the electron wavefunction at the metallic
surface decays exponentially inside the vacuum barrier as a function of the distance.
Moreover, electrons into the solid experiment an effective potential barrier defined by
the work function ®. If considering the same work function for the tip and the sample
and small biases (eV << ®) it is possible to approximate the tunneling barrier as a
rectangular potential barrier, and the electrons will tunnel from energy level close to
the Fermi level in one of the electrodes to the Fermi level in the other one. Now, the

tunneling current I; could be given by
I; o< e72*% with k = /2m.®/h (3.14)

where Vo — F = Eyocuum — E =~ ©.
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On the other hand, strictly speaking, the expression describing the tunnel current at the

STM tunnel junction is given by

4re [V
Li(z,y,z,eV) = — T(z,e,V)ps(e,z,y)pi(e — eV )de (3.15)
0

where pq is the local density of state (LDOS) of the sample and p; is the density of state
(DOS) of the tip. Typically in STM, the tip is made of Tungsten (W) or Platinum-
Iridium alloy (Pt-Ir). These tips have a flat DOS around the Fermi Level. In this
scenario, pg(€ —eV') ~ p¢(0), which means that the DOS of the tip is independent of the
energy and therefore the STM image represents just the LDOS of the sample. In this

way, the tunneling current expression is simplified as:

4rre

eV
Li(x,y,z,eV) ~ —Fpt(O)/ T(z,¢,V)ps(e, x,y)de (3.16)
0

For a rectangular barrier, the transmission coefficient T'(z,€, V') can be written as
T(z,e,V) ~ e 2 VM8 (3.17)

where ¢ is the effective local barrier height, this term shows the exponential dependence
of the tunneling current with sample-tip distance z, which defines the high vertical spatial
resolution of the technique. Now the final expression for the tunneling current in STM
is given by

dre _QQW eV
Li(z,y,z,eV) ~ —Tpt(O)e h ps(€, z,y)de (3.18)
0

which shows that the tunneling current measured at a particular bias is proportional to

the integral of the DOS of the sample from the Fermi level to eV.

The most used mode to acquire an STM image is the constant-current topographic. The
tip scans the sample at a fixed bias voltage. The feedback loop adjusts the position of
the tip in the z direction to keep the measured current at a fixed setpoint value. The
z trajectory of the tip maps the surface contour, leading to the STM image formation.
The tunneling current depends on the tip-sample distance and the integral of the DOS
from the Fermi level to eV/. Hence, the image corresponds to surface corrugations for
samples with a homogeneous DOS. On the other hand, STM images from materials with

the heterogeneous spatial distribution of DOS represent a combination of elects due to
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Figure 3.8: Representation of the tunneling process at the STM tunnel junction. For positive sample
bias (V > 0) empty sample states are probed. The opposite process happens at negative bias (V < 0),
where occupied states are explored.

geometric corrugations and electronic density of states [97, 98].

Probing locally the electronic properties of the sample is possible by scanning tunneling
spectroscopy (STS), which consists of measuring directly the difference conductance
(d1/dV'). According to the equation 3.9 the deviate of the tunneling current respect

to the sample bias V' is proportional to ps(e, x,y), such as:

dl
W X ps(ex/a .T,y), <319>

3.2.3 Experimental setup at Grupo de Fisica de Superficies

The results shown in this thesis were obtained from experiments carried out in the Grupo
de Fisica de Superficies, located in the Department of Applied Physics of the Institute
of Physics “Gleb Wataghin” (IFGW) at Campinas State University (UNICAMP). The
system consists of two interconnected chambers, one equipped with standard cleaning
facilities, a Low Energy Electron Diffraction (LEED), an e-beam evaporator for metal
depositions, and a Knudsen-cell evaporator for molecular depositions. Moreover, the
chamber contains the hemispherical energy analyzer SPECS PHOIBOS 150 with multi-
channeltron detection. This chamber has a base pressure of 2 x 107! mbar. The XPS
data presented in this thesis were acquired using Mg K,, and Al K,, sources with a photon

energy of 1253.6 eV and 1486.6 eV, respectively.
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Figure 3.9: UHV system at GFS, IFGW - UNICAMP. Above panel: Both chambers are shown,
highlighting principal components of the system (Credit: Abner de Siervo). Below panel: SPECS
Aarhus 150 with a tungsten tip cleaned in situ by Ar™ sputtering and equipped with a SPECS SPC 260
controller.

The other one is equipped with an STM SPECS Aarhus 150 with a tungsten tip cleaned
in situ by Ar" sputtering (SPECS SPC 260 controller). All STM data were acquired at
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RT, with a base pressure of 6 x 107! mbar and in the constant current mode where
bias is applied to the sample while the tip is maintained closed to ground potential. The
images were analyzed using the WSxM [99], and Gwyddion [100] software. In addition,
a correction matrix was determined using an atomic resolution image of the substrate to

calibrate each analyzed STM image.

3.3 Sample preparation

3.3.1 Molecular precursor

In order to synthesize complex carbon nanostructures and doped Gr via bottom-up

methods, we selected three different single molecular precursors (see figure 3.3.1):

(1) Hexamethyl borazine C4gH1sB3N3 (HMB), see figure 3.3.1a), is a commercial molecule
(Sigma-Aldrich), which has to be kept at ~253 K and preserved from light to avoid its
degradation due to photo-thermal decomposition. For this purpose, the molecules in
powder form were introduced into a quartz ampoule which were also maintained below
~253 K inside a Peltier cooler (homemade). The reservoir was connected to the UHV
chamber via a leak valve, as shown in figure 3.11a). It is also connected to a valve that
allows differential pumping down to 10~* mbar. Before experiments, the precursor was
degassed by heating and pumping cycles. To introduce HMB into the UHV chamber, it
was heated at 350 K, where the entire molecule (164.7 g/mol) was detected by the mass
spectrometer, which suggests that HMB precursor did not degrade during evaporation,

see figure 3.11b).

Figure 3.10: Atomic structure of (a) Hexamethyl borazine
CeH18B35N3 (HMB) (b) 5,10,15,20-tetrakis(4-bromophenyl)-porphyrin (HyTBrPP) and (¢) 2,7,11,16-
Tetrabromotetrabenzola,c,h,j]- phenazine (2TBTBP). C, H, N, B and Br atoms are marked in gray,
white, blue, pink and burgundy, respectively
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Figure 3.11: (a) System implemented during this thesis’s development in the GFS main chamber to
deposit HBM. (b) The mass spectrum of hexamethyl borazine was acquired during the synthesis. Peaks
at m/z of 165 correspond to the molecular weight of the precursor (164.7 g/mol), which suggests that
the molecule did not degrade during evaporation at 350 K. According to NIST Mass Spectrometry Data
Center, other peaks indicated in the spectrum, along with peaks around them but less abundance, are
expected for the precursor. Pressure chamber: 1.5 x 107% mbar

(2) 5,10,15,20-tetrakis(4-bromophenyl)-porphyrin (HyTBrPP), see figure 3.3.1b, is also a
commercial molecule purchased from Porphyrin Chemical Engineering. The sublimation
was carried out in a homemade Knudsen-cell evaporator. After a long evaporator

degassing, the sublimation temperature was maintained at around 560 K. As our system
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does not have a quartz balance, for our experiments, we determined the coverage of the

sample after deposition by counting the number of molecules per area in STM images.

(3) 2,7,11,16-Tetrabromotetrabenzo[a,c,h,j]- phenazine (2TBTBP) molecule is a planar
polycyclic hydrocarbon with two nitrogen atoms and four bromine atom terminals.
Liu et al. [101] reported for the first time the synthesis of the molecule, and for our
study the Prof. Ronaldo Aloise Pilli’s lab at the Chemistry Institute -1Q Unicamp
synthesized the precursor. Due to it is not a commercial precursor, long periods of
degassing and mass spectrometry measurements were necessary. These allowed the
estimation of the precursor sublimation temperature. According to Liu W. et al. [101]
sublimation is promoted after reaching 350°C'. According to the experimental setup and
the thermocouple placement within the system, this value may vary, as shown in our

results, where we estimate the sublimation of molecules from 280°C'.

3.3.2 Metal surface substrate

For preparing the different metal surfaces used in this thesis, we carried out the
conventional clean surface procedure, which consists of several cycles of sputtering-
annealing. In simple words, a beam of accelerated Ar" ions is directed toward the
surface, bombarding it. This process removes all the impurities from the first layers of
the surface. Typically the pressure in the chamber after opening the leak valve Ar gas
is about 1 x 107 mbar, and the beam energy of sputtering is between 0.6 and 1.2 keV.
In order to give enough energy for the reconstruction of the erosion substrate left by the
sputtering and promote the desorption of additional impurities, heat treatment, called
annealing, is applied. The annealing temperature depends on the material. According to
Castro et al. [102] the temperature has to be chosen at about 50% - 70% of the melting
point. After several cycles, depending again on the initial conditions of each crystal, the

quality of the sample is verified by LEED, XPS, and STM.

For this project, we used four different single face-centered cubic (fcc) crystals: Rh(111),
Ir(111), Cu(111), and Ag(100). Figure 3.12 shows these crystalline planes, together with
the unitary cell and atomic resolution STM images of Ag(100) and Cu(111). .
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fce (100) b)

Figure 3.12: Top view of the (a) (100) and (b) (111) surface of the fcc lattice together STM atomic
resolution of Ag(100) and Cu(111) acquired during the developed of this thesis.
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In this Chapter, we present the successful growth of hexagonal boron-nitrogen-carbon
monolayer (h-BNC) as a ternary alloy monolayer obtained from an unexplored single
molecular precursor (hexamethyl borazine — CgH13B3N3) using a conventional CVD
approach on Ir(111). Due to the stoichiometry of this novel precursor, we would expect
that the h-BN to Gr ratio should be 1:1 for a totally segregated sample, and in the case of
h-BNC alloy formation, a B:N:C ratio of 1:1:2. Therefore, it is possible considering that
the growth happens under conditions that do not benefit a specific sp?> bond formation
(i.e. B-N, C-N, C-B, C-C), leaving the control of the synthesis exclusively to the choice
of the substrate conditions. Rh(111) and Ir(111) crystals were chosen as substrates
since the on-surface synthesis of Gr and h-BN by CVD has been widely explored
on these surfaces. Based on references [60, 103-115] we recognized that the growth
temperature range for Gr and h-BN on Rh(111) and Ir(111) are similar which favors
the simultaneous chemical activation of bound breaking and bond formation between
the atoms in the precursor. Furthermore, the typical superlattice formed for the h-BN
is easily distinguishable from the Gr moiré pattern, which represents an advantage for
STM measurements. Thus, this Chapter aims to provide a careful study of h-BNC alloy
synthesis using a novel single precursor. The conformation structure of the monolayer h-
BNC on Ir(111) and its correlation with the local electronic properties is discussed based
on scanning tunneling microscopy/spectroscopy (STM/STS) and X-ray photoelectron
spectroscopy (XPS) results. The results show an h-BNC structure that can be described
as BN-doped Gr since the moiré lattice parameter is preserved along with the alloy. This
BN-doped cluster, renamed as h-BN “nanodonuts” according to the electronic density
exhibited in STM images, have a tendency to place specific positions within the moiré
superstructure, and it is constituted by at least (BN)g units arranged in six-fold BN rings
conformation, as evidenced by simulation of STM images based on density functional
theory (DFT), Prof. Luis Henrique de Lima carried out these calculations. For a BN
concentration of about 17%, a band gap between 1.4 and 1.6 eV was determined. The
versatility of the novel molecular precursor is proved by the growth of a high-quality

h-BN monolayer on Rh(111).
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4.1 Growth of h-BNC on Rh(111) surface

In order to explore the adsorption and reaction behavior of HMB as a new precursor
to create the so-called sp? nanomesh systems with carbon, boron, and nitrogen atoms
distributed over the honeycomb lattice, we started with Rh(111) as substrate. First, the
Rh(111) surface was kept at room temperature (RT) while it was exposed to the precursor
vapor at 1.5 x 1076 mbar for 7 min, followed by subsequent annealing treatments. STM
image (see figure 4.1b) recorded after the deposition shows the saturation of the surface.
The first important conformation changes occur at 800 K, as seen in the figure 4.1c,
given that initial arrangements into nanoscale cluster are recognized. Figure 4.1g shows
the evolution of C 1s core level spectrum with temperature. At 800 K the spectrum
shows a slight shift of the peak position, which suggests a chemical reaction with new

bond formation.

At 900 K, carbon atoms are still presented on the surface and some fragments display the
characteristic h-BN nanomesh conformation (see figure 4.1d). Self-limited h-BN islands
with multiple short domains and high density of defects are formed after annealing at
1000 K, as displayed in figure 4.1e. XPS results also exhibit a considerable decrease in the
intensity of the C 1s peak, which indicates that the most of the carbon atoms supplied
by the precursor are not present on the rhodium surface. Since the last annealing step
happened near the temperature where the Rh has a high carbon solubility [116, 117] (~
1100 K), carbon dissolution into the substrate without the formation of an sp? structure

at the surface is a rather plausible scenario.

It is important to note that depositing the precursor at RT that saturates the surface
with disordered but still intact molecules and subsequently annealing the system does
not promote an efficient route to synthesize h-BN, Gr, neither h-BNC. A plausible
explanation involves the competition between energetic chemical reaction barriers and
an efficient on surface diffusion of the products to overcome the entropy of the disordered
system to form a ordered framework. However, the already formed amorphous system
with new chemical bonds produced during the annealing treatments is probably blocking
an efficient self-assembling and higher annealing temperatures only decompose the

precursor without an appreciable effect on inducing ordering [110, 118, 119].
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Figure 4.1: Synthesis process of hexamethyl borazine (HMB) on Rh(111): (a) Sketch of HMB. STM
images of Rh(111) surface after be exposed to molecular precursor at (b) RT, (c¢) annealing at 800 K, (d)
annealing at 900 K, and (e) annealing at 1000 K, where is observed h-BN auto-limited island. (f) STM
image displays the boundary of the island. Tunneling parameters: (b) V' = —0.85 V, I, = —0.73 nA,

1%
() V=158V, I, =012 nA, (d) V=—067V, I, =—0.30 nA, (e)-(f) V= —0.26 V, I, = —5.30 nA.
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Figure 4.2: C 1s core-level XPS spectrum acquired for each thermal treatment carried out on the
Rh(111) surface after precursor deposition at RT. The XPS data was collected at a grazing emission
angle of 60° from the surface normal. The dashed line indicates the peak position at RT.
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Figure 4.3: (a) STM image of Gr nanoisland formed from precursor deposition with substrate at
800 K and subsequent annealing at 900 K. (b) Representative STS curve acquired on the top of the
moiré pattern of Gr nanoisland shown in (a) (position indicated by a cross). Tunneling parameters:

V=002V, I, =564nA
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Figure 4.4: Synthesis process of hexamethyl borazine (HMB) on Rh(111): h-BN islands formed on
Rh(111) after annealing at 1000 K on the sample kept at 800 K during the precursor deposition process.
Tunneling parameters: (a) V = —0.01V, I; = —0.33 n4, (b) V=-0.01V, I, = -5.75 nA

To gain insight on that, additional growths were done with the surface previously heated
above room temperature. A particularly interesting growth consisted of exposing the
Rh(111) surface at 800 K to 1.4 x 107% mbar pressure of HMB. The growth under
these conditions was chosen, since experimental evidences indicate that the first change
in the previous samples happens around this temperature. STM images do not show
signs of periodic structure, what makes sense because this temperature is outside of
the growth temperature range for both materials (h-BN and Gr) on Rh(111). However
depositing the molecules under this substrate condition could help to understand the
growth kinetics. For instance, at RT the precursors and products bind to the surface
and have less mobility to form more complex structures. After the deposition at 800 K,
we performed an annealing at 900 K, having as result the formation of small islands,
as shown in figure 4.3a. These islands are identified as being Gr, corroborated by the
following results: (1) we have observed the expected moiré pattern of Gr on Rh(111) with
bright protrusions in a dark surrounding (bright-atop contrast) with a periodicity of (3.07
+ 0.07) nm, in agreement with the reported values in the literature [120, 121}, and (2)
the LDOS measured by the STS technique evidences the characteristic V-shape curve of
Gr [122], centered at the Fermi level (0 eV) as can be observed in the STS curve shown in
figure 4.3b, which was acquired on the top of the moiré pattern. After annealing at 1000

K, the Gr islands disappeared from the surface and solely h-BN islands are formed (see
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figure 4.4). As described above, carbon atoms vanish after thermal annealing at 1000 K,
therefore, it is an important point to pay attention in our goal to grow BNC ternary alloy
or hybrid structure of h-BN-Gr from a single precursor on the Rh(111) surface, since the
growth temperature of the h-BN coincides with the dissolution temperature of carbon
into the Rh bulk. It is worth emphasizing that under our experimental conditions, it
was not possible to observe the Gr dissolve into the Rhodium beginning at 1053 K as

reported by Dong et al. [110].

4.1.1 Synthesis of high quality h-BN

Taking these results into account, the high-temperature growth (HTG) [123, 124] method
was adopted to verify if it is possible to synthesize an h-BN monolayer, similar to what
has been done using other precursors without the presence of carbon atoms, for instance,
borazine (B3N3Hg) [60, 109]. For this purpose, Rh(111) was maintained at 1050 K and
exposed to a partial pressure of the precursor of 1.4 x 107 mbar for 3 min. In the
sequence, the precursor was pumped out while the substrate was kept at the growth
temperature for the next 30 min. These growth conditions were chosen based on previous
studies [109] that suggest that high temperatures and low flow of borazine favor the
formation of large domains of h-BN on Rh (111). The STM image in figure 4.5a and
S3 show a single h-BN domain crossing the crystal steps as a “carpet”. In addition, the
perfect h-BN nanomesh structure free of defects can be observed in detail in figure 4.5b.
In particular, the inset of figure 4.5b displays atomic resolution inside of the so-called
“pore region” of the h-BN nanomesh. The nanomesh lattice parameter was found as
(3.20 £ 0.03) nm, which is a characteristic value of h-BN on Rh(111) [60, 125], and
corresponding with (13 x 13) unit cells of h-BN on top of (12 x 12) unit cells of Rh(111).

Table 4.1: Position (binding energy, BE), peak width (full width at half maximum,
FWHM), and intensities for the different components contributing to N 1s and B 1s core
level peaks for the h-BN/Rh(111) monolayer. The broadening value used was 0.54 ¢V.

Core Level Component BE position [eV] FWHM [eV] Area [cps - eV]

N1ls Ny 397.90 0.43 958.60
Ny 398.60 0.43 349.00

Bls B 190.40 0.42 240.10
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Figure 4.5: h-BN monolayer growth at 1050 K from HMB (B3N3CgH;g) on Rh(111): (a) STM large
scale image, where the monolayer continues over several underlying Rh(111) step edges without any
visible domain boundaries (b) STM image of h-BN nanomesh, in the inset an atomic resolution image
of pore region is displayed. X-ray photoemission spectra of (¢) N 1s and (d) B 1s of h-BN monolayer,
acquired at a grazing incidence angle of 60° from the surface normal. The intensity ratio N:B was
determined as 1:1. (e) STS (current and differential conductance (dI/dV )) curves of h-BN show a
non-conducting region of ~ 4.8 eV. Tunneling parameters: (a) - (b) V. =—-0.26 V, I, = —0.35 nA, and
inset V.=-0.02 V, I; = —6.98 nA

Figures 4.5¢c-d show XPS spectra for N 1s and B 1s core level, respectively, obtained after
the successful growth of the h-BN monolayer. The intensity ratio N:B was determined
as 1:1, which is expected for a perfect h-BN layer. A careful fitting was performed (see
table 4.1) for N 1s, resulting in the deconvolution of two chemical components N; at

397.90 + 0.05 eV and N, shifted to higher binding energy ~ 0.7 eV, and an intensity
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ratio Ny : Ny of 2:1, which agree with other results [126]. These two nitrogen species
are associated with the corrugation of h-BN on Rh (111). N, is more strongly bound
and corresponding to atoms in the pore region, i.e. aligned with the Rh atoms; and
Nj refers to atoms aligned with hollow sites (wire region on the nanomesh) and have a
weaker interaction with the substrate. Performing STS measurements on this sample, we
obtained curves as the one shown in figure 4.5e, where a band gap value of about 4.8 eV
has been determined by direct comparison of the I-V and dI/dV curves [34, 127, 128].
This value is in close agreement with previous studies of the electronic properties of h-BN
grown on metals like Cu(111) [129, 130], and Ir(111) [103], where a band gap around
5.0 eV has been found. The band gap value reported for the h-BN monolayer on HOPG
[131], as well as, the theoretical predicted for an isolated monolayer is ~ 6.0 eV [132].
h-BN monolayers grown on metallic substrate normally present a band gap reduction,

likely due to strong h-BN-substrate interface interaction [112].

4.2 Growth of h-BNC on Ir(111) surface

Due to the carbon dissolution into the Rh(111) substrate at the typical growth
temperature (about 1000 K) of h-BN; this surface is not suitable to form hybrid structures
using HMB as a single precursor. Hence, we decided to investigate the on surface
synthesis on Ir(111) crystal which offers a broader range of growth temperatures for
both h-BN and Gr which could also have a huge impact to promote the formation of
hybrid materials such as h-BNC alloys. According to previous studies [111, 113-115],
Gr usually starts to grow around to 870 K (depending on the source of carbon) and can
remain on the surface without notable damages until about 1700 K on Ir(111), being
difficult to form iridium carbide. On the other hand, the higher solubility of boron and
desorption of nitrogen atoms as Ny molecule at ~1400 K suggest the low stability of h-
BN above this temperature and its subsequent decomposition [104—-106, 108, 111] when
molecular precursor like borazine is deposited on Ir(111) at RT. However, for growths
performed close to this temperature limit, h-BN islands on Ir(111) have shown large size
with single orientation [105, 107]. Hence, in order to better understand the adsorption
and reaction behavior of HMB on Ir(111) and based on the information discussed above,
we performed three growth experiments at different synthesis temperature: 1270 K,

1370 K and 1470 K. Low temperature synthesis were not considered, since a similar



63

behavior to that exhibited on the Rh(111) surface was expected.
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Figure 4.6: Hybrid structures growth from a single novel precursor HMB on Ir(111). (a) STM image
of the sample grown at 1470 K evidencing coexisting of three structures present in the sample, where
nanographene island are pointed out by a yellow circle into h-BN nanomesh. (b) Zoomed-in STM
image of the Gr area indicated by the yellow rectangle in (a), where BN substitutional doping (“BN-
nanodonuts” )are indicated by white arrows into Gr lattice. (c) Boundary region between Gr and h-BN
acquired on the sample synthesized at 1370 K. The black dots in the Gr area (white dashed circle) are
also BN-nanoclusters. (d) STS curves acquired on the Gr and h-BN. Tunneling parameters: (a) and (b)
V=109V and I; =2.75 nA, (¢c) V=-1.03 V and I; = —0.31 nA.

Figure 4.6a shows a general picture of the sample synthesized at 1470 K. It is possible
to distinguish unequivocally the co-existing of three areas with different materials. At
the top part of the image, we recognize the characteristic feature of the h-BN on Ir(111),
being highlighted in yellow some nano islands embedded within the h-BN moiré pattern,

even though these bright structures cannot be atomically resolved in the image, they



64

exhibit clearly a distinct LDOS, presumably due to carbon atoms, i.e. Gr nano islands.
At the bottom right part of the figure 4.6a, the Gr moiré pattern can be observed, which
presents the well-known dark-atop contrast [133, 134]. In the zoomed-in image (figure
4.6b) of this region (in the yellow rectangle), white arrows indicate the substitutional
doping, which are noticed as brighter ring structure. We propose that these specific
features corresponding to the presence of BN dopant clusters (“h-BN nanodonut”), since
it is expected that B and N atoms tend to form BN pair in stable Gr:BN structures
according to theoretical calculations reported in the literature [27, 30, 135-137|, where
a high energy cost is found to form C-N and C-B bond as compared to that of a B-N
bonds. In fact, for systems synthesized under conditions near to B:N~ 1 it is expected
that BN segregates from Gr to form BN regions within the Gr lattice [28, 31]. In the
center of the image (see figure 4.6a), we have a hexagonal mixed region that we have
identified as BNC structure, which can be considered as an alloy of Gr and BN, or in
another words, high-density of dopant “h-BN nanodonuts”. A more detailed discussion

about their conformation and local electronic properties will be given later.

Figure 4.6¢ displays a representative STM image of a lateral heterostructure focusing on
the boundary region between Gr and h-BN acquired for the sample grown at 1370 K
(see also further details in Figure S4). It is worth noting that both sp? structures
exhibit an inverse contrast in relation to figure 4.6a, allowing us to see the substitutional
doping, indicated with a white circle, as dark depressions inside the Gr superlattice. The
nature of these superstructures were confirmed by FT (Fourier Transform) calculations
of lattice parameter, as well as, by STS measurements. For Gr, the superstructure lattice
parameter was determined as 2.47 4+ 0.01 nm, which is consistent with published results
[113]. STS curves were acquired in areas that seem chemically symmetric and where the
BN doping is not present or at least located relatively far away (~ 20 x 20 nm) from the
inspected region. A representative STS curve taken in an ATOP position on the moiré
pattern is shown in figure 4.6d, revealing the V-shape characteristic of the Gr density
of states symmetric in relation to the Fermi Level, indicated by the dotted line. The
superstructure periodicity obtained for h-BN was 2.9140.01 nm, which also corresponds
to the reported values in literature for h-BN on Ir(111) [105, 108]. The STS result is
shown in figure 4.6d, where a band gap of about 4.1 eV is obtained. This value is slightly
smaller than the one found above for the h-BN on Rh(111), which could be associated
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Figure 4.7: (a) Large scale STM image of the sample grown at 1270 K (b) Phase-segregated
Gr nanoribbon between h-BNC and h-BN. (c)-(d) Gr-like regions as phase-segregated ribbons are
indicated with white arrows. (e)-(f) STM image of h-BNC region, where the BN dopant clusters (“BN-
nanodonuts”) are clearly observed into the Gr structure. Tunneling parameters: (a) - (b) V = —-0.80 V,
I; = —0.20 nA, (c¢) V=0.88 V and It=0.10 nA, (d) V=1.27 V and It=0.20 nA, (e) =-0.80 V and It=-0.19
nA, (f) V=1.37 V and [t=0.24 nA.



66

to the fact that in this case we did not grow a large h-BN area free of defects. Q. Li and
co-workers [129] have demonstrated that some structural defects like grain boundaries

can reduce even more the bang gap in h-BN monolayers.

In contrast with two samples synthesized at higher temperatures (1470 K and 1370 K),
the sample obtained at 1270 K did not show large pristine Gr areas, instead of that,
extensive areas of h-BNC are formed, as depicted in a representative STM image in
figure 4.7. Moreover, one observes some Gr-like regions as phase-segregated ribbons
located at the boundary of domains. In the zoomed-in image (figure 4.7b) we recognized
a strip of Gr, which has a width of 9.1+0.8 nm and can describe as a nanoribbon (GNR)
embedded between two different regions, h-BNC and h-BN.

According to these results, the h-BNC structure was observed for all growth conditions
performed in this study at different temperatures. However large domains of the ternary
alloy were identified exclusively at 1270 K. Moreover, in this case the BN substitutional
doping, “h-BN nanodonut”, shows a more regular size. In this context, we focused the
study of this novel structure on the sample grown at the lowest temperature. Figure 4.8a
displays large scan size STM image of h-BNC. In the inset image is shown a magnified
view of the square-enclosed region, where it is pointed out a “h-BN nanodonut”. The
lattice parameter found for BNC super structure is (2.50 + 0.05) nm, which indicates
that the Gr moiré lattice parameter is preserved along the alloy. A close inspection
of STM images reveals that BN doping clusters have a tendency to form in hcp-type
and fce-type region on Ir(111) [138], where the interaction of the Gr with the substrate
is stronger. The same behavior of selective doping region can be also identified more
clearly (black circular holes) in the other Gr contrast shown in figure 4.6c. Balog et al.
[139] observed a similar tendency in the hydrogen adsorption on Gr/Ir(111) when this
substrate was exposed to atomic hydrogen at very low dose. In figure 4.8b both the Gr
honeycomb lattice and the moiré superstructure are evident. The lattice constant of Gr
was determined by FT having as result 2.46 4 0.06 A. Under these specific measurement
conditions, the BN cluster are imaged like holes into the lattice. In order to shed light on
the atomic structure of the alloy and propose a geometry for BN motifs, we superimposed
the honeycomb Gr lattice on the topographic image (figure 4.8b) resulting in figure 4.8c,
where regions associated with the dopant are indicated with white arrows. A height

profile along the marked line in figure 4.8b is shown in figure 4.8d, the full width at
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half maximum (FWHM) was found as (0.49 £ 0.07) nm, which suggests that the dopant
regions are constituted by at least (BN)g units arranged as can be seen in the figure
4.8e. For low concentration of BN, it is possible that a small amount of BN clusters
are substituting in-planar the Gr lattice. A systematic investigation of the STM images
demonstrate that these “h-BN nanodonuts” are extremely regular in shape and size, even
if, in some regions they appear distorted due to the interconnection of neighbour “h-BN

nanodonuts”.

This experimental finding suggest that a optimal size for this nanocluster of BN dopant
is obtained during the present synthesis. Ren et al. [21, 137] found that six-fold BN
rings are the most favorable structure in BN-doped Gr when compared to other explored
motifs like dimer or chains, this is supported by the fact that six-fold rings of BN are
more suitable for 7 bonding. Fan et al. [140] also calculated the formation energies of
BN clusters with different sizes, ranging from a single BN unit to (BN)j3, obtaining
that domains of (BN )y are energetically more favorable than smaller clusters. Other
theoretical studies based on the energetic and structural stability of different motif in this
kind of 2D structures can be found in [32, 141]. Therefore, we consider all the theoretical
prediction described in the mentioned references to support our interpretation for results
in figure 4.8, where few BN units (at least 8) are forming clusters inside the Gr lattice.
On the other hand, some studies [21, 137] have indicated that CVD growth technique are
not suitable for synthesizing non-phase-separated BNC alloys. In fact, they recommend
to use deposition techniques such as electron-beam-bombardment. The present work
demonstrates that for the particular precursor used a h-BNC alloy can be successfully

prepared by the CVD method.
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Figure 4.8: h-BNC conformational structure: (a) STM large scale image, with the inset highlighting
the Gr structure doped by the “h-BN nanodonuts”. (b) Atomic resolution image of the h-BNC, where
it is evident the honeycomb structure of Gr. (c¢) Superimposed the honeycomb Gr structure on the
topographic image in (b), white arrows indicating the BN domains. (d) Height profile along the BN
cluster in (b), where the shaded area shows the FHWM of the profile. (e) Atomic model of the Gr
doped with a small BN cluster. Tunneling parameters: (a) and inset V = —1.00 V, I; = —0.20 n4, (b)
V=-080V,I,=-025nA
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To further support our proposed geometry for the “h-BN nanodonuts”, we simulated
STM images based on the density functional theory (DFT) and the Tersoff-Hamann
[142, 143] approach for height-constant mode. In the simulations presented here the Ir
substrate was not included. Despite the importance of the interaction of Gr with the
Ir(111) surface, as observed by the moiré superstructure in the experimental STM images,
a weak interaction of Gr with the substrate justifies our approach [144]. Figure 4.9 shows
the simulated STM images. Four “h-BN nanodonuts” models were tested for Vy;,s of -1 V
and +1 V (sample bias). The BN structures that replace the C atoms in the Gr layer are
(BN)3 (Fig. 4.9(a-c)), BgNy (Fig. 4.9(d-f)), (BN)g (Fig. 4.9(g-1)) and (BN);5 (Fig. 4.9(j-
1)). These models were chosen because they are the ones with the shape and size most
consistent with the experimental results. The region within the “h-BN nanodonuts”
has a low calculated STM electronic density (psTy) for the sample bias investigated.
However, for both -1 V and +1 V sample bias, there is a high pgTy in the region between
the BN cluster and the C atoms, mainly for the B-C bonds, confirming the “donut”
structure observed in the experimental images. The structures (BN)s, BgN; and (BN)qy
are more circularly symmetrical compared to the elongated shape of (BN)s. Moreover,
there is an asymmetry in the pgry for the (BN)g, with a high intensity on the side of
the BN cluster with more B—C bonds. These features are compatible with the observed
experimental results, as it is clearly seen in figures 4.6b and 4.9b, and corroborate with
our proposed model for the “h-BN nanodonuts” as (BN)g clusters embedded in the Gr
layer at very specific positions within the moiré superstructure. It is important to stress
that such asymmetric shape in the STM images are not a measurement artifact, since
we have confirmed these structures several times and in several samples by changing the

scanning directions in the microscope.

To analyse the chemical state of the B, C, and N atoms, the N 1s, B 1s and C 1s core
level XPS spectra obtained for the sample growth at 1270 K are shown in figure 4.10a.
The experimental data exhibits slightly asymmetric peak shape along with large FWHM,
which reveals the presence of multiple chemical states in each core level peak. We fitted
the raw data using Voigt-like functions in the Gaussian limit, after subtracting a Shirley-
type background. The experimental broadening, related to the Gaussian contribution
has a FWHM fixed to ~0.6 ¢V (which was previous determined). Moreover, the fitting

was performed under the constraints of equal FWHM for the components of the same
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Figure 4.9: Simulated STM images (21 x 21 A) representing the electronic density pgry for clusters
of BN embedded in a Gr layer. The left panels are for Vi, = -1 V. The center panels are for Vi;as
= 41 V. The right panels are for Vyj,s = +1 V with the structural model superimposed. The coloring
of atomic species is as follows: N atoms in blue, B atoms in salmon, and C atoms in gray. The “h-BN
nanodonuts” are: (a-c) (BN)s, (d-f) BgN7, (g-i) (BN)s and (j-1) (BN)j2. psTm is given in units of
electrons/a.u.3. Credit: Luis Herique de Lima

element (see table S2). N 1s core level was fitted with two peaks, a main peak (Ny) at
397.50 £ 0.05 eV and second weaker component (N¢) at 398.40 4+ 0.05 eV, Likewise,
a multi-peak fitting was performed on the B 1s core level, obtaining the most intense
component (By) at 190.10 £ 0.05 eV and the other one (B¢) at 189.60 £+ 0.05 eV'. The
position of the peaks identified as Ny and By are in excellent agreement with the reported
values for h-BN on Ir(111) [103, 105]. The peak at higher binding energy on N 1s (N¢) is
assigned to contributions from N-C bonds since C atoms are more electronegative than
B, which implies an increase in the binding energy. For B 1s, B¢ is located at a lower
binding energy, considering again the electronegativity of C compare with N, this peak

is associated with B-C bonds. For C 1s core level three peaks can be distinguished.
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In addition, it was found a similar intensity ratio for No/Ny and Be /By of 8:25 and
19:50 respectively. The dominant component, Cy at 284.00 & 0.05 eV is assigned to sp?
hybridized C atoms in pristine Gr on Ir(111) [145, 146]. The small shoulder at lower
binding energy (283.10 4+ 0.05 eV/) is attributed to C—B bounds, whereas the other peak
at higher binding energy (284.70 £ 0.05 eV/) is assigned to C-N bonds. The chemical
analysis above gives support to the formation of h-BNC ternary alloy on Ir(111) surface
and it is coherent with our proposed structure consisting of a Gr lattice doped with a
small cluster of BN, where C—B and C-N bonds are located at the boundaries of the
dopant, being found a relative concentration between C'z and Cy of ~ 1:1. From XPS
data it is also identified the formation of h-BN segregated from the alloy, as observed
in the STM images shown in this work. It is clear that a rigorous chemical composition
of the alloy is not achievable due to limitations of the XPS measurements, for instance
the low photoemission cross sections for the core levels explored here, as well as the low-
energy resolution provided by the non-monochromatic Mg K, source. Moreover, there
is one intrinsic difficulty to separate the BN contribution from h-BN segregated islands
from the “h-BN nanodonuts” using XPS. We might overcome this problem by a careful
statistical analysis of the BN:C concentration in the h-BNC by counting the BN clusters
on the STM images.

Table 4.2: Position (binding energy, BE), peak width (full width at half maximum,
FWHM), and intensities for the different components contributing to N 1s, B 1s and C
Ls core level peaks for the sample grown at 1270 on Ir(111). The broadening value used
was 0.54 eV.

Core Level Component BE position [eV] FWHM [eV] Area [cps - eV]

Cls Co 284.00 0.14 129.50
Cp 283.10 0.15 20.50
Cn 284.70 0.15 18.20
Nls Ny 397.50 0.43 213.90
N¢ 398.4 0.43 68.50
Bls By 190.10 0.42 156.20
Be 189.60 0.42 59.30

Figure 4.10b shows a representative STM image of h-BNC region. Based on our analysis
and considering one area of 25 x 25 nm?, we estimated a BN concentration of about
17%. Since the sample did not grow homogeneously across the crystal, it is not possible

to extend this concentration value for the whole sample. In this region, the LDOS by
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Figure 4.10: a) N 1s, B 1s, and C 1s X-ray photoemission spectra of the h-BNC monolayer prepared
on Ir(111) at 1270 K. XPS spectra were acquired using Mg K, at a grazing incidence angle of 60° from
the surface normal. b) STM image of h-BNC alloy. ¢) STS curves taken on C regions surrounding by
doped domains, indicated with the x. Tunneling parameters: V = —1.10 V, I; = —0.24 nA

STS was examined given as more representative results the spectra displayed in figure
4.10c, these STS curves were acquired around the “h-BN nanodonuts”. It is important
to note that the spacial resolution and locality of STS make it one of the most suitable
technique to explore the electronic structure of the h-BNC alloy characterized by a low
BN segregation in the Gr lattice located into a highly heterogeneous sample, unlike
other techniques such as angle-resolved photoemission spectroscopy (ARPES), which
has been the most employed tool to investigate the band gap opening in Gr and given
a global measurement of the band structure [5]. Otherwise, as predicted by theoretical

calculations the introduction of BN domains in the carbon lattice breaks the potential
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symmetry leading to the redistribution of charge near the Dirac points and the band gap
opening. For the area shown in the figure 4.10b we have estimated a band gap between
1.4 and 1.6 €V, curve I and II respectively. Despite, band gap values for h-BNC structures
determined by computational models depend on both the stoichiometry of the alloy and
the concentration of BN and carbon atoms, our result is consistent with predictions [28,
140] made for some BNxCx-1 materials. In addition, these values are inside the band
gap range determined for similar samples by means of optical spectroscopy [147, 148].
However, a careful study of the band gap opening and the determination of the band
gap value for this structure is desired in further investigations, for instance employing

low-temperature STS or nano-ARPES measurements [149, 150].

4.3 Conclusions

In this work we have used the unexplored precursor hexamethyl borazine (HMB) to
successfully grown epitaxial h-BN, hybrid lateral junctions of h-BN and Gr, as well as
the h-BNC alloys on Ir(111) by using conventional CVD methods. The combination
of substrate and the correct temperature window plays an important role on growing
h-BNC. In one hand, Gr can be efficiently grown on Rh(111) at low temperatures
(~900 K), while h-BN is formed only above 1000 K. However at such a high temperatures
C strongly dissolves into the Rh bulk, thus the coexistence of h-BN and Gr is very
difficult in such a substrate, remaining only perfect h-BN monolayer on Rh(111). On
another hand, C has a very low dissolution into Ir(111) and Gr is efficiently formed
at much higher temperatures (above 1200 K) being very stable until temperatures
like 1700 K. Similarly h-BN starts to efficiently grow on Ir(111) at temperatures like
1100 K and remains stable up to temperatures ~1400K. Therefore we have a large
growth window to produce h-BN and Gr as well as induce the h-BNC alloy formation
in the interval of 1200 K - 1500 K, where lower temperatures will promote h-BN and
higher temperatures Gr. For all ranges of temperatures investigated in the present
work we found the formation of h-BNC on Ir(111). Using atomic resolution STM
images combined with DFT calculation we have demonstrated that h-BNC is formed
by doping Gr with small BN nanoclusters. Theoretical predictions by Fan et al. [140]
suggested that (BN)js clusters are energetically favored. The atomic resolved STM

images revealed a predominance of an asymmetric density in the image constrast around
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the BN nanoclusters (BN “nanodonuts”) that DFT calculations associates to (BN)g.
Moreover, the BN-nanocluster is preferentially formed only in the fce- and hep-type
regions of the Gr moiré pattern on Ir(111) as defined by N'Diaye et al. [138]. Therefore
we might speculate that such a preferential “formation sites” would limit the density of
BN-cluster on Gr, leading to an extra-control on the band gap value, which might be
optimized on a fine tuning of the growth conditions and substrate, for instance, on Ir

alloys.
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Chapter

Hierarchical Synthesis of 1D and 2D
Porphyrin MOFs on Ag(100)

In this chapter, we show the on-surface synthesis of organometallic molecular chains
and porous networks from the free-base 5,10,15,20-tetrakis(4-bromophenyl)-porphyrin
(HyTBrPP) on Ag(100). Different molecular nanostructures could be hierarchically
produced upon substrate temperature. For the first time, the so-called “inverted”
conformation [87] was observed in molecular chains on Ag(100). This conformation
was observed previously only on Cu(111) surface [151-155]. Moreover, we demonstrate
the temperature selectivity between the two molecular conformations, “inverted” versus
“saddle”. The adsorption configuration of the HyTBrPP molecules has been investigated
on Ag(100) in a comprehensive multi-technique approach (experiment and theory) using
scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS) as
well as density functional theory (DFT). The numerical calculations were carried out by

Prof. Duncan John Mowbray and Prof. Alejandro Pérez Paz.
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5.1 On-surface self-assembly and organometallic

motifs at RT

The absorption of HyTBrPP onto clean Ag(100) surface at room temperature (RT)
and submonolayer coverage was studied. After deposition, molecules adopt different
configurations on the surface. Figure 5.1a shows short-range supramolecular self-
assembly. Adjacent molecules adopt clearly two different orientations, which lead to
define two overlapping ordered structures organized in an square unit cell with an internal
angle of 6, = 6, = (89 £ 2)° and lengths of a; = as = by = by = (2.36 £ 0.05) nm.
Both lattices deviate by (30 + 2)° from the <110> high symmetry directions of the
Ag(100) substrate. The main molecular axis is indicated by yellow lines in figure 5.1b,
molecules labeled as I are rotated by 15° clockwise from <110>, while molecules labeled
as II are at 90° of the first one. In halogenated molecular assemblies focused on close-
packed (111) metal substrate [156, 157], the molecules usually are aligned with the
surface crystallographic directions here the influence of the Ag(100) substrate symmetry
is indicated by the deviation of porphyrins. The self-assembly is likely stabilized by
means Br- - - Br and Br- - - H lateral interactions such as has been already reported for 2D

halogen bonded networks using brominated functional groups [76, 158, 159].

Moreover, STM images (see figure 5.1 c-d) show triangular and square pores and other
less frequent motifs such as hexagonal and pentagonal pores. Irregular structures are also
observed on the sample. All these motifs are connected by Ag adatoms, which exhibit
higher apparent height in the images. The coexistence of the self-assembled arrangement,
found in lower proportion on the sample, and the different organometallic C-Ag—C
networks suggests partial dehalogenation of the HoTBrPP at RT. This is consistent with
the previous bottom up synthesis using precursors containing C—Br bonds on Ag(100)
[80, 159, 160], where almost complete debromination of the molecules under similar
conditions were reported.

In order to gain insight into this matter, XPS measurements were performed after the
STM measurement. The Br 3ps/, core level spectrum is displayed at the top of the figure
5.2. The single peak is located at 181.73 &£ 0.05 eV. To correctly interpret our results,
we performed additional XPS measurements at multilayer coverage to guarantee the

presence of HyTBrPP intact molecules, i.e., C—Br bonds. Figure 5.2 (bottom) clearly
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Figure 5.1: Self-assembled islands and surface-assisted synthesis of HoTBrPP molecules on Ag(100)
at RT. (a) Long-range and (b) close-up STM images of an island formed by halogenated porphyrins.
Atomic resolution STM image of clean Ag(100) substrate is displayed in the inset image in (a), where
the high symmetry directions of the crystal are indicated (details in the text). (c) Overview and (d)
high-resolution STM image of different organometallic motifs formed from debrominated porphyrins at
RT, emphasizing triangular and square pores. In (d) small dots around the molecular motif are identified
as cleaved Br atoms.

shows the presence of two different brominated species: one at 181.70 £+ 0.05 eV and
another at 183.90 £ 0.05 eV. The binding energy separation between these components
is in perfect agreement with previous studies [80, 161], where the peak at higher binding
energy is attributed to Br—C bonds, whereas the peak at lower binding energy is assigned

to Br-Ag bonds.

In this manner, we confirm that the energy of the Br 3ps, at the submonolayer
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regimen corresponds to the metal-bonded species, indicating that most of the molecules
debrominate upon adsorption at RT and Br atoms remain on the surface. On the
other hand, in our data, a photoemission signature for C—Br bonds is not perceptible,
which does not rule out the presence of these bonds. It is feasible that due to the low
debromination barrier of Ag(100) compared to other more densely packed and lower
reactivity substrates such as Ag(111) and Au(111), XPS measurements promote the
cleavage of C-Br bonds. Indeed, the tiny dots around adsorbates (figure 5.1d) are
identified as Br adatoms [155]. As expected, these protrusions are absent for the self-

assembled, forming by halogenated porphyrins.

Br 3p3/2

Intensity (a. u.)

Br-C

188 186 | 184 | 182 | 180 | 178
Binding Energy (eV)

Figure 5.2: Br 3p3/5 core-level XPS spectrum for submonolayer (SubML) and multilayer (MultiL)
HyTBrPP deposition on Ag(100). The arrows designate the beginning of the Br 3p; /o peak.

In order to continue exploring the reaction pathway on the surface, a new sample was
prepared at RT, and subsequent annealings at 350 K for different intervals of time were

carried out. Such as one can see in figure 5.3 all organometallic networks observed
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Figure 5.3: Representative STM images of the sample after thermal treatment at 350 K for (a) 15
min, (b) 30 min, (c¢) 45 min, and (d) 60 min. e) Normalized motif distribution for the polymerization
process at RT and each subsequent annealing at 350 K for different intervals. Tunneling parameters: (a)
V=-120V,I,=—195nA4, (b) V=—-080V, I, = —035nd, (c) V=-125V, I, = —0.21 nA, and
(d) V=-106V, I, =—-0.14 nA.

at RT are present on the substrate regardless of the exact thermal treatment. To
quantify these motifs as function of the annealing conditions, over 30 STM images
were statistically analyzed. The normalized distribution of each motif (including
supramolecular arrangements) is depicted in figure 5.4. To reduce the influence of sample
inhomogenity, STM images acquired in different sample areas were used. Based on the
statistical analysis, the self-assembly is not observed after the first annealing at 350 K for
15 min, which shows the full debromination of the molecules [160]. However, a drastic

influence of the temperature on the well-defined metal-coordinated polymers (C-Ag—C)
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Figure 5.4: Normalized motif distribution for the polymerization process at RT and each subsequent
annealing at 350 K for different intervals of time.

is not noticed, finding disordered motifs (named as other in figure 5.4) in the majority

proportion for all thermal treatments.

Figure 5.5: STM images of covalent coupling between the molecules promote by thermal annealing at
450 K for 10 min. Tunneling parameters: (a)-(b) V.= —0.80 V, I; = 0.35 nA.
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On Ag(100), the formation of covalent structures via Ullmann coupling reaction has been
reported after annealing at 550 K, for instance, using 1,3,5-tris(3-bromophenyl)benzene
as a molecular precursor [160]. In order to avoid molecular degradation, we applied
soft annealing at 400 K for 120 min. However, significant structural modifications
were not induced on the sample. This result proves the organometallic structures’
stability without achieving a covalent linking, which is a fundamental condition for
future applications in electronic and sensor devices. On the other hand, as shown in
figure 5.5, important changes were recognized after annealing at 450 K for 10 min, which
consists of the demetalating C-Ag-C bonds into C-C bonds without preserving the 2D
organometallic networks. This arrangement closely resembles the HyTBrPP covalent

assembly on Au(111) reported by Grill et al. [78].

5.2 On-surface synthesis of square pore networks
and molecular chains controlled by substrate
temperature

To date, few studies have concentrated their attention on the role of precursor depositions
onto preheated substrates. Remarkable results reported by Cirera et al. [162] show the
thermal selectivity between intra- and intermolecular coupling processes for tetra-aza-
porphyrin derivatives on Au(111). Moreover, controlling the polymerization degree by
tunning substrate temperature during deposition has been reported [18, 163-165]. To
elucidate the influence of substrate temperature on the selectivity of reaction pathways
in our system, HyTBrPP were deposited on clean Ag(100) held at 350 K, 390 K,
450 K, and 510 K, being the initial coverage and sublimation rate comparable for all
experiments. STM images (figures 5.6) reveal relevant morphological differences between
the nanostructures. In particular, at 390 K and 450 K the synthesis of organometallic
chains of molecules is promoted. This new motif is not observed from RT deposition
followed by annealing treatments, which suggests that the substrate temperature is

inducing a new synthesis path.



Figure 5.6: Surface-assisted synthesis of HoyTBrPP on preheated Ag(100) substrate. STM image
acquired after molecular precursor deposition keeping the surface at (a) 350 K, (b) 390 K, (c) 450 K
and (d) 510 K. (b) Coupling motif distribution as a function of substrate temperature deposition at RT,
350 K, 390 K, 450 K, and 510 K, exhibiting selectivity towards square pore networks at 450 K. Tunneling
parameters: (a) I, = —0.45 nA, V = —0.90 V, (b) I, = —0.50 nA, V = —0.80 V, (¢) I, = —0.45 nA,
V=-070V,(d)V=-120V, I, = —0.25 nA.

In order to identify a temperature range for the selective network formation, a statistical
analysis was carried out. The normalized motif distributions are represented in a
histogram in figure 5.7. As one can observe, the probability of forming square pore
networks increases notably when the polymerization happens at 450 K, indeed 73 % of
the molecules counted for this growth condition are forming the square pore network,
while for the other explored substrate temperatures, the probability of molecules forming

square pore remains constant around 35 %. For higher surface temperatures, the growth
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of well-defined organometallic structures is blocked. Additional STM images for synthesis
at 390 K and 450 K are shown in figures 5.8 and 5.9, respectively.
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Figure 5.7: Coupling motif distribution as a function of substrate temperature deposition at RT,
350 K, 390 K, 450 K, and 510 K, exhibiting selectivity towards square pore networks at 450 K.

Figure 5.8: Supplementary STM images for the synthesis at 390 K. Tunneling parameters: (a)
V=120V, I, = 19514, (b) V=—080V, I, = 03514, (c) V=-125V, I, = —0.21 nA, (d)
V=—1.06V, I, = —0.14 nA.
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Figure 5.9: Supplementary STM images for the synthesis at 450 K. Tunneling parameters: (a)
V=-120V,I;=—-0.40 nA, (b) V=-0.90V, I; = =025 nA, (¢) V=100 V, I; = 0.30 nA, and (d)
V=-11V,I, =-045 nA.

5.2.1 Square pore network

Analysis about regular square porous networks (see figure 5.10a) obtained by holding
the substrate at 450 K during deposition was carried out. By careful inspection of tens
of these networks on different substrate areas, we determine the unit cell parameters as
c1 = (1.92£0.03) nm and ¢ = (1.90 + 0.03) nm with an internal angle of (90 & 1)° (see
figure 5.10b), noting that the array is aligned along <100> directions of the Ag surface.
Fast Fourier transformation (FFT) pattern, shown in figure 5.10¢c, confirms the lattice
parameters and supports the long-range order observed for this network. Moreover,
in figure 5.10b, it is possible to see small bright protrusions identifying them as Ag
adatoms linking porphyrins, which confirms the organometallic character of the network.
Langelaar et al.[166] reported that Ag adatoms on an Ag(100) surface become mobile
from 160 K. Thus, substrate temperatures above 300 K provide a sufficient amount of

silver adatoms during the polymerization process.
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Such as one can observe in figure 5.10d), the molecular appearance of debrominated
porphyrins shows two bright protrusions with a central depression at negative bias
voltages and four-fold symmetry contrast at positive bias voltages. We recognize that
all molecules are slightly rotated relative to the surface plane and adopt the same
intramolecular conformation, identifying it as a saddle shape adsorption geometry. This
conformation is characterized by the moderate macrocycle deformation, in which the
two opposite pyrrole rings with iminic nitrogens (=N-) are slight rotated to the surface
plane, while the other two pyrrole rings with aminic (-NH-) are bent away from the
surface plane [167-169]. Jarvis et al. [170] study the adsorption deformation of intact
HyTBrPP molecule on Cu(111) deposited at 77 K, finding that molecules in saddle
shape conformation are physisorbed, which suggests only van der Waals interactions
between the molecule and the substrate surface. The saddle shape deformation has been
widely reported for several metal surface-adsorbed porphyrins [87, 157, 171] including
2H-tetraphenyl porphyrin (2H-TPP) on Ag(100) recently proposed by Baklanov et al.
[172]. From several line profiles acquired, as it is shown in figure 5.10e), the average
separation between the pyrrole groups was determined as (0.57 & 0.03)nm, this value

matches the distance of two underlying Ag surface atoms along the <110> direction.

In order to complement our experimental results, the atomic structure of the adsorbed
molecule on Ag(100) and the conformation of the square network have been studied by
DFT. These calculations were performed, in collaboration, by Duncan John Mowbray,

professor at Yachay Tech University in Urcuqui, Imbabura, Ecuador.

Results shown in figure 5.11 predict significantly more stable model molecules in saddle
shape conformation orientated along the <100> direction on the Ag(100) surface sitting
in hollow adsorption sites. Moreover, the molecules form a stable square pore network
with square unit cells of 2.02 nm in length, which closely agrees with our experimental

results.

In order to check the organometallic nature of the square pore network, additional DFT
calculations for the energy barrier and energy gain for the formation of a C-C network
starting from the C-Ag-C network of TPP were done. For this propose a model of two
periodic rows of TPP with the edges hydrogenated was used, which allows to see the
energy gain upon formation of the C-C bond. To find the transition state, i.e., the

C-C bond length with the highest energy, a single Ag(100) layer model was used, and
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Figure 5.10: Square pore organometallic network. (a) STM image of long-range network. (b) A
High-resolution STM 3D image in the perspective of the square pores highlighted the unit cell in black
and the Ag adatoms in white circles. (¢) FFT square pore network pattern. The distance between the
top bright spots was found as = 1.04 nm~!. In this way, the nanomesh periodicity was determined as
c=(x/2)71, this is ¢ = 1.93 nm. (d) High-resolution STM image of the molecule exhibits saddle shape
conformation. (e) Tens of scan profiles across the molecule were used to calculate the average distance
between the pyrrole groups and its error, (0.57 4+ 0.03)nm, this value matches the distance between two
underlying Ag surface atoms along the < 110 > direction, which indicated the molecular alignment.
Tunneling parameters: (a) V =1.20V, I; =0.12 nA, (b) V =-0.78 V, I, = —5.28 nA.
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Figure 5.11: (a) Top view of optimized DFT-calculated HyTBrPP adsorption in a saddle-shape
configuration on Ag(100), together with the DFT simulated STM image. (b) DFT simulated image
of the Ag-coordinated (C-Ag—C) square pore network. Credit: Duncan John Mowbray.

it is assumed a similar bond length would give the transition state with a three layer

Ag(100) slab. The results are summarized in figure 5.12. The results shown that the
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three layer slab model should be sufficient to describe what happens experimentally on
the Ag(100) surface, suggesting that once the TPP network with Ag adatoms is formed,
removing these atoms is a highly energetic process, hence the system becomes kinetically
trapped. This would be related to the rapid distribution of any heat /kinetic energy when
the network is formed into the silver substrate. However, if the number of silver layers
is reduced e.g., using an Ag(100) monolayer on top of an insulating surface such as
silicon substrate, the barrier for removing the Ag adatoms is greatly reduced (0.4 eV vs.
1.4 eV), so that the formation of the organic overlayer becomes reasonable at sufficient
temperature. From the STM simulated images it is possible to see that where the C-C
bond is formed in the network, the benzenes are significantly tilted and show up with
quite bright regions, whereas for the C-Ag-C structure the benzene groups are relatively
dark. These results clearly suggest both energetically and via STM simulation that the
network contains organometallic bonds (C-Ag-C). For the growth of a potentially pure
organic network, it is suggests carrying out the on surface synthesis on a single layer of

Ag(100) on top of an insulating substrate.

5.2.2 Molecular chains

An STM image of the surface after deposition at 390 K is presented in figure 5.13a,
which corresponds to the more favorable growth conditions for the formation of the
debrominated porphyrin chains. Notably, the chains do not align with the substrate’s
main crystallographic directions. We analyzed hundreds of chains to determine the
chain orientations and histogrammed the results in figure 5.13b. We found that these
structures tend to grow the majority at 30° and 60° from <110> and <100> directions.
This result contrasts with what was reported for cyano-functionalized porphyrins chains
on Cu(111), where all molecules are aligned along one of the three <110> azimuths, that

is, the densely-packed Cu rows of the Cu(111) surface [87].

In figures 5.6 and 5.13a the difference in adsorbate-substrate interactions between
molecules in the pore networks and the chains is clear since molecules in both structures
reveal completely different adsorption conformations. Asshown in figure 5.13a, molecules
forming pore motifs adopt saddle shape conformation on Ag(100). In the case of the
chains, molecules exhibit an elongated rectangular shape characterized by two bright

central protrusions. These features coincide with the strongly distorted model, so-called
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Figure 5.12: STM simulation of TPP network on Ag(100) with (a) C-C organic bond
with coadsorbed Ag adatom, (b) C-C organic bond above Ag adatom, (c) transition
state between C-C organic and C-Ag-C organometallic bonds, (d) C-Ag-C organometallic
bond. e) Energies E in eV relative to the organometallic network versus C-C separation
do_c (in A) on a three-layer (thick lines) and single-layer (thin lines) Ag(100) neutral
(black) or charged by -1e (blue) surface.
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Figure 5.13: Single-step synthesis of molecular chains. (a) Overview of the sample prepared at
390 K. The image is denoted as 6 the angle forming between the {110, direction and the chains. (b)
The orientation of 177 chains with respect to < 110 > crystallographic direction was determined and
represented in a histogram. The bar width is 5°. Tunneling parameters: (a) V' =0.80 V, I; = 0.26 nA.
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inverted conformation, which has been proposed for several porphyrins on Cu(111) [87,
151-153, 155, 173], where two iminic pyrrole groups are rotated quasi-perpendicular to
the surface, and the iminic N atoms are pointing toward the surface, specifically over

bridge sites between two adjacent Cu atoms of the surface.
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Figure 5.14: (a) The average distance between the two iminic pyrrole groups (a = 0.39 & 0.02nm)
was determined from several line profiles corresponding to the yellow line in the inset STM image. (b)
Periodicity of the molecules into the chains (b = 1.67 & 0.02nm). (c) From profiles taken as the orange
line in the STM image, the distance between extra-legs was determined as ¢ = 0.63+0.02 nm. Similarly,
(d) the Ag-ad size was estimated as d = 0.54 £ 0.04 nm.

In order to shed light on the iminic N atoms adsorption sites on Ag(100), the average
distance between the two bright central ovals in the molecule was determined. Figure
5.14a shows a typical scan profile along the chain propagation direction on the surface.
From statistical analysis of several molecules, we found that the average distance between
the pyrrole protrusions is a = 0.39 + 0.02nm. Similarly, the periodicity of the chains
was determined as b = 1.67 + 0.02nm (see figure 5.14b). Another interesting aspect of
the chains is the two pairs of protrusions that appear on opposite sides of the molecule,

as seen in figure 5.14c. Ceccatto dos Santos et al. [155] observed similar features on
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Figure 5.15: DFT calculation of the molecular chains in inverted and saddle conformation.

Cu(111). They identified these additional features, named “extra-legs”, as bromine
adatoms, finding that the distance between the halogens corresponds to the separation
of the nearest neighbor along the < 110 > direction of Cu(111). In our case, the average
distance between these protrusions was determined as ¢ = 0.63 £+ 0.02nm. In addition,
the average size of the Ag-adatom was determined as d = 0.54 £ 0.04nm (see figure

5.14d).

Figure 5.15 shows the STM simulated images of the molecular chains completely relaxed
along (530) direction on Ag(100) in “fully inverted” and saddle shape configurations
with four Br adatoms adsorbed nearby the chain on hollow sites (see figure 5.15a and b
respectively). It was found that the inverted configuration is 0.117 eV, more stable than
the saddle configuration, with the four Br atoms adsorbed nearby in the hollow site. The
Br atoms gain 39 meV per atom relative to Br adsorbed on the hollow site without an
adjacent 2AgTPP chain. Similarly, without the Br atoms, the inverted chain is 0.142
eV, more stable than the saddle chain. Moreover, in the fully inverted configuration,
the top C atoms are now separated by 0.39 nm, whereas the Br atoms are separated by
0.63 nm, which perfectly agrees with our experimental results expressed by a and ¢ from

figure 5.14.
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5.3 Conclusions

In this work, we investigated the synthesis of a square pore network from Brd4TPP
porphyrin. For that purpose, we carefully selected as substrate Ag(100), a surface
with a square lattice. Due to the substrate reactivity and low debromination barrier,
organometallic motifs were already formed at RT. These motifs include triangular,
hexagonal, and pentagonal porous and disorder structures. Looking for alternatives to
selectively promote the growth of square pores, we studied the critical role of substrate
temperature during the deposition of the precursor. For 450 K, 70 % of the molecules on
the surface are forming a square pore network, while for the other temperatures explored,
the number of molecules in this configuration remains almost constant. In this way, we

found the optimal conditions to selectively induce the synthesis of these structures.

From the STM data, we identified additional motifs that were not observed for deposition
at RT or after annealing. The synthesis of these molecular chains is favorable at 390 K.
The conformation of the molecule inside the chain is recognized as an inverted structure;
the typical adsorption conformation reported on Cu(111). On the other hand, molecules

in the square lattice and other motifs exhibit the usual saddle shape conformation.

From our best knowledge, this is the first time that porphyrins are observed in an inverted
structure and saddle shape on Ag(100). We can understand the coexistence of these
two absorption geometries in terms of the adsorption sites and the orientations of the
molecules in relation to the main crystallographic directions of Ag(100). Energetically,
these two conformation are potential minima separated by a reasonable energy barrier.
Molecules can only overcome the barrier when isolated molecules arrives on “hot surface”.
In this sense, molecules that undergoes to porous network are trapped in the first
potential minima (saddle shape) and can not be promoted to chains (inverted structure)
even with annealing. Such a energetic trap is related to the C-Ag—C energy formation
barrier (i.e., saddle shape has a deeper minimum). In short, depositing at lower
temperatures, molecules are always populating the first and deeper minimum (saddle
shape) since it can not overcome the potential barrier to the second and smaller mimimum

(inverted).
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Chapter

Synthesis of N-doped pore chains on
Cu(111) and Ag(100)

On-surface synthesis as a bottom-up strategy holds great potential for atomically
precise fabrication of carbon nanostructures. Doped graphene nanoribbons (GNRs)
with heteroatoms are an ideal strategy to tune their electronic structure. In this frame,
we present a systematic study of on-surface synthesis of GNRs from a nitrogen-doped
and bromine-terminated molecules, 2,7,11,16-tetrabromotetrabenzo[a,c,h,j]- phenazine
(2TBTBP). The critical role of the catalytic metal surface was studied by exploring two
different substrates, Cu(111) and Ag(100). According to the geometry of the precursor,
we expected covalent porous chains oriented at 30° with respect to the graphene’s high-
symmetry directions, which leads to an armchair termination. The width of the armchair
GNRs is defined by the number of dimer lines across the ribbons, which in this case

corresponds to 9 dimmers, as illustrated in figure 6.1.

This chapter describes the synthesis of porous nitrogen-doped GNRs. In order to
understand the mechanisms of formation of the different molecular structures, we identify
the types of chemical bonds involved and the role of the surface as a promoting agent of

polymerization reactions. In addition, we characterize the electronic properties of these
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1D porous structures.
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Figure 6.1: Tllustration of the 9 armchair graphene nanoribbon porous and doped with N atoms. The
light-gray bonds correspond to the no present structure on the GNRs.

6.1 Synthesis of N-doped GNRs on Cu(111l) via
Ullmann coupling reaction

The molecules were deposited on a clean Cu(111) substrate held at RT for 3 min. STM
image in figure 6.2a reveals low surface coverage. The synthesis of new nanostructures
on surface demands original building blocks. The dehalogenation process is a decisive
stage for the Ullmann coupling reaction, which produces reactive sites that subsequently
undergo bonding formation. The strong influence of the Cu(111) on the reaction steps
sequence is evident in figure 6.2b, which shows an already formed irregular chain.
According to the features on the image, we identify the coordination of the molecules
via Cu-adatoms, i.e., C-Cu-C bonds. This suggests the cleavage of the C—Br bond at
RT. In addition, whites arrows indicates sites where the metal-organic coordination is
missing. Due to the position of Br atoms on 2TBTBP, diverse structures are present
on the surface. Besides linear chains, zigzags chains as seen in the figure 6.2c, leaving
unbound reactive sites. Figure 6.2d displays a regular chain consisting of 5 monomers.
The image makes it possible to clearly distinguish the pore formed between the molecules,
the Cu adatoms, and the contrast difference between the nitrogen-doped central benzene
and the undoped ones. The contrast difference between C and N atoms in the STM
images could be associated with the larger electronegativity of N atoms compared to C
atoms. Therefore, N atoms tend closer to the substrate than C atoms [174]. Circular

protrusions observed on the edges of the chains are identified as Br atoms (see figure
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6.2b,d), similar to previous study on Cu(111), where the bromide (Br—Cu) assembled

along with the organometallic structures after the dehalogenation process [155, 175].

[o11] [101]

Figure 6.2: STM images in constant current mode acquired after deposition of molecules at RT for
3 min. (a) Overview of the sample. (b) Zoom in on the rectangular region (green) marked in (a).
The white arrows indicate the absence of some organometallic bonds in the chain. (¢) STM image of
a connected zigzag chain. (d) High-resolution images of the region highlighted by the blue rectangle in
(a). Tunneling parameters: (a) V = —1.20 V, I; = —0.23 nA, (b) V = —0.67 V, I; = —2.44 nA, (c)
V=-144V, I, =—-025nA,and (d) V =-0.26 V, I; = —0.21 nA.

Therefore, neighboring monomers coordinated by Cu ad-atoms form organometallic
chains at RT. STM data does not reveal long-range chains, likely because the Br atoms
left after the debrominated process are chemisorbed to Cu atoms at the surface in
the vicinity of the molecule, hindering the molecular diffusion necessary to reach the
long-range order. Teeter et al. [176] reported the synthesis of the chevron GNRs
on Cu(111) from 10-10’-dibromo-9-9’-bianthracene (DBBA) molecule after annealing at
523 K. Following a similar approach, we performed subsequent heat treatments on our

sample. Instead of promoting covalent bonds, molecules desorbed from the surface.

To promote the diffusion of the precursor and Cu ad-atoms, which could induce the
formation of more extended one-dimensional organometallic structures, the role of the
substrate temperature during the sublimation of the molecules was studied. Therefore,
2TBTBP molecules were deposited on Cu(111) held at 400 K, 450 K, and 500 K. For
all experiments at temperature above RT, the sublimation rate and deposition time
are comparable. Most representative STM images for deposition at RT and 400 K are

shown in figure 6.3. For both conditions irregular organometallic structures are observed

on Cu(111).

Figure 6.4 displays results obtained after precursor deposition keeping the substrate at
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=RT

Tcu

Tcu=400 K

Figure 6.3: STM images in constant current mode acquired after deposition of molecules (temperature
into the crucible 550 K) on Cu(111) substrate maintained at (a)-(b) RT during 9 min and (c)-(d) 400 K
during 30 min. Tunneling parameters: (a) V =131V, I; =0.24 nA, (b) V=-140V, I; = —0.25 nA,
() V=-131V, I =-024nA, and (d) V = —1.31 V, I, = —0.24 nA.

450 K. Molecules formed one-dimensional (1D) structures. One can see short chains with
bright ends. The intramolecular spacing between bright molecules a = (8.5 4 0.3) A
is slightly shorter compared to the intramolecular distance for the metalled chains
b= (10.940.3) A (see figure 6.4b-c)). This suggests that bright molecules are covalently
bonding. From high-resolution STM images, in figure 6.4b-c, it is clearly distinguishes
different features related to unmetalled and metalled chains. For the first one, the pore
formed between molecules shows an ellipsoidal geometry together with the flattening of
the molecule. The bright protrusions associated to Cu adatom are observed for the other
one. After carefully inspecting the sample, C—C bonds constituted for more than two
molecules were rarely observed. In figure 6.4b, the end of one chain is pointed out by a
black arrow. We identified the bright feature as one molecule, which exhibits a planar
adsorption structure similar to what is seen for C—C dimers. This is peculiar because

next to the molecule Cu adatoms are observed.



96

1-a-

©
o

Profile (pm)
3

w
=]

o

0 20 40 60 80 100
Distance (A)

Fa-
90+

60+

Profile (pm)

30+

0 20 40 60 80 100
Distance (A)

Figure 6.4: (a) STM overview image in constant current mode acquired after deposition of molecules
on Cu(111) substrate hold at 450 K during 30 min and post annealing at the same temperate for 1 h.
STM images of the same region acquired with different sample bias polarity (b) 0.6 V and (c) -0.6 V.
Next to the images, profiles took along the chain are plotted. Ilustration of (d) the C-C chains, and
(e) metallated chains. The intramolecular spacing is indicated as a and b. Tunneling parameters: (a)
V=-120V,1;=-032nA, (b)) V=06V,I; =042 nA, and (¢) V=-06V, I, =—-042 nA

Next to the longer chains, streaky patterns were observed in STM data. For instance,
in figure 6.4c-d is pointed out by white arrows. This pattern is identified as mobile
molecules forming a covalent dimer. Additional data in figure 6.5 shows the same area
imaged three consecutive times using identical tunneling parameters. Despite the typical
thermal drift, it is clear that organometallic and mixed chains are stably adsorbed. Likely,
the molecules are anchored to the surface due to the coordination with the Cu adatoms.
On the other hand, the diffusion of the covalent chains is noticed, such as in the white
rectangle in the figure 6.5, where chains are adsorbed for a specific time but tend to
hop to nearby adsorption sites. In particular, figure 6.5b shows two dimers spatially
separate. The following image (figure 6.5¢) acquired after 45.3 s displays a new covalent
ribbon constituted by four units (three pours). These results suggest that C—C coupling
is achieved between these two dimers. According to our observations, this diffusion is
independent of the size of the chain. The high mobility of the covalent chains prevents
accurate determination of coverage. In addition, diffusive noise around the structures

is observed in the figure 6.5, Bohringer et al. [177] correlate this noise with mobile
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molecules crossing multiple times below the scanning tip.

Figure 6.5: STM images taken in sequence for the deposition hold the Cu(111) at 450 K for 30 min,
and after 24 h of the synthesis. The coordinates of the center of the image, bias voltage and tunneling
current are the identical for each image. The acquisition time for each image was 45.26 s. White
rectangle remarks a mobile covalent chain. Tunneling parameters: V = 1.16 V, I, = 0.23 nA.

Figure 6.6: STM images taken in sequence for the deposition hold the Cu(111) at 450 K for 30 min,
and after 24 h of the synthesis. The acquisition time for each image was 78.82 s. Switching from negative
(a) to positive bias (¢). (b) The STM image shows the transition between the polarity after a single
scan line indicated by a white dash line. Tunneling parameters: I; = 2.47 nA.

Figure 6.7: STM images taken in sequence for the deposition hold the Cu(111) at 450 K for 30 min,
and after 24 h of the synthesis. The acquisition time for each image was 37.99 s. The green circle shows

a particular feature of the stably adsorbed covalent dimer. Tunneling parameters: (a) V = 0.89 V|,
I; =034 nA, (b)-(c) V=-089V, I, =—-0.34 nA, and (¢) V =0.61 V, I, = 0.34 nA.

The dependence of the covalent phase mobile on the bias voltage polarity is shown in
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figure 6.6. The images taken in the same scanned area under different sample bias
voltage polarities demonstrate that covalent chains are better observed with positive
bias compared to negative bias voltage. Switching from negative to positive (see figure
6.6b), short covalent chains are imaged on the surface. However, C—C dimers at the end

of organometallic chains are imaged independently of the tunneling parameters.

Figure 6.7 reveals the “spontaneous” cleavage and new covalent bond formation on
Cu(111). The white rectangle in figure 6.7 highlights a dimer (label as 1) next to a trimer
(label as 2). Another dimer in the same direction is stable on the surface, and a green
circle spotlights a particular feature, verifying this stability. The following two images (b-
¢) acquired at negative bias do not clearly show these covalent structures. In the fourth
image (d), taken at positive bias, the covalent chains are observed again, emphasizing
the inversion of the chains. This event leads us to propose the spontaneous breaking and
covalent formation after deposition at 450 K and measuring at RT. The precise physical
mechanism involved (tip-induced reaction, tip-inducing catalytic reactions mediated by

Cu-adatoms, etc.) needs further experimental and theoretical investigation.

The local density of states (LDOS) was explored by STS measurements, which the
differential tunneling conductance dI/dV is recorded at constant STM tip height. Figure
6.8 shows the dI/dV spectrum measured close to the position of the heteroatom dopant
on the organometallic chain; such is indicated by the green dot in the inset STM image
and compared to the acquired on the clean metal substrate. In agreement with previous
studies [178, 179], the Cu(111) surface states are manifested as a step-like feature shifted
to negative energies in the dI/dV spectrum, this correspond to the low band edge, or Ey
of the surface state electrons [180]. The typical values reported for Ejy is around 0.4 V,
which is consisted with our result. The dI/dV spectrum acquired at the position marked
by the green dot in the STM image revels two peaks at -1.41 V and -1.80 V. In addition,
on the positive sample bias side, we estimated the onset at ~1.0 V. These results allow
us to estimate a band gap about 2.4 V, which demonstrates the semiconductor character

of the organometallic chains.
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Figure 6.8: dI/dV spectra taken on clean Cu(11) (black curve) and the N atom position on the
organometallic chain (blue curve), this position is marked by a green circle, as shown in the inset STM
image. Tunneling parameters: V =1.12 V, I} = 0.30 nA.
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Figure 6.9: Orientation of the organometallic chains with C-C ends. From atomic
resolution images of the substrate the main crystallographic directions of the crystal
were determined. Considering these directions, the orientation of the mixed chains was
found out and plot in the present histogram.
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Figure 6.10: Top view of the organometallic chains and its STM simulation image based on DFT

calculations, the last one is in agreement with our data. The bias voltages used is V' = 1.00 V. The
theoretical calculations did not take into account Br adatoms adjacent to the molecule.

According to the intramolecular separation for organometallic chains, the precursor is
not commensurate with Cu(111). Therefore, chains are expected to be aligned at an
angle relative to the principal axis of the substrate. Consequently, the orientation of
the organometallic chains with C-C ends was investigated. For that purpose, from
Cu(111) atomic resolution images, the main crystallographic directions of the substrate
were identified. After analyzing 122 chains, we found that molecules are aligned, forming

(25 £ 2)° relative to Cu(111) main directions, such as is shown in figure 6.9.

In order to support the experimental findings for the organometallic chains, STM
simulations were performed. Figure 6.10 shows the top view of the relaxed metallated
chain on Cu(111), next to the simulated STM image at 1.00 V bias voltage. The
periodic distance Cu-Cu along the chain is by = 11.14 A, falls well within our error
bar (b= (10.940.3) A). The angle relative to the principal axis is about ~ 23°, also in

perfect agreement with our experimental value.

At 500 K, the quantity of 2TBTBP on the surface of Cu(111) decreased considerably
compared to the previous experiments performed on similar molecular flux, this findings
could indicate precursor desorption at this temperature. The molecular diffusion across
steps edges is reduced, in particular full covalent chains are formed in this places. This
fact suggest the physisorption of the GNRs on Cu(111). Nevertheless, covalent structures

coexist at the surface with the organometallic intermediates chains. The edge of the

Constant-current height (A)
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covalent chain synthesized at this temperature corresponds to the well known armchair
graphene nanoribbon (9-AGNR) [181]. Inside the pore four C dangling bonds terminated

by H atoms are presented, together two N atoms, such as is illustrated in figure 6.11.

Tcu=500 K

Figure 6.11: STM images in constant current mode acquired after deposition of molecules on Cu(111)
substrate maintained at 500 K. Tunneling parameters: V = 1.12 V| I, = 0.30 nA.

6.2 Synthesis of N-doped GNRs on Ag(100) via
Ullmann coupling reaction

A previous study carried out by Pawlak et al. [182] shows the successful synthesis of
N-doped GNRs from 2TBTBP on Ag(111) by Ullmann coupling reaction. They observed
the formation of porous N-GNRs and metastable organometallic one-dimensional
complexes. In their work, it is reported a band gap of about 2.2 V, which demonstrate
the semiconductor character of the covalent chains. Here, we choose Ag(100) as a metal

surface.

Based on previous results obtained using brominated precursors on Cu(111) and Ag(100)
substrates during my Ph.D.,; we avoided investigating the behavior of the precursor
deposited at RT on the Ag(100) substrate. Nonetheless, the role of substrate temperature
has been carefully studied. Specifically, three growths were made, keeping the substrate

at 450 K, 500 K, and 550 K.

Figure 6.12 depicts a representative STM image of the sample synthesized at 450 K. The
precursor’s debromination and the growth of long organometallic chains are stimulated

at this temperature, as shown in figure 6.12b. Based on atomic resolution images of
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Figure 6.12: (a) Large STM image of the sample after depositing the molecules on the substrate
preheated to 450 K. (b) An organometallic chain consisting of 10 monomers, which is growing along
(100) Ag axis. (c) High-resolution image of the sample showing the present of some covalent bonds
between pair of molecules. (d) Top view of the organometallic chains. The theoretical calculations did
not take into account Br adatoms adjacent to the molecule. Tunneling parameters: (a) V = —1.16 V,
I; =—69nA, (b) V=-173V, I, =—-0.81 nA, and (c) V=-1.63 V, I, = —0.81 nA.

the substrate, we identified that the chains are aligned along the main crystallographic
directions (100) and (010) of the crystal, which makes sense since the monomer is
perfectly commensurate with the side of the square: 8.7 121/ 2.9 A = 3. From analyzing
tens of chains, the average intermolecular separation is found as (11.4 & 0.2) A. Some
organometallic chains are decorating by bright and flat features. These features have been
identified as molecules covalently bonded (see white rectangles in figure 6.12¢), similar
to what happened on Cu(111) at the same temperature. Unlike the result obtained
on Cu(111), where dimmers are placed at the termination of the C-Cu-C, on Ag(100),
dimmers and trimmers do not follow a specific position pattern. Figure 6.12d shows

calculations of C—Ag—C chains along (100) direction of Ag(100), being the nitrogen atom
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in atop position. The periodic length of 11.5 A with C-Ag bonds of 2.136 A is predicted

by the DFT in perfect agreement with the value obtained from the STM data.

Figure 6.13: (a) Large and (b)-(c) high-resolution STM images in constant current mode acquired
after deposition of molecules on Ag(100) substrate maintained at 500 K. Mixed chains, mostly covalent,
are observed. White arrows point out C-Ag—C coordination. Tunneling parameters: (a) V = —1.03 V,
I; =—-058nA (b) V=-032V,; =-045nA , and (¢) V=-0.75V, I, = 1.25 nA.
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Figure 6.14: (a) STM image of the sample after depositing the molecules on the substrate preheated
to 550 K. (b) High resolution STM image where covalent chains can be observed, the position of the Br
adatoms is clearly different to the case of mixed wires observed in (c). Covalent wire theoretical model
d) STM simulation of covalent wire, using a bias voltage of V. =—-1.2V

Figure 6.13 displayed results obtained after deposited the precursor hold the Ag(100)
at 500 K. At this temperature, mixed covalent - organometallic chains are synthesized.
From the data, it is notice a larger fraction of covalently bonded molecules. In figure

6.13c white arrows indicate C—Ag—C coordination inside the chains.

Figure 6.14 shows the results obtained at 550 K. In this case, mixed chains were found

along the same directions of completely organometallic chains. On the other hand,
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mostly covalent chains were observed along the (110) direction, as can be seen in detail
in figure 6.14b. This is an interesting observation because the monomer has an optimal
length of 8.7 A, therefore it is not commensurate with the diagonal of the unit square
cell (4.1 ;1). Consequently, it is plausible that during the demetallates process some C—C

chains reorient easily.

6.3 Conclusions

We have systematically studied on two noble metal substrates of the on-surface reactions
and the resulting nanostructures from 2TBTBP, a precursor constituted by phenyl groups

functionalized by nitrogen atoms and bromine terminations.

Ullmann coupling reaction in Cu(111) leads to the formation of organometallic motifs
at RT, which implies the debromination of the monomer at this temperature. Well-
defined C-Cu—C chains were synthesized at 450 K. The terminations of the chains present
bright and flat features that we identified as covalent dimmers, which demonstrate the
simultaneous activations of the intermediate metallated state and the C—C coupling. A
careful study of the resulting nanostructures on Cu(111) in the function of the sample
bias was carried out. STM data acquired at a positive and low negative bias (< —0.20V)
showed complete covalent chains; these are GNRs, usually conformed by four molecules.
Both chains coordinated by Cu adatoms and GNRs are aligned at (25 £ 2)° relatives to
substrate main directions. For this orientation, the monomer is entirely commensurable
to the surface. From several STM images taken sequentially, we detected the mobile
behavior of the GNRs, and occasionally recognized the formation and breaking of the
C—C bonds. This result allows us to conclude that the covalent structures are essentially
physisorbed at RT (temperature maintained during measurement). In addition, at higher
temperatures (500 K), GNRs are observed exclusively around the edges of the steps,
typically reported for physisorbed structures. Talirz et al. reported the synthesis AGNRs
with a width of 9 C atoms on Au(111), with an electronic band gap of 1.4 ¢V In our case,
we explored the LDOS of the organometallic chains, less mobile than GNRs at RT, by
STS measurements. dI/dV spectra acquired on the N position revels the semiconductor

character of these 1D structures.

On Ag(100), deposition keeping the surface at 450 K leads to the coordination of C



105

radicals with Ag adatoms, forming 1D organometallic chains orientated along (100)
and (010) crystallographic directions. At higher temperatures, the formation of C—C
coupling is successfully promoted, being possible to image stable structures at RT.
However, long ribbons are not obtained. This can be associated with the Br atoms

around the chains, which limits the diffusion of the molecules.

Hence, 2TBTBP leads to well-defined GNRs on Cu(111) and Ag(100). However, stable
covalent structures are obtained just on Ag(100). In principle, we could explain it by: (1)
C-Ag bonds are weaker than C-Cu bonds, which allows to easier demetalate organosilver
than organocopper, and (2) the size of the monomer, which is entirely commensurable
with the main crystallographic orientations of the Ag(100), being necessary an angle for
the Cu(111), which could generate stress on the structure, inhibiting the C-C coupling

between covalent dimmers.
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Chapter

Conclusions and perspective

In this thesis, we presented the successful CVD growth of h-BNC using a new precursor
(hexamethylborazine). We demonstrated the role of substrate and temperature on the
growth and segregation of the materials (h-BN, Gr, h-BNC) using Rh(111) and Ir(111).
The electronic and atomic structures of the obtained monolayer h-BNC were investigated
in detail using a comprehensive multiple surface science technique approaches involving
XPS, STM, STS, and with a support by DFT calculations. Atomic resolution STM
images combined with DF'T calculation allowed us to precisely describe how Gr is doped
with h-BN clusters. These clusters produce a ring-like structure in the STM images that
we named as “h-BN nanodonuts”. From our best knowledge, for the first time, we could
unambiguously demonstrate that h-BNC is formed by a Gr matrix doped with (BN)g
units as theoretically predicted by Fan et al. In addition, we identified that BN clusters
sits only in fcc- and hep-type regions in the particular case of Gr/Ir(111), which limits
their concentration and plays an important role on the control of the opening band gap

in Gr.

In addition, we study the on-surface synthesis of nanoporous organometallic structures

on Ag(100). In particular, a square pore network is obtained from bromine free-base
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tetra-phenyl porphyrins (BrdTPP). XPS reveals that the majority of the molecules
debrominate upon adsorption at RT, which leads to the formation of C-Ag-C structure
via Ullmann coupling reactions. STM and density functional theory (DFT) calculations
provide insights into the organometallic structure, identifying the network alignment
along <100> directions of the Ag(100) surface, whereas the adsorbates main axis, defined
by the pair of the anionic nitrogen atoms, is rotated 90° with respect to these directions.
Moreover, the intra-molecular conformation of the debrominated porphyrins has been
identified as saddle-shape adsorption geometry. Beside square pores, additional C-Ag-C
motifs were observed on the surface, in particular molecular chains absorbed in inverted
conformation appeared on the surface in special growth conditions. We investigated the
influence of the substrate temperature during molecular deposition on the selectivity
of reaction pathways, being found the more favorable parameters for growing pore and

chain motifs, in this way it is possible to control the synthesis by substrate temperature.

Furthermore, a surface-assisted Ullmann coupling reaction successfully synthesized
well-defined nitrogen-doped porous graphene nanoribbons on Ag(100) and Cu(111).
Depending on the growth conditions, 1D organometallic chains are also present on the
surfaces. We carried out a detailed study about the influence of the surface substrate
temperature during molecular deposition. On Cu(111), short and mobile covalent chains
not aligned with the main crystallographic directions of the substrate were obtained. On

the other hand, on Ag(100), more extended and stable covalent chains were observed.
Perspectives

We propose to continue investigating the physical properties and functionalities of h-BNC
monolayers in order to understand the electronic structure of the graphene-hBN interface.
Recently, Kim et al. [183] demonstrated the blue-emitting photo-luminescence from 1D
heterojunctions of h-BN and graphene in 2D in-plane heterostructures. This result is
attributed to localized energy states formed at the disordered boundaries. In this respect,
the successful transfer of h-BNC to other substrates that allow its characterization by
Transmission Electron Microscopy (TEM) and Photoluminescence Spectroscopy (PL) is

requested.

Moreover, 2D metal-organic frameworks are versatile hybrid materials characterized

by their porosity, chemical tunability, and high electrical conductivity related to the
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delocalization of m electrons. The new square pore organo-metallic network synthesized
here represented a rich platform for new physics, considering the possibility of exploring
other linker atoms and the on-surface porphyrins metalation, for instance, with magnetic
atoms. The principal candidates for this experiment are 3d transition metals, in
particular Cr and Mn since they have partly occupied d subshells, which provides

different spin states, leading to formation of 2D spin-systems.

From our research, we learned that synthesizing GNRs from 2TBTBP on Ag(100) is
more favorable and stable than on Cu(111). This result could be a consequence of the
commensurability of the precursor with the substrate. From that, the study of new
substrates such as Ag(110) and Au(100) or Au(110) in order to create longer and fully
aligned chains is suggests. Moreover, the surface crystal lattice parameter engineering
using Vegard’s Law, for example with Cu,Auq_,) or Cu,Agi_,) alloys such as CuszAu,

could be other option to have nanoribbons and metallic substrate commensurable.
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