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ABSTRACT

After an initial decade of excitement brought by the successful isolation of graphene
and discovery of its exotic properties, the attention of the scientific community turned to
other 2-D materials that could provide diversity in terms of useful properties without rely-
ing on increasingly complex engineering of graphene-based 2-D layers or nanostructures. In
this arena, a range of materials have been either experimentally synthesized or theoretically
hypothesized, the most important currently being hexagonal boron nitride (hBN), molybde-
num disulphide, silicene, phosphorene, and maxenes —among others. Some of the key issues
of current importance in 2-D research are synthesis of specific 2-D materials, effects of the
substrates on the morphology and properties of 2-D layers, and control of the properties
through synthesizing different 2-D polymorphs: this thesis addresses particular problems
falling under these three distinct themes. Specifically, parts of the thesis focus on phos-
phorene and hBN growth, morphology of hBN on palladium, and range of mechanical and
electronic properties obtained from different 2-D silica polymorphs. For the phosphorene
growth, the thesis advances the idea that the phosphorene can in fact grow by chemical
vapor deposition on metals, provided that they are covered with hBN or graphene so as
to prevent the formation of metal phosphides. For the multilayer hBN growth, results in
this thesis support a recently proposed notion that adsorption of one precursor activates
the adsorption and dehydrogenation of ammonia (the second precursor), which leads to the
formation of second hBN layer and beyond when the metal substrate is already passivated
by the firt hBN layer. Another chapter of this thesis shows a phenomenological model and
density functional theory calculations explaining experimentally-observed novel morpholo-
gies of hBN on palladium. Lastly, this thesis shows examples of how polymorphs of 2-D

silica can lead to diverse electronic properties ranging from insulating to metallic.
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CHAPTER 1
INTRODUCTION

Two-dimensional (2-D) materials have a thickness of a few Angstroms or less. They
show unusual and novel properties, due to the rich and novel physical phenomena that occur
when electronic and thermal conduction are limited to a plane. More that eighty years
ago, Landau and Peierls showed theoretically that perfect 2D crystals could not exist [1-
3]. Because of this rather general and fundamental result, numerous investigations of 2-D
materials have been delayed until recently. In 2004, flakes of graphene (single layer of carbon
atoms that makes graphite) have been successfully isolated by exfoliation from graphite. The
key in reconciling Landau’s theory with the recent isolation of graphene is understanding
that the excitations required to bend a graphene layer out of its plane are infinitesimally
small —hence, the graphene crystal is not strictly in 2-D but contains measurable ripples
at any finite temperature. After this realization, 2-D materials became some of the most

intensively investigated category of materials in recent years [4-7].
1.1 Brief overview

As mentioned, the starting point was the isolation of single-atomic layer of graphite,
freely suspended in vacuum or air [8]. Graphene has several outstanding properties, such
as very high thermal conductivity ( 3000 W m~! K~!) and a very high mechanical stiffness
(1060 GPa) [9-12]. Furthermore, the monolayer of graphene showed a remarkable electronic
transport properties [11, 13, 14]. From the point of view of electronic conduction, graphene
is termed a semimetal with a zero bandgap. This is due to the contact of the valence and
conduction band at a single point, the same point through which the Fermi level pases.
Due to this small contact of the conduction and valence bands, the electronic structure
and behavior of graphene displays high sensitivity to external electric fields, deformation,

doping, and adsorbates, making the graphene an interesting candidate material for producing



sensors [15]. Furthermore, a very high thermal conductivity of a suspended single-layer
graphene has been calculated, which makes graphene a candidate for thermal management
of electronic devices [16]. These properties have not only theoretically and numerically have
been predicted, but also experimentally confirmed [14, 17], thus starting a new field —that
of 2-D materials.

Materials scientists and organic chemists are designing new synthetic methods to syn-
thesize high-quality single layers, while engineers are fabricating innovative devices to utilize
graphenes extraordinary properties. Due to high, dissipationless conduction, graphene has
been hypothesized initialy as promising material for nanoelectronic applications. However,
any electronic application would require graphene to be isolated from, e.g., metallic substrate
onto which it grows. Furthemore, to use graphene as an active element in devices requires
the presence of a bandgap —otherwise graphene could only be used lead connecting active
elements and not as active element itself. Even if graphene is engineered as a smallbandgap
semiconductor, it would have to be grown or transferred on an insulating substrate because
if used on the metal substrate on which it has grown, then that metal substrate would
significantly alter its properties.

Because of the need for engineered band gap and insulating substrate, soon after the inital
excitement of synthesizing graphene and discovering its unusual properties [1], scientific
efforts have turned towards other materials that could be used by themselves in various
applications, or in conjunctions with graphene layers. For example, instead of trying to
engineer the electronic properties of graphene, finding another 2-D material which already
has a desired bandgap appears as good alternative especially if some of these materials are
easier to obtain or to synthesize. For example, layered materials known as transition metal
dichalcogenides (e.g., MoS,) already have a semiconducting bandgap of 1.8 eV (Section 1.2

below). Several currently pursued 2-D materials are briefly described below.



1.1.1 Hexagonal boron nitride (hBN)

Growth of a large-area, single or bilayer graphene with a low cost, limited only by the
size of the champer, and via ambient pressure CVD on Ni films had been reported [18]. The
growth of graphene monolayers on metals substrates such as Ru, [19, 20],Pt [21, 22],Ni [23, 24]
and Ir [25, 26] is well known. Hydrocarbon methane CH,4 is more stable than acetylene
(CyHz) at high temperature (e.g. 800-1000°C) as precursors for graphene growth [27]. More
than one layer of graphene can form on Ni substrate, while usually only one layer forms
on Cu substrates [28]. Using similar substrates, hBN can also be grown using CVD on the
entire Ni surface may be limited by the size of the Ni single crystal grains [29]. At low
pressure and using CVD on the Cu substrate, and using Ammonia borane as BN precursor
one can synthesize thin layers of hBN [30]. Boron nitride films were deposited on (001) silicon
substrates using plasma CVD and using a HeN,BF3H, gas system as BN precursor [31].

Large area of h-BN films consisting of two to five atomic layers have been synthesised
using CVD, using Cu substrates and ammonia borane precursors [32]. Hexagonal Boron
nitride (BN) is structurally analog to graphene; one of the two C atoms in the primitive
cell is replaced by B, and the other by N. An experimental study showed it is possible to
segregate one or more layers of hexagonal h-BN [33]. The elastic modulus of BN is in the
range of 200 - 500 N/m. hBN has high a optical band gap of 5.5 eV [32].

A high degree of control over the electronic properties of thin films is the key piece of
know-how that allows the production of modern integrated circuitry [34]. By using the tech-
nique heterostructures of graphene and h-BN, we should be able to control the electrical
properties, which could lead to novel thought-provoking electronic applications. Graphene
and hBN have similar crystal structures with a nearly the same lattice constant. Neverthe-
less, pristine graphene is a zero-bandgap semimetal with curiously high carrier mobility at
room temperature[l, 35, 36]. Research on combinations of 2-D layers can produce devices

that have potential for high-frequency operation and large-scale integration [37].



1.1.2 Molybdenum disulfide (MoS)

A single layer of Molybdenum disulfide MoS, has been inspected by optical spectroscopy
and found to have an intrinsic bandgap of 1.8 eV [38]. It has been mechanically exfoliated
forming a nano-sheet, and used for making novel phototransistors with better photorespon-
sivity as compared with the graphene-based devices [39]. Large-area single crystalline mono-
layer sheets of MoS, have been manufactured on SiOs, electrical [40]. The Youngs modulus
for MoS, of a few (5 to 25) layers thick, freely suspended, has been measured to be 0.33 TPa,
very high comparing to graphene oxide [41]. The electronic properties of MoS,-graphene bi-
layer heterostructures have also been inspected and depend on the interlayer orientation of
graphene with respect to MoSy [42]. The monolayer molybdenum disulfide (MoSs) can be
grown in a scalable manner, with the ability to control the atomic layer thickness on SiOq
substrates [43]. Large-area MoS, atomic layers had been synthesized on SiO2 substrates by
chemical vapor deposition using MoOj3 as a precursor. [40]. The MoS, grows on few-layer
h-BN films by using CVD,confirming that there is strong interaction between the MoS; and
underlying h-BN [44]. A large area with layer controlled (monolayer, bilayer, and trilayer)

of MoS, films on SiO,/Si substrates,using low pressure CVD can obtained [45].
1.1.3 Silicene (Si)

2-D silicon has been obtained by the synthesis of epitaxial silicene sheets on a silver (111)
substrate [46, 47]. The elastic stiffness of silicene for the zigzag and armchair directions have
been calculated from molecular dynamics simulations, and their values were 50.44 N/m and
62.31 N/m, respectively [48]. The electronic properties of silicene have been examined using
the first principles simulations, and it was found that silicene is zero bandgap semimetal [49].
After the analysis of the chemical, magnetic and electronic properties of silicene were seen
to display some of the same trends as graphene, which may allow silicen to become a viable
candidate for 2-D materials-based electronic devices [50]. It has been reported that under

increasing perpendicular electric field, the monolayer of silicene can drastically change its



electronic properties [51].
1.1.4 Germanene (Ge)

Germanene has been obtained by growth an atom-thin germanium layer on the gold (111)
surface [52]. Also another growth of Germanene has been done on platinum (111) [53]. It has
been reported that the germanane had much smaller in-plane stiffness than both graphene
and boron nitride nanoribbons, which make germanene easier to stretch [54]. Its electronic
properties have been inspected: germanene is a direct-gap material, with average gap of
about 3.2 eV, so it is also material that has tremendous potential for novel optoelectronic

applications [55, 56].
1.1.5 Phosphorene (P)

Phosphorene is a single or few layers of black phosphorus and is obtained by mechanical
exfoliation only [57, 58]. Experimentally, the Young’s modulus of few-layer black phosphorus
have been have measured for both zigzag and armchair directions and found 58.6 + 11.7 and
27.2 + 4.1 GPa, respectively [59]. First-principles calculations show a significant band gap
of 1-4 layers of phosphorene, with a direct band gap [60]. The effect number of layers on the
band gap has been calculated, and observed that the band gap changes dramatically with

the number of layers [61].
1.2 Key issues in 2-D materials and role of theoretical investigations

Synthesis and its mechanism. There are several key issues that generally appear when
pursuing the investigation of 2-D materials beyond graphene. The first key issue is the
synthesis of any new 2-D material, which would require either small changes to older methods,
or new methods of growth altogether. In the examples given above, silicene as a single layer
of Si atoms is highly reactive and cannot exist by itself: the metallic substrate is not only
necessary for synthesis of Si from a precursor gas (usually silane) but also imparts stability

to silicene: as such, silicene cannot be removed from the metallic substrate (with the purpose



of transferring it elsewhere) because it would be destroyed in the process. In other cases,
for example the case of hBN, multiple layers can be grown on a metallic substrate and some
of them can be removed and transferred on inert substrates. While sometimes synthesis
techniques can be “ borrowed” from other 2D materials, most of the times different 2D
materials require different chemistry and/or thermodynamics to enable their growth. For
example, it is rather straightforward to grow graphene on copper, but virtually impossible to
grow phosphorene on copper. Chapter 2 and Chapter 3 deal with synthesis issues for different
2-D materials, phosphorene and multilayer hBN, respectively. A more subtle but important
aspect of synthesis is also understanding how to control what particular polymorph would
grow: for graphene and hBN, this is a non-issue since there is only one crystal structure in
each case. However, for phosphorene or silica —~both of which displaying several polymorphs,
it is important to grow the polymorph with desired properties.

Effect of the substrate of structure and properties 2-D materials for high quality are usually
grown on substrates, which are often metallic so as to enable their formation via catalyzed
processes from precursor gases. Once grown, the 2-D materials certainly interact with the
substrates, sometimes strongly (chemically) sometimes weakly (van der Waals, vdW) [62, 63].
The interaction with the substrate can give rise to significant large scale periodic patterns
called moiré structures, can affect (usually deleteriously) the electronic properties of the 2D
material grown on them (hBN, graphene), but can also impart chemical and mechanical
stability to an otherwise unstable layer (silicene, germanene, 2-D silica) . In all cases, there
is significant interest surrounding the effect of the substrate on the structure, properties,
and stability of the 2-D materials. Representative of the issue of how substrates can affect
structure and properties, Chapter 4 deals with the effect of the substrate on the morphology
and electronic properties of an hBN monolayer.

Control of properties via synthesis of different polymorphs Graphene and boron nitride
as 2-D materials have one single structure, the honeycomb lattice. However, it is conceivable

that other materials (such as silica, phosphorene) can form in several different polymorphs



due to their richer phase diagram. Even though these phase diagrams are constructed and
tabulated for 3-D phases, the presence of a multitude of 3-D phases often suggests that there
could be multiple polymorphs for the 2-D phases as well. An important approach under the
theme of controlling the properties via different polymorph structures (or designing the 2D
material to have desired properties) is a high-throughput computation framework in which a
large number of structures is created, optimized according to some protocol (usually global
optimization methods), and then subject to computation of various properties (electronic,
mechanical, piezoelectric, dielectric, magnetic, etc). Similar protocols have been pursued
successfully for 3-D materials, but seem in infancy for 2-D materials. More commonly,
heuristic structures are proposed and investigated with respect to desired properties, and we
will show an example of this heuristic approach in Chapter 5.

The work in this thesis contains portions that fall under each of key issues mentioned
above. In the very dynamic field of 2-D materials, the work here cannot be, and does not

aim to be comprehensive, but rather addresses a few outstanding issues.
1.3 Research work in this thesis and specific contributions of the candidate

As mentioned, Chapter 2 and Chapter 3 deal with two current synthesis issues, Chapter 4
addresses one example of the effect of the metallic substrate on the structure and properties
of the 2D hBN grown on it, and Chapter 5 shows examples of how different polymorphs of

the same 2-D material determine vastly different properties.

1.3.1 Ch. 2: Necessary conditions for phosphorene growth on graphene- or
boron-nitride-covered metals

In this chapter, it is hypothesized that phosphorene can be grown oh hBN- or graphene-
covered metallic substrates. It is shown that these substrate can still bind the main molecular
precursors that can lead to growth of phosphorene. Abdulfattah Abdulslam (AA) is the sole
computational student or postdoc on this project. As such, he performed all the adsorption

and reaction barrier calculations on the project. Chapter 2 is expected to become a theory-



lead publication soon, with the other authors contributing experimental insight or theoretical

guidance.
1.3.2 Ch. 3: Growth of a bilayer hexagonal Boron-Nitride on Copper substrate

This chapter uses literature insight to initiate investigations of the hypothesis that B-
containig precursors can adsorb first on the substrate, pyrolize, and activate the adsorption
and dehydrogenation of the second precursor (ammonia). It is expected that this work could
lead to a theory-only publication, provided that sufficient insight can be gained in regard to
interaction of the different radicals on the substrate. AA is the sole computational student
on this project, performing the adsorption calculations for precursors and their radicals, and

comparing with recent literature.
1.3.3 Ch. 4: Corrugation of hexagonal Boron-Nitride monolayer on Palladium

This work was motivated by recent experimental work from collaborators at University
of California Los Angeles dealing with scanning tunneling microscopy of hBN/Pd. The
chapter shows a theoretical model for explaining the possibility well-oriented hBN layers on
palladium can have both flat and corrugated structures due to the propensity of the layers
to bend. AA was the only computational student or postdoc on the project, which resulted

in an experimentally-led manuscript submitted to Nano Letters.
1.3.4 Ch. 5: Mechanical and electronic properties of 2D silica configurations

This chapter investigates several 2-D silica configurations and determined their mechan-
ical and electronic properties. It is an example of how much the polymorphs can affect the
electronic properties, going in this case from metallic to insulating behaviour depending on
the 2-D polymorph. AA is the sole computational student on this theory-only project, which

is expected to lead to a publication within the calendar year.



CHAPTER 2
NECESSARY CONDITIONS FOR PHOSPHORENE GROWTH ON METALLIC
SUBSTRATES

Synopsis: Phosphorene has emerged as a highly sought-after new 2-D material, but
its synthesis via chemical vapor deposition (CVD) on metals remains a major challenge.
Although successful for the growth of graphene of high quality over large areas, the CVD
synthesis route fails because all metals have a tendency to form stable phosphides, pre-
venting the growth of phosphorene from gaseous precursors deposited on metal substrates.
In this chapter, the possibility of using metal surfaces (covered with graphene or boron ni-
tride) as substrates is explored: the passivation with boron nitride or graphene monolayers is
proposed as a way to prevent the formation of phosphides. With these substrates, the phos-
phorene growth from three common precursors, P, P4, and PHj, is analyzed. Attachment
of the precursors to the substrate is the first condition for a monolayer to form. Using DFT
calculations, we find that these precursors and the radicals derived from them still attach
to Cu(111) and Ni(111) when passivated with graphene or hBN, thereby suggesting poten-
tially viable new substrates for growing phosphorene via CVD. Another condition is that the
precursors decompose into radicals, which we show for the case of PH3. Therefore, our com-
putational results provide evidence that two necessary not sufficient- conditions for growth
of phosphorene can be met, which should provide useful guidance for future experimental

endeavors.
2.1 Introduction

Phosphorene —single or few layers of the black phosphorus (BP) allotrope, is an intriguing
2-D material exhibiting numerous exciting properties, similar to graphene [64, 65]. Unlike
graphene, however, phosphorene is a semiconductor with a direct bandgap Figure 2.1 that

varies strongly with the number of layers from 0.3 €V to about 2 eV [66, 67].
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Figure 2.1: Dependence of the electronic bandgap on the number of layers in phosphorene.
Reproduced from Ref. [68], with permission of the American Physical Society.

This range covers bandgap values between graphene (semimetal) and transition metal
dichalcogenides (TMDs, bandgaps of 1.8 eV). The bandgap and its layer dependence,[68]
along with the high carrier mobility large on/off ratio at room temperature, make phos-
phorene well suited for electronic, optoelectronic, and photovoltaic applications [69-72]. In
order to access these and many other technological possibilities that could be open by using
phosphorene in devices, it is necessary to synthesize high quality, large area phosphorene
sheets, ideally with a controlled number of layers. Phosphorene sheets were first obtained by
mechanical exfoliation of BP [58, 73] similar to graphene, solution methods for BP exfoliation
have also been developed [74, 75].

Bottom-up approaches (e.g. chemical vapor deposition, CVD) while immensely successful
for graphene on many metallic substrates [76-80], are only now emerging for phosphorene
and involve formation of an intermediate phase (white or red phosphorus) that can subse-
quently be converted to BP in the presence of mineralizing agents and pressure [81, 82].
Because of the intermediate phase [58, 83], the CVD procedures for BP growth do not yield
high-quality phosphorene sheets with controllable number of layers [84]. Analysis of the

phase diagrams for metal-C and metal-P show a key difference with respect to graphene
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Figure 2.2. For graphene, C is incorporated in the metal lattice as insterstitials during the
CVD of hydrocarbons at high temperature: upon cooling, C atoms from the lattice segregate
at the surface and form graphene because of the large stable graphite + fcc region in the
phase diagram (Figure 2.2(a)). The phase separated region(s) in the metal-P phase diagram
(Figure 2.2(b)) involve either pure Cu and a phosphide (CusP), or two phosphides (CuzP and
CuP3: in either case, phosphorus is bound into the phosphide it is not thermodynamically
feasible for it to segregate at the metal surface. As a result, the mechanism of CVD growth
of phosphorene on metal using gaseous precursors is vastly different than that for graphene,
and in fact unknown. This work proposes such a mechanism in which phosphorene could
grow on passive Ni or Cu substrates, from gaseous precursors, by heterogeneous catalysis

[85] similar to hBN on these substrates.
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Figure 2.2: (a) Typical metal-P phase diagram, showing the formation of various phosphides.
At intermediate P concentrations (i.e. not corresponding the phosphide stoichiometry),
there is decomposition into Cu and CusP, or between CuzP and CuPs, but there is never
segregation of P at the surface as encountered for example in the Cu-C phase diagram
(b). Reproduced from [86] with permission from Springer, and from National Physical
Laboratory (open access).

Hence there is a need to seek CVD growth paradigms for phosphorene, which should
necessarily involve arresting the formation of phosphides. This can be achieved by prior

growth of a monolayer of graphene or hexagonal boron nitride (hBN) on common metal
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substrates. The phosphorus precursors, i.e., Py, P4, or PH3, are large enough and inert
enough that they cannot penetrate the monolayer graphene [87] or hBN (similar lattice
constant) to reach the metal hence the phosphide formation is avoided. There still remains
the issue of whether there is sufficient adsorption of these precursors on graphene- or hBN-
covered metals. In this work, we use two common substrates, Ni(111) and Cu(111), based
on their range of interaction with monolayer hBN or graphene: Ni is strongly interacting,
while Cu is weakly interacting. Using density DF'T calculations, we determine the adsorption
energies of all three precursors and their radicals on the four model substrates (i.e., graphene-
or hBN-covered Ni and Cu). Subsequently, we focus on one of these precursors, PHs, and
analyze the dehydrogenation reactions on the surface: the formation of these radicals on the
surface will likely enable the formation of phosphorene by polymerization of P chains on the

surface.
2.2 Details of the DFT calculations

To analyze the adsorption of precursor molecules and radicals on the hBN-covered Ni and
Cu surfaces, we have used the plane-wave based DFT package Vienna Ab initio Simulation
Package VASP [88, 89] to perform calculations (DFT) in the framework of the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional [90].
The weak van der Waals (vdW) interactions between monolayer and the metal surface, and
between the adsorbed molecules and the graphene- or hBN-covered metal substrates, were
included using the DFT-D2 vdW functional of Grimme [91]. We have carried out spin-
independent DFT calculations (geometry relaxations) calculations for Py, P4, and PHj3 (Fig-
ure 2.3)and their intermediates reaction intermediates P, PH, PH,. The reactivity of surfaces
is assessed through the adsorption of these reaction intermediates, and in the case of phos-
phine (PHj) also by calculating the barriers for various steps of dehydrogenation. We have
studied the adsorption of radicals on different sites on graphen/Cu, hBN/Cu, graphene/Ni,
and hBN/Ni, using a three layer thick, 4 x 4 Ni(111) or Cu(111) slab with either graphene

or hBN monolayer on it, with an 18 Avacuum spacing. The hBN sheet in our computational
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supercell has the registry with the substrate proposed by Bokdam et al., with the N atom
above a top layer Cu or Ni atom, and the B atom above a hollow site [92]. Keeping fixed
the bottom two layers of Cu and Ni, the geometries were relaxed via conjugate-gradient in
the presence of dipole corrections using a plane-wave cutoff of 500 eV, a Monkhorst-Pack
k-point grid of 3 x 3 x 1, and a force tolerance criterion of 0.02 eV/ A.

For the phosphine precursor, PH3, we have also analyzed the dehydrogenation pro-
cesses by calculating the associated energy barriers using the nudged elastic band (NEB)
method [93-95]. In this method, the initial (reactants) and final (products) are known and
intermediate configurations between them are generated by a python script. For determining
the barriers, we have used NEB with 9 intermediate configurations between the initial and
final. During the NEB, these configurations are optimized so as to yield the minimum energy
pathway between the initial and final configurations. From the final optimized configurations

and their energies, we determine the reaction pathway and the corresponding energy barrier.

(a)

Figure 2.3: Molecules making up the gaseous precursors that can be used for the synthesis
of phosphorene: (a) Py, (b) Py, and (¢) PHs.
2.3 Results on adsorption of precursors and their radicals

Figure 2.4, Figure 2.5, Figure 2.6, and Figure 2.7 show the adsorption sites considered
for the precursors and (some of) their radicals. For PHg, PHy, PH, P and Py, we considered

four high symmetry sites above which they could be placed: N (or top, for graphene-covered
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Figure 2.4: Adsorption locations for PHy (x = 0,1,2,3), vertical Py, vertical P, (C, hex,
bridge), and the horizontal P molecules (a-c).
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Figure 2.5: Adsorption locations for PHy (x = 0,1,2,3), vertical Py, vertical P, (C, hex,
bridge), and the horizontal Py molecules (a-c).
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Figure 2.6: Adsorption locations for PH, (x = 0,1,2,3), vertical Py, vertical P, (N, B, hex,
bridge), and the horizontal P, molecules (a-d).

Figure 2.7: Adsorption locations for PH, (x = 0,1,2,3), vertical Py, vertical P, (N, B, hex,
bridge), and the horizontal P, molecules (a-d).
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metals), B (or hollow), bridge bond, and the center of the hexagon, hex (Figure 2.4 to
Figure 2.7). PHy are placed with the P atom above the site, while P4 are placed with one
corner of the tetrahedron above the site and the opposite plane away from the surface. For
simplicity, this is the only orientation in which we placed the P, molecule, even though
there are other high-symmetry orientations in which this molecule can face the substrate,
e.g. with an edge down or with a facet down. The P, molecules are placed vertically (sites N
(top), B (hollow), bridge and hex) or horizontally (locations (a) through (e) in Figure 2.4 to
Figure 2.7. All the adsorption energies calculations are listed in Tables Table 2.2, Table 2.3,
Table 2.4, and Table 2.5.
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Figure 2.8: Adsorption energies for the P, molecule on graphene- or hBN-covered Ni and Cu
substrates, for several selected positions. The symbols L and || stand for the vertical and
horizontal orientations of the molecule, respectively; C is a top site, bb bridge site, and the
other symbols are shown in Figure 2.4 to Figure 2.7

First, we analyze the P, molecule on the four substrates. This precursor adsorbs some-
what strongly on the hBN- or graphene-covered Ni, and more weakly when the metal is

Cu (Figure 2.8). This is expected, given the proximity of the Ni substrate to the graphene
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or hBN (chemical binding [62]), as opposed to the Cu metal which is vdW bonded to the
monolayer [63, 85]. This proximity is expected to have a catalyzing effect on the dissociation
of the P, molecule or other precursors. By itself, the P, molecule has a bond energy of 9
eV, with an adsorption energy of the order 0.65 eV (Figure 2.8). For two P atoms adsorbed
on separate sites, the adsorption energy is approximately 2x3.25 eV = 6.5 eV (Figure 2.8,
adsorption of P on hBN/Ni). Therefore, we expect a barrier of at least 9.656.5 = 3.25 eV.
This barrier is rather high, and it could be overcome for large fluxes and/or exposure time,
or, presumably, in the presence of other radicals on the surface. For example, atomic hy-
drogen and other radicals have been shown to influence the films structure and morphology
in other cases [96-98]. The reason for this expectation is that in separate studies, there was
significant evidence that hBN can grow from borazine on graphene-covered nickel [99-101].
The barriers are significant in this case also (a computed N-H bond energy of 6.5 eV), as
they involve the dehydrogenation of borazine nevertheless, they were overcome by using a
well-chosen interplay between flux, exposure time, and temperature, to the final result that
a monolayer hBN grows on a very weakly catalytic substrate (graphene/Ni) [99]. Similar
to these previous studies [99-101], it is reasonable to envision that flux, exposure time, and
temperature can be tuned to lead to the nucleation and growth of a phosphorene layer from
the Py precursor. The analysis of P, adsorption on the four selected substrates suggests
that this molecule adsorbs somewhat more strongly on the hBN/Cu substrate as opposed
to any other one. The dissociation of this molecule is more facile, since our calculations
reveal that the energy per bond in P4 is 1 €V smaller than that in P,. The adsorption
energy calculations suggest no particular impediment against growing from P,. However,
this molecule is larger than Py, or PH3 and non-planar, hence it diffusion could be slower:
this means that a large flux is more conducive to the growth on amorphous structures, as
P, can accumulate without significant dissociation or diffusion on the substrate: once such
nucleation of amorphous P islands proceeds, there is no factor to drive the formation of 2-D

phosphorene.
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Figure 2.9: Adsorption energies for PHy (x = 0,1,2,3) on graphene- or hBN-covered Ni and
Cu substrates.
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2.4 Results on energy barriers for dehydrogenation on the surface

We now discuss the adsorption and dehydrogenation of PH3 on the substrates. The lowest
adsorption energies across the adsorption locations considered are shown in Figure 2.9 . The
first important conclusion is the PHj sticks to all substrates, for example more strongly than
ammonia [85]. The barrier for the first dehydrogenation step (PH3 — PHy) can be assessed
comparatively by adsorption energy of PHy, by virtue of the Evans-Polanyi principle [102-
105]. The stronger the adsorption of PHy, the lower the barrier for the first dehydrogenation
step. In this respect, the dehydrogenation process should be the most facile on the hBN/Ni
and graphene/Ni substrates. This may also have been inferred by virtue of the fact that the
Ni substrate is closer (2.1 A) to the monolayer (graphene or hBN) compared to Cu, which is
van der Waals bonded (~3 A): this proximity facilitates a better transmission of the catalytic
activity of the metal [106]. through the monolayer covering it. For a better assessment of
the initial stages of phosphine deposition, we also compute the energy barriers and reaction
pathways for the two dehydrogenation steps PH; — PHs; and PHy, — PH where in radicals
and atomic H remain on the substrate, i.e., prior to atomic H migration and its molecular
desorption from the surface. In other words, we are computing the reaction barrier for the
bottleneck part of the dehydrogenation reactions, in which an H atom splits from PH3 or
PH, by virtue of the catalytic activity of the substrate, or by interactions with other radicals.

The reaction barriers are listed in Table Table 2.1 for each stage and each substrate.

Table 2.1: Calculated reaction barriers for the dehydrogenation steps on hBN or graphene
covered Ni or Cu substrates.

Substrate | PHy — PHy + H | PH, — PH+H

hBN/Ni 1.937 2.487

hBN/Cu 3.339 2.928
gr/Ni 1.627 1.145
gr/Cu 2.320 1.623

The NEB for the reaction pathways and the associated energy barriers are shown in

Figure 2.10, Figure 2.11, Figure 2.12 and Figure 2.13.

19



-470.5 T T T T T T T T T T -550.9
- i i = ]
1 : : -1 -551.0
_4710 r 3”7””””””””””””””% 7777777777777777777 —.—QF/CU o
: : —m—gr/Ni 1
r 3 3 : - -551.1
-471.5 1
— L - -551.2 .
= s 1 ] %
T o420 e L e B B e A oo <z
& ! ! ! - -551.3 &
5] 3 3]
= 1 =
m m
-472.5 - -551.4
-{ -551.5
-473.0 -
I ' ! 1 -1 -551.6
4735 ] ! ! ] ] ! ! ] ] !

Figure 2.10: reaction pathway for the dehydrogenation step PH3 — PHs+ H on gr/Cu and
gr/Ni surfaces
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Figure 2.11: reaction pathway for the dehydrogenation step PHs — PHy + H on hBN/Cu
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Figure 2.12: reaction pathway for the dehydrogenation step PHy — PH + H on gr/Cu and
gr/Ni surfaces
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Figure 2.13: reaction pathway for the dehydrogenation step PHy — PH + H on hBN/Cu
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In experimental conditions, the substrate by itself may not be sufficient to lead to dehy-
drogenation, but temperature, flux, and diffusion of atomic or molecular hydrogen or radicals
on the surface can potentially make these reactions feasible. It is instructive to notice that
some of the barriers listed in Table 2.1 are similar to those encountered in the dehydro-
genation of ammonia directly on the catalytic substrate Cu(111), 1.84 eV and 1.59 eV ([85]
and references therein). While this may come as a surprise, we note that phosphine is in
general more reactive than ammonia, hence it can dehydrogenate reasonably easily when the
metallic substrate is covered, e.g., with graphene.

Based on these adsorption calculations, the growth of very thin layers of phosphorus
should proceed on either of these two substrates (i.e. hBN/Ni and gr/Ni) from the PHj
precursor. Two necessary conditions for growth of phosphorus are met, namely avoiding the
formation of a phosphide and catalyzing the dehydrogenation of the precursor. It is not a
priori clear that the growth would yield a phosphorene layer, since these necessary conditions
are not automatically sufficient, i.e., they do not address the later stages of growth during
which different competing allotropes of phosphorus may compete to form on the substrate.
We surmise, however, that a control of the temperature and flux of the precursors to the

substrate can yield the desired low energy allotrope.
2.5 Conclusions

Therefore, we summarize the guidance for future experiments that is offered by these
calculations as follows. In order to enable the growth of 2-D crystalline phosphorene, is
is feasible to first grow graphene or boron nitride on them so as to prevent the formation
of phosphides. Secondly, the best precursors are PH; and P,, or a combination thereof.
Thirdly, the best substrates are hBN- or graphene-covered Ni, since it these two substrate
have the highest ”activity” as assessed by the strength of adsorption of the precursors and
their radicals. To expand on this results and narrow the search field for suitable substrates,
we specify that the metal simply has to be Ni, rather than any other strongly interacting

metal. The reason for this prescription is that other metals with strong interactions (e.g., Ru
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[20, 107, 108]) do not have surface lattices that match that of graphene or hBN that cover
the substrate. This lattice mismatch is accomodated by the formation of large, corrugated
moire patterns in which there are regions strongly bonded to the substrate (which will contain
adsorption sites for the precursors) and regions that are away from the substrate (an example
shown in Chapter 4) and vdW bonded to it: for the vdW region, the adsorption is weak

which is likely to prevent the formation of continuous 2-D phosphorene layers.

Table 2.2: Adsorption Energy of PH(0,1,2,3) , P, and P, Molecules on gr/Cu

Substrate | Molecules | Positions | Adsorption Energy (eV)
C -0.2668
PH; bridge -0.2679
hex -0.2592
C -0.6105
PH, bridge -0.8014
hex -0.4874
C -1.5468
PH bridge -1.0191
hex -0.4580
C -2.3274
gr/Cu p bridge -2.3275
hex -2.3231
C -0.3306
P5 horizontal | bridge -0.3283
hex -0.2963
C -0.2232
P, vertical bridge -0.2339
hex -0.2501
C -0.4296
Py bridge -0.4029
hex -0.3755
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Table 2.3: Adsorption Energy of PH(0,1,2,3) , P, and P, Molecules on gr/Ni

Substrate | Molecules Positions | Adsorption Energy (eV)
C -0.2333
PH; bridge -0.2390
hex -0.2306
C -1.0452
PH, bridge -1.8332
hex -0.6960
C -2.3586
PH bridge -2.4344
hex -0.8898
C -3.1361
gr/Ni P bridge -3.2083
hex -2.4020
C -0.6311
P, horizontal | bridge -0.3880
hex -0.6300
C -0.2203
P, vertical bridge -0.2230
hex -0.2594
C -0.4370
Py bridge -0.4021
hex -0.3901
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Table 2.4: Adsorption Energy of PH(0,1,2,3) , Py and P4, Molecules on hBN/Cu

Substrate | Molecules | Positions | Adsorption Energy (eV)
B -0.2808
bridge -0.2770
PH; hex -0.2695
N -0.2787
B -1.1754
bridge -1.0324
PH, hex -0.4825
N -0.6482
B -0.5632
bridge -0.6994
PH hex -0.3706
N -0.9428
B -1.6459
bridge -2.2141
hBN/Cu P hex -1.5937
N -2.5553
B -0.1926
) bridge -0.2150
P, horizontal hox -0.1939
N -0.2137
B -0.1927
. bridge -0.3171
P, vertical hox -0.1901
N -0.2182
B -0.3790
p bridge -0.3791
4 hex -0.3495
N -0.3982
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Table 2.5: Adsorption Energy of PH(0,1,2,3) , Py and P, Molecules on hBN/Ni

Substrate | Molecules Positions | Adsorption Energy (eV)
B -0.6347
bridge -0.6333
PH; hex -0.2448
N -0.6335
B -2.2276
bridge -1.0599
PH, hex -1.0425
N -1.2626
B -1.0771
bridge -2.2336
PH hex 1.1363
N -1.8947
B -2.8319
. bridge -2.9839
hBN/Ni P hex 22,6645
N -3.2193
B 20.6142
) bridge -0.6385
P, horizontal hox -0.6185
N -0.6421
B -0.6154
. bridge -0.6082
P, vertical hox -0.6127
N -0.6453
B -0.4545
p bridge -0.4462
1 hex -0.4184
N -0.5166

26



CHAPTER 3
GROWTH OF BILAYER HEXAGONAL BORON NITRIDE ON COPPER
SUBSTRATES

Synopsis: Hexagonal boron nitride (hBN) is an important insulator with nearly the
same lattice constant as graphene. With its insulating properties and similar lattice constant,
hBN has become an important support for graphene, and in general as an ultrathin 2D
dielectric material: hence, synthesizing hBN has become important in its own right. Recent
CVD growth have shown that hBN can be synthesized on metallic surfaces, since the metal
substrate acts as a catalyst on the precursor molecules and enables their reactions on the
substrate and the formation of the first layer of hBN. However, after the growth of the first
hBN layer, the catalytic effect of the metal ceases for the next precursors that come to
the surface, because they only meet the (passive) hBN layer. It is therefore intriguing why
additional layers of hBN can be grown [109]. Most often the growth of additional hBN layers
is observed for the case when there are two precursors, i.e., one source of boron (borane,
diborane, triethylborane (TEB), etc) and one source of nitrogen (e.g., ammonia). Since
the catalytic activity of the substrate is virtually voided after the growth of the first hBN
layer, recent work [85] suggested that in the case of growth from two precursors molecules
one of the precursors decompose thermally at the surface (pyrolizes), and the surface bound
radicals resulting from it activate the reaction with ammonia that ultimately leads to the
formation of a new hBN layer. Since this recently proposed mechanism has focused mostly
on the adsorption and dehydrogenation of ammonia on hBN-covered Cu, in this chapter we
look at the other precursor as well, i.e. the source of boron. We study the adsorption of
borane and TEB, as well as ammonia, on Cu, hBN/Cu and hBN —with the pure hBN layer
meant to simulate the adsortion on multiple hBN layers covering the substrate and therefore

fully passivating it. We find that, indeed the boron precursors, and the radicals resulted
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from them adsorb on the hBN-passivated surfaces and could thereafter act as catalytic sites

themselves for the adsorption and dehydrogenation of ammonia.
3.1 Motivation

Hexagonal boron nitride (h-BN) is a layered material similar to graphite. In its 2-D
version, hBN is a promising dielectric substrate for growing graphene and other 2-D materi-
als [32]. hBN shows many unique physical and electronic properties such as high thermal
conductivity, low density, high melting point, high-temperature stability [110], and high me-
chanical strength [29, 30]; also, it is an isolator with band gap 5.7 ¢V [111]. hBN can be
used for graphene-based nanoelectronic devices as a chemically inactive substrate [112, 113],

and for atomically thin capacitors [114].
3.2 Current state of the art

hBN in atomic monolayers is largely grown from single precursors, either borazine or
ammonia borane, via chemical vapor deposition (CVD) on various metallic substrates [110,
115, 116]. Flat hBN monolayers can be grown on metals with small lattice mismatch (Cu) [63,
117]. However, for various application control over the quality, uniformity, and the number
of layers is necessary [29, 30, 32, 118, 119]. The mechanism of growing multiple hBN layers
on metallic substrate has not been well understood; recently, it was proposed [85] that when
using two precursor gases (one source of boron, and one source of nitrogen) then one of the
precursors pyrolizes at the surface and helps activating the other one (ammonia, the source of
nitrogen). Siegel et al. [85], however, focused mostly on the adsorption and dehydrogenation
of ammonia; guided by their work, here we study the adsorption of the source of boron and

their radicals as well.
3.3 Adsorption geometries and computational details

In order for any reaction to proceed at the surface, the precursor molecular have to be

able to adsorb (bind) to the surface. We therefore focus in this study on adsorption of
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precursors and their radicals. As substrates, we use bare Cu, hBN/Cu (one layer of hBN on
Cu), and single layer hBN. The single layer hBN is used as an approximation of the limiting
case in which many hBN layers already cover the copper substrate, and therefore none of its
catalytic effect reaches the surface.

We have performed the DF'T calculations using the Vienna Ab-initio Simulation Package
(VASP) [88], with the generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof functional [90]. The interactions between hBN layer and a Cu(111) substrate
are modeled in the calculations using the DFT-D2 method of Grimme. We have studied
the adsorption of molecules and their radicals on different sites on Cu(111) Figure 3.4,
hBN Figure 3.6, hBN/Cu Figure 3.5, using a three layer of Cu, 4 x 4 Cu(111) slab , with
an 18 A vacuum spacing. Keeping fixed the bottom two layers of Cu, the geometries were
relaxed via conjugate-gradient in the presence of dipole corrections using a plane-wave cutoff
of 500 eV, a Monkhorst-Pack k-point grid of 3 x 3 x 1, and a force tolerance criterion of
0.02 eV//A for relaxations.

The molecules studied (along with their radicals) are TEB (Figure 3.1), borane (Fig-
ure 3.2), and ammonia (Figure 3.3). As such, these calculations in this chapter are relevant
for two synthesis procedures, one based on TEB and ammonia, and the other based on

borane and ammonia.

(a) CgH1sB (b) C4H10B (c) CoHsB

Figure 3.1: TEB (CgH;5B) and its radicals C4H1oB and CoH;B.
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(b) BH, (c) BH

Figure 3.2: Borane and its radicals, BHy (x = 1,2,3).

(c) NH

Figure 3.3: Ammonia and its radicals, NHy (x = 1,2,3) molecule
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The adsorption energy usually depends on specific adsorption sites, so he have considered
several high-symmetry adsorption sites on each of the substrates (Cu, hBN/Cu, hBN). These

sites are shown in Figure 3.4, Figure 3.5 andFigure 3.6.
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Figure 3.4: Adsorption locations for molecules on Cu(111) surface
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Figure 3.5: Adsorption locations for molecules on hBn/Cu surface

3.4 Results

The adsorption results are discussed below for each precursor molecule.
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Figure 3.6: Adsorption locations for molecules on hBN surface

3.4.1 Adsorption of TEB and its radicals

First, we analyze the tri-ethyl borane and its radicals: referring to Figure 3.7 for tri-
ethyl borane, we note that the adsorption energy values for all three substrates are close to
one another. The two-ethyl borane has stronger adsorption energy than one-ethyl borane.
The most strongly bound radical is two-ethyl borane, and the difference between first layer
and second layers adsorption energy is &~ 2 eV. The adsorption energies for TEB and its
radicals on the high-symmetry sites on each substrate are shown in Table Table 3.1. For
TEB, we note that adsorption depends mostly on the substr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>