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Chapter 1 Introduction

Chapter 1 Introduction

In this thesis, the formation of hexagonal boron nitride (h-BN) ‘nanomesh’ structures and
of graphene on Rhodium (111) is studied experimentally. The structures of h-BN and
graphene are extremely similar: both of them are single atomic layers with a honeycomb
lattice, and the lattice constants are nearly identical. Both materials introduce novel
properties and have the potential for a variety of applications. In this thesis, the layers
were grown by chemical vapor deposition (CVD) on Rh(111). During growth, the
formation processes were tracked by scanning tunneling microscopy (STM). This was
performed in situ, namely during deposition at the elevated temperatures, required for
the growth. In this way, we have obtained detailed knowledge of the formation
mechanisms. In this thesis, basic surface science principles are employed to explain the
observed, special growth behavior. Our understanding of the mechanisms at play has
enabled us to compose new, improved deposition recipes that result in higher quality
nanomesh and graphene layers. This knowledge is not only valuable for these specific
systems, but it also deepens our general insights into deposition and growth of
atomically thin layers.

1.1 Ultrathin film deposition

The deposition and growth of thin films on well-defined substrates forms one of the
traditional topic areas of surface science [1-5]. The idea usually is to use the film to
modify the surface properties, either chemically, electronically, optically, mechanically,
etc. The deposited films are often base materials for practical applications, such as
electronic devices, protective coatings, anti-reflection coatings, and coatings to reduce
friction and wear. The importance of applications in each of these directions has been a
real thrust for the surface-science investigations of the laws that govern the nucleation

and the growth, the structures that form, the preferred orientations, the interfacial
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arrangements, including mixing layers and misfit dislocations, the larger-scale grain
structure, the smoothness or roughness, the strain in the film, etc. Nowadays, a
dominant role is played by the nucleation and growth of single- or few-monolayer films
that form in a self-limiting fashion that automatically leads to the formation of the thinnest
possible films. These films may be either regarded as an interesting coating of the
underlying materials, as a scaffold for further deposits, or as a thin foil that is to be
detached later from the substrate on which it is grown, in order to be transferred to either
another substrate or to a suspension structure for application as a free-standing film. The
two materials that this thesis concentrates on are h-BN nanomesh [6] and graphene [7,
8].

1.2 Nanomesh

The spontaneous formation of a regular superstructure of hexagonal boron nitride (h-BN)
on a metal surface was first reported by Corso et.al in 2004 [6]. The original recipe for
preparing the overlayer is the exposure of a Rh(111) surface at 1050K to a low pressure
of pure borazine gas (HBNH)s. The h-BN layer that results from this procedure was
found to adopt a highly regular superstructure that has been called the ‘nanomesh’, with
2 nm diameter depressions and a 3.2 nm period, as observed by scanning tunneling
microscopy (STM). An example of an STM image of the nanomesh structure on Rh(111)

is shown in Fig. 1.1.

1.2.1 The structure and properties of nanomesh

Ultraviolet photoelectron spectroscopy (UPS) revealed a splitting of the o-band, which
indicated two different types of bonds between the overlayer and the Rh [6]. Based on
these observations, the atomic structure proposed by the first report was two atomic
layers of hexagonal boron nitride, with holes in each layer. This was regarded as an ideal
self-assembling template, since the dangling bonds at the edges of the holes in the top

layer would be available as a regular pattern of binding sites for other molecules, with a
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Fig. 1.1 An STM image of the h-BN nanomesh structure, prepared by exposing a
Rh(111) surface to borazine at 1050K. (part | of this thesis) The structure features 2 nm
diameter holes and a period of 3.2 nm.

Sample voltage: V, = 1.4 V. Tunneling current I; = 0.05 nA.

wide variety of possible functionalities. However, subsequent theoretical calculations
showed that the two-layer model costs too much energy, and that the most probable
model structure is one consisting of a highly corrugated single h-BN layer [9-11]. The
single-layer model was soon confirmed by a surface X-ray diffraction (SXRD) study [12].
The size of the nanomesh unit cell is 13 x 13 BN units on 12 x 12 Rh atoms, which was
reported by a low energy electron diffraction (LEED) study [6] and confirmed by
theoretical calculations [9-11], SXRD [12, 13], and high-resolution STM [14]. Recently, a
LEED study of h-BN formation on Rh-(yttria-stabilized zirconia)-Si(111) exhibited a (14 x
14) BN on 13 x 13 Rh(111) superstructure [15]. The reason for this is still under debate
[13]. High-resolution SXRD showed that the 13 x 13 BN on 12 x 12 Rh structure is stable
up to a temperature of 1107 K. From this collection of studies, we can conclude that the
structure of the h-BN nanomesh on bulk Rh(111) is a single, corrugated layer of h-BN,
with hexagonally arranged high and low regions, which have a height difference of 0.55
A [11]. The unit cell of the nanomesh pattern contains 13 x 13 unit cells of the h-BN

lattice, fitting onto 12 x 12 unit cells of the underlying Rh(111) surface.
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Although the nanomesh is a single-layer structure, it was demonstrated to be sufficiently
corrugated to act as a two-dimensional scaffold for the deposition of bucky balls in the
first report [6]. Further studies showed that it can be a template for assembling
nanoparticles [16] and for trapping molecules [14, 17, 18]. The nanomesh coating has
been demonstrated to remain intact under ambient conditions [12], in liquids [19], and at
high temperatures [13, 20], thus protecting the underlying metal. This stability makes the
nanomesh an ideal template and coating with great application potential.

1.2.2 h-BN growth on other metals

h-BN can be grown as a single-layer structure on many metals [9, 11, 16, 21-29], using
the method of CVD. On most surfaces with a lattice constant that differs from that of the
h-BN, a superstructure is found. Initially, all these superstructures were considered to be
mere moiré patterns, i.e. straightforward beating patterns between the lattices.
Interestingly, there are remarkable differences between the corrugation amplitudes of the
superstructures on different substrates. For example, on Pt(111), the h-BN overlayer
stays nearly flat [21, 30]. On the other hand, on Ru(0001), h-BN forms an extremely
corrugated structure, similar to that on Rh(111), with a unit cell of 14 x 14 BN unit cells
on 13 x 13 Ru unit cells [22, 28, 31, 32]. Studies using X-ray photoelectron spectroscopy
(XPS) and SXRD showed the strength of the interfacial chemical interaction between h-
BN and the substrates to rise in the series Pt(111)—Ir(111)-Rh(111)-Ru(0001) [21]. It
was concluded that, in addition to the lattice mismatch, a large strength of interfacial
chemical bonding is a prerequisite for the formation of a significantly corrugated layer [21,
30].

1.2.3 Formation mechanism of the nanomesh structure

In spite of the growing number of studies on the structure and properties of the
nanomesh overlayers, the mechanisms by which these layers nucleate and grow are
virtually unexplored [20]. This is due to several practical reasons. Firstly, the unit cell
contains 13 x 13 BN units on 12 x 12 Rh atom distances, which is difficult for theoretical
and computational approaches. Secondly, the conditions for the CVD reaction, in

particular the required high temperatures, disqualify many experimental techniques, such
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as STM. Thirdly, most of the methods that can be applied at high temperature only give
information in reciprocal space and average over large surface areas, which makes it
very difficult to extract the microscopic mechanisms at work. To reveal the details of the
kinetic processes, local, real-space observations are more direct. One technique, which
readily gives real-space images and can be used at elevated temperatures, is low-
energy electron microscopy (LEEM). Unfortunately, the size of the nanomesh unit cell is
just at the resolution limits of LEEM, so it is difficult to study the nanomesh growth in

detail with that technique.

What are the influences of the high temperature and the superstructure on the growth of
the nanomesh structure? The high temperature could be necessary to crack the borazine
molecules, releasing hydrogen and possibly rupturing B-N bonds, in order to form
reactive precursors that stick sufficiently strongly to the surface and serve as the growth
units, from which the overlayer can be assembled. One can also imagine that a high
temperature would be required to provide sufficient lateral mobility for crystallizing the
otherwise disordered overlayer into the perfectly periodic nanomesh structure. The
growth unit of the nanomesh could be as simple as a single unit of h-BN, and the
superstructure could just be formed as a moiré pattern. Or perhaps the superstructure
also influences the growth process. To address these questions, a variable-temperature
STM was used, which allows fast scanning and imaging over a wide range of
temperatures and during substantial temperature changes [33, 34]. STM observations
under the reported growth conditions, i.e. during borazine exposure at temperatures up
to 1200 K, were carefully analyzed in this thesis, which unveiled the mechanisms of the
adsorption, and the decomposition of borazine and the h-BN nucleation and growth in
detail. These results are presented in part | of this thesis.

1.3 Graphene

Graphene is a planar sheet of spz-bonded carbon atoms, a single atom thick, which are
densely packed into a honeycomb crystal lattice. Alternately, it can be viewed as a single
atomic layer of graphite, while graphite itself consists of many graphene sheets stacked
together. The interatomic distance of carbon atoms in graphene is 0.142 nm. Graphene

is one of many carbon allotropes, along with diamond, graphite, carbon nanotubes, and
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fullerenes. Diamond and graphite are three-dimensional (3-D) structures; carbon
nanotubes can be considered a 1-D structure; fullerenes are molecules where carbon
atoms are arranged spherically, and hence are 0-D objects; they feature discrete energy
states [35]. Graphene fits nicely into the gap, being the 2-D allotrope of carbon. Among
systems with only carbon atoms, graphene plays an important role, since it forms the
basis for the understanding of the electronic properties of the other allotropes [35].
Besides its interesting and important physical properties, graphene also provides the
focus for further application-oriented research, for example concerning its electronic
performance (see next section) [35-37], in view of its possible role as a future
replacement for silicon-based electronics. Because of its importance in the scientific
world and for its applications, this simple material has drawn enormous attention during
the last decade. Fig. 1.2 shows the recent increase of the publication rate of papers
concerning graphene, especially after 2004, when the first experimental evidence was
reported of the electronic properties of graphene [7, 38], and even more so after 2005,
when follow-up experiments confirmed that its charge carriers were massless Dirac
fermions [8, 39]. This lead to an explosion of articles devoted to graphene, which has

been called the graphene ‘gold rush’ [38].
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Fig. 1.2 The number of scientific papers published on graphene in each year over the
last ten years. A dramatic increasing can be seen after 2005. This graph was obtained by
searching the 1SI Web of Knowledge™ for the key word ‘graphene’ (including data up
to May 3, 2012).
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1.3.1 The properties of graphene

Graphene has many properties that make it special, for example, its electronic properties,
its extreme mechanical deformability in combination with extreme yield strength, and its
chemical stability in an atmospheric environment. The electronic properties of graphene
are receiving most attention. They combine appealing fundamental physics with the
potential for future electronics applications. Graphene can be considered as a basic
building block for graphitic materials of all other dimensionalities. It can be wrapped up
into 0-D fullerenes, rolled into 1-D nanotubes [40], or stacked into 3-D graphite [35, 38].
Theoretically, graphene (or ‘2-D graphite’) has been studied for sixty years [38, 41, 42],
and it has been used for describing properties of various carbon-based materials.

Fig. 1.3 Electronic energy dispersion of the graphene lattice. Left: the energy as a
function of momentum components k, and ky in the plane of the graphene. Right: a
zoom-in of the energy bands near one of the Dirac points. (From ref. [35])

In 2009, A.H. Castro Neto reviewed the basic theoretical aspects of graphene [35].
Graphene is a semi-metal, or zero-gap semiconductor, and has a linear dispersion at its
Dirac points (Fig. 1.3). This was discovered by Wallace, using the tight-binding
approximation, already in 1947 [41]. The energy dispersion for electrons in the vicinity of
the Dirac points of graphene can be described by [35, 41]: E4(q) ~ tVi|q| + 0[(q/K)?],
where E is the energy with respect to the Fermi level, q is the difference in momentum
from the Dirac point, and Vx is the Fermi velocity, with a value Vr = 1 x 10° m/s. This
energy dispersion can be derived from the Dirac equation for massless particles. This

behavior was demonstrated experimentally sixty years later [8, 39]. The Dirac electrons
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can be controlled by the application of external electric and magnetic fields, or by altering
sample geometry and/or topology [35].

Dirac fermions behave in unusual ways when magnetic fields are applied, which leads to
special phenomena, such as the anomalous integer quantum Hall effect (IQHE) [8, 39]
and the fractional quantum Hall effect (FQHE) [43]. Different from the IQHE observed in
other systems, the IQHE in graphene can be observed at room temperature [35, 44]. In
fact, the anomalous IQHE should be regarded as the trademark of Dirac fermion
behavior. Another interesting feature of Dirac fermions is that they can be transmitted
with probability unity through a classically forbidden region, due to the so-called Klein
paradox [45].

1.3.2 Potential applications of graphene

The number of potential applications of graphene is enormous, and it seems to increase
further every day. In order to provide an impression, | simply reproduce the list of
proposed application areas of graphene that can be found on Wikipedia [46].

Room temperature distillation of ethanol for fuel and human consumption
Single-molecule gas detection

Graphene nanoribbons

Graphene transistors

Graphene optical modulators

Integrated circuits

Electrochromic devices

Transparent conducting electrodes

© ©®© N o g ks~ w PR

Reference material for characterizing electroconductive and transparent materials

=
©

Thermal management materials

[EY
=

Solar cells

=
N

Ultracapacitors

A
w

Engineered piezoelectricity

[EnY
&

Graphene biodevices

(I
o1

Anti-bacterial

[EnY
o

Study of liquids
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Which of these applications will become truly dominant in its own application area
remains to be seen. In any case it is evident from the long list and wide variety of
potential practical applications that graphene should be expected to rapidly acquire
significant economical and societal impact.

1.3.3 Graphene production

Graphene is a single layer of graphite, and graphite is a traditional base material, for
example in lubricants, ink and pencils. So simply writing on paper with a pencil can
create flakes of graphene. But the problem is that they cannot be located and
distinguished easily from multilayer graphene or plain graphite (thick multilayers). The
first experimentally produced and verified graphene was obtained in 2004 by mechanical
exfoliation of graphite [7]. Scotch tape was used to repeatedly separate graphite crystals
into progressively thinner pieces. The tape, with the optically transparent flakes attached
to it, was dissolved in acetone and, after a few further steps, the flakes, including single-
layer graphene, multilayer graphene and graphite, were transferred onto the native oxide
on a Si wafer. Individual atomic planes were then ‘hunted’ for under an optical
microscope. Later, researchers simplified the technique, and started using dry deposition,
avoiding the stage where graphene floated in a liquid. Relatively large crystallites have
been obtained by this technique. As remarked before, graphene is relatively easy to
make, but hard to find. The key point of this method is the possibility of visual recognition
of graphene on a properly chosen substrate, which provides a small, but noticeable,
optical contrast under an ordinary optical microscope [7]. Most of the experiments on
graphene have been performed using this method [43, 47]. It nicely provides
experimentalists with the best quality in topographical flatness [47] and electron mobility
[43]. With this method, electron mobility in graphene sample has reached 200,000 cm?
vis?t [43]. The drawback of this method is, of course, reproducibility. From an application
point of view, it is hard to imagine any production facility using microscopes to find tiny
bits of graphene for electronic devices.

Since 2004, researchers have tried out many ways for a reproducible, bottom-up
production of graphene. One method is to heat silicon carbide to high temperatures
(>1100 °C), in order to make it sublime silicon and thereby reduce its surface to
graphene [48, 49]. The choice of the face of the silicon carbide that is used for graphene
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creation, either silicon-terminated or carbon-terminated, strongly influences the thickness
(i.e. the number of layers), mobility, and carrier density of the graphene. This process
produces a graphene sample size that is dependent on the size of the SiC substrate.
However, the size of the domains is still in the order of hundreds of nanometers [48, 49].
Although the QHE could be measured with the graphene samples created by this
method [48], the electronic mobility in this graphene only reached 2700 cm?® V''s™, [50]
which is much lower than for the scotch tape method.

1.3.4 Graphene growth on transition metals

A very promising alternative method to produce precisely one single layer of graphene is
chemical vapor deposition (CVD) on transition metal (TM) surfaces [25, 51-58]. It is the
method that we have concentrated on in the work described in this thesis. TMs are
favorable substrates for graphene growth by CVD because they are excellent catalysts
for hydrocarbon decomposition and they strongly bind the graphene that forms as a
consequence, while newly arriving hydrocarbon molecules do not stick to or decompose
on the graphene that has already formed. In addition, because the solubility of carbon in
TMs often depends strongly on temperature, graphene can also be made using
segregated carbon [51, 53, 57, 59, 60]. In most investigations of the growth of graphene,
the graphene and its properties are typically inspected only after the growth, at room
temperature or below. After samples have been prepared at high temperature and
cooled down subsequently, it is not easy to distinguish which kind of carbon, segregated
or deposited, has been responsible for the formation of the graphene layer. Actually,
graphitic layers on TMs had been investigated much earlier [25-27, 59, 61, 62], before
specific attention was paid to graphene.

As a consequence of its strong interaction with the substrate, graphene on top of TMs is
very different from the idealized free-standing graphene. It does not have the interesting
electronic properties mentioned before, but it does have its own special appeal, for
example, being the template for the self assembly of additional overlayers [17], or the
graphene-metal contact serving a spin filter [63, 64], etc. Recently, in order to produce
free-standing graphene, several recipes have been introduced for transferring graphene
from TMs onto other substrates [56, 60, 65, 66]. With these recipes, CVD-grown graphite
layers on TMs have become a good candidate for producing high-quality graphene. A

10
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promising carrier mobility of 4,000 to 7,350 cm?® V''s™ has already been reported for
graphene, obtained via this route [67-70]. The size of graphene made by CVD method is
reported up to 30 inch [70].

No matter in what form the graphene is produced, free-standing or on a substrate, for
many applications it is the structural quality of the graphene that limits its properties and
therefore the quality of the final products in which it can be applied. The typical types of
imperfections introduced by the CVD method on TMs are impurities and structural
defects. The problem of impurities can be solved by using a sufficiently clean production
setup and sufficiently clean materials (metal substrate and precursor gasses). The
structural defects include other carbon phases (e.g. metal carbide), domain boundaries
between different graphene patches, point defects [54] (e.g. pentagons and heptagons
[71]) and thickness variations (voids or multilayers). It has been demonstrated that such
defects can influence the electronic properties of graphene [71]. To reduce and
eventually completely avoid the occurrence of structural defects, full control of the
formation mechanism of graphene is necessary. This can only come through a thorough,
atomic-scale understanding of the process. Once we have acquired a full understanding
of the basic mechanisms of graphene formation and possible competing processes, we

can use that to subsequently develop an optimal growth recipe.

In spite of their obvious importance, only a very limited number of experiments have
directly addressed the important kinetic processes [51, 53]. CVD of graphene on TMs is
typically performed at elevated temperatures, where the interaction between the carbon
and the TMs can lead to very complex behavior. If measurements are performed at room
temperature or lower, after the graphene has been grown, it is hard to infer the reaction
path, especially if part of this path also involves the cool-down of the sample.
Unfortunately, most of the experimental methods that can be used in situ at elevated
temperatures do not have atomic resolution, which is also a prerequisite for obtaining
detailed information on the growth kinetics [56].

Our special-purpose, variable-temperature scanning tunneling microscope (VT-STM) is
well-suited for this purpose [33, 34], since it enables one to follow the reaction and
growth of graphene in situ. Ethylene decomposition on Rh(111) is taken as a generic
example of carbon deposition on TMs. The interaction between carbon and Rh can lead
to carbide formation [72], carbon dissolution [73], and graphene formation [61]. These

11
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are also the typical ‘products’ that can be formed on other TMs. Actually, carbon is the

main contaminant in Rh crystals.

The complexity of the carbon-on-Rh(111) system makes it a good example for
demonstrating, in general, the interaction between carbon and TMs. The 3-fold (111)
orientation was chosen, to act as a template for graphene crystallization. In addition,
graphene forms an easily recognizable moiré pattern on Rh(111). A simple calculation
shows that the moiré pattern ‘magnifies’ the misfit defects between the lattice of the
graphene layer and that of the Rh substrate. For example, 1 degree of actual graphene
rotation with respect to the Rh lattice results in a 10 degree apparent rotation in the
moiré pattern. In this way, atomic information about graphene can be achieved even
without actually achieving atomic resolution in STM. In part Il, detailed observations of
this system are provided, such as the temperature range for graphene and carbide
formation and for their stability, the dependence of the forming structures on temperature,
and the role of the precise initial conditions. Armed with this information, we demonstrate
that a higher-quality graphene can be obtained. Also carbide formation can be avoided,
and the dissolved carbon can be controlled to form graphene. Based on this, we attempt
to derive the optimal recipe for obtaining low-stress, single-orientation, single-crystalline,

single-layer graphene.

1.4 This thesis

This thesis starts with a detailed description of the experimental setup and basic
experimental procedures in Chapter 2. The main component of the thesis is devoted to
the formation of monolayers on Rh(111). This is organized in two parts, part | (from
Chapter 3 to Chapter 6) concerning the growth of h-BN nanomesh overlayers and part Il
(from Chapter 7 to Chapter 13) to the growth of graphene. Each part starts with a short
introductory chapter (Chapter 3 and Chapter 7). The thesis ends with a summary for the

layman.
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Chapter 2 Experimental

2.1 Experimental setup

2.1.1 Vacuum chamber and equipment

All measurements in this thesis were performed with a dedicated STM-setup in the
Kamerlingh Onnes Laboratory of Leiden University. This setup consisted of a single
ultrahigh vacuum (UHV) chamber, equipped with a scanning tunneling microscope
(STM), a low-energy electron diffraction (LEED) apparatus, an Auger electron
spectroscopy (AES) instrument, and a quadrupole mass spectrometer (QMS), for

analysis purposesl.

The base pressure of the vacuum system was 1.5 x 10™ mbar. During measurements,
the vacuum level was kept below 2 x 10" mbar. To achieve and maintain this vacuum, a
single 170 liter/second magnetically levitated turbo-molecular pump, a 410 liter/second
ion getter pump, and a titanium sublimation pump, integrated into a cold trap, were
connected to the UHV chamber. Also, the entire vacuum system was extensively
degassed by a bake-out procedure up to 450 K and the sample holder and STM

components were further degassed by prolonged annealing of the Rh sample to 800K.

The pressure in the UHV system was measured by an ion gauge in the middle of the

chamber. The measured pressure had not been corrected for the different sensitivities to

! Instruments and techniques that are considered standard for surface science will not be
given a detailed introduction in this thesis. The operation principles of these can be found

in most surface science textbooks.
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different gases. The difference in location of the pressure gauge and the sample may
have resulted in a further error in the recorded pressure. To correct for these errors, a
calibration experiment using borazine deposition (section 5.3) was performed, and the
calibration constant for ethylene was calculated from that for borazine, using the known

relative sensitivities for the two gases.

To reduce the effect of vibrations on the STM measurements, several isolation stages
were combined. The entire setup rested on four air legs, which were placed on a
foundation separated from the foundation of the building. The setup was thus effectively
decoupled from the vibrations of the building. The rotation pump that was connected to
the turbo-molecular pump was placed on the building foundation, and its connection to
the turbo-pump was made by long, flexible bellows. In this way, the effect of vibrations
from the rotation pump was also reduced to a minimum. The influence of the vibrations
of the turbo-pump was minimized by connecting it to the UHV chamber via bellows with a
damping jacket. Together with the magnetic bearings of the turbo-pump, these measures
reduced the residual vibrations in the STM images to such a low level that atomic
resolution could be achieved even with the turbo-pump and the rotation pump running.

The rhodium sample was cleaned routinely by Ar* ion bombardment and annealing. The
Ar" ions were produced in a differentially pumped, focused ion gun, fitted with a Wien
mass filter. With the differential pumping on the ionization chamber, the pressure in the
main chamber did not exceed 1 x 10 mbar, while the pressure in the ionization chamber
was held at 5 x 10™ mbar. The focusing and alignment of the ion beam were optimized
with the help of a dummy sample in the form of a Faraday cup. The diameter of the
beam was less than 1 mm, which is smaller than the size of the sample, so a 5 x 5 mm?
scanning was applied by use of sweep voltages on the deflection plates of the ion gun, in
order to clean the whole sample. The sample holder was made of molybdenum, and
coated by the sample material, in this case Rh, to avoid sputter deposition on the sample
of other materials from the sample holder.

High-purity borazine (HBNH)3, was synthesized by the research group of Prof. Hermann
Sachdev (University of Saarland). It was dosed into the UHV-system via a dosing valve
from a container in which the material was stored at a reduced temperature, by means of
a Peltier cooler. The container and dosing system were obtained from the research
group of Prof. Jirg Osterwalder and Prof. Thomas Greber (University of Zurich). For

each deposition experiment, the borazine was allowed to warm up temporarily. Ethylene
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gas with a purity of 99.99% was purchased from ALDRICH™. This gas was dosed
through a leak valve. The connections between gas bottles and valves were 6 mm
stainless steel pipes. A turbo-pump was used to evacuate these gas lines. For high-
purity deposition results it proved to be important to keep these lines clean by degassing

(heating) and flushing them with the gas of choice (borazine or ethylene).

2.1.2 The Variable-Temperature STM

The central part of the setup was an STM, which had been optimized for (fast) scanning
at high sample temperatures and also during substantial temperature variations [33, 34].
Like most other STMs, our Variable-Temperature STM (VT-STM) is using a piezoelectric
tube, in our case with a length of 12 mm, to scan regions up to typically 3 x 3 um?, with
sub-nanometer resolution. The macroscopic dimensions of the piezo element, the
sample and other components in the mechanical path between the tip and the sample
make that even modest temperature variations can cause a significant drift in an STM
image. More dramatically, when the component of this drift in the z-direction, along the
tip axis, were to exceed the control range of the piezo element, this would lead either to
a situation where the surface drifts out of range or to a crash of the tip into the sample
surface. For these reasons, most STMs are used either at room temperature or at a
constant, low or (modestly) elevated temperature, at which the sample and microscope
are first allowed to equilibrate for a long time, typically several hours, prior to the coarse
tip-sample approach and imaging. The STM we were using could compensate for
thermal drifts in all directions by its special design. The details of this can be found in ref
[33]. Here, only a brief summary is given. As shown in Fig. 2.1, in the scanner, a
radiation shield protects the piezo element from thermal radiation from the sample. Apart
from its three legs, the scanner is cylindrically symmetrical around the axis of the tip. A
finite-element analysis of the scanner was utilized to match the expansion of the legs
with that of the assembly of the piezo element, the tip holder and the tip, in order to
minimize the vertical drift of the tip, due to temperature changes of these components of
the microscope. The sample was clamped into a molybdenum holder, with its surface
against two ledges. The holder itself was clamped down with two extending arms on two
supports. The ledges, the arms, and the supports all reside in the same plane, coinciding
with the precise level of the tip apex. This configuration ensured that also expansions of

the sample and its holder did not affect the vertical position of the surface plane with
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respect to the tip. With this design, neither the expansion of the piezo element and other
components of the microscope nor that of the sample and sample holder can give rise to
a significant tip-sample distance variation. In practice, experiments have been performed
without the need for any mechanical adjustments in the tip height, while the sample
temperature was being changed from 300 K to approximately 1200 K. In section 9.2, an
example is given in which the same area of the sample was followed by the STM during

a 50°C temperature variation.

A scanner, B piezo element, C sample, D sample
holder, E radiation shield, F tip, G leaf springs,
H support block

Fig. 2.1 Schematic cross section of the STM. The scanner A is cylindrically symmetric
around the axis through the tip F. It rests with three legs on the support block H. A
radiation shield E protects the piezo element B against thermal radiation from the
sample C. The sample holder D is clamped down against two supports by leaf springs G.
The sample is clamped up against two ledges of the sample holder. (from ref [33])

Fig. 2.2 (a) shows a schematic top view of the holder. Four arms extend from the holder.
Two of these are rotated against vertical posts, which form part of the Mo support block.
The other two are shaped like knife-edges and are pressed down against two oppositely
tilted supports by two leaf springs. When the holder is heated, it expands outwards along
the four extensions, but the center stays at its original position. To make coarse
adjustment possible, the tip is mounted 1 mm outside this stable center position. When
the sample holder is placed in the support block, it first makes contact with the vertical
posts. At that stage, the sample holder still has the freedom to rotate around the axis

through these first two contact points. This rotational freedom ensures that both knife-
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edges will make contact with their supports, when the holder is pushed further into its
final position. In this way, a completely unstrained four-point mechanical contact is
established. Once in place, the sample holder can still rotate around the two knife-edges,
which allows coarse adjustment of the tip-sample separation. This design, together with
the choice of low-expansion-coefficient materials, makes it possible to follow the same

area on the surface during hundreds of degrees of temperature variation.

(a)

+ A post, B arm, C leal spring. D stable center,
E knife adge, F rolation axis

Fig. 2.2 Schematic top view of the sample holder body. The center circle D denotes the
point from which all the lateral expansions are directed outwards. (b) A perspective
drawing of the sample holder. The sample holder can rotate around the axis F, defined
by the knife edges E. (from ref. [33])

In addition to the drift-minimizing mechanical design, the STM electronics have been
optimized to scan fast. It has been demonstrated that the STM can image surfaces at
video rate (24 frames per second) [34] (A commercial version of this instrument is

marketed by Leiden Probe Microscopy BV, www.leidenprobemicroscopy.com). Because

of the critical experimental conditions, in particular the high temperatures during
deposition, video-rate scanning is very difficult. Therefore, the high-speed capabilities of
the VT-STM have not been exploited directly in the work described in this thesis. On the
other hand, the low noise level that the high-speed electronics has at low frequencies
and the modular design of the electronics provided stable scanning conditions plus
possibilities for customization of the scans, which played an important role in this work.
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2.1.3 The heating of the sample

There were several requirements on the heating system of the sample. The experiments
in this thesis required stable elevated sample temperatures up to 1200 K. The cleaning
of the Rh sample required a maximum temperature of 1300 K. The surroundings should
be kept at a relatively low temperature in order to maintain a low degassing rate and,
thus, a low rate of contamination on the sample. Finally, the lifetime of the heating
system needed to be long, in order to enable routine, long-duration experiments at high

temperature.

A sketch of the sample heating system is shown in Fig. 2.3. We chose to use a tungsten
filament with which we could heat the sample both by thermal radiation and by electron
bombardment. The heating efficiency was optimized by a quartz tube (part C) that was
placed around the filament. The quartz tube reduced the thermal radiation from the
filament to the sample holder, so that the sample holder remained colder while the
sample was hot. Sublimation of tungsten from the filament led to a conductive coating on
the inner side of the tube, which was not connected conductively to the sample or the
metallic components of the sample holder. Therefore, during electron bombardment,
when the filament was biased to a high, negative voltage of typically -600 V, while the
sample was held at ground potential, the metal film in the tube charged up negatively.
This made the tube act as a lens, focusing the electrons that were emitted by the
filament, onto the sample, which improved the heating efficiency of the sample, while
reducing the heat load on the holder. During the mounting of the sample holder, the
transparent quartz tube made it easier to place the filament as close as possible to the
sample, which also increased the efficiency of the thermal radiation heating. A small
tantalum spring (part F) was positioned between the quartz tube and the sample, to
accommodate the thermal expansion difference between the tube and the Mo sample
holder. The inner scale of the spring was larger than the inner diameter of the tube, so
that the metal deposited from the filament would not make a short circuit between the
filament and the sample. For the same purpose, a ceramic part E was used to hold the
tube and the sample, and provided insulation between the filament and the parts at
ground potential. Using this sample holder, the sample could be heated from room
temperature to 1300 K in 10 seconds. Experiments in which the sample was held at
1000 K or higher for hours, while the background pressure in the UHV chamber stayed

below 5 x 10*° mbar, became a routine.
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F o A
B T B
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~._, D D
E E

Fig. 2.3 A sketch of the heating system for the sample. A sample; B Mo sample holder;
C quartz tube; D insulating ceramic parts; E a larger ceramic part which holds the quartz
tube; F springs to accommodate the thermal expansion difference between C and B; G
filament.

In our experiments it proved to be of crucial importance that the measurement of the
sample temperature was accurate (within 5 K) and reproducible (within 1 K). For
example, it was by virtue of our reliable temperature scale that we could identify the
narrow temperature window of about 40°C in section 8.2, in which graphene is formed
and carbide is not. In Chapter 6, the disappearance temperature of the nanomesh
overlayer was determined twice, in two separate experiments, in both cases resulting in
precisely the same temperature of 1160 K. In practice, we found that accurate
measurements of the sample temperature were not straightforward. For example, when
the Rh sample was heated to 1000 K, even the part of the Mo sample holder that was
directly touching the sample, responded with a significant time delay and when it
reached its final temperature it was still approximately 300 K colder than the sample. We
paid specific attention to four aspects to achieve the required quality of the temperature
measurement. First of all, the temperature measurement was performed by use of a K-
type thermocouple directly on the Rh sample. Secondly, in order to avoid a temperature
difference between the sample and the junction of the thermocouple, the two wires of the
thermocouple were connected separately to the Rh, each onto one of the edges of the
sample. Third, in order to make sure that the ends of the thermocouple wires were really
at the temperature of the sample, the connections were made by spot welding, which

was performed by use of a laser spot welding machine. Finally, the pins and sockets,
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used for connecting the thermocouple wires between the sample holder and the support
block and the wires running between the sockets on the support block and the
feedthroughs on the UHV chamber were all made out of the appropriate K-type
thermocouple materials, in order to properly define the reference temperature with
respect to which the thermovoltage was measured, irrespective of the slowly drifting

temperature of the passively heated support block.

2.2 The Rh(111) sample

A clean Rh sample formed the essential starting point for well-defined experiments, as
presented in this thesis, for both the projects of graphene growth and of nanomesh
growth. Because most of the experiments required elevated temperatures, where rapid
diffusion can make near-surface contaminants segregate to the surface, the Rh sample
should not only be clean at room temperature, but had to stay clean even at elevated
temperatures, throughout the entire experiment.

The Rh single crystal was purchased from Surface Preparation Laboratory™, where it
had been aligned by use of Laue diffraction to within 0.1 degree of the (111) orientation,
spark eroded to dimensions of 4.8 x 4.8 x 1 mm®, and mechanically polished. In the UHV
chamber, the (111) surface of the Rh sample was cleaned by cycles of Ar” ion sputtering,
followed by flash annealing to 1300 K. Then the sample was exposed to 2 - 3 x10" mbar
O for 1 to 2 hours, at a temperature of 700 to 800 K; this latter step proved necessary,
for removal of carbon surface contamination, defusing from the bulk. Residual O was
removed from the Rh surface by flashing the sample to 1000 K [73]. The Ar" sputtering
was performed with the focused sputter gun (see section 2.1.1), at a current of 280 nA
and a energy of 800 eV, for 30 to 45 minutes. Although cycles of sputtering and
annealing can remove most of the contaminants in the near-surface region of the sample,
the total amount of carbon in the sample is hardly changed. Delouise et.al. already
reported that the carbon remnants in Rh can form a graphite structure during annealing,
and that this graphite can then be reacted away by oxygen at elevated temperatures [73].
This process has been followed by STM (one example can be found in Chapter 12.).
When the surface of Rh was fully covered by graphene, the oxidation reaction of the

carbon was very slow. If there were uncovered Rh areas, the reaction took place at the
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edges of the graphene, with a very noticeable speed. When the surface was fully
covered by graphene or by graphite, Ar* ion bombardment introduced defects in the
overlayer, from which the oxidation reaction could proceed. As shown in Chapter 13, we
also learned that the elevated temperature was necessary for carbon diffusion from the
bulk to the surface. When the concentration of carbon adatoms on the Rh surface
exceeded a critical value, graphene or carbide islands could form on the surface. After
nucleation of such islands, carbon atoms that segregated from the bulk to the surface
contributed only to further growth of these islands. This process decreased the carbon
concentration in the bulk material. This is also why annealing at 1300 K was necessary,
before oxygen treatment, to make dissolved carbon atoms segregate to the surface and
become incorporated in graphene or another carbon-containing surface species, where
they could be removed by oxidation. In the beginning of the cleaning process, even brief
annealing at 1000 K was sufficient to bring one layer of carbon to the surface, as
indicated by AES. After tens of cleaning cycles, the quality of the sample was checked
by LEED, AES, and more importantly, by STM. Although STM does not have elemental
resolution, a clean STM image, without local protrusions or depressions and without
pinning or decoration of the steps, provided very strong evidence for the cleanness of the
sample. Furthermore, we tested the sample during heating up to the experimental
temperature, for times that were comparable to those that were needed for one
measurement. This provided the experiments in this thesis with a very well-defined

substrate.

2.3 The moiré patterns

Because of lattice mismatch between graphene or h-BN and Rh(111), moiré patterns
appeared in the STM images of h-BN and graphene. The moiré pattern behavior could
be used as a magnifier of lattice defects, allowing us to get atomic information, even
without always actually having atomic resolution. Obtaining atomic resolution with an
STM is a serious challenge at high temperatures, which makes moiré patterns a very
useful tool. To translate the moiré pattern to an atomic model, one of the easiest ways is
go to reciprocal space [74]. The moiré pattern resulting from the combination of two

hexagonal lattices, with different periods and different orientations, is also a hexagonal

lattice. If k; and k, both designate one of the principal reciprocal lattice vectors of the
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two hexagonal lattices, we can immediately obtain one of the principal reciprocal lattice

vectors Em of the moiré pattern as their difference
Ko =k —K, . Eq. 2.1

With this, one can easily calculate that the apparent rotation angle a between the moiré
pattern and the Rh(111) lattice and the actual rotation angle 8 between the lattice of the

h-BN or graphene overlayer and the Rh(111) substrate are related via

d,sing

sina =
Jd,2+d,? —2d,d, cos 3

; EQ. 2.2

d: is the lattice constant of the overlayer and d; is the lattice constant of the Rh(111)
substrate. The moiré pattern lattice constant (dm) is

_ dd,
" Jd?+d,? —2dd, cos B

d .Eq.2.3

Note here the moire lattice does not necessarily corresponds to a rational fit between the
two lattices. In most cases, the lattices do not precisely coincide at regular distances.
Only for special ratios between lattice constants and for special angles will the combined
2-lattice system be really periodic with the periodicity of the moire lattice. However, the
calculated dy and « still represents a beating pattern between the two lattice, which can

still be measured by for example STM.

Due to the six-fold symmetry of h-BN and graphene, the geometry of the overlayer and
the moiré pattern is the same when the rotation angle B8 of the overlayer is changed by
integer multiples of 60°. In our calculations we therefore restricted the range of S to the
interval between -30° and 30°. Due to the symmetry of the substrate there is an intrinsic
n x 60° ambiguity in the principal lattice direction of the substrate with respect to which
the moiré pattern rotation has to be specified. As a result of this, we also present the
calculated moiré pattern orientation angles o in the interval between -30° and 30°. The
calculated relations between the rotation angle 8 of the overlayer and the orientation o
(Eg. 2.2) and lattice constant dm (Eq. 2.3) of the moiré pattern are shown for h-BN and
graphene in Fig. 2.4 and Fig. 2.5, respectively.

22



Chapter 2 Experimental

40 A

— Moire Lattice constant
— Moire rotation

IS

204

1
w

Moire Lattice constant (nm)

-20 4

Moire rotation (degree)

-40

o

T T T T T T T
-30 -20 -10 0 10 20 30

Overlayer rotation (degree)

Fig. 2.4 Relation calculated between the overlayer rotation angle $ and the orientation
angle o (black curve) and lattice constant d, (red curve) of the moirépattern for h-BN
on Rh (111).
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Fig. 2.5 Relation calculated between the overlayer rotation angle $ and the orientation
angle o (black curve) and lattice constant d, (red curve) of the moiré pattern for
graphene on Rh (111).
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The two figures show that the rotation of the overlayer is amplified very much by the
moiré pattern, but that the mere measurement of the rotation angle o of a moiré pattern

is not enough to derive the rotation angle 8 of the overlayer.

Moiré patterns also amplify translational errors of the overlayer. If a patch of graphene or
h-BN is translated over a distance S with respect to the original position, the
accompanying displacement of the moiré pattern Mis:

—_—

M =—i§ Eq. 2.4
Lo

Here, L, and L, are the periodicities in the S direction for the moiré pattern and the
overlayer, respectively. Because Ly, is larger than L,, transitional errors are amplified by
the moiré patterns by a factor of L/L, > 1.
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Partl
Nanomesh formation on Rh (111)
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3.1 Background

On the Rh(111) surface, hexagonal boron nitride (h-BN) adopts a highly regular
superstructure, with 2 nm diameter depressions and a 3.2 nm period. Similar structures
are found on other metal surfaces. This so-called nanomesh [6] serves as a two-
dimensional scaffold for deposition of bucky balls and other, functional molecules [6, 18],
which may lead to interesting e.g. electronic, magnetic, or catalytic properties and
applications. The nanomesh coating has been demonstrated to remain intact under
ambient conditions [12], in liquids [19], and at high temperatures [6], thus protecting the
underlying metal. The combination of h-BN and graphene provides opportunities for
sophisticated band gap engineering in the graphene [75-77] and for advanced device
development [78]. The atomic structure of the nanomesh has been unraveled, by a
combination of Scanning Tunneling Microscopy (STM) [6, 14], surface X-ray diffraction
(SXRD) [12], and theoretical calculations [10, 11]. It is a single, highly corrugated layer of
h-BN, with 13 x 13 unit cells of the h-BN lattice fitting onto 12 x 12 unit cells of the
underlying Rh(111) surface.

In view of the large super-cell, containing 338 overlayer atoms, the superb quality of the
observed nanomesh patterns is quite surprising. The procedure, originally introduced by
Corso et al. for the deposition of a nanomesh film, is to expose the Rh(111) surface to
borazine (HBNH);3 gas at 1050 K [6]. What is the role of this high temperature? It could
be that a high temperature is necessary to crack the borazine molecules, releasing
hydrogen, and possibly rupturing B-N bonds, in order to form reactive precursors, which
stick sufficiently strongly to the surface and serve as the growth units, from which the
overlayer can be assembled. One can also imagine that a high temperature would be

required to provide sufficient lateral mobility for crystallizing the otherwise disordered
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overlayer into the perfectly periodic nanomesh structure. While the high temperature

serves as an important clue, it also poses a significant experimental difficulty.

3.2 Experimental methods

All measurements were carried out under ultrahigh vacuum (UHV), with a variable-
temperature STM setup, which allowed fast scanning and imaging over a wide range of
temperatures and during substantial temperature changes [33, 34]. The base pressure of
the system was 1.5x10™" mbar. All pressures, including that of the borazine gas, were
measured with an ion gauge, without considering the differences in the sensitivities for
the different gases. Sample temperatures were measured by a K-type thermocouple,
spot-welded directly onto the Rh single crystal. The crystal was heated from the rear side
by a filament, using either by thermal radiation or by electron bombardment, extracting
electrons from the filament and accelerating them through a voltage of -600 V between
the filament and the sample. This allowed the sample to be heated from room
temperature to 1300 K in 10 seconds. The Rh sample was cleaned by cycles of Ar” ion
sputtering, followed by flash annealing to 1300 K, and exposure of the sample to 2 to 3
x10"" mbar of O for 1 to 2 hours, at temperatures of 700-800 K. The latter step proved
necessary for removal of carbon surface contamination, which segregated out of the bulk.
Residual O was removed from the Rh surface by flashing the sample to 1000 K [73].
After having repeated this cycle at least 10 times, no C contamination could be detected
by Auger Electron Spectroscopy, and the density of visible impurities in the STM images
was typically below 1/um2. High-purity borazine, (HBNH)3, was gratefully obtained from
the group of Prof. Hermann Sachdev at the University of Saarland in Germany and was
deposited in the UHV-system from a dosing nozzle, that stored the material at a reduced
temperature, by means of a Peltier cooler, and allowed it to warm up for deposition
purposes. The cooling/dosing system was thankfully received from Prof. Jirg

Osterwalder and Prof. Thomas Greber from the University of Zurich in Switzerland.

Most of the measurements in this part consist of in-situ STM imaging, namely at elevated
temperatures and during deposition. By this method, one can achieve direct
observations, which are far easier for understanding the mechanisms than images or

other measurements carried out after completion of the growth procedure. However, the
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Fig. 3.1 Examples of the influence of the tip on the borazine deposition: (A) A Rh
surface being scanned by STM, during borazine deposition. No deposits are visible on
the surface. The feature at the bottom of the image is a monoatomic step on the Rh
substrate. (B) An equally large region directly on the left-hand side of area that was
scanned during deposition (image A). After deposition, many adsorbed borazine
molecules are visible in this image. Notice the gradient in density from right (where the
tip had been) to left. (C) A zoomed out STM image, after the central part had been
imaged by the STM after the Rh surface had been dosed with 0.2 L of borazine at room
temperature and annealed to 576 K. Small clusters had been formed during the
annealing. The image shows that the clusters have been removed from the central region
by the STM tip. The imaging conditions for the central region of panel C had been the
same as the imaging conditions for the zoomed-out scan of panel C itself.

The image sizes of panels A and B are 85 %85 nm? while that of panel C is 200 x 200
nm?% Sample voltage: V, = 2.5 V, 2.0 V, and 1.7 V, for fig. A, B, and C, respectively.
Tunneling current I, = 0.05 nA.

presence of the STM tip may influence the deposition. In particular, it can shadow off the
portion of the surface that is being imaged, thus making the local deposition rate lower
than the average rate. In the present work, it was found that the STM tip sometimes
completely blocked the deposition of borazine molecules. For example, in Fig. 3.1, after
0.2 L (1 Langmuir = 107 torr s) of borazine exposure, the area that was scanned by the
STM was still completely clean (panel A), while the direct surroundings had very
noticeable amounts of borazine adsorbed (panel B). In addition to being an obstacle for
the impinging molecules, the tip can also act as a ‘vacuum cleaner’, emptying the
scanned area, even when it is covered already by adsorbed borazine molecules or
clusters. Such effects may be particularly strong at elevated temperatures. An example
of this tip-induced ‘cleaning’ can be found in Fig. 3.1C. Occasionally the tip switched
spontaneously from the ‘cleaning’ configuration to normal behavior, in which it did not

influence the surface, suggesting that the ‘cleaning’ did not depend on sample voltage or
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tunneling current but on the configuration details of the tip. A possible explanation for this
is that the ‘cleaning’ results from the interaction (Van der Waals or electrostatic) of the
full tip with the borazine. If the structure of the very apex of the tip changes in such a way
that it protrudes less far from the body of the tip, this interaction is significantly increased,
thus possibly switching on the ‘cleaning’ effect, seemingly without significant changes in

imaging quality.

- Sample

® Borazine

Fig. 3.2 Sketch of the tip retraction procedure. During STM imaging, borazine
molecules sometimes cannot reach the scanned area because of geometrical blocking by
the STM tip (A). In such cases we adopted the procedure to retract the tip during one
entire image period (B), so that borazine could reach the sample surface. After this the
tip was returned to the measurement position, to acquire a single STM image. This
(B)/(C) procedure was repeated throughout the entire deposition.

The blocking of the borazine deposition made it very difficult to perform STM
measurements during deposition. Fig. 3.2 shows our method to circumvent this problem
when it presented itself. The STM tip was retracted between subsequent STM frames for
the duration of an entire STM frame. This meant that there was an empty image between
every two scanned images. During the empty imaging, the borazine could reach the
scanned area and react, so that this procedure effectively reduced the borazine
exposure by a factor 0.5 (or slightly above 0.5) with respect to completely unhindered
exposure. One disadvantage of our retraction procedure is the significant creeping of the
piezo-electric scanner that follows after each substantial change in position. Even though
the retraction (and re-approach) were directed along the z-direction, perpendicular to the
surface, also the x- and y-position was found to exhibit a strong creeping effect that

lasted for typically 30 minutes after the last re-approach. This creeping made it difficult to
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relocate the original area that had been in view before a retraction—re-approach cycle. In
addition, in the slow scan direction the creeping resulted in a nonlinear elongation of the
image, which introduced the risk of large errors in the counting of the areas of islands or
vacancies. Fortunately, the growth of the nanomesh structure was observed to follow a
very specific mode, in which the growth unit was precisely equal to one complete unit of
the nanomesh pattern, corresponding to 169 units of the BN overlayer. Usually the area

of the growing h-BN could be identified just by counting the additional nanomesh units.

3.3 This part of the thesis

In this part of the thesis, we concentrate on the assembly of h-BN nanomesh films on
Rh(111) by in-situ STM observations under the reported growth conditions, i.e. during
borazine deposition, at temperatures up to 1200 K. Experimental procedures are
provided in section 3.2. In the same section it will also be pointed out that the STM tip
can block the borazine molecules from landing on the surface of the sample. A method
will be introduced for avoiding such a tip influence. In Chapter 4, the behavior of h-BN
and borazine at different temperatures will be investigated by deposition of borazine at
various temperatures. The growth unit is found to be one entire unit cell of the nanomesh
pattern. We will also consider the different edges (boron terminated and nitrogen
terminated) of the nanomesh islands and we will discuss the energy barriers for growth
on different sites in section 4.4.4. In Chapter 5, the adsorption of borazine and the
temperature needed for its decomposition will be discussed. Chapter 6 will concentrate
on the formation and stability of defects in the h-BN nanomesh. Based on this, we can
understand why a high deposition temperature is needed for a high-quality nanomesh

structure and an optimal growth recipe will be derived.
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Chapter 4 Nanomesh formation at
different temperatures on Rh(111)

4.1 Introduction

The procedure, originally introduced by Corso et al. for the formation of a nanomesh film,
is to expose the Rh(111) surface to borazine (HBNH); gas at 1050 K [6]. The
temperature seems to be an important parameter, as mentioned in section 3.1. In order
to investigate the influence of the temperature on the formation of the h-BN nanomesh
structure, borazine (HBNH); was deposited at various temperatures onto Rh(111). In
addition to this, we also investigated the evolution of the overlayer with temperature after
the deposition by heating the sample to higher temperatures while imaging the surface

continuously by STM.

4.2 Nanomesh formation from borazine

deposited at room temperature

We first exposed a cleaned Rh(111) surface to 4 x 10®° mbar s of borazine at room
temperature. This pre-exposed surface was heated up slowly, from room temperature to
~1060 K, while STM images were taken continuously. Selected images from this
measurement are shown in Fig. 4.1A complete STM-movie, from 295 to 1057 K, is
available online [79]. At 690 K, the first noticeable rearrangements into small,
nanometer-scale clusters were observed. As the temperature increased further, these
small clusters became mobile, and coalesced. The branched and elongated shapes,

observed in Fig. 4.1B, are characteristic of a diffusion-limited type of aggregation (DLA)

33



4.2 Nanomesh formation from borazine deposited at room temperature

[80]. Within the individual clusters, distinct height variations were seen, with a typical
amplitude of 0.05 nm (Fig. 4.1B). This indicates that these were not mere clusters of
borazine molecules, but that instead, the clusters already had the h-BN structure, with a
thickness of a single monolayer and with the corrugation resulting from the mismatch
with the underlying Rh lattice. In Fig. 4.1C, it can be seen that, at a high temperature of
1007 K, the shapes of the islands had become more compact, and the height variations
had organized into the nanomesh superstructure, albeit with a high density of defects.
When the temperature was further increased to 1042 K, most of these defects
disappeared, and the islands ripened to larger sizes (Fig. 4.1D). The images in Fig. 4.1B-
D clearly show that the total coverage was well below that corresponding to a full h-BN
nanomesh monolayer, even though the initial exposure of 40 L had been sufficient to
reach the maximum coverage at room temperature. What these images also indicate is
that there was, at most, a minor loss of material (borazine or BN) from the surface. This
implies that almost all the B- and N-atoms deposited at room temperature were still
present at 1042 K, and that their numbers added up to no more than a 50% monolayer of
h-BN. Two potential causes for this lack of material are (i) that, at room temperature, the
borazine molecules formed a highly disordered, and therefore, non-compact layer (Fig.
4.1A), and (i), that with most of their hydrogen atoms still present, the borazine
molecules, initially present at room temperature, required more space than that occupied
their B- and N-atoms, after hydrogen desorption, in the final h-BN structure. From this
first experiment, we conclude that the typical deposition temperature of 1050 K is not
necessary for borazine adsorption or h-BN formation. Furthermore, it was observed that

the overlayer was formed via two-dimensional nucleation and growth.
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Fig. 4.1 A series of images selected from the STM Movie 1 [79], during a continuous
temperature ramp from 300 K to 1057 K of a borazine-pre-exposed Rh(111) surface. (A)
The Rh surface directly after exposure to 40 L of borazine gas at room temperature. A
monatomic step on the Rh surface crosses the image. The rough appearance of the upper
and lower terraces is caused by the borazine deposit. (B) At higher temperatures, the
overlayer first organized into narrow, somewhat elongated islands of h-BN. The height
variations within the islands result from the mismatch between the lattice constants of
the overlayer and the substrate. (C) The next stage was the formation of more compact
h-BN islands, with a defective nanomesh superstructure. (D) At the final temperature,
the nanomesh structure was relatively well-defined.

All images are 85 nm %85 nm, and have been taken at a sample voltage of V,= 3.0 V
and a tunneling current of I;= 0.05 nA.
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4.3 Nanomesh formation from borazine
deposited between 627 K and 865 K

As suggested by the fractal-like island growth patterns in Fig. 4.1B, after pre-exposure of
the Rh substrate to borazine at room temperature, the initial h-BN islands are formed by
diffusion-limited aggregation [80] of individual borazine molecules or small borazine
clusters. Next, we address the role of the substrate temperature during the exposure. For
this, we exposed the substrate to borazine at 627 K. After 10 minutes at a pressure of
3.7 x 10™° mbar, the STM images showed no sign of either borazine adsorption or h-BN
formation. A significantly higher pressure of 1.5 x 10 mbar was required to obtain the
first stages of island formation; Fig. 4.2A shows an example at a somewhat higher
pressure of 3.2 x 10° mbar. While the terraces exhibited a low density of nuclei, the
steps on the Rh substrate were saturated by small islands. The shapes of these islands
were again fractal-like. No corrugation was observed on the islands, which means that
they did not yet have the structure of h-BN. Then we increased the sample temperature.
Whereas at 762 K the islands still retained their fractal shapes, at 806 K they had
become compact (Fig. 4.2B). In addition, as we will discuss in more detail in secton 5.1,
the orientations of the island edges indicate that in this temperature window the island
rearrangements had involved the breaking of B-N bonds. Fig. 4.2B further illustrates that
at 806 K the h-BN islands did not merely occur at steps of the Rh substrate. The islands
displayed a variety of orientations, the preferred orientation being the one with the h-BN
lattice, and therefore also the moiré pattern, aligned with the Rh(111) substrate.

On this h-BN seeded surface, with different orientations, further h-BN was formed by
exposing the surface to borazine pressures ranging from 1.2 x 10° to 1.2 x 10°® mbar,
while the substrate temperature was held at 865 K. Fig. 4.2C and D show the same area
before and after this extra deposition. They show that most of the additional h-BN closely
followed the orientations of the ‘seed’ islands. At every location where two domains met,
a domain boundary line or a defect line was formed between them. However, there were
exceptions. For example, the domain indicated by the black arrow in Fig. 4.2D was newly
formed at the connection between two differently oriented domains, suggesting that the
mismatch between these orientations was so unfavorable, that in spite of the extra

domain boundary length, the new domain could lower the total energy. Further evidence
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Fig. 4.2 (A) STM image of Rh(111) at 627 K, after having been exposed at that
temperature to 3 x 10™° mbar of borazine for 12 