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Abstract

In this thesis, surface studies of two-dimensional materials on various
substrates will be presented. The central materials of interest are graphene and
hexagonal boron nitride, with the former studied exclusively on silicon carbide.
Hexagonal boron nitride will be studied both on epitaxial graphene on SiC, as

well as on transition metal foils — specifically nickel and copper.

The central experimental method by which we investigate these materials
systems is low-energy electron microscopy (‘LEEM’ — used also to refer to the
microscope itself). LEEM allows for not only the direct, real-space imaging of
surfaces, but also the obtaining of low-energy electron diffraction patterns from
areas as small as 1 pm in diameter. Using the LEEM, we may acquire so-called
reflectivity spectra, which will be described in more detail in the body of the
work. These spectra are compared to a first-principles model, which was
originally developed for the interpretation of such data acquired from graphene
on copper foils. A more detailed synopsis of this thesis can be found in the final

section of Chapter 1.
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Chapter 1

Introduction




1.A. A brief history of two-dimensional materials

Graphene was famously isolated from graphite in 2003 by the efforts of
Novoselov and Geim using the simplest of materials: graphite and Scotch tape.!
The humble nature of the tools used in this discovery combined with the rapid
awarding of the Nobel Prize in Physics just 7 years later has captured the
imagination of scientists ever since. Initial samples reported upon exhibited field-
effect mobilities of ~ 10,000 ¢cm?/V -s. Other groups later reported mobilities
from 1x10° — 1x10° ¢cm?/V -s by suspending their graphene samples.>® More
realistic device geometries with similar mobilities have been reported by
sandwiching graphene between two layers of hexagonal boron nitride (h-BN).6
Despite early hopes that graphene would supplant silicon as the basis of modern
electronics, its lack of a band gap has limited its potential applications. Even so,
many exotic phenomena have been discovered in the material, and it has proven
to be a fruitful system for demonstrating new physics.™"! Additionally, its
discovery has led to the realization of isolated two-dimensional (2D) layers of

other materials using similar techniques.

1.B. Graphene

Physical structure

Graphene is an atomically thin layer of carbon atoms arranged in a
honeycomb lattice. More formally, it arranges in a hexagonal Bravais lattice with
a 2 atom basis in the unit cell. These two carbon atoms are symmetrically
equivalent, which has consequences for the electronic structure of graphene,
which will be described in the next subsection. The carbon-carbon bond length is
approximately 1.42 A, which leads to an in-plane lattice constant of 2.46 A. A
schematic drawing of graphene’s lattice structure is presented in Figure 1.1. In

this figure, we see two unique edge terminations. The left/right and top/bottom
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edges are referred to as zig-zag and armchair edges, respectively. These and other
lower-symmetry edge terminations can affect the electronic properties of finite

size devices.'>1?

8500
Oe¥e

L.

Figure 1.1. Diagram of graphene lattice. The unit cell is indicated by the dashed
rhombus, with the two equivalent carbon atoms labeled as ‘A’ and ‘B’. The two arrows
labeled @, , show one choice of direct lattice vectors for the system.

When 2 monolayer (MLs) of graphene are stacked on top of one another,
there are two unique, high-symmetry stacking arrangements which the lattice can
take on: so-called ‘AA’ and ‘AB’ stacking. AA stacking refers to a geometry
where the two individual graphene MLs are stacked directly on top of each other
(that is, each carbon atom is above/below another carbon atom). AB stacking
(also called Bernal stacking) sees a carbon atom from the adjacent graphene ML

sitting above/below the honeycomb empty site. Each arrangement contains 4
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atoms in its unit cell. Energetically, AB is the preferred stacking. In bulk
graphite (with AB stacking), the interlayer separation (that is, the distance from
the middle of one layer to the middle of an adjacent layer) is 3.35 A. A schematic

drawing of these stacking arrangements is presented in Figure 1.2.
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Figure 1.2. High-symmetry stacking in graphene. (a,b) top-down schematic view of AA,
AB stacking, respectively. The smaller, darker circles are the top layer, and the lighter,

larger circles are the bottom layer in each.
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Figure 1.3. Moiré pattern of graphene for various twist angles. (a,b,c) schematic
drawing of 2 layers of graphene rotated with respect to one another by 5°, 10°, and 15°
respectively. In (c), 2 orange arrows outlined in black show the periodicity the Moiré

pattern. More details are provided in the body of the work below.
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In addition to the high-symmetry stacking just described, individual
graphene MLs can also be rotated with respect to one another. The resulting
structures exhibit a periodicity which is directly analogous to one-dimensional
beating. This periodic structure is referred to as a ‘Moiré pattern’, and three
examples are shown in Figure 1.3. These patterns were obtained starting with
2 MLs stacked in an AA arrangement, with the top layer then rotated about the
empty site of the honeycomb. Such a structure can arise not only in the case of
twisted layers of the same material, but also when stacking two materials of
different in-plane lattice parameters. An example of such a structure will be

presented and briefly described in Section 1.D.

Electronic structure

Figure 1.4. Band structure of graphene. Reproduced from Reference 7. This was

calculated using a tight-binding model including second-nearest neighbor hopping.
Vertical axis is such that Ex = 1 corresponds to an energy of 2.7 eV. Horizontal axes are
such that ky = ky =1 corresponds to a wavenumber of 7.37 nm. The right portion
shows a zoom-in of the Dirac point as indicated, and one such point exists at each of
the corners of the Brillouin zone.
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As already discussed above, graphene is a zero band gap semiconductor. Its
band structure is very well approximated by a simple, nearest-neighbor tight
binding description. This was first done in 1947 by Wallace in order to derive the
bulk band structure of graphite.'® More accurate results are obtained using first-
principles methods, though others have shown that very good agreement can be
achieved with tight-binding by considering up to third-nearest neighbor
hopping.!” Common to all of these descriptions, however, is the presence of a
linear dispersion relationship at the corners of the hexagonal Brillouin zone (also
called the K and K’ points). At these locations, the valence band and conduction
band meet at a point (these locations in graphene’s Brillouin zone are usually
called ‘Dirac points’), with the Fermi level sitting here in intrinsic graphene.

Graphene’s band structure is shown in Figure 1.4.

Because of the linear dispersion at the Dirac point, charge carriers close to
the charge-neutrality point behave as massless particles moving with a fixed

velocity (v; ~ independent of their momentum, rather than as massive

300)
particles as is typical in most media. The behavior of electrons near this energy
must therefore described by the Dirac equation rather than the Schrodinger

equation in order to make accurate predictions. The linear dispersion is

responsible for many of the unique electronic properties of graphene.”
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Graphene on SiC

Owing to its place as a central material system throughout this thesis, I will
describe epitaxial graphene on SiC in greater detail separately from the more
general descriptions of graphene which have been presented above. A brief
overview of SiC, including its crystal structure, will be given, followed by a
synopsis of its main reconstructions (on the (0001) polar face, also called the

‘Si-face’) towards the formation of graphene.

(a)

Figure 1.5. Structure of single SiC bilayer. (a) Top-down view of a SiC bilayer. (b) View

of bilayer along the [2200] direction. Si and C atoms are tan and gray, respectively.

Silicon carbide exhibits hundreds of crystalline arrangements known as
polytypes. The fundamental building block of these polytypes is the SiC bilayer,

of which a schematic drawing is presented in Figure 1.5. Two staggered
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hexagonal layers compose the bilayer: one containing the silicon atoms, the other

the carbon atoms. These individual sub-layers are oriented such that the C/Si

atoms sit at (very nearly) tetrahedral coordination sites of the Si/C atoms.

Figure 1.6. Stacking arrangements of notable SiC polymorphs. (a) 3C-SiC. All bilayers
are oriented in the same way. (b) 4H-SiC. 3 unit cells along the c-axis are shown. A
close examination of the bonds allows us to see that there is a 180° rotation about the
c-axis every 2 bilayers. (c) 6H-SiC. 2 unit cells along the c-axis are shown. Here, every 3
bilayers are rotated by 180° about the c-axis with respect to each other. In all sub-
figures, the structure is viewed along the [2020] direction of the individual bilayers. Si

and C atoms are tan and grey, respectively.

By stacking these bilayers with different combinations of 180° rotations about
the c-axis of the bilayers themselves, one can produce a variety of increasingly
complex arrangements. Shared by all of these arrangements, however, is the (very
nearly) tetrahedral coordination of all but the surface atoms. Among the
hundreds of polytypess, the most widely used are 3C- (which has a zinc blende
crystal structure), 4H-, and 6H-SiC, with diagrams of their arrangement shown in

Figure 1.6. The latter two polytypes have a hexagonal crystal structure, and
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differ from the 3C cubic phase by the presence of 180° rotations of the bilayers
every 2 and 3 bilayers, respectively. We make exclusive use of these hexagonal
polytypes in the growth of graphene due to their having the same underlying
symmetry as graphene. For the remainder of this chapter, we will concern

ourselves only with these hexagonal polytypes for simplicity of discussion.

Along the c-axis of SiC, there are two inequivalent polar faces: the (0001), or
Si-face, and the (0001), or C-face. These faces can be seen schematically in their
bulk-terminated, unreconstructed forms at the top and bottom of Figure 1.6(b,c),
respectively. Their inequivalence leads to distinct reconstructions, and
consequently, graphene formation processes. Here, we will discuss only the Si-face
in detail. Information on the graphene formation process and the quality of the

as-grown epitaxial graphene on the C-face can be found elsewhere.!®?!

Graphene growth on SiC is achieved by high-temperature, preferential
sublimation of silicon. Starting with the 1 x 1, hydrogen-terminated surface,
heating the Si-face in vacuum produces two principal surface reconstructions
prior to graphene growth. The first is a (v/3xv/3)R30° reconstruction which has
been identified as having a single Si adatom in its unit cell.?** In vacuum, this
reconstruction occurs at a temperature of approximately 1000°C. The second is a
carbon-rich reconstruction covalently bonded to the underlying SiC. This surface
forms just prior to graphene at a temperature of 1150°C in vacuum. With respect
to the SiC, it has a (6v3x6v3)R30° unit cell,*® and is referred to
interchangeably for the remainder of this thesis as the 643 surface, or simply the
buffer-layer. The latter name arises from the fact that this layer acts a template

which transforms into a graphene layer as will be discussed further below.
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Figure 1.7. Unit cell of 6v/3 buffer-layer on Si-face SiC. Reproduced from Reference 29.
Red and white spheres are Si and C atoms in the underlying bulk-terminated SiC,
respectively. Dark gray spheres are the carbon atoms of the buffer-layer, and its unit
cell has been indicated by the yellow rhombus.

A schematic of the 643 surface reconstruction is shown in Figure 1.7. This
reconstruction has an identical carbon content as a single layer of graphene.
Indeed, it is well known that by saturating its covalent bonds with the SiC
surface with hydrogen or other so-called intercalants, (often referred to as
‘passivating’ the buffer-layer), the layer is effectively decoupled, and one obtains

what is commonly called quasi-free-standing graphene.**3! Approximately three

SiC bilayers contain the carbon content of the buffer-layer (and one graphene

layer, as well).
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Figure 1.8. Graphene formation on the Si-face. (a) bulk terminated 6H-SiC. (b) Buffer-
layer on Si-face with bonds ignored. (c) Buffer-layer and 1 ML graphene. In all
subpanels, C, Si atoms are gray and tan, respectively.

Once the buffer-layer has formed, continued heating in vacuum to 1300°
produces graphene, which is itself a reconstruction of SiC. The first graphene
layer that forms is actually the initial buffer-layer structure: as Si atoms continue
to leave the surface, excess carbon is left at the interface of the buffer-layer and
SiC.  This carbon layer decouples the buffer-layer in a similar fashion as
hydrogen, and once a sufficient amount is present, a new buffer-layer forms.
Because the buffer-layer has only two possible registries (rotated either +30°), it
effectively templates the graphene growth, and graphene on the Si-face therefore

typically has large domain sizes.
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1.C. Hexagonal boron nitride

Just as for graphene, monolayer h-BN is 2D hexagonal lattice which is one
atom thick. However, in place of the two equivalent carbon atoms in the unit cell
of graphene, h-BN contains one boron and one nitrogen atom. The boron-
nitrogen bond length is 1.45 A which leads to an in-plane lattice parameter of
2.50 A — 1.8% larger than that of graphene. A schematic diagram of the h-BN
lattice is shown in Figure 1.9 below. In contrast to the case of graphene, the left
and right zig-zag edges in this case are inequivalent: the left side being boron
terminated, and the right being nitrogen terminated. The nitrogen terminated

zig-zag edge has been found to be the most energetically stable edge termination.

Figure 1.9. Schematic drawing of h-BN lattice. The h-BN unit cell has been indicated
with a dashed rhombus. The nitrogen (‘N’) and boron (‘B’) atoms are blue and pink,

respectively. The two arrows labeled ‘3, ,” are one choice for the direct lattice vectors.
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Figure 1.10. High-symmetry stacking in bilayer h-BN. (a,b,c,d,e) Schematic, top-down
view of AA, AA’, AB, AB’, A’B stacking, respectively. Pink circles are boron. Blue circles
are nitrogen. The atoms in the lower h-BN layer are represented with larger circles.

Because of the inequivalence of the two atoms in the h-BN unit cell, there
are 5 unique high-symmetry stacking arrangements possible as compared to the 2
in graphene. These arrangements are: AA, AA’, AB, AB’, and A’B. They can be
seen in Figure 1.10. AA and AA’ are so-called ‘eclipsed’ stackings, with every
atom sitting on top of another, with the two being related by a 180° rotation of
one of the individual monolayers (MLs). AA has boron atoms above/below boron
atoms and nitrogen atoms above/below nitrogen atoms, whereas AA’ has
nitrogen atoms above/below boron atoms. AB, AB’, and A’B are so-called
‘staggered’ stackings, and are again related by 180° rotations. In AB stacking,
boron atoms in one layer sit above/below either a nitrogen atom or an empty site

in the other layer. In AB’ stacking, the boron atoms in one layer sit above/below
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the boron atoms of the other while the nitrogen atoms sit above/below the empty
sites of the other layer. A’B stacking sees the positions of the boron and nitrogen
atoms swapped as compared to AB’. AA’ is the most energetically stable
configuration followed closely by AB. AA stacking is the least favorable
arrangement. AB” and A’B have similar energies and are less stable than AB, but

more stable than AA .33

Just as in graphene, h-BN has strong in-plane covalent bonds and very weak
out-of-plane van der Waals bonds. This leads to not only the atomically flat
structure of the individual MLs, but also to small potential variations when
compared to, for example, Si0..*> Due to the two inequivalent atoms in its unit
cell, h-BN is a wide band-gap insulator with a band-gap of approximately
5 — 6 eV. A plot of the electron band structure is shown in the next Chapter in

cur discussions of low-energy electron reflectivity (see Figure 2.10, specifically).

1.D. Combining 2D materials

As discussed in Section 1.A, graphene by itself is of fundamental scientific
interest on its own, but its lack of a band gap prevents it from functioning as an
effective transistor with useful on/off ratios. However, several groups have
suggested combining 2D materials, including graphene, as a way to create new
artificial material structures with desired properties — a process sometimes
dubbed ‘band structure engineering’. Various combinations have been proposed,
though they generally fall into two categories: lateral and vertical
heterostructures. Lateral heterostructures have been described in detail by other
groups, and we leave the interested reader to pursue more information on these
structures on their own.*** For the remainder of this section, we will briefly

describe issues common to all vertical heterostructures. While there have been
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many proposals for and demonstrations of vertical heterostructures based on 2D

40-52
)

materials’ we will focus in this section principally on that one which has

served as a central subject of study in our groups’ work: the SymFET.
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Figure 1.11. Moiré pattern of 1 ML h-BN on 1 ML graphene. The lattice mismatch
between the h-BN (pink and blue circles) and graphene (grey circles) has been
exaggerated from ~ 1.8% to 10% for clarity. The two individual 2D layers are
rotationally aligned.

In vertically stacked layers of 2D materials, I have already demonstrated that
even for stacks of the same material, formation of a Moiré pattern is possible in
the presence of relative rotations between the individual layers (see Figure 1.3).
However, when stacking two different materials, one can obtain a Moiré pattern
even in the absence of such rotations. A schematic drawing of a perfectly aligned
h-BN later on top of a graphene layer is shown in Figure 1.11 demonstrating just

such an effect. Here, the difference in the lattice constants of the two materials
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has been exaggerated: for the actual lattice mismatch, the periodicity of the
superstructure is more than 50 times the periodicity of either of the two
materials. Many groups have investigated the influence of super-lattice
structures, and stacking arrangements more generally, on the electronic
properties of 2D materials.”** Indeed, phenomena previously thought impossible
without the application of currently unachievable magnetic fields have recently

been realized through the exploitation of such superlattices.®-?

(a) eV < 2AF (b) eV > 2AF

Figure 1.12. SymFET mechanism. Reproduced from Ref. 41. (a,b,c) band alignments for
the cases indicated at the top of each panel. In (a) and (b), only a single ring of states
satisfies strict momentum conservation. In (c), the Dirac points are aligned, and every
state between the two Fermi levels can participate in tunneling. (d) I(V) characteristics
for an infinite, finite SymFET device are shown in red, blue, respectively.
In Figure 1.12, the fundamental mechanism of the SymFET is shown. This

device was originally described by Feenstra et al.,*' and studied theoretically in

more detail in later works."**® The device consists of two graphene monolayers
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separated from one another by some insulating barrier — in practice, usually a few
MLs of h-BN. Assuming the two MLs of graphene are doped, we can apply
various potential differences between the two. Energy and momentum
conservation considerations restrict the states which are available for tunneling
through the insulating barrier as seen in panels (a-c). Panel (d) shows the
predicted I(V) characteristics for such a device, with a peak in the current

occurring when the Dirac points of the two graphene layers are aligned.

| I
AE=0.1 eV
=100 nm

Current Density (arbitrary units)

0.50

Voltage (V)

Figure 1.13. Effect of misorientation in SymFET devices. Reproduced from Ref. 41. The

magnitude of the Fermi level shift (same magnitude, but opposite sign in each layer),

and the device size are listed in the top left. Colored curves are spaced by 0.15°, with
the black curve being the result of averaging each curve with equal weighting.

As already discussed above, relative rotations between two 2D layers leads to
the formation of a Moiré pattern, which can influence the electronic states of the
combined structure. In the case of the SymFET, however, there are additional,
less exotic considerations. Finite size of the devices (actually, finite size of the

length within a device over which the wave function is phase coherent) leads to a
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breakdown of strict momentum conservation, producing a reduction in the
intensity of the resonant peak, as illustrated in Figure 1.13 for a coherence length
of 100 nm. Rotations between the two graphene layers in direct space also leads
to relative rotations of their respective Brillouin zones, which again breaks strict
momentum conservation even for small rotations. Hence, the location of the
resonant peak shifts, as also illustrated in Figure 1.13. The largest reduction
occurs for a misorientation of 30°, where the Dirac points of the two individual

layers are farthest from one another.

1.E. Overview of the thesis

In the remainder of this thesis, I will first describe the apparatus and
methods used in my surface studies of 2D materials, after which I will present
results from four of my major studies. The first of these are correlated low-energy
electron microscopy (LEEM) and pRaman studies of epitaxial graphene on
SiC(0001). This project was undertaken in order to place Raman spectroscopy of
epitaxial graphene on a similar footing as that of graphene on other substrates.
As will be described in greater detail in that chapter, the SiC substrate

complicates the interpretation of graphene’s Raman spectrum.

Following this, I will describe the growth and characterization of h-BN on
epitaxial graphene on SiC. This project was undertaken to explore the possibility
of the direct growth of the already-described SymFET, rather than producing the
device by the transfer of each individual layer. The epitaxial arrangement,
surface morphology, and temperature dependence of our growth will be discussed.
Our experience in characterizing h-BN on other substrates will prove invaluable

to understanding this system.
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In Chapter 5, I will discuss an earlier project involving LEEM studies of h-
BN grown on Cu foils. These samples were grown by collaborators who were
principally interested in determining the epitaxial registry of their as-grown
samples. While we did not originally find any fixed registries on early samples
grown on the Cu(100) surface, later studies grown with better surface preparation
did produce a finite distribution of orientations. Cu foils oriented primarily along

the (111) direction were found to exhibit only two orientations separated by 60°.

I will conclude with a discussion of a study again characterizing h-BN, this
time on polycrystalline Ni foils. In these studies, our collaborators were primarily
interested in characterizing the large-scale homogeneity of their as-grown
samples. As will be discussed in more detail in that chapter, these studies also
served as a means for refining a first-principles method for describing low-energy
electron reflectivity spectra originally developed to interpret such spectra for

graphene on various substrates.
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2.A. Growth of graphene and h-BN
Graphene growth on SiC

As described in Section 1.B, growth of epitaxial graphene on SiC involves
preferential Si sublimation at high temperature. Early work on this materials
system examined graphitization in vacuum, but this tended to yield a high
variability in the number of graphene MLs on both polar faces of SiC.%% It was
found, however, that background gases could be used to increase the partial
pressure of Si, thereby reducing its sublimation rate and pushing the system
closer toward equilibrium conditions during the growth process. These gases can
either be Si-containing (such as disilane — Si,Hg),% or inert (argon is most typical,
but other work has shown neon to be efficacious as well).? "% Where the former
gases are used to directly tune the silicon chemical potential, the latter instead
act to confine the Si atoms near the SiC surface by reducing their mean free
path. For the remainder of this section, we will focus on graphene growth on the

Si-face.

SiC has a decomposition temperature of approximately 2730°C, however
various reconstructions (described in greater detail in Section 1.B) of the Si-face
begin to occur at temperatures as low as 1000°C in vacuum. Once temperatures
exceed 1300°C, the sublimation rate of Si sufficiently exceeds that of carbon such
that graphene begins to form. In the case of increased partial pressures of Si
(achieved as just described), the temperature of graphene formation will only go
up. In a background of 1 atm of Ar, for example, the graphitization temperature
can exceed 1600°C. As such, the growth system and heating elements must be

sufficiently robust in order to withstand these temperatures.
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Figure 2.1. Graphene/h-BN grown system.

Many groups studying epitaxial graphene use enclosed graphite crucibles
which are inductively heated.'” While they have shown the ability to grow high
quality material, the exact conditions of the growth are not precisely known. We
instead employ a bow-tie shaped graphite heater strip which is completely open
to the surrounding vacuum system. The heater strip is held in place with copper
clamps which are connected to the outside of the growth system by electric feed-
throughs. The connections are kept cool by chilled-water circulation in copper
heat sinks which are attached to the outer portion of the feed-throughs. The heat
sinks also serve as electrical connections from these feed-throughs to a variable

autotransformer. The system can be seen in Figure 2.1.

Heating is achieved by placing the samples directly on top of this strip, then
passing currents in excess of 250 A through the strip heater, which has a cross-
sectional area of 1.25 x 0.5 cm? at its center. Temperatures are measured
indirectly by a disappearing-filament pyrometer. Depending on the environment

of the heating, different heat transfer processes contribute. In vacuum, the
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heating is entirely due to thermal radiation from the heater strip. Atmospheric
pressures of hydrogen and Ar allow for the sample to be heated via convective
processes, as well. Correction factors for different environments are determined as

described in a previous work.%

Growth of h-BN on metal foils

Of the many groups studying the growth of few-layer h-BN, the majority of
these focus on chemical vapor deposition (CVD) on transition metal foils. The
most typical metal substrates are copper and nickel, though epitaxial growth has
also been shown on cobalt, ruthenium, iridium, and a variety of other metals.™™
CVD involves the precise flow of gaseous chemical precursors by way of mass
flow controllers. These precursors are loaded into a so-called ‘carrier gas’, which

is typically Ar with some percentage of Ho.

Growth typically is done in fused quartz tubes, which are extraordinarily
clean and contribute very little in the way of degassing. These tubes are attached
to a vacuum system, as well as to the gas-lines that provide both the carrier
gases, and the precursor. Surrounding the tubes are heating elements and
insulating materials. Temperature controllers are used in conjunction with
thermocouples within the heating areas to set the growth temperature. These
furnaces are quite common, with schematics readily available elsewhere for the

curious reader.

h-BN growth on epitaxial graphene

In our growth of h-BN on epitaxial graphene, we start with samples prepared
as described in ‘Graphene growth on SiC’. Once the sample growth system has
been sufficiently evacuated (typically to 2 x 10® Torr or less), we then flood the

chamber with a boron and nitrogen containing gas via a variable leak valve (as
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seen in Figure 2.1(a)). This type of valve allows us to controllably introduce gas
at very low flow rates. We specifically use borazine ((BH)3(NH);), a liquid
precursor isostructural to benzene with alternating boron and nitrogen atoms in
place of carbon atoms (as seen in Figure 2.2(a)). The borazine is kept in cold

storage (T < 0°C) in order to prevent polymerization of the bulk precursor.

Rather than using mass flow controllers as in CVD, we instead rely strictly
upon the pressure readouts of the gauges in the system to establish our growth
conditions. The leak valve is opened until the desired pressure is attained. All the
while, the turbo-pumps used to maintain the UHV environment of the chamber
are run continuously, and flow of fresh precursor is thus achieved. Heating of the
samples begins as soon as the growth pressure is reached, and the temperature is
ramped quickly to avoid the nucleation of poorly-ordered crystals. Temperature
correction factors consistent with vacuum growth are used owing to the low

pressures in the chamber during growth.

(a) (b)

|
|

Figure 2.2. Diagram of h-BN growth on epitaxial graphene. (a) epitaxial graphene
substrate in a background of vapor-phase borazine. (b) ideal growth of a single h-BN
ML. The lattice mismatch of h-BN/graphene has been ignored here. Si, C, B, N, and H

atoms are tan, gray, pink, blue, and white, respectively.
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2.B. Low-energy electron diffraction

Mechanism

Low-energy electron diffraction (LEED) is a common surface science
technique which, as its name suggests, makes use of the diffraction of low-energy
electrons to interrogate the surfaces of crystalline materials. This process is
similar to x-ray diffraction in that the electrons can only scatter into well-defined
directions based upon the crystal structure of the material system. Because of the
strong interaction (when compared to x-rays) of low-energy electrons with
matter, however, LEED typically only probes the top-most 1 — 3 atomic layers of
a surface. While this strong interaction makes LEED well suited for surface
science, it also leads to complications when predicting diffraction intensities, as

will be described below.

(a (b (c
7]
AT A TN
<\ /> /
\l | | N | LM \\‘ p%
(0%) (03) (02) (0T) (00) (01) (02) (03) (04) (04) (03)(02) (0T) (00) (01) (02) (03) (04) (05) (04) (03) (02) (01) (00) (01) (02) (03)

Figure 2.3. One dimensional Ewald sphere construction of LEED. (a) Electron
diffraction under normal incidence for a low energy incident beam. (b) Diffraction
under normal incidence, with a higher electron beam energy than (a). (c) Non-normal
incidence at the same energy as (b). In (a-c), the diffraction spot associated with each
arrow is indicated at the bottom. Mirrored beams are drawn with the same color. The

incident beam is drawn as a black arrow.

Schematically, LEED can be described through a geometric construct called
an Ewald sphere, which can be seen for a simple case of 1D scattering from a 2D

crystal in Figure 2.3. This description relies on the elastic nature of the
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scattering. For an incident electron energy, E, the associated momentum is given

by: |k|:%. By definition, for the case of elastic scattering, all scattered

electrons must have this same momentum (magnitude) and energy. This
momentum can therefore be used to describe a sphere of that radius. Drawing a
vector to represent the incident beam such that it ends on the so-called (00)
diffraction spot” (represented above by the black arrows), those spots where the
resultant sphere intersects with the rods' associated with the reciprocal lattice

vectors of the surface are the only allowed scattering directions.

The Ewald sphere construction was originally developed as a method for
visualizing x-ray scattering, which tends to involve only single scattering events.
As already mentioned above, x-rays interact much more weakly with matter than
low-energy electrons. Indeed, the starting point of models of x-ray scattering is to
treat the underlying lattice as a perturbation on the incident plane wave. For a
crystal with only a single atom in the unit cell, the amplitude of the resultant

scattered waves into a plane wave with momentum k can be written in the form:
Ak) o< Y fk)elk® 2.1
R

Here, f(k) is the atomic form factor of the atom (which is simply the Fourier

transform its electron density), and the sum is performed over the lattice points,

" Here we use only 2 indices (rather than 3) owing to the 2D nature of the scattering in
LEED. These indices are similar to the 3 index (hkl) notation used for 3D crystals, but here only
describe the periodicity in the plane of the sample surface. As already discussed, the interaction of
low-energy electrons occurs solely for the top 1 to 3 atomic layers, breaking the symmetry of the
interaction in the direction pointing into the bulk of the solid. Therefore, the interaction of the
electron beam with the surface will generally not conserve the out-of-plane momentum of
scattered electrons.

t In LEED, the lattice vectors are associated with rods rather than with spots for the same

reasons discussed in the previous footnote.
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R. Because we have only a single atom in the unit cell*, the form factor can be

pulled out of the sum, and we then write the final scattered intensity as:

I(k) = [AK)[? o< [f(k)[? ) ek®RR) 2.2
RR'

The simplicity of this expression makes the prediction of experimental data for a
given test structure quite straightforward. In fact, given a sufficiently crystalline
sample, and an appropriate experimental setup to obtain phase information, it is
possible to simply invert the as-measured intensity distributions to directly

obtain the structure of the material being probed.

Y Y \l Y
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Lattice Separatation

Figure 2.4. 1D muffin-tin potential. The potential energy is plotted as a function of the

separation from a single atom placed at the origin in terms of the lattice constant, ‘a’.

Interstitial regions of constant potential energy are indicated with black arrowheads.
As already emphasized several times, arriving at Equation 2.2 made use of

the weak interaction of x-rays with matter in order to cast the diffraction as a

FIf we have a lattice with a monatomic basis, the expression will simply be multiplied by an
additional factor of ¥, ¢4 where j indexes each atom within the unit cell, and the d;’s are the

basis vectors for the unit cell.
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simple perturbation of the incident electromagnetic wave function. In contrast,
describing the diffraction of low-energy electrons from a crystal in this way is
inaccurate. Indeed, the coupling is so strong, that electrons frequently undergo
multiple scattering. The most commonly used methods for predicting the energy
dependence of electron scattering employ so-called muffin-tin potentials, with a
1D example shown schematically in Figure 2.4. This approximation describes the
potential energy of the sample surface in a piecewise manner, with a spherically-
symmetric form within a certain radius around each atom, and a constant term
in the regions between the atoms.*** This allows one to perform an expansion in
terms of spherical waves in the regions around the atoms, and plane waves in the
interstitial regions. Employing such approximations, and considering dynamical,
multi-scattering events, one can obtain reasonably accurate agreement with

experiment for energies above approximately 50 eV.

Apparatus

A LEED system consists of an electron gun, retarding grids, a phosphor
screen, and a camera. The screen and grids are spherically arranged around the
gun, and the sample is placed at the center of this arrangement as seen in Figure
2.5. The grids are simply fine metal meshes which are arranged to produce fields
that are as close to radially directed (with respect to the beam landing site on
the sample surface) as possible. The grid closest to the sample is used to exclude
fields from the other grids, the gun, and the screen from the space between that
first grid and the sample surface. The next two grids are used to filter

inelastically scattered electrons from reaching the screen.
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Viewport Screen

Camera

Electron

Figure 2.5. Schematic diagram of a rear-view LEED. Important components have been
indicated. The viewport separates the UHV chamber from the camera.

The electron gun is composed of a thermionic emitter, usually a tungsten
filament, and electrostatic focusing/extraction apparatus. By running current
through the filament, its temperature increases, and a population of electrons in
states near the vacuum level is thus achieved. Applying a high voltage between
the filament and the extraction optics surrounding it, some electrons occupying
these states near the vacuum level are ejected from the filament, which are then

accelerated to the desired beam energy.

Once the beam has interacted with the sample surface, the portion which is
not absorbed moves radially away from the surface towards the grids. Under
normal incidence, the (00) beam (which tends to represent the majority of the

non-absorbed electrons) will pass again into the gun and will not be imaged.
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Diffracted beams that obtain a sufficient lateral momentum, however, will pass
through the grids and strike the screen. The resultant intensity on the screen is
recorded by a camera. By varying the incident electron beam energy, one can
then obtain experimental LEED I(V)$ curves that can be compared to theoretical

predictions to extract structural information about the surface.

2.C. Low-energy electron microscopy

Description of the apparatus

Sample surface

(V=-20kV +Vy) . Objective
= € (Grounded)
To UV e 3
source .
Illumination Contrast
aperture \j/\lb.; aperture
% 3\ N
\ \ ﬂ O
Magnetic 4 A, ¥
deflector /
Electron gun
(V=-20kV) Microchannel
plates and ———>
phosphor screen

Figure 2.6. Schematic diagram of the LEEM. Important components have been labeled.
Vs on the sample surface is the ‘start voltage’ which is described in more detail in the
body of the work.

The instrument used in the low-energy electron microscopy (LEEM) studies
presented here is an Elmitec LEEM III, a schematic of which is presented in

Figure 2.6. The stated lateral resolution is ~ 10 nm, and the base pressure is

§ Scattered intensity as a function of accelerating potential.
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typically < 1 x 10! Torr, maintained by a series of turbomolecular and ion
pumps. In this instrument, both the sample and the electron gun are kept at a
voltage of approximately 20 kV, whereas the optics are kept grounded. The high-
energies of the beam during transit between the gun/sample and sample/detector
act to minimize distortions that would otherwise occur if the entire process took
place at low-energy. A potential difference, V, (‘start voltage’), can be applied
between the sample surface and the gun filament to alter the incident electron

energy.

Samples are mounted in a sample holder which is then loaded into a sample
stage. The sample holder consists of a titanium base plate with a molybdenum
cup on top of which is placed a molybdenum ring used to support the sample.
Inside this cup is a tungsten filament which is used to clean the sample by
electron bombardment from the back, heating the . The sample is held in place
by a smooth molybdenum cap which reduces electric field fluctuations near the

surface.

Electrons are produced in the gun via a thermionic LaBs emitter, which is
used due to its low work function. Once the electron beam has left the filament,
it is accelerated to high-energy by a grounded extractor into the illumination
column, after which the beam is deflected towards the sample surface by a
magnetic deflector. Passing through the grounded objective lens, the beam is
rapidly accelerated to low-energy due to the large potential difference between
the objective and the sample. A diagram of the relative energies between the

filament, extractor, object, and sample surface is presented in Figure 2.7.
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Figure 2.7. Relative energy levels of the gun filament and sample surface in LEEM. The
vacuum and Fermi levels of the sample and filament have been indicated. Here,
Es=e-V,, with Vs as described above. Eny (= 20 keV) is not to scale.

When we show reflected electron intensity spectra for the remainder of this
thesis, we do so relative to the vacuum level of the sample surface (Eyacs in Figure
2.7). That is, we are plotting the quantity F — Fu.. (this energy level can be seen
to be equal to Eyuwcs). The energy we control, however, is £, = eV,, where V; is
the start voltage as already described. As seen in the diagram, this start voltage
shifts the position of the Fermi energy of the sample with respect to the Fermi
energy of the filament. Relative to the Fermi level of the sample, we may reach
the energy level of the incident electrons two ways: 1) Eemn = ps + Es + Wiy, or

2) Eucsi = pts + Wi + (E = Eyoes). We therefore can write:
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E - Evac,s :Es’ - (Ws - szl) 2.3

That is, the energy of the incident electron with respect to the vacuum level of
the sample surface is simply the start energy (= eV,) minus the relative work
functions of the sample and filament (the latter usually having a smaller work
function, making this difference typically a positive quantity). In our plots of
LEER spectra, we shift our recorded beam energy (Es) by a quantity, AE such

that the rapid increase in reflectivity to unity (for decreasing energy) occurs at

E = 0. This AE we assume to be equal to W, — Wy.

Having interacted with the sample surface, the portion of the beam which is
not absorbed into the sample is then reaccelerated to high-energy towards and
through the objective lens. Passing again through the magnetic deflector, the
outgoing beam is effectively separated from the incoming beam, and is
transferred into the imaging column. Through a series of 5 electromagnetic lenses,
the beam is focused such that either the diffraction plane or image plane of the

sample surface is focused onto the phosphor screen.

In addition to the main electron gun on the LEEM, our system is also
outfitted with a deuterium discharge lamp that is used to create photoemitted
electrons. Mainly, this capability is used to align the imaging column of the
LEEM, though it does enable the acquisition of photoemission electron
microscopy images that are a more than a factor of two larger than the largest
electron beam size we can achieve. The lamp has a principal emission peak at
approximately 7.75 eV. This necessitates the evacuation of the housing of the
lamp enclosure, as photons at this energy have a mean free path on the order of
1 mm in air. Previously, we relied on a mercury discharge lamp which has a

lower peak energy of 4.96 eV. On materials with large work functions (or electron
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affinities in semiconductors — ‘work function’ will be used here to refer to both for
the sake of brevity), we would previously need to deposit a thin lead film on our
samples to achieve photoemission (Pb having a relatively small work function),
after which the lead was ‘flashed’” off by annealing the sample at high
temperature (typically > 1000°C). I designed and installed this new UV system
(using an off-the-shelf lamp) in order to obviate the ‘flashing’ process, and thus

avoid damaging delicate samples.

Modes of operation

There are two primary methods of operating the LEEM which will be
presented in this thesis: bright-field imaging, and selected-area LEED (pLEED).
Both of these involve the use of apertures located as seen in Figure 2.6. Both of
these apertures consist of sequence of three platinum foils, each with a smaller
hole as compared to the previous foil. The illumination aperture sits within the
beam separator on the incident side. The contrast aperture sits at a stationary

focal plane of the surface diffraction pattern.

In bright-field imaging, the contrast aperture is introduced such that
everything but the specularly reflected portion of the electron beam is blocked.
Therefore, only the (0,0) beam takes part in image formation. By varying V, in
this mode, we acquire many such images at the same location. Examining these
images, we are able to go in pixel-by-pixel and extract low-energy electron
reflectivity (LEER) spectra. These LEER spectra have been shown to allow for
the unambiguous determination of the number of monolayers of graphene present
on the surface.® Additionally, we can compare these spectra to a first-principles
method in order to extract structural parameters of the surface.*** This method

is described in Section 2.D below.
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pLEED is performed by the introduction of the illumination aperture. This
serves to collimate the electron beam prior to interacting with the sample surface.
The three pin-holes produce effective beam sizes of ~ 8, 4, and 1 pm in diameter
once focused onto the sample surface. In this way, we are able to locally probe

the lateral crystal structure of the surface.

2.D. First-principles calculations of LEER

Motivation

Starting a few years ago, our group began a collaboration to characterize
graphene on Cu foils.®*® Unlike the case of epitaxial graphene on SiC,* the
interpretation of the LEER spectra was quite complicated. This was partly due
to the lack of the graphene-like buffer-layer present on SiC(0001). Extracting
useful quantitative information from these spectra necessitated accurate modeling

of the surface and its interaction with these low-energy electrons.

In Section 2.B, the muffin-tin approximation was briefly described. One of
the most common packages using this approximation is Tensor LEED (which
adds several layers of sophistication to this basic assumption, details of which
may be found in the references provided)®®*. As mentioned previously, the
muffin-tin approximation is able to produce reasonable results for energies > 50
eV. However, as these techniques are applied to the lower energy regime,
especially to energies below 10 eV, the results begin to diverge significantly from
experiment. This issue arises due to the lack of proper treatment of exchange-
correlation effects which cannot be reasonably ignored at these energies, and for
which there were not accurate descriptions when these methods were developed.

This made Tensor LEED unsuitable for our purposes.
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Today, there are fairly good descriptions of these potentials which are
routinely used in density-functional theory (DFT).**" And while DFT is much
more computationally demanding than Tensor LEED on an absolute scale, the
relative computational power available to typical users now compares quite
favorably to that which was available in the late 1980s when Tensor LEED was
developed. We therefore opted to make use of DFT to give us a more accurate
description of the interaction of low-energy electrons with our surfaces. The
model we developed, which will be described in more detail below, allowed us to

successfully extract meaningful structural information from our experimental

LEER spectra.

Fundamentals of the theory

Our method for theoretically predicting LEER spectra has been previously
described, including the important role of inelastic effects in such spectra.®® In
every simulation of LEER spectra we perform two calculations. The simpler of
the two is a calculation of the bulk states of the substrate. For example, for the
case of 1-ML h-BN on Ni(111), we simulate the band structure of bulk nickel.
After these bulk calculations, we then compute the basis states of a vacuum-slab-
vacuum configuration of our system of interest, with this slab repeated with a
varying vacuum separation. Varying the width of the vacuum on each side of the
slab ensures that we sufficiently sample the energy landscape by avoiding energy
gaps associated with the periodicity of the slab geometry. Using the same
example just described, the slab would consist of 3 or 5 atomic layers of (111)-
oriented Ni with 1-ML of h-BN on both sides of the Ni. Extracting structural
parameters necessitates repeating this second calculation by varying (staying
with the same example) the h-BN/Ni separation, changing the out of plane

buckling in the h-BN monolayer, or using different stacking arrangements. In
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both sets of computations, the states are obtained from the Vienna Ab Initio

Simulation Package (VASP).5

Having these two sets of states (the ‘bulk’ and ‘slab’ states), we now seek to
determine the reflectance/transmittance coefficients. This involves first aligning
the energy levels of the slab states to those of the bulk states by comparing their
potential energies — a process that has been detailed elsewhere.®® Assuming that
the slab exists in the x-y plane, we take incident (k,u.) and reflected (k,.n) plane
waves from the slab calculation, and match them to states (k,pux) in the bulk. In
this procedure,we include only those bulk states for which the electrons are
propagating in the same direction as Ky Here, |[Kime| = [Kuret| = |[Kopur]. We
then obtain the reflectivity from the as-computed coefficient on the reflected

plane wave.

As already mentioned, incorporating inelastic effects has been found to be
quite important in obtaining good agreement with experiment. When describing
these inelastic effects, a free parameter is the magnitude of the imaginary part of
the potential in the solid, V;, which determines the degree of electron absorption.
In general, V; will have some energy dependence, so actually more than one
parameter is involved. The dominant absorption mechanism at the low energies
considered here occurs due to plasmons in the solid. However, the plasmon
energy is typically above 15 eV,”% which is at the upper edge of the energies
that we consider. For lower energies, the absorption mechanisms are less well
understood, and they may involve surface defects or disorder.”” More details of

the method were described in our prior work.%
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Applications to graphene and h-BN

As a demonstrative introduction to our method for calculating LEER
spectra, we discuss the topic of interlayer states.” These states form in 2D
materials that have a relatively large separation between adjacent atomic planes;
the states have plane-wave character in this interlayer space between the planes.
They can be viewed as evolving from image-potential states that form on either
side of (for example) a single graphene sheet.” There are two such states per
plane, one on either side of the sheet.*® When multiple graphene sheets are
brought close to each other to form graphite, then these image-potential states
become confined between the planes. States originating from neighboring planes

hybridize with each other to form a band of states, the so-called interlayer band.

The electronic band structure of graphite as computed by density-functional
theory is displayed in Figure 2.8. At low energies, two bands are easily
recognizable — the 2sp® band (made from 2s and 2p,,, orbitals) from which the in-
plane bonds between carbon atoms are composed, and the 2p. band from which
the Dirac cones of single graphene planes are derived (Figure 1.4). At energies of
5 — 10 eV above the Fermi energy, the interlayer (IL) band can be seen. All of
the states in this band have wavefunctions with a maximum located in the
midpoint between the atomic planes, i.e. they are formed from symmetric linear
combinations of the confined image-potential type states from neighboring atomic
planes. A second interlayer band also occurs, at about 18 — 25 eV and marked as
IL* in Figure 2.8(a). This band is formed from an antisymmetric combination of
adjacent confined image-potential type states, with wavefunctions that have a

node located at the midpoint between neighboring planes.
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Figure 2.8. Electronic band structure of bulk graphite. (a) shows bands from -20 - 32 eV
from the Fermi level. Specific bands have their character indicated to the right.

(b) partial-density-of-states (PDOS) of the as-indicated types of atomic orbitals,

plotted on a logarithmic scale extending over three orders of magnitude.

For interpretation of LEER spectra acquired with normal incidence of the
electrons on the graphene planes, the corresponding wavevector of the electrons is
along T'-A, shown on the right-hand side of Figure 2.8(a). As can be seen there,
three additional bands have energies that lie degenerate with, or close to, those of
the interlayer band. The character of these additional bands, in terms of atomic
orbitals from which they are derived, can be deduced from the partial-densities-
of-states (PDOS) shown in Figure 2.8(b) together with explicit inspection of
wavefunctions of the states and from comparison of the band energies with
simple tight-binding models. For the three additional bands we find: (i) a 2pX,

band composed of anti-bonding combinations of in-plane p-orbitals, (ii) a 2pZ*
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band composed of anti-bonding combinations of out-of-plane p-orbitals, and (iii)
a 3s band which, although it is the lowest energy 3s-type band, nevertheless has
anti-bonding type character for states on neighboring atoms. The character of the
interlayer band in terms of spherical harmonics about an atomic site is seen from
Figure 2.8(b) to be mixed s and p like. However, as a consequence of the anti-
bonding (antisymmetric) behavior for all the states in three additional bands
near the interlayer band, there is no hybridization that occurs between the

interlayer band and these additional bands.

In our labeling of the bands in Figure 2.8, it is apparent that the interlayer
states do not have their origin in atomic-type orbitals centered on the carbon
atoms. Rather, as already stated above, the interlayer states have plane-wave
type character in the interlayer spaces. This plane-wave character is
fundamentally different than that used, e.g., to describe metallic type states in
3D materials, since in that case the states still have, as their fundamental origin,
an atomic orbital (i.e. an s-orbital, for simple metals). In contrast, the
appropriate basis for interlayer states consists of the image-potential type states

that exist on either side of each 2D atomic plane.’%

The fact that the interlayer states are fundamentally different than all of the
other states in the material can also be seen by computing their behavior as a
function of the interlayer separation, as pictured in Figure 2.9. In (a), we show
the same bands as in Figure 2.8, focusing on the I'-A wavevector direction.
Figure 2.9(b — e) show how the energies of these bands vary with the interlayer
separation, denoted in terms of the change in c lattice spacing (twice the
interlayer separation). Bringing the planes closer together by 0.25 or 0.5 A
[Figure 2.9(b,c)] produces a significant shift in the energies of the interlayer

bands, whereas the energies of the atomic-orbital-derived states shift much more
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slowly (due to the fact that they extend out from the atomic planes very much
less than the interlayer states).” If we consider larger separations of the planes
(not shown), then the interlayer states evolve simply into image-potential type
states associated with each plane (and located in energy at ~ 5 eV above the

Fermi energy).
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Figure 2.9. Evolution of out-of-plane band structure of graphite. (a) same bands as
those in Figure 2.8, with their character indicated to the right. (b-e) band structure of a
compressed out-of-plane lattice parameter (indicated at the top of the plot). In each
panel, Ac is the compression of the out-of-plane lattice parameter, c.

In terms of interlayer states, observed minima in LEER spectra can be easily

described.®®%? Whenever an interlayer state exists at the energy of the incident

electron, then the electron can easily couple to this state and thereby be
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transmitted into the solid. Thus, for each interlayer state, a minimum in the
electron reflectivity occurs. For graphite, the reflectivity has a broad minimum
over the entire IL band (as well as over the higher lying IL* band). Considering
n graphene planes, then there are n — 1 spaces between the planes and hence
n — 1 reflectivity minima. This correlation between the number of graphene
planes and the number of minima in the LEER spectra was first observed by
Hibino et al.,** with the role of interlayer states in producing those reflectivity

minima being first recognized in our prior work.*

It is perhaps worth mentioning that the minima observed in the LEER
spectra can also be qualitatively interpreted in terms of the “phase accumulation
model” that picture the electrons as bouncing back and forth between two given
atomic planes, with constructive interference achieved for particular electron
energies.*® This model has been utilized for interpreting reflectivity spectra for a
thin metal film (a quantum well) deposited on a substrate.’™® However, it has
found less application for 2D materials, and a more fundamental basis for

interpreting the LEER spectra is in terms of the interlayer states.®

Now let us turn to the case of hexagonal boron nitride (h-BN), and consider
how LEER spectra from that material might differ from those for graphene or
graphite. Figure 2.10 shows the band structure of h-BN, using similar labeling for
the states as in Figure 2.8. As for graphite, the lowest lying bands are derived
from 2sp® and 2p. atomic orbitals. However, unlike graphite, an energy gap occurs
between the 2p. and the 2p*states, due to the inequivalence between the energies
of the p. orbitals on the B atoms and the N atoms. A band of interlayer states is
seen to occur for h-BN, at nearly the same energy as for graphite. Also, three

nearby bands are seen for h-BN, as for graphite, and the character of the
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Figure 2.10. Electronic band structure of bulk h-BN. (a) shows bands from -20 - 35 eV
from the Fermi level. Specific bands have their character indicated to the right.

(b) partial-density-of-states (PDOS) of the as-indicated types of atomic orbitals,
plotted on a logarithmic scale extending over three orders of magnitude.
associated states in terms of atomic orbitals is the same as for the graphite case.
However, in contrast to graphite, there is now substantial hybridization that
occurs between these additional bands and the interlayer band, since the strict
antisymmetry (i.e. odd with respect to specific planes) that occurred for the
states of these bands in graphite is not a property of the h-BN states. Rather,
those states do not have definite parity for h-BN, i.e. they are not even or odd
relative to reflection about the midpoint planes between neighboring in-plane
atoms, because of the inequivalence of the B and N atoms. Hence, there is

substantial coupling of the states of the interlayer band with these three

Experimental and theoretical methods 43



additional bands, and they all end up contributing to the reflectivity spectra.
Examples of these contributions from all the various bands will be given in

Chapter 5 and Chapter 6.
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Correlated LEEM and uRaman
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3.A. Motivation and introduction

Raman spectroscopy is one of the most commonly used methods for
characterizing graphene on almost any substrate. The Raman spectrum of
graphene contains several peaks whose origins have been described elsewhere.?!%
Analysis of the line-profiles and relative intensities of these peaks (primarily the
D, G and 2D peaks) allows for the determination of various quantities, including,
but not limited to: the number of monolayers (MLs) of graphene present,'® strain
within the graphene layers,'"1%> the rotational stacking arrangement of multilayer

graphene structures,'*!" and doping concentrations.!%>1%
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Figure 3.1. Raman spectra of graphene on SiO, and SiC. Reproduced from Reference
107. The top-most spectrum is from bulk HOPG, with the two immediately below
being from HOPG exfoliated to SiO,. The middle three spectra are the as-indicated
thicknesses on SiC. The G and 2D peaks have been emphasized with red and blue

backgrounds, respectively.
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For the case of epitaxial graphene on SiC, however, the extraction of sample
parameters is complicated by the presence of the spectral background from the
underlying SiC.""'% More specifically, this background sits within an energy
range that overlaps with the graphene G peak, which is used (for example) for
determining the number of MLs present on the sample surface. An example
spectrum is shown in Figure 3.1. When this project began, our collaborators were
principally interested in improving the metrology of Raman spectroscopy of
epitaxial graphene on SiC in the face of this spectral background. This was to be
achieved by correlating pRaman mapping with LEEM/LEER studies. These
correlated measurements would give a strong basis for identifying numbers of
MLs of graphene on SiC by leveraging the unambiguous determinations possible
with LEER. While these early goals were eventually (and hopefully only
temporarily) put aside, the studies did yield interesting information regarding the

effects of stacking on the Raman spectra of epitaxial graphene.

3.B. Sample preparation and experimental methods

The sample presented here was diced from a chemically-mechanically
polished semi-insulating 6H-SiC wafer. Before growth and hydrogen etching, a
pattern of fiducial marks was etched into the Si-face of the substrate by our
collaborators at NIST via reactive-ion etching (using a modified version of the
processes described in Reference 110). This pattern consists of a set of
alphanumerically labeled grids, with each grid containing numerically labeled
crosses. After growth, we were then able to unambiguously measure the same

location in both LEEM and pRaman by reference to these marks.

Once the fiducial marks were milled into the surface, the sample was sent to

CMU where it was loaded into our growth chamber described in Section 2.A. The
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sample was hydrogen etched under a flow of ~ 14 L/min of H, at a temperature
of 1600°C for 3 minutes. The growth chamber was pumped down back to its base
pressure of ~ 1 x 10® Torr, and the sample was graphitized at 1475°C under a

flow of ~ 1.5 L/min of Ar at atmospheric pressure.

LEEM was performed at CMU, and all data presented here were acquired in
bright-field mode. More details can be found in Section 2.C. Once LEEM data
had been acquired, samples were sent to NIST for pRaman characterization.
Raman spectra were acquired after under ambient conditions with a Renishaw
InVia micro-Raman spectrometer equipped with a 514.5 nm (2.41 eV) wavelength
excitation laser and an 1800 lines/mm grating while operating in a 180°
backscattering geometry. A 50x objective was used to focus the excitation laser
light to an approximately 1 pm spot on the samples with an incident power of
less than 2 mW to avoid local heating effects. Raman mapping was conducted by
raster scanning the selected area with a step size of 1.5 pm. In the remainder of

this chapter, the Raman results will focus exclusively on the 2D peak.

3.C. Results and discussion

Our as-produced sample was studied at more than 15 locations in LEEM.
Except for increased coverage on the step edges (which is a well-known
phenomenon) and on the edges of the fiducial marks, the sample surface was
covered exclusively by 1 ML graphene, representing a fairly typical graphene
growth in Ar for the Si-face. Here, we will present data from only those locations
which exhibited no increased coverage on the step edges. This ensures our
interpretations are confined to 1 ML graphene, and that we need not worry

about accounting for effects from 2 MLs in the Raman spectra.
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Figure 3.2. LEER studies of homogenous 1 ML graphene. (a) a single LEEM image of the
sample surface at the indicated start voltage. Several circles are present, indicating
points from which LEER spectra were extracted. (b) LEER spectra of those points

shown in the LEEM image.

The first location we will present is a highly uniform 1 ML area. LEEM and
LEER from this surface can be seen in Figure 3.2. Focusing first on the LEEM
image itself, we see a series of dark lines tilted slightly clockwise from horizontal.
These dark lines are the SiC step-edges and the areas in between these lines are
step-terraces. The dark contrast of the edges arises due to the rapid height
variation of the sample surface. Electrons within the beam which impinge on the
edge undergo destructive interference because of their variable path length. We
can also see one of the fiducial marks already described in the top-right portion

of the image.

Examining the LEER spectra (in Figure 3.2(b)) from this location, we see the
homogeneity of the surface in the LEEM image is well reflected in the LEER
spectra, as one would expect. The single minimum present in the reflectivity is

indicative of a 1 ML graphene on the buffer-layer as already described in Section
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2.D. The minimum corresponds to a reflectivity of approximately 20%, and the
normalization across the field of view has not seemed to appreciably affect either

its location or its depth.

2725

Figure 3.3. Raman mapping of location in Figure 3.2. (a) map of the 2D peak position.
(b) map of the 2D peak width. In both (a,b), the scale bars are in cm™.

Turning our attention to the pRaman results of this surface location, we see
maps of the 2D peak position and width in Figure 3.3 (a) and (b), respectively.
In both maps, the fiducial mark can again be seen in the top right of the image
(though it can be more clearly seen in the width map). The uniformity of the
sample surface at this location seen in the LEER has been well-reproduced here.
We see an average 2D peak position of 2747.4 4+ 1.7 cm’!, and an average width
of 63.8 + 2.6 cm™. This would suggest that these two features of the Raman
spectrum of epitaxial graphene are excellent candidates for the identification of
single MLs on the buffer-layer. However, as we will see just below, making the
identification of 1 ML only by reference to these quantities will lead to incorrect

results.
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Figure 3.4. LEEM of mixed rotational domains of 1 ML epitaxial graphene. (a) LEEM
image of the sample surface at the indicated start voltage. Red and blue circles
outlined in white indicate locations from which LEER spectra were extracted. (b) LEER

spectra of the spots from (a) are plotted in the same color as their circles.

In Figure 3.4, we see LEEM data from a second location on the same sample.
Just as in the image from Figure 3.2, we still have the presence of step-edges and
step terraces (though the edges show less contrast here), with the fiducial mark
being present in the upper left portion of the image. However, while the previous
location exhibited extreme uniformity on the terraces, we now see distinct
contrast levels on the terraces with darker/brighter areas being indicated with
blue/red circles. If we look to the reflectivity in (b), we see that this contrast is
maintained even when the spectra have been normalized. The blue curves, given
the depth of their minima at 3 eV, are most like those areas seen in Figure 3.2,
having a minimum reflectivity of approximately 20%. The red spectra, however,
as can be inferred from the image itself, show a shallower minimum -
approximately 30%. Despite these differences, both types of spectra are

definitively from 1 ML graphene on the buffer-layer.
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This variation in the reflectivity of 1 ML epitaxial graphene has been seen in
the work of Virojanadara et al.''' In this study, these workers found that an
examination of these locations by pLEED showed a difference in the stacking
arrangement of the as-grown 1 ML epitaxial graphene. They suggested that this
rotational inequivalence was due to an interaction between the buffer-layer and
the graphene layer. While we did not perform pLEED on this particular area, we
suggest that the origins for the source of this contrast is the same in our sample

as for that in the work of Ref. 111.

Considering these LEER results indicating contrasting 1 ML areas, we now
seek to compare them with the information obtained from pRaman. The best
case scenario is that the Raman spectra would be able to reproduce both the
homogeneity of the number of MLs as well as the presence of rotational stacking
faults. The results of the Raman mapping of this location are presented in Figure
3.5. In all of the maps, the fiducial mark can be seen in the top left of the image,
being readily apparent in (a,b), and present, though faint in (c). Looking first to
the map of the 2D peak height shown in (a), we see a very uniform image. This
tells us that the intensity of the 2D peak could be compared to some other
spectral feature (for example, to one of the SiC peaks) in order to establish an

unambiguous signal of 1 ML graphene.

If we now examine the maps of the 2D peak width and position, however, we
see that we no longer see the uniformity present in the case of the peak intensity.
Instead, we see a bimodal distribution in both. Simply by eye, we see a much
sharper border between the two types of graphene in the case of the peak
position than for the peak width. For the case of the peak width, position, we see
a broadening, shift of approximately 15.5 cm™, 22 c¢m™, respectively. Comparing

these differences to the standard deviations from the maps in Figure 3.3, we see
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that the broadening normalized by its standard deviation is larger than the shift

normalized in the same way, leading to less overlap in the latter case.
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Figure 3.5. Raman maps of the sample surface seen in Figure 3.4. (a,b,c) are maps of
the 2D peak intensity, width, and position, respectively. All scale bars are in cm™.
(d) shows representative spectra from the green and orange areas from (c).

3.D. Conclusions

In this work, we have successfully correlated the LEEM signal of 1 ML of
epitaxial graphene on the buffer-layer to various features in the 2D peak of
graphene’s Raman spectrum. More specifically, we have shown that

shifts/broadenings of the 2D peak position/width can occur for 1 ML graphene
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on the same bulk substrate, and that this is not necessarily indicative of the
presence of multiple monolayers. Rather, we have demonstrated that this effect
can be produced simply by different rotational arrangements of the graphene and
buffer-layer with respect to the underlying SiC surface. While the position/width
of the 2D peak is not sufficient for discriminating between different numbers of
MLs of graphene, we have shown that the peak height is fairly uniform for 1 ML
of graphene, independent of the stacking. We suggest that further studies could
quantify the range of ratios of this peak intensity to some other well-defined peak
(for example, of the SiC) that are consistent with the presence of a single ML of

graphene.
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Growth and characterization of
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4.A. Introduction

As mentioned in Section 1.D, the vertical stacking of different 2D materials
creates many possibilities for device applications that are simply not possible in
the intrinsic materials themselves. While many researchers have focused on the
production of such devices through transfer of materials prepared by CVD on
metal foils or by exfoliation, I was interested in leveraging epitaxial graphene as a

substrate for growing such structures directly.

While the most typical substrates used in the growth of graphene are Cu and
Ni foils, epitaxial graphene on SiC offers several distinct advantages for the direct
growth of vertical heterostructures. Cu and Ni have melting points of 1085°C and
1455°C, respectively. Compared to the decomposition temperature of 2730°C for
SiC, these metal substrates offer much smaller dynamic ranges (in temperature)
for performing subsequent h-BN growth once graphene has been grown. Ni
substrates more specifically are difficult to controllably grow single ML graphene
on due to nickel’s high carbon solubility. Finally, it would have to be considered
that one would necessarily have to transfer the as-grown devices from these metal
(that is, conducting) substrates to an insulating substrate after growth. SiC,
being intrinsically semi-insulating, therefore offers the added benefit of allowing
the direct fabrication of devices without requiring the transfer of the

heterostructure.

In this chapter, I will discuss my studies in the pursuit of epitaxial growth of
h-BN on epitaxial graphene on the Si-face of SiC. The Si-face was chosen due to
the robustness and homogeneity of the as-grown graphene when compared to the
C-face. A brief description of the sample preparation will be given, followed by an

overview of the surface studies of the as-grown samples by LEED, AFM, and
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LEEM. The evolution of h-BN morphology with growth temperature will also be

discussed.

The principal results to be presented here were the successful growth of
single-crystal h-BN flakes on graphene which were nearly an order of magnitude
larger than those previously reported in the literature,''? as well as discovery that
the h-BN prefers to grow with its lattice rotated by 30° with respect to the
graphene, that is, aligning itself with the underlying SiC rather than with the
graphene. I will describe further possible avenues for the improvement of the
crystallinity of the h-BN, and the feasibility of controlled growth of the number
of MLs. Finally, I will conclude with a discussion of the prospects of this

materials system for the successful production of a SymFET device.

4.B. Sample growth

All of the samples described in this chapter were grown on the Si-face of SiC.
These samples were first hydrogen etched at 1600°C under a constant flow of
hydrogen at atmospheric pressure. The hydrogen was then pumped out of the
growth chamber, and epitaxial graphene was grown by heating the samples in a
background of 1 atm of Ar. Before growing h-BN on these samples, they were
first characterized by in-situ LEED as detailed below. For more information on

the graphene growth process, see Section 2.A.

After being characterized by LEED, the as-grown epitaxial graphene samples
were returned to the growth chamber, and heated in the presence of 1 x 10 Torr
of borazine for half an hour (this pressure is as measured by a nude hot-
filament ion gauge — that is, the pressure is reported without corrections of any
kind). The sample which will be primarily surveyed here was grown at a

temperature of 1100°C. Other samples, when presented, will have their growth
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temperatures indicated appropriately. Section 2.A provides further details of the

h-BN growth.

After the earliest h-BN growths, we discovered that the borazine precursor
was causing contamination of the graphite heater strip used in our system.
Samples which were graphitized subsequent to these early h-BN growths were
found to exhibit diffraction spots consistent with the presence of h-BN in
addition to graphene. We found that by hydrogen etching the heater strip at >
1700°C, this contamination was successfully addressed, and the cleanliness of our

graphene growth process was maintained.

4.C. Characterization and discussion

In-situLEED

As described above, samples were characterized by in-situ LEED both before
and after h-BN growth. In this way, we were able to ascribe any unique features
in the diffraction pattern to be the direct result of the h-BN growth, rather than
from some other source. Indeed, this procedure is the only reason we became
aware of the h-BN contamination of the heater strip from earlier runs, and did

not improperly attribute the presence of new diffraction patterns to the growth.

Figure 4.1 shows how the LEED pattern of the sample described above
evolved with the growth of h-BN. In Figure 4.1(a), the pattern shown is from
before the h-BN growth, and is fairly typical of epitaxial graphene on SiC(0001),
with SiC, graphene, and the buffer-layer satellite spots readily apparent. This
particular pattern is consistent with graphene which is between 1 and 2 MLs, as

described in Section 2.B.
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Figure 4.1. LEED of epitaxial graphene substrate before and after h-BN growth.

(a) shows the pattern from the as-grown epitaxial graphene sample. (b) shows the
pattern of the same sample after h-BN growth. In both patterns, graphene spots and
SiC spots are indicated with red circles, and green diamonds, respectively. Compared

to the pattern in (a), there is additionally a very faint ring of intensity. The blue ellipses
indicate locations on this ring with increased intensity. Both (a) and (b) were acquired
at an energy of 100 eV.

The post-growth pattern in Figure 4.1(b) has the presence of a faint ring of
intensity as its principal defining feature. This ring sits very nearly on top of the
primary graphene spots, indicating that the new structure which has given rise to
it has a lattice parameter almost identical to that of graphene. Given that the
lattice parameter of h-BN is only 1.8% larger than that of graphene, we can
confidently conclude that this ring is due to the presence of h-BN rather than

due to some other allotrope of boron nitride (for example, cubic, wurtzite, or

amorphous).

The diffraction pattern being ring shaped simultaneously tells us that the h-

BN domains are small compared the diameter of the LEED electron beam, and
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that these domains are fairly uniformly distributed in terms of their orientation
with respect to the underlying graphene. However, while the ring is mostly
uniform in intensity, there is an increased intensity 30° from the graphene spots
as indicated in Figure 4.1(b) by the blue ellipses. This tells us that either the h-
BN is orienting itself with respect to the underlying SiC, or that h-BN has a
lower energy on graphene when rotated by 30° than when their lattices are

aligned. This observation will be elaborated upon below.

Atomic force microscopy

To elucidate the microscopic origins of the preferential orientation
necessitated further surface studies aside from LEED, which is a wide-area
technique. The first of these I will present are atomic force microscopy (AFM)
studies, which will provide useful information regarding the surface morphology.
The images presented here were acquired in tapping-mode, wherein the AFM
cantilever is forcibly oscillated near its resonant frequency. As the tip approaches
the sample surface, it makes intermittent contact with the sample and its
apparent amplitude/phase/frequency of oscillation changes as a result. In typical
operation, the oscillation amplitude is fixed as the tip is rastered across the
surface. By measuring the tip-surface separation offset necessary to achieve this,

topographic maps of the sample surface are obtained.

A representative location of the sample surface in AFM is presented in
Figure 4.2. Focusing first on the larger image in Figure 4.2(a), the predominant
features are wide plateaus running mostly horizontally across the image, with the
middle one being ~ 4 pm wide. This overall morphology is not uncommon for
epitaxial graphene on SiC(0001). The highest contrast features of note are the
bright triangles which have been highlighted with blue and white triangles. We

interpret these features as 3D growth islands of h-BN.
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Figure 4.2. Morphology of h-BN on graphene in AFM. (a) is a typical AFM image from the

sample. Two low-contrast triangles are indicated at their corners by arrowheads,
though a close examination reveals several others. The blue triangles highlight 3D
island growth on the surface. (b) is azoomed-in image of the location indicated by the
dot-dashed square in (a). A defect in the SiC substrate is indicated with a rightward
facing angle bracket. The scale barsin (a,b) are 2, 1 um, respectively.

Two examples of lower contrast triangular features have been indicated by a
pair of blue arrowheads, and one of them has been examined more closely in
Figure 4.2(b). Here we see that this triangular feature, approximately 2 pm on a
side, can be much more readily resolved at this magnification. We note that
while the edges themselves indicate that they are in fact raised with respect to
the surrounding sample surface (being brighter), the body of the triangle actually
seems to be deeper than the surrounding sample surface. Nevertheless, we infer
that this triangle is a single ML of h-BN on top of the epitaxial graphene

substrate.

Examining the crystal more closely, we see that it seems to have nucleated

around a roughly hexagonally-shaped pit. This pit is likely the result of a defect
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in the SiC substrate, which has been emphasized in the figure. Returning to the
larger image in Figure 4.2(a), we note that this triangle is oriented in
approximately the same way as the second triangle indicated above it (which is
partially present in Figure 4.2(b)). This second h-BN triangle partially overlaps a
step edge. Looking to the right of this second triangle, we see a third triangle
which is rotated by 180° with respect to these first two, and seems to have

nucleated at a step edge of the SiC.

The distribution of the orientations of these h-BN single crystals along with
their proximity to the various substrate structures indicates that the SiC is
influencing the surface energies of the h-BN formation. And while it might be
tempting to ascribe the preferential orientation seen in the in-situ LEED above
to the seeming preferential orientation seen in AFM, we as yet have no direct
indication that these two pieces of evidence are related. Finally, we note that the

crystals are not perfectly triangular, their edges being somewhat protruding.

LEEM and ULEED

To address the questions unanswered by AFM, we turn now to LEEM. As in
previous chapters, the LEEM images presented here were acquired in bright-field
mode as described in Section 2.C. Prior to data acquisition, the sample surface
was cleaned by annealing the sample in vacuum via electron bombardment from
behind). In addition to the sample described above, I will also present diffraction
data from a second sample whose graphitization and h-BN growth parameters
were nearly identical, though the sample was prepared from a different SiC

wafer.
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Figure 4.3. LEER studies of h-BN on epitaxial graphene. (a,b) are two LEEM images
acquired at the same location with their start energies indicated in the bottom left. (c)
shows the LEER spectra of the points indicated in (a) and (b) with the energy shifts
necessary to cause the onset to occur at E = 0. In spectrum E, the arrow emphasizes a
shoulder in the reflectivity. Spectra A to E are identified as: 1 ML graphene, 2 ML
graphene, 1 ML h-BN on 1 ML graphene, 1 ML h-BN on 2 ML graphene, and 2 ML h-BN
on 2 ML of graphene. These identifications are discussed below.

The first data set I focus on is presented in Figure 4.3. From the images
themselves, we find that those acquired at approximately 10 eV produce striking
contrast with a few isolated dark triangles readily apparent. This energy range,

as seen in Chapter 6, happens to correspond to a reflectivity minimum for h-BN

on various metal substrates. Comparing Figure 4.3(b) to Figure 4.2, we see the
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2 pm triangles identified in the AFM images are fairly consistent with those seen

in LEEM, strengthening our identifications of the triangular features in AFM.

Turning our attention to the LEER, comparing the spectra from spots on
these dark triangles (spots C, D, and E) to spots not on them (A and B), we see
that the principal difference is a broad minimum in the LEER located at
approximately 9 to 10 eV for the former, and a plateau from 6 to 14 eV for the
latter (as could be inferred from the images themselves). Examining the
interlayer portion of the spectra (from 0 — 6 eV), we see locations ranging from 1
to 4 MLs of 2D materials in various combinations. Comparing spectra B and C,
the former is consistent with the presence of 2 MLs of graphene whereas the
latter we know to be 1 ML of h-BN on 1 ML of graphene due to the presence of

the minimum at 10 eV.

If we now consider the locations with more than 2 MLs of 2D material, every
spectrum that exhibits > 2 minima in the interlayer region also displays a
minimum between 9 — 10 eV, from which we conclude that there are no locations
of 3 MLs of graphene. Examining spectrum E more closely, we see that the
higher energy region exhibits a shoulder in the reflectivity indicated by the left-
pointing arrow. As described in Chapter 6, we know this particular feature only
occurs if there is more than 1 ML of h-BN present. In spectrum D, there is no
such feature. A careful inspection of the LEEM image in Figure 4.3(a) shows that
D sits on a bright strip in the midst of this h-BN crystal. We interpret this
feature to be a step edge of the underlying SiC. Step edges are known to often
exhibit a single extra monolayer of graphene due to the overlap of the individual
monolayers from neighboring terraces. Combined with the lack of the shoulder
feature seen in the spectrum of E, we can confidently assign this location as being

covered with 1 ML of h-BN on 2 MLs of graphene.
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Summarizing this particular location of the sample surface, we find an h-BN
nucleation density of approximately 1/(10 pm?), with a coverage (whether 1 or
more MLs) of roughly 20%. There is also a significant number of 2 ML graphene
locations across the surface, consistent with the interpretation of the in-situ
LEED indicating initial graphene coverage of between 1 and 2 MLs. As in the
AFM data, LEEM shows the average size of single h-BN crystals is 2 pm on a
side, and that the crystals are not perfectly triangular. Importantly, we also find
from this data that LEER serves as a powerful ‘fingerprinting’ tool, enabling us

to discriminate between different combinations of h-BN and graphene.

Having established typical coverage, we now look to determine the surface
features associated with the preferentially oriented h-BN seen in the wide-area
LEED of Figure 4.1. For this purpose, we leverage the pLEED capabilities of
LEEM as described in Section 2.C, and the first of these results is presented in
Figure 4.4. Examining first the LEEM image itself, we see this location is fairly
similar to that seen in Figure 4.3 in terms of its h-BN coverage, as well as the
presence of the brighter features which upon a careful comparison to Figure

4.3(b,c) can be seen to be areas of 2 ML graphene.

Inspecting the pLEED patterns, we see in Figure 4.4(b) a pattern from a
region of the surface that contains only graphene. At the center of the pattern is
the specularly reflected, or (0,0), beam, which is surrounded by the six satellite
spots of the 643 buffer-layer structure. In a typical LEED, these spots cannot be
seen except under non-normal incidence. Other than this difference, the pattern

seen here is effectively equivalent to that seen in, for example, Figure 4.1(a).
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Figure 4.4. uLEED studies and thickness mapping of h-BN on epitaxial graphene. In (a),
one LEEM image is shown at the specified start energy, with several individual h-BN
islands in the field of view. (b,c) are ULEED patterns from the areas indicated in (a).

Graphene, SiC, and h-BN spots are indicated by red circles, green diamonds, and blue

squares, respectively. (d) is a portion of a LEEM image from the same location
indicated by the dot-dashed square in (a), but at a different start energy
corresponding to a LEER minimum in both 1 and 3 ML. The triangle seen in (a) with the
circle labeled ‘c’ is highlighted with a dashed triangle. In (e), a thickness map is shown
of the same area as in (d), with the same triangle highlighted. Blue, red, and yellow

regions correspond to 1, 2, and 3 MLs of graphene/h-BN, respectively.

Looking to the diffraction pattern in Figure 4.4(c) (which comes from a single
h-BN crystal as seen from the LEEM image), we see the same primary SiC and
graphene spots as those from the area which exhibited only graphene, only that
their intensities relative to the (0,0) beam are slightly lower. Most significantly,
however, we see a set of 3-fold symmetric spots indicated by the blue squares,
with a dimmer set of 3-fold spots rotated 180° with respect to the primary spots
(for clarity, these have not been emphasized in the figure). We may confidently

ascribe these spots to the h-BN evident from the LEEM image. Comparing the
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positions of the h-BN spots to the other spots in the pattern, we see they are

nearly perfectly aligned with the spots from the underlying SiC substrate.

Given the epitaxial registry of this particular crystal, any information
regarding the surrounding structure would provide valuable insight into the
preferential orientation seen in the wide-area LEED. For that, we return to the
LEEM images themselves in the right-most subpanels of Figure 4.4. In (d), we
focus in on a portion of the surface that contains two similarly oriented h-BN
crystals as seen in the indicated region in (a): the first being the crystal from
which the pnLEED pattern was acquired, and the second being in the top-left
corner. This first crystal has been highlighted for clarity (though I emphasize
that the shape is schematic only — as already discussed above, the crystals

themselves exhibit edges which are slightly bulged).

Contrast is readily apparent within the boundaries of the crystal. As
mentioned in the figure caption, the start energy of this image corresponds to a
minimum in the LEER (not shown) for 1 and 3 MLs of graphene/h-BN. The
dark band within the h-BN crystal we therefore identify as 3 MLs of 2D material.
Closer inspection of surrounding area shows that this dark band within the h-BN
seems connected to a brighter band outside of the crystal. To illustrate these
features more vividly, we have performed a thickness mapping (described
elsewhere!'), which is presented in subpanel (e). It can be seen quite clearly that
there is a continuous band of 2 MLs of 2D material which runs through this
particular crystal. As explained above in connection to Figure 4.3, these 2 ML
band-like graphene features are quite common on SiC(0001), and are due to 1
ML graphene layers from adjacent terraces overlapping on the SiC step-edge.
Thus we conclude that this h-BN crystal has oriented itself as it has due to a

modification of the surface energy by the SiC rather than due to an interaction
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with the graphene, and that this is the likely origin of the preferential orientation

seen in Figure 4.1(b).

Figure 4.5. ULEED of rotated h-BN crystals. (a): LEEM image at the indicated start
energy. (b,c): ULEED patterns from the locations indicated in (a). In (b), graphene and
primary h-BN spots are indicated with red circles and blue squares, respectively. The
insetin (c) shows a zoomed-in section of the pattern indicated by the dotted square.

Within this inset, the underlying graphene spot is emphasized by an arrowhead.

Now that we have determined the origins of the preferred rotational order
seen in the h-BN growth, it is important to now consider the possibility that
some portion of the h-BN crystals are actually perfectly aligned with the
graphene. Such crystals would not be nearly as obvious in a wide-beam LEED
measurement as their misaligned counterparts, principally because of the small
lattice mismatch between the two materials. This is especially true of the samples

we have presented here due to the relatively low overall intensity of the ring.

Figure 4.5 shows pLEED results from the second sample described in Section
4.B. The first pattern, shown in subpanel (b), is from an h-BN crystal which, as
in the previous figure, shows an orientation aligned with the SiC (though in this
case, the alignment is not perfect). If we were to look for h-BN crystals which are

aligned with the graphene rather than the SiC, we need only look for a crystal
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whose edges are rotated by approximately 30° with respect to crystals that are

aligned as the one just discussed.

In this particular LEEM image, we see just such a crystal, and it has been
indicated with the circle labeled ‘¢’ in Figure 4.5(a). Examining the associated
LEED pattern, where we saw the 6-fold spots of graphene in (b), we now see a
set of 3-fold spots in their place. Looking more closely at one of these spots as
shown in the inset of Figure 4.5(c), a dimmer second spot is seen at a larger
wave-vector (i.e., a smaller lattice constant) than the brighter spot associated
with the 3-fold pattern. This dimmer spot originates from the underlying
graphene layer, whereas the brighter one is from the h-BN crystal. Inspection of
the other primary spots of the pattern also reveals the presence of the underlying

graphene.

Effects of temperature

As a final examination of our growth process, we now inspect the effects of
varying the temperature of the h-BN growth on the graphene/SiC surface
morphology, and the uniformity/crystallinity of the as-grown h-BN. Indeed, in
exploring any new growth procedure, temperature is always an important
parameter to optimize, and happens to be one of the easiest to change. In
principle, increasing the temperature of the growth can enable access to
conditions closer to equilibrium, possibly improving the uniformity of coverage
and crystallinity. On the other hand, it can also lead to unintended and
unwanted consequences, including 3D growth or the formation of new volatiles
(i.e., etching the surface). Three samples will be presented below referred to as:
low-, medium- and high-temperature, with the medium-temperature sample
having been already examined in detail above. These samples were grown at

temperatures of 950°C, 1100°C, and 1300°C, respectively.
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Figure 4.6. Evolution of h-BN morphology with growth temperature. (a,b,c) post-
growth in-situ LEED patterns from low, medium, high temperature samples
respectively. All the patterns were acquired at an electron-beam energy of 100 eV.
(d,e,f) AFM images from low, medium, high temperature samples, respectively. (g)
LEER spectra from locations indicated in LEEM images to the right. A-D are identified
as: buffer-layer only, 1 ML graphene, 1 ML graphene and 1 ML h-BN, thick h-BN and
graphene. (h,i) LEEM images from medium, high temperature samples at indicated
start energies. The results from the medium temperature sample have been replicated

here for clarity.
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Figure 4.6 shows a brief summary of the samples just described. For the
LEED pattern of the low-temperature sample in (a), we see a ring of uniform
intensity at a wave-vector consistent with h-BN. This can be compared to the
results presented in the section above, where a preferential orientation was seen
in the in-situ LEED after h-BN growth (reproduced here in (b)). Staying with
this sample, the AFM shown in (d) reveals that the surface is covered in a
discontinuous film that exhibits a web-like pattern. This structure would indicate
that the film has no preferred orientation — consistent with the post-growth
LEED characterization. LEEM characterization of this sample was not performed

due to the comparatively low quality of the as-grown film.

For the case of the high-temperature sample, we see a diffraction pattern in
(c) which has no ring of intensity. Instead, there are single spots that are aligned
with the SiC spots, and have a wave-vector consistent with h-BN. These spots do
not display a definitive 3-fold symmetry, which implies that there is an
approximately equal distribution of h-BN with 0° or 180° rotations with respect
to any particular SiC spot. We note that the SiC spots are still present and are
quite prominent, which would indicate the as-grown h-BN film is not continuous:
we know that 2 MLs of graphene on top of the buffer layer are nearly enough to
make the SiC nearly invisible to LEED, and 1 ML of h-BN on 1 ML graphene
should have a similar effect. In the AFM image of (f), a ~ 3 pm island is the
dominant feature. Bordering this island are small raised ridges, which upon a

very close examination appear to be smaller 3D islands.

If we now examine the LEEM image of the high-temperature sample in
Figure 4.6(i), we see a very different surface morphology as compared to the
LEEM image in (h) from the medium-temperature sample. At this start energy,

there is a mixture of dark and bright patches. These bright patches are the
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graphene-like buffer layer which was described in Section 1.B, as can be seen
from examining a representative LEER spectrum shown in (g). The dark portions
of the image are instead a rather thick layer of a combination of both h-BN and
graphene, which we conclude by noting the broad, featureless minimum which

has occurred in the energy range associated with the interlayer states (0 — 6 eV).

Applications to a SymFET

In our discussions of the applications of our h-BN growth process towards the
production of a directly grown SymFET device, we start by emphasizing again
that our as-grown h-BN films are preferentially aligned with the SiC rather than
with the graphene, and there is consequently a 30° rotation between the graphene
and the h-BN. For the sake of argument, we assume that we will eventually be

able to produce a uniform film with a fixed orientation as just described.

While a number of groups have described various methods for the direct
growth of graphene on h-BN!415  the most successful method (in terms of
epitaxy) has been the plasma-enhanced CVD (PECVD) method presented by
Yang et al.''% In this work, it was shown that graphene could be grown directly
on h-BN layers with no misorientation between the two. Working with the
assumptions as described above (specifically, that we have an h-BN layer rotated
by 30° with respect to the first graphene layer), the PECVD growth just
mentioned would produce a relative misorientation between the two graphene
layers of the same value. As discussed in Section 1.D, this produces deleterious
effects in the I(V) characteristics of a SymFET due to the misalignment of the
Dirac cones. We suggest ionizing the precursor before interacting with the surface
could allow for a stronger interaction with the graphene. Such an increased
interaction could induce an epitaxial registry with the graphene rather than with

the SiC.
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4.D. Conclusions

In this Chapter, we have demonstrated the successful growth of h-BN
monolayers on epitaxial graphene on SiC(0001). Our growth method has
produced large single-domain h-BN crystals (nearly 2 pm on a side as determined
by LEEM and AFM), being nearly an order of magnitude larger than other
growths currently present in the literature. Both AFM and LEEM showed
evidence of some unwanted 3D growth, which could be addressed by changes in
our growth process (for example, by the introduction molecular hydrogen during
growth). Instead of aligning with the graphene epilayer, the h-BN crystals exhibit
a preferential orientation which is aligned with the underlying SiC substrate.
This orientation has consequences for the direct growth of a SymFET device
(with an alignment with the graphene being preferable, and the 30° rotation
present here being the worst-case scenario as already discussed). Temperatures of
~ 1100°C seemed to produce the highest quality material of those temperatures
which we examined, with lower temperatures producing less crystallinity, and

higher temperatures leading to the etching of the underlying graphene.
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5.A. Motivation and introduction

When this project was begun, our collaborators at the University of
Tennessee — Knoxville were principally interested in understanding the epitaxial
registry of h-BN on Cu foils. On the (100) surface, specifically, it was previously
known that graphene exhibited a spread of orientations around the 4 crystal
directions of the (100) surface."'” Our collaborators were interested in determining
whether h-BN, in contrast, had a fized set of registries. While we were unable to
demonstrate the presence of such well-defined structures (for reasons which will
be described briefly below), this early work was useful in developing our initial
understanding of the LEER spectra of h-BN. These early studies focused on the
(100) surface principally because of the lack of easily obtainable (111)-oriented
foils. Subsequently, however, our collaborators were able to obtain such foils. As

we will show, samples from these foils did exhibit fixed registries.

The samples presented here were grown using an atmospheric pressure CVD
method (with the basics of CVD having been described briefly in Section 2.A).
Prior to growth, samples were first electropolished, then cleaned under a flow of
H, and Ar at temperatures of ~1050°C. After cleaning, low flows of ammonia-
borane ((NH)3;(BH)s) were introduced to the growth chamber, and samples were

heated to temperatures of approximately 1015°C.

In the remainder of this chapter, we will first present experimental LEER
results from the (100) surface, followed by those from the (111) surface. LEEM
images in these studies were acquired in bright-field mode and diffraction
patterns were obtained using ptLEED (more details are available in Section 2.C).
Following these experimental results, we will present first-principles calculations

of LEER spectra for both surfaces (described in Section 2.D).
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5.B. Experimental results and discussion

h-BN on Cu(100)
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Figure 5.1. LEER studies of h-BN on Cu(100). (a,b) LEEM images from two separate
locations on the sample surface. Both were acquired at a start voltage of 14 V. (c) LEER
spectra from the points indicated in the LEEM images in (a,b).

In Figure 5.1, LEEM images and LEER are shown from two locations of a
Cu(100) surface. We see that while the location of (a) is characterized as having
smaller crystals than the location of (b), the two locations are otherwise
comparable in terms of their general morphology. More specifically, we see bright
regions typified by points C and D, and dark regions typified by points A and B.
The dark areas are the bare Cu(100) surface, with the brighter areas being 1 ML
h-BN. Close inspection of (a) also reveals very small (~ 100 nm) bright features

on the Cu surface. We interpret these bright features as h-BN nuclei. There are

LEEM of h-BN on Cu foils 76



additional such bright features on top of the h-BN, which we believe are the
beginnings of the formation of a second ML. These nuclei are more apparent at
higher magnification (not shown). Especially apparent in (a), but somewhat
present in (b), are dark striations in the h-BN. These features are due to faceting

of the underlying Cu surface, as has been explained elsewhere.!'®

The LEER shown in Figure 5.1(c) confirms our visual identifications of the
points labeled in (a). Focusing on the spectra from points A and B, we see a
fairly featureless reflectivity. Both exhibit a slightly higher reflectivity between
approximately 0.5 — 3 eV (being more readily apparent in A than B). This
feature is a result of the lack of a nearly-free electron band (‘NFE’ band — one
which has character similar to that of plane waves) above the vacuum level in
the out-of-plane direction on Cu(100). These bands can be seen below in Figure
5.5. The subtlety of this effect is likely a result of the uncovered surface being
oxidized during transport from the growth chamber in Tennessee to the LEEM in
Pittsburgh. The oxide that forms is likely disordered which would induce diffuse

diffraction, as well as stronger inelastic interactions of the incident beam.

Examining the LEER of points C and D from Figure 5.1(c), in place of the
subtle increase in the reflectivity for the bare Cu surface, we now see a
pronounced increase (from ~ 0.25 — ~ 0.75). We have seen this evolution of the
LEER spectra previously for the case of 1 ML graphene on Cu(100). In both
cases, the 2D layer acts to protect the surface from oxidation, preserving the
band gap, and thereby reducing the ability of the electron beam to transmit into
the bulk Cu substrate. At ~ 9 eV, we see a minimum in the LEER, which does
not originate from interlayer states, but rather from the effect of the band
structure of h-BN as described in more detail in Section 2.D. This feature is

common to the LEER spectra of h-BN on other substrates.™
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Figure 5.2. Stacking arrangement of h-BN on Cu(100). Arrangements are as determined
in Reference 119. In all subpanels, B, N, and Cu atoms are pink, blue, and brown,
respectively. (a - d) Schematic diagrams of the 4-fold arrangements of h-BN on
Cu(100). (e) Larger version of (a) to demonstrate periodicity. Following the bottom zig-
zag edge from the left-most boron atom, we see a that second boron atom nearly

eclipses an underlying Cu atom after 6 h-BN lattice constants.

pLEED studies (not shown) revealed a large spread in the rotational
alignment of the h-BN. However, we now believe that this seeming lack of a
discrete set of epitaxial registries was due to issues related to the preparation and
cleaning of the sample surface. Subsequent studies performed elsewhere of h-BN
growth on the Cu(100) surface did reveal a definitive set of registries.'”?
Arrangements determined in these later studies are presented in Figure 5.2. Here
we see that a nearly epitaxial fit occurs in a 5 x 1 unit cell of the Cu surface.
With in-plane lattice parameters of 2.553 and 2.504 A for Cu(100) and h-BN,
respectively, this arrangement produces a strain in the h-BN of -1.91% and

+1.94% in the two orthogonal surface directions of the Cu(100).
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Figure 5.3. LEER and ULEED of isolated h-BN on Cu(111). (a) LEEM image at the
indicated start voltage. Both regular and irregular crystals (bright features) are
apparent on the Cu(111) surface(dark background). (b) LEER spectra from the points
indicated in (a). (c,d) ULEED patterns from the areas shown in (a), with the h-BN spots
near the edge. Both patterns were acquired at an electron beam energy of 40 eV.

In Figure 5.3, we show results from the first of the predominantly (111)
oriented Cu foils obtained from our collaborators. First examining the LEEM
image in (a), we see a series of ridges on the bare Cu surface, which we attribute
to faceting. With respect to the h-BN morphology, we see several isolated
triangles (for example, typified by area ‘(c)’), as well as a cluster of irregularly
shaped crystals (in area ‘(d)’). The triangular crystals are approximately 1 pm on
a side. In the irregular crystals, we see a series of dark ridges, again likely due to
faceting of the Cu(111). LEER spectra for the points indicated in the LEEM
image are shown in Figure 5.3(b), which serve to confirm our visual
identifications. In the spectrum for point B specifically, we see the principal
feature is the reflectivity minimum at ~ 9 eV, which we saw for the case of 1 ML

h-BN on Cu(100) [see Figure 5.1(c)].
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Diffraction results from the two representative types of h-BN crystals are
shown in Figure 5.3(c,d). From the wvisual structure of the crystal probed in (c),
we would expect to see only a single set of diffraction spots. Examining the
pLEED pattern, this is indeed what we see. In particular, we see a set of 3-fold
symmetric spots (that is, 2 sets of 3-fold spots) just inside of the radius of the
Ewald sphere (the border of the Ewald sphere is the border of the uniform grey
area where it is surrounded by uniform white). These are the primary h-BN(10)
diffraction spots. We do not, however, see a well-defined set of 6-fold symmetric
spots which would be expected from the underlying Cu(111). Therefore, we
conclude that the h-BN spots have eclipsed the underlying Cu spots, with the
implication that this crystal has perfect epitaxial alignment with the Cu(111)
surface (further evidence for the validity of this interpretation will be seen in a
second data set below). Such a perfect epitaxial fit would lead to an isotropic,

tensile strain in the h-BN of +1.94%.

In contrast to the single-crystal of Figure 5.3(c), the pLEED pattern in (d)
exhibits a distribution of approximately 15 sets of symmetrically inequivalent
spots, with the direct implication that there are at least that many individual
crystallites within the pnLEED beam spot. While there is some variation among
each set of spots, they are sufficiently close in their intensities to conclude that
the sizes of all of the contributing crystals are roughly of the same order of
magnitude. The illumination aperture used here results in a landing beam size of
~ 1 pm in diameter, implying that the average grain size for this 1 ML h-BN
domain is approximately 5 x 102 pm?. Scanning electron microscopy (not shown)
performed prior to LEEM characterization indicated that the crystals shaped like

those typified by the pattern of Figure 5.3(d) were most common on the cold-roll
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marks in the Cu foils that were not properly annealed out of the samples prior to

h-BN growth.
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Figure 5.4. LEER and ULEED of highly crystalline h-BN on Cu(111). (a) LEEM image at
the indicated start voltage. (b) LEER from the points indicated in (a). (c-f) uLEED
patterns from locations indicated in (a). All patterns were acquired at an electron
energy of 55 eV.

Data from a second Cu(111) sample is presented in Figure 5.4, with a LEEM
image shown in (a). Comparing the morphology of the surface here to that seen
in Figure 5.3, we notice immediately that the edges of the h-BN crystals seem
much sharper, which we believe to be merely a result of a better quality of the
alignment of the electron optics in this case. Though not nearly as prominent as
in the data on the previous Cu(111) sample, very close inspection of the image
reveals fine striations on the bare surface tilted slightly clockwise from horizontal.

The h-BN islands themselves are slightly larger than on the previous sample,

LEEM of h-BN on Cu foils 81



though still of the same order of magnitude. Importantly, a cursory examination
of the edges of the h-BN islands suggests that they are more crystalline than
those seen above. Bright, isolated features (~ 100 nm) are readily apparent on
top of the h-BN crystals, which we suggest are the beginnings of the formation of
a second monolayer (additionally, some of these bright features are extended
along one direction, which happens to coincide with the orientation of the
faceting marks just described. In both of the h-BN samples grown on Cu(111), we

did not observe h-BN nuclei on the bare surface as in the case for Cu(100).

LEER spectra presented in Figure 5.4(b) again confirm our visual
identifications of two principal types of surface coverage present in (a). Point A
shows a featureless reflectivity, consistent with the presence of the NFE band in
the I' — L direction of Cu(111) (see the plot of the copper bands in Figure 5.6).
Point B shows the LEER minimum at ~ 9 eV, which is again a feature common
to h-BN on all substrates we have examined to this point (see Chapter 6 and

Chapter 4), and which we have seen examined in the literature.

Turning our attention to the diffraction results from this area, we expect to
see a roughly 6-fold pattern in (c) (as it is from the bare Cu(111) surface), which
is indeed what we find. The set of 6-fold spots closest to the (00) spot indicate
the presence of a y3xy/3R30° reconstruction of the Cu(111). Comparing (d,e),
which were acquired from isolated single h-BN triangles, to (c), we see in the
former patterns a definitive 3-fold set of spots with a wavevector consistent with
h-BN, and that these spots have eclipsed the (10) spots of the Cu(111).
Interestingly, the brighter 3 brighter spots in (d), (e) are rotated by 60° with
respect to one another. Looking at the LEEM image, we see that the triangles
that these nLEED patterns were acquired from are also rotated by 60°. Other

workers have found both experimentally'®'?! and theoretically'*® that the N-
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terminated zig-zag edge is more stable than the B-terminated zig-zag edge (with
no experimental examples of armchair terminations in isolated, as-grown triangles
that we are aware of). Because both the island itself and the diffraction patterns
exhibit the same relative rotations, we conclude that both of these triangles have
N-terminated zig-zag edges. Finally, the pattern in Figure 5.4(f), despite being
from an h-BN island that from the LEEM image appears to be composed of
multiple coalesced h-BN triangles, does not show rotations away from the Cu
spots, suggesting that this area is composed of, at most, 2 rotationally

inequivalent sets of h-BN domains.

Previous STM studies'® have suggested the presence of small rotations
(< 3°) of the h-BN away from precise alignment with the Cu(111), a conclusion
they supported later with large DFT simulations (24 x 24 Cu(111) unit cells).™
The principal basis of this conclusion was the lack of a Moiré pattern consistent
with a perfect epitaxial registry of the h-BN to the underlying substrate. We find
no evidence of such a rotation in the body of our diffraction results (of which
Figure 5.4(c-e) are representative), which is consistent with earlier LEED surface
studies of h-BN on Cu(111)." The origin of the discrepancy between the LEED

data and the just-mentioned STM results requires further investigation.

5.C. First principles calculations

While our theoretical work in describing LEER spectra of h-BN has focused
primarily on Ni substrates (which will be described in greater detail in Chapter
6), our examinations of h-BN on Cu have also proved to be a valuable test bed
for assessing the veracity and robustness of our method. Given our previous work
describing LEER of graphene on Cu,®## h-BN on Cu is also a fairly natural

path for extending our method.
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Figure 5.5. LEER simulations of 1 ML h-BN on Cu(100). Reflectivity is shown in the
bottom panel. The bands of both bulk h-BN and Cu(100) are shown as labeled, and are
provided merely as a visual guide. The separation between the h-BN and Cu has been
indicated in the LEER panel.

Reflectivity simulations of 1 ML h-BN on Cu(100) are presented in Figure
5.5. The most notable features in the simulated LEER are the plateau of just
below ~ 0.7 between 1 — 2 eV. The reflectivity then rapidly falls off to near zero,
with two minima occurring at ~ 4 and 7.5 eV before again plateauing after 10 eV.
As noted above in our discussions of Figure 5.1, the plateau at low energy occurs
because of the lack of NFE bands at this energy. The first of these bands occurs
at approximately 3 eV. The first minimum (at 4 eV) we do not interpret as
minimum from a true h-BN interlayer state, but rather as a coincidence owing to
the onset of the NFE band of Cu(100). The second minimum is also not a pure
interlayer state, instead being the result of the of the coupling of higher-lying
bands of the h-BN with the interlayer band as will be discussed in more detail in

Section 6.C. Comparing to the experimental spectra of Figure 5.1, we find fairly
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good agreement, with the position of the higher energy minimum predicted to be
only ~ 1 eV lower than that found in experiment. This discrepancy we believe to

be due to inaccuracies of the energies of the states as determined by DFT-GGA.
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Figure 5.6. LEER simulations of 1 ML h-BN on Cu(111). Reflectivity is shown in the
bottom panel. The bands of both bulk h-BN and Cu(111) are shown as labeled, strictly
as avisual guide. The imposed separation between the h-BN and Cu has been
indicated in the LEER panel.

Examining the case of 1 ML h-BN on Cu(111) in Figure 5.6, we see that
there is only a single band in the underlying Cu which extends over the entire
energy range shown. This band has a NFE character, and is the reason for the
featureless reflectivity in the experimental spectra of the bare Cu(111) seen in
Figures Figure 5.3 and Figure 5.4. Comparing the simulated spectrum shown here
to the experimental spectra of 1 ML h-BN, we see a qualitative agreement. The
reflectivity minimum predicted from our model, however, occurs nearly 2.5 eV

lower than what we see in experiment — a much larger discrepancy than that seen
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for the case of 1 ML h-BN on Cu(100). An attempt to understand the origins of

this incongruity is ongoing.

5.D. Conclusions

In this Chapter, we have established the LEER signature of 1 ML h-BN on
both Cu(100) and Cu(111). For the case of h-BN on Cu(100), we found a
distribution of registries, but this was later found to be the result of insufficient
surface preparation of the Cu surface prior to growth. On the (111) face, we did
find a fixed registry when the surface was properly cleaned. Specifically the h-BN
was found to align perfectly with the underlying Cu(111). This finding was in
concert with previous LEED studies of this system, though in disagreement with
the findings of other methods. The resolution of this discrepancy will require
further study. Our simulated LEER results suggest qualitative agreement for
both faces of Cu studied here, though we find better quantitative agreement for
the (100) surface than for the (111). We believe there is some issue to resolve in
our theoretical description. Whether this is due to the particular density
functional we use in obtaining the basis states, or because of a subtle issue in our
model for the particular case of Cu(111) is an open question that will necessitate

more investigation.
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6.A. Motivation and introduction

For the large-scale production of h-BN thin films, Ni foils are a commonly
used substrate.”™™125 However, in order to consistently grow wuniform films, one
must have a high throughput method for characterizing their thickness, and their
epitaxial registry with the substrate. While Raman spectroscopy is commonly
used for characterizing the number of MLs of graphene, the Raman spectrum of
h-BN exhibits only a single peak, limiting its efficacy in the quantitative
characterization of h-BN films.!?0?" As we have already seen for the case of
h-BN on Cu in the previous Chapter, LEEM can provide the information

necessary for improving the understanding of h-BN growth on metal foils.

In this Chapter, we will present LEEM studies of thin and thick h-BN films
grown on polycrystalline Ni foils. The evolution of the LEER spectrum with
increasing numbers of monolayers will be described, and pLEED studies will
reveal the epitaxial arrangement of as-grown films. Additionally, our
experimental LEER spectra will be compared to our first principles method for
both the (100) and (111) surfaces, from which we will estimate structural

parameters.

All the samples presented here were grown by our collaborators at the
University of Texas — Austin either in an UHV system with a base pressure of
~ 1x10 Torr or a low-pressure CVD tube furnace. The first system uses gaseous
ammonia and diborane precursors, whereas the second system uses a solid
ammonia-borane precursor. In both chambers, the growth conditions are similar:
growth is performed at pressures of ~ 100 mTorr, and the temperature of the
substrate is approximately 1050°C. The substrates used are 99.9999% pure Ni
foils, typically 12.5, 25, or 50 pm in thickness. As in previous chapters, LEEM

data was acquired in bright-field.
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6.B. Experimental results and discussion
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Figure 6.1. LEER and YLEED of h-BN on polycrystalline Ni. (a) LEEM image at the
specified start voltage. (b) LEER spectra from points in (a). (c,d) ULEED patterns from
areas indicated in (a), with both acquired at an electron beam energy of 45 eV.

LEEM results from a sample intentionally grown thin by our collaborators
are shown in Figure 6.1. In the image shown in (a), we see that the surface at
this particular location on the sample is dominated by the lighter area, of which
point A is typical. Examining the LEER spectra of this point in (b), we see that
the primary feature is the reflectivity minimum at ~ 8.5 eV. As we saw in
Chapter 5, 1 ML h-BN exhibited a reflectivity minimum on Cu at a similar
energy, and previous studies of h-BN on Co by Orofeo et al. showed this feature
as well.™ Thus we see this surface is ~ 90% covered by 1 ML h-BN. Additionally,
through the entire 1 ML area, we see a series of striations which, as in the case of

h-BN on Cu(100), we interpret to be the result of faceting of the substrate.

Aside from the predominant 1 ML coverage, we see only a single other
contrast at this start voltage — dark features of which we see two types. The first

are small ~ 1 pm islands, of which point B is an example. Looking at its LEER
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spectrum in (b), we see that in place of only the single prominent high energy
minimum at ~ 9 eV as for spectrum A, here we find an additional minimum at
3 eV. We attribute this to the presence of an interlayer state, with the natural
implication that there are 2 MLs of h-BN at those locations here that appear
dark. The second type of dark contrast is the bar-shaped feature which extends
into the field of view from the left, and for which a representative point is labeled
‘C’. From its shape alone, we can conclude that this feature does not solely arise
due to effects from h-BN, but rather is a unique Ni grain as compared to the
surrounding areas which are covered mostly by 1 ML h-BN. Comparing the
LEER spectrum of point C to the spectrum of point B, we still see the interlayer

minimum at ~ 3 €V, and can be confident that there are 2 MLs of h-BN.

However, in comparing these two 2 ML spectra, we notice two subtle but
important differences. For the case of spectrum C, there is a sharp downturn in
the reflectivity as one decreases the beam energy from the interlayer minimum
towards the sharp increase in the reflectivity to unity at 0 eV. This downturn is
not present in the spectrum of point B. Additionally, where point B exhibits a
small plateau in its LEER just above the high-energy minimum, the LEER
spectrum of point C has no such feature. We have found that the coincidence of
these two features (that is, the presence of the downturn at ~ 0.5 eV, and the
lack of the LEER plateau at ~ 10 eV) for 2 MLs h-BN is universal across
samples, and therefore can be used as a signature of an interaction between the

h-BN and the underlying Ni substrate.

To clarify the difference between these two areas, we also present pLEED
patterns from the areas covered solely by 1 ML h-BN (which we believe to be
representative of the small 2 ML islands typified by point B in terms of the

underlying Ni) to those from the dark bar. These are shown in Figure 6.1 (c¢) and
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(d), respectively. In pattern (c), we see that the most intense spots (aside from
the (00) spot at the center) are located towards the edge of the pattern, and that
they have a 3-fold symmetry, and we associate these with the h-BN. We do not
see a set of 6-fold spots at this same wavevector, which would be expected from
the Ni(111), but we also do not see any spots consistent a surface that is not
either 3- or 6-fold symmetric. We therefore conclude that this area is 1 ML h-BN
on Ni(111), and that the h-BN spots have eclipsed the spots from the Ni (an
assumption that will be expounded upon and validated below). The remaining
spots in the interior likely arise from the substrate. Comparing this to the
pattern in (d), we see the latter exhibits many more spots, with some higher
order spots running along parallel line. While we cannot resolve the underlying
Ni substrate (likely owing to the thickness of the h-BN film), we believe it to be

either (100) or (110) oriented due to its shape.
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Figure 6.2. Evolution of LEER spectra with number of h-BN MLs. (a) LEEM image at the
indicated start voltage. (b) LEER spectra from the points shown in (a), with the number
of MLs listed. In each spectrum, the interlayer minima have been emphasized by

arrowheads.
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Having determined the signature of 1 and 2 MLs of h-BN on Ni, we now seek
to establish whether, as we expect, we recover a set of reflectivity minima in the
same way (that is, as we expect from our discussions in Section 2.D). (Indeed, we
have already made use of this fact earlier in this thesis, specifically in Chapter 4,
and already published studies had confirmed this was the case.” The work there
was performed prior to the project presented in Chapter 4, and the studies
already referenced.) Results from a sample intentionally grown with high average
h-BN coverage are presented in Figure 6.2. Here we see in the LEEM image an
isolated multilayer island of h-BN surrounded by 2 MLs h-BN (as determined
form the LEER spectrum of point A). The island shows alternating bands of light
and dark contrast, owing to the fact that even numbers of MLs of h-BN exhibit a
minimum at ~ 3 eV, and odd numbers of MLs achieve a local mazimum at this
energy (the same phenomenon occurs in multilayer graphene). We see that this
island is on a (100) oriented grain of Ni by reference to the downturn in the
LEER in spectrum A at ~ 0.5 eV. Our experience has been that any h-BN

coverage on Ni(100) is nearly always at least 2 MLs.

Examining the LEER spectra in more detail, we see that the 2 ML spectrum
has no plateau” in its reflectivity after the minimum at ~ 9 eV, just as above.
The spectra from points B — E exhibit the quantized minima in the interlayer
region (0 — 6 eV) that we hypothesized to exist. Interestingly, for these spectra,
we recover the plateau feature missing from the 2 ML spectrum. This strengthens
our assertion above that this feature does not arise for 2 ML case due to an
interaction (more specifically, of the first monolayer) with the substrate. We

believe this has its origins in a modular h-BN separation with the Ni substrate

%

By plateau, we refer strictly to that feature seen in spectra B-E of Figure 6.2 at
approximately 10.5 eV. That is, a flattening of the reflectivity which occurs after the high-energy

minimum which is then followed once again by an increase in the reflectivity.
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and/or a variable buckling in the first h-BN layer. This hypothesis will be

discussed in greater detail below in the next section.
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Figure 6.3. LEER of bare Ni(111), and h-BN on polycrystalline Ni. (a,b) LEEM images of
the same location at the indicated start voltages, with grain boundaries of the
underlying Ni substrate emphasized in (a) with orange lines. (c) LEER spectra of the
points seen in the LEEM image, and interpreted as labeled.

While we view our identifications of the number of MLs of h-BN on the
surface as definitive, we now seek to strengthen our associations of the various
spectral features in the LEER of Figure 6.1 with the pLEED seen in that same
figure. More specifically, we look to directly compare bare Ni surfaces to those

covered by h-BN both in terms of LEER as well as their crystal structure. While
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we were ultimately unable to find bare Ni(100) surfaces with clean, sharp
diffraction patterns for this purpose, we were able to find bare Ni(111) surfaces,

and LEER results from just such a surface are presented in Figure 6.3.

In the LEEM image presented in (b), we see a dark patch (of which point A
is representative) embedded within a slightly brighter surface (of which point B
is typical). The rest of the image is fairly typical of our collaborators’ as-grown
samples, with small ~ 1 pm islands of 2 or 3 MLs h-BN (for example, see point
C), and several different grains of the wunderlying Ni readily apparent (point D
being 2 MLs of h-BN on a non (111) oriented grain). Examining the LEER
spectra in (c), we see that the spectrum from point B here is effectively identical
to that seen for the spectrum of point A in Figure 6.1 [which we identified there
as 1 ML h-BN on Ni(111)]. The spectrum from point A, however, is characterized
by lacking any such minimum, instead gradually falling until it becomes flat and
featureless after 8 eV. We have associated this point with Ni(111) by reference to

this spectrum, as well as to its diffraction pattern which will be presented below.

In Figure 6.4, we present extensive pLEED characterization of the sample
surface presented in Figure 6.3. Starting with the pattern presented in (b)
acquired from the dark patch, we see a 6-fold arrangement of spots about the
(00) spot. In particular, we see spots at a wavevector nearly identical to that
which would be expected from h-BN. We interpret these spots as arising from
Ni(111) rather than from h-BN owing not only to their 6-fold arrangement (as
opposed to the 3-fold arrangement that would occur for h-BN) but also due to

the LEER spectrum of point A presented in Figure 6.3(c).
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Figure 6.4. uLEED of bare Ni(111), and h-BN on polycrystalline Ni. (a) LEEM image
repeated from Figure 6.3. (b-e) ULEED patterns from locations indicated in (a). We
interpret (b), (c), (d), and (e) as bare Ni(111), 1 ML of h-BN on Ni(111), 2 MLs of h-BN on
Ni(111), and 2 MLs of h-BN on Ni(100).

Comparing the pattern of Figure 6.4(c) to that seen in (d) (which is from a
multilayer island surrounded by 1 ML h-BN that we assume (c) to be
representative of), both show a 3-fold arrangement of the h-BN spots. More
specifically, the most intense set of spots for each pattern is the same, indicating
that the top-most layer of each location is oriented in the same way. This would
indicate either: 1) the top-most layer of (d) is continuous with the 1 ML in (c)
and that the additional layers have actually grown underneath the first layer; or

2) that the additional layers are AB stacked, rather than AA’.

Finally, examining the pattern in Figure 6.4(e), we see a definitive set of
3-fold spots which we again identify as arising from h-BN. These spots are
oriented the same way as the h-BN spots in (c) and (d). Again, we cannot
necessarily discriminate between the two situations described just above.

However, given the same orientation is present on 3 different surfaces, we believe
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the most likely explanation is that a continuous layer exists as the top layer, and
that additional layers have grown below in a process similar to that of graphene

growth on copper substrates reported elsewhere.!'®

(e)

40 eV

Figure 6.5. Comparison of distant 1 ML h-BN surfaces. (a,b) LEEM images from two
locations on the surface separated by 500 um. (a) is once again repeated from Figure
6.3. (c,d) h-BN thickness maps of (a,b), respectively. Blue corresponds to a single
monolayer, red to > 1 ML, and black to 0 MLs. (e,f) LLEED patterns from 1 ML regions of
(c,d), respectively.

Having addressed the reproducibility of the h-BN growth across samples
(that is, compare Figure 6.1 and Figure 6.3), we now seek to determine the
uniformity of a typical sample. For this, we focus on the same sample which we
have addressed in the previous two figures, with LEEM and pLEED data from
two locations separated by 500 pm shown in Figure 6.5. The LEEM image in (a)
has been repeated from the above figures for clarity. Comparing (a) and (b), we

find that the main difference is the presence of only 2 grains of the underlying Ni
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in (b) (the second can be seen at the top of the image as a dark line) rather than
the 5 we see in (a). Faceting of the underlying Ni is readily apparent in both
locations — especially on those areas covered by only a single ML of h-BN. The
thickness maps in (c,d) confirm the homogeneity of the h-BN coverage, with
multilayer islands (red) within the 1 ML areas (blue) easily discernable. These
multilayer locations (ignoring the 2 ML areas on the Ni(100) grains) are fairly

uniform in size: typically 1 — 2 pm in extent.

Looking to the pLEED patterns in Figure 6.5(e,f), we note that the spots
associated with the areas covered by 1 ML h-BN from the two locations are
aligned with one another.” Higher order spots are apparent in the pattern of (f),
and by way of comparison to the patterns in Figure 6.4, we argue that the
distribution of these higher order spots, as well as the lack of any primary spots
from the Ni(111), implies that the h-BN is once again aligned with the
underlying nickel. With respect to this sample specifically, this would indicate
that we possibly have a single h-BN grain that is in excess of 500 pm in extent.
We did not perform pLEED at any locations between the two locations, and thus
cannot rule out the presence of 180° grain boundaries. Our collaborators have
seen evidence of growth of single h-BN crystals across Ni grain boundaries in
SEM (not presented), however, we believe this type of growth occurs onto non-
(111) oriented Ni grains, rather than onto another Ni(111) grain. All of the
pLEED data we have for 1 ML h-BN would suggest a perfect epitaxial alignment
for the case of growth on Ni(111). We believe that the h-BN grain size is limited

only by the grain size of Ni(111) grains, and the h-BN nucleation density.*

T A close examination of some of the spots might suggest a small rotation. However, the
spots located near the top of the patterns are most certainly aligned. We suggest the apparent
rotation in the other spots is due to a distortion of the electron optics rather than a real effect.

{ Lowering the nucleation density, should cause fewer 180° rotational grain boundaries.
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6.C. First-principles calculations

The experimental observations presented above provide good evidence for the
validity of our identification of the number of h-BN layers, and the orientation of
the underlying Ni surfaces. Nevertheless, to be completely certain of these
identifications, it is necessary to compute the LEER spectra and to demonstrate
agreement between the theoretical and experimental spectra. As a byproduct of
that comparison, we may also be able to obtain detailed structural information,
such as the separation between the Ni surface and the adjacent BN layer, as well

as the buckling (difference between B and N heights) of that h-BN layer.
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Figure 6.6. Out-of-plane band structure of strained/unstrained h-BN. (a) Bulk h-BN.
(b) h-BN strained by -0.5% (compressive) to match Ni(111). (c) h-BN strained by -0.5%

and -4.3% along [1120] and [2200], respectively, to match Ni(100).

As already seen in Chapter 5, bulk h-BN has several bands 5 — 17 eV above

the Fermi energy, Ep, that contribute to the LEER spectra. These bands are
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shown in Figure 6.6(a).5 Four analogous bands exist for graphene.® The lowest
energy band for both h-BN and graphene has character that is dominantly
composed of interlayer states, that is, plane-wave type states that exist
predominantly in the spaces between the two-dimensional (2D) layers. These
interlayer states give rise to pronounced minima in the reflectivity spectra. For
graphene, this interlayer band is only very weakly coupled to the three higher
lying bands, so those higher bands make no contribution to the reflectivity
spectra. However, for h-BN, the higher bands have substantial coupling to the
lower interlayer band (as discussed in Section 2.D), and hence they make a
substantial contribution to the spectra. The contribution of the higher bands to
the spectra was demonstrated experimentally by Orofeo et al.,”* and theoretically
in our prior work (with a brief overview provided in Section 2.D).® This coupling
between the h-BN bands plays an important role in the results presented below.
Also seen in Figure 6.6 are additional bands with energies > 20 eV. Some of these
bands, the lowest energy one in particular, also have interlayer character and
give rise to minima in the reflectivity spectra. An analogous set of high-energy

band(s) with interlayer character exists for graphene.58

Regarding the epitaxial fit between the h-BN and the nickel, in our
computations, we employ a perfect, 1x1 fit for the Ni(111) surface, corresponding
to a -0.5% (compressive) strain of the h-BN, and a 5x1 fit for the Ni(100) surface
(as previously observed for h-BN on Cu(100) by Liu et al,' and presented
schematically in Figure 5.2), corresponding to a -0.5%, -4.3% strain in the h-BN
for the two orthogonal surface directions of the Ni(100) surface. The results for
the (111)-strained case, Figure 6.6(b), are only slightly different than those for
the unstrained, bulk h-BN shown in (a). Results for the (100)-5x1 cell, are

§ Throughout this work, we focus on the I'=A direction as it is only electrons with this
direction of their incident momentum that take part in image formation in bright-field LEEM.
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presented in Figure 6.6(c), are also fairly close to the unstrained case. In
contrast, if we use a 2x1 cell for the (100) surface, we obtain h-BN bands that
differ from the unstrained case by many eV, producing unphysical reflectivity
spectra. In our presentation below of the theoretical and experimental LEER
spectra, we will compare the observed features to the bands of the unstrained

h-BN for simplicity.

h-BN on Ni(111)

A [ [
=8
£ 8| ()
r I I : L
3 | (b)
1.0 W* I I I r
= \ KXWy
8E ¥ ot | i
3 08 5o x*ixﬂl‘xl &x-x"“*-x-xn”"i
© 06F .
& °°oooal:° /of".o-o—oﬂmo
- Y o "Q .
E 0.4 (0) o\ / G
8 0.2 -Ni(111) ° /° i
©7T1008,028 /et
0.0 ’ I ! !
0 5 10 15 20
E — Eyoc (eV)

Figure 6.7. Theoretical LEER spectra of 1 ML h-BN on Ni(111). (a) Computed reflectivity
spectra, with (green circles) and without (red x-marks) inelastic effects, averaged over
minority and majority spins. Average BN-Ni separation is 2.08 A and buckling is 0.2 A.
(b) Bulk Ni band structures in (111) direction (low, high energy curves correspond to
majority, minority spin, respectively). (c) Bulk h-BN band structure in (0001) direction.

Band structures are shown simply as a visual aid.

A single computation of the LEER spectrum for 1 ML of h-BN on Ni(111) is

presented in Figure 6.7, with energies now plotted relative to the vacuum level
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for the system. Prior experimental and theoretical work indicates a relatively
strong interaction between the BN and the Ni, with an average BN-Ni separation
in the range of 2.0 — 2.2 A and a buckling (difference between B-Ni and N-Ni
separation) of 0.07 — 0.20 A, with the B atom closer to the Ni surface plane than
the N atom.™2129 In Figure 6.7 we enforce an average BN-Ni separation of
2.08 A and buckling of 0.2 A, and we show results both with and without
inelastic effects. Following prior work we have assumed a lateral registration of
the h-BN and Ni with the N atoms atop of surface Ni atoms,1?%12 although we
obtain identical results (that is, with the difference between the two cases being
much smaller than the size of data points used for plotting) when the B atoms
are placed atop the Ni. Figure 6.7(b,c), respectively, show the band structure in
the direction perpendicular to the surface for the underlying Ni substrate and for
a hypothetical, bulk layer of h-BN on the surface. In fact, the buckling of the
surface h-BN produces significant changes to the band structure (not shown), but
nevertheless for qualitative purposes it is useful to display this band structure
(following the approach of Orofeo et al.™). The energy alignment for these bands
is determined by comparing the potentials of the bulk bands with those of the h-

BN on Ni computation.

The interpretation of reflectivity spectra in the low-energy range involves
associating minima in the spectra with transmission resonances arising from
interlayer states, as well as consideration of possible band structure effects
associated with the overlayer or the substrate.**® Let us first consider the
spectrum of Figure 6.7 that neglects inelastic effects. A reflectivity of unity is
obtained for energies below 1.6 eV, associated with the onset of the Ni majority-
spin nearly-free-electron (NFE) band at that energy. For higher energies, a
reduced reflectivity is found, arising from the h-BN band with strong interlayer

character seen at 0 — 5 €V in the h-BN band structure. However, for the BN-Ni
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separation of 2.08 A, the interlayer space is too small to support a well-defined
interlayer state. Hence, the reflectivity minimum near 3.5 eV is rather broad. As
discussed above, the higher h-BN bands can couple to the interlayer band and
produce their own reflectivity minima. This does indeed occur, as seen by the
distinct minimum at 7.3 eV relative to the vacuum level. Inclusion of inelastic
effects causes this minimum to become more pronounced, and it turns out to
dominate the spectrum. At higher energies, near 17 eV, a smaller reflectivity
minimum is seen; it arises from higher lying bands that have interlayer character

(one of which is seen at the upper end of the h-BN band structure).

The dependence of the computed reflectivity spectra on BN-Ni separation
and buckling is shown in Figure 6.8. The reflectivity minimum from 7 — 8 eV

persists for all values of BN-Ni separation and for all buckling values > 0.

Positive buckling values cause this minimum to deepen slightly and to shift down
in energy. Negative values of buckling cause the minimum to become more
shallow and disappear, being replaced by a lower energy minimum near 5 eV.
Comparing to the experimental data at the bottom of Figure 6.8, we can
confidently conclude that negative buckling values are inconsistent with
experiment. Furthermore, for zero buckling (left-hand panel of (a)), the shapes of
the computed reflectivity minima near 7 eV do not provide a good match to the
experiment. Careful visual comparison of the features of the experimental and
theoretical spectra, including the minima at 7 — 8 eV, the small dip near 3 eV,
and the overall shapes near the low- and high-energy ends of the spectra,
indicates a best fit between the two for BN-Ni separations of 1.9 — 2.1 A and a
buckling of 0.1 — 0.2 A, as indicated by the spectra marked with an asterisk in
Figure 6.8. These results fall well within the range of structural parameters

determined previously.™ 12812
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Figure 6.8. 1 ML h-BN on Ni(111): experiment vs. theory. (a) Computed reflectivity
spectra (averaged over spins), as a function of d (the average BN-Ni vertical
separation) and Ad (bucking). N atoms are atop Ni, and positive bucking refers to a
smaller B-Ni vertical separation than for N-Ni. (b) Experimental reflectivity spectrum.
The same experimental curve is repeated in the right- and left-hand panels, for the
purpose of comparison with theory. Dotted lines display estimated shifts between
theory and experiment (see text). Theoretical curves with the best match to
experiment are indicated by an asterisk. The most important quantitative details to

consider in this comparison are the locations of various spectral features.

The significant issue encountered in a detailed comparison of experiment and
theory is that small energy shifts are found to occur between the spectra, most

likely due to the inaccuracy of the energies of the states as computed with the
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DFT-GGA approximation. We can estimate one such shift by comparing the
energy of the h-BN band with strong interlayer character, i.e. the band lying
between 5 and 10 eV relative to Er in Figure 6.6, with that obtained from a GW
computation™ ¥ as reported by Blase et al.'® Focusing on the location of the
band minimum, this is found to be 0.72 eV higher (relative to the valence band
maximum) in the GW computation than in our GGA result. We also note that
the states involved in actual h-BN on Ni problem will not have exactly the same
character as those of the interlayer band in bulk h-BN, in particular, the former
energies will be somewhat affected by the position of the Ni(111) NFE band
itself. In our computations the onset of that band is at 5.66 eV relative to Er for
the majority spin, whereas experimentally it is found to be at 6.0 = 0.2 eV.!*?
This difference is 0.34 £+ 0.2 eV, i.e. about half the size of the 0.72 eV difference

just mentioned.

Figure 6.9 shows the computed LEER spectra for 2 layers of h-BN on
Ni(111), using an average separation between the top Ni layer and the adjacent
BN layer of 2.03 A and buckling of 0.1 A for that BN layer. The average
separation between the two h-BN layers is assumed to be equal to the value for
bulk h-BN, 3.35 A. The prominent minimum seen at 3.0 eV in the spectrum
arises from an interlayer state localized between the two h-BN layers; it derives
from the lowest h-BN band. Two higher energy minima are seen in the spectrum
that neglects inelastic effects, at 7.2 and 9.2 eV; these derive from high h-BN
bands that are coupled to the lower one, and these minima evolve into a broad,
asymmetric minimum when inelastic effects are included. Additional minima are

seen at even higher energies, 17.6 and 19.5 eV, in the spectrum that neglects

sk

The GW approximation is a method for determining the self-energy of many-body
systems. It entails expanding this self-energy in terms of the single-particle Green’s function, G,
and the screened Coulomb interaction, W.
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inelastic effects; these minima also broaden considerably when inelastic effects are

included.
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Figure 6.9. Theoretical LEER spectrum of 2 ML h-BN on Ni(111). (a) Computed
reflectivity spectra, with (circles) and without (x-marks) inelastic effects, averaged
over minority and majority spins. Average separation between Ni and the adjacent BN
layer is 2.03 A, and buckling of that BN layer is 0.1 A. Buckling is assumed to occur only
in the bottom-most layer of h-BN. That is, only in the layer closest to the Ni substrate.
(b) Bulk Ni band structures in (111) direction (low, high energy curves correspond to
majority, minority spin, respectively). (c) Bulk h-BN band structure in (0001) direction.
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Figure 6.10. 2 ML h-BN on Ni(111): experiment vs. theory. (a) Computed reflectivity

spectra as a function of d (average BN-Ni vertical separation) and Ad (bucking). N

atoms are atop Ni, and positive bucking refers to a smaller B-Ni vertical separation

than for N-Ni. (b) Experimental reflectivity spectrum. The same experimental curve is

repeated in the right- and left-hand panels, for the purpose of comparison with theory.

Dotted lines display estimated shifts between theory and experiment (see text).

Theoretical curves with the best match to experiment are indicated by an asterisk.

The dependence of the 2-layer reflectivity curves on the BN-Ni separation

and buckling is shown in Figure 6.10. The asymmetry of the minimum extending

over 7 — 10 €V is seen to depend on both the buckling and the BN-Ni separation.
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Comparing to the experimental data at the bottom of Figure 6.10, we see that
values near 2.0 and 0.1 A for these parameters are certainly consistent with the
data. Larger values of both separation and buckling can be excluded, since then
this minimum take on a flat-bottomed appearance (e.g. for the spectra in the
right-hand panel). Smaller values of separation cannot be excluded on the basis
of this particular feature in the spectra. The minimum at 7 — 10 eV in the theory
is shifted substantially compared with experiment, by about 1.4 eV. Again, we
attribute this shift to inaccuracies in our GGA treatment of the states. The fact
that this shift is different (about twice as large) than the apparent shift between
experiment and theory for the ~7 eV minimum in Figure 6.7 and Figure 6.8
arises, we believe, from the somewhat different degree of interlayer-coupling of
the states involved (being somewhat smaller for states that give rise to the 7 — 10
eV minimum for the 2-layer case of Figure 6.10 compared to the states at a

similar energy for the 1-layer case of Figure 6.8).

Returning to the lowest energy reflectivity minimum near 3 eV in Figure
6.10, this feature is clearly apparent in both theory and experiment. The energy
shift between the two is quite small in this case, about 0.2 eV. Again, it seems
that the inaccuracy of the GGA treatment varies with the state. This particular
state near 3 eV has the most interlayer character of any that we have discussed
thus far, i.e. being localized primarily between the two h-BN layers. Taken
together with the other shifts deduced above, it appears that the energy shifts

tend to be reduced for states with increasing amounts of interlayer character.
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Figure 6.11. 2 ML h-BN on Ni(100): experiment vs. theory. (a) Computed reflectivity
spectra as a function of d (average BN-Ni vertical separation) and Ad (bucking). N
atoms are atop Ni, and positive bucking refers to a smaller B-Ni vertical separation
than for N-Ni. (b) Experimental reflectivity spectrum. The same experimental curve is
repeated in the right- and left-hand panels, for clarity in our comparisons. Dotted lines

display estimated shifts between theory and experiment, and are simply repeated
from Figure 6.8 and Figure 6.10.
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In Figure 6.11, a preliminary set of computations of 2 ML on Ni(100) is
compared to a representative experimental spectrum of 2 MLs h-BN on what we
have interpreted as a Ni(100) grain. As discussed in Section 6.B, and seen in (b),
the spectral features we associate with Ni(100) being underneath 2 MLs are the
presence of the downturn (with decreasing energy) at low energies, and the lack
of the plateau in the LEER after the 9 eV minimum. If we first compare these 2
ML computations to those on Ni(111) in Figure 6.10, we find that the spectra
here are much more featureful [see, for example, the bottom two spectra in both
of the subpanels of (a)]. The origin of these extra features is the larger 5 x 1 unit
cell used in these calculations as compared to the simple 1 x 1 in the case of h-

BN on Ni(111).

With respect to the experimental spectra seen here, we find that the best
agreement seems to occur for an h-BN/Ni separation of ~ 2.28 A, which is the
slightly larger than what we found for the case of Ni(111). We do not find strong
evidence for positive buckling values, though we cannot rule out the presence of
negative buckling. Varying the h-BN separation and relative buckling through
the entire 5 x 1 unit cell, rather than using a fixed value throughout, may lead
to better agreement between our computations and experiment. More specifically,
it could lead to a more featureless and broad minimum at ~ 8.5 eV which is what

we see in the experimental spectra.

6.D. Conclusions

In this chapter, we have presented systematic LEEM and pLEED studies of
h-BN on polycrystalline nickel foils. We found that h-BN grows epitaxially on
Ni(111), and that on this orientation, the growth of single monolayers of h-BN is
quite reproducible. Multilayer islands are not uncommon on this Ni orientiation,

though they are typically only 1 — 2 pm in size, and exhibit an epitaxial
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arrangement with the continuous film. On Ni(100), we find that h-BN typically is
only present in a coverage of at least 2 MLs [indeed, we were unable to find
locations of 1 ML on Ni(100)]. The evolution of the LEER spectra of multilayer
h-BN is found to exhibit the same type of behavior in the very low-energy regime
(that is, from 0 — 6 eV) that graphene shows. h-BN is found to also exhibit a
minimum at higher energy (~ 8.5 eV) which has its origins in extra higher-energy

bands that have significant coupling to the interlayer bands at lower energy.

Our first-principles method has been found to be quite good for the case of 1
and 2 MLs of h-BN on Ni(111). We are readily able to reproduce not only the
interlayer minima in the 0 — 6 eV range, but also the minimum at ~ 8.5 eV, as
well as the plateau at ~ 10 eV which occurs when > 1 ML of h-BN is present.
The best quantitative agreement seems to occur for h-BN/Ni separations of
between 1.88 and 2.08 A, with a buckling of the h-BN such that that boron
atoms sit ~ 0.15 A closer to the Ni surface than the nitrogen atoms. The results
for h-BN on Ni(100) are preliminary but promising, however, initial results

suggest a relatively good agreement for h-BN/Ni separations of ~ 2.28 A.
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7.A. LEEM as a tool for the study of 2D materials

Throughout this thesis, we have demonstrated the power of LEEM in
characterizing both graphene and h-BN, some previously demonstrated, others
new. As we saw in Chapter 4, LEER enables us not only to count the number of
2D layers as usual, it also provides a unique ‘fingerprinting’ capability. That is,
by reference to various spectral features, we are able to discriminate between
different combinations of h-BN and graphene, even when the total number of 2D
layers is the same. In Chapter 5 and Chapter 6, we demonstrated the ability to
extract meaningful quantitative information regarding the interface structure of
h-BN on metal foils by comparing experimental LEER spectra to a first-
principles method. With this spectroscopic capability along with the pLEED
capabilities seen in the last 3 chapters, LEEM has proven to be a unique, robust,

and effective method for characterizing 2D materials.

In addition to the projects shown in this thesis focusing on graphene and
h-BN, our group has recently begun extensive characterization of transition-metal
dichalcogenide (TMD) films, mostly grown on epitaxial graphene. TMD materials
are important counterparts to graphene and h-BN in that they are intrinsically
semiconducting 2D materials, making them potentially useful in all-2D devices.
While I will not go into detail here, I mention that we believe we will be able to
obtain useful information by comparing the local work functions on these TMDs

to their surrounding substrate (determined as described in Section 2.C).

7.B. Final thoughts and perspectives

In the previous two chapters of this thesis, we focused on h-BN growth on
transition metal foils. As was demonstrated, good epitaxial alignment, and large-

scale homogeneity can be achieved on such substrates. Additionally, as just
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discussed in the above section, we were able to obtain good agreement between
our experimental LEER spectra and our first-principles method. While we were
only able to obtain good quantitative agreement for the case of h-BN on Ni, we

believe further refinements will improve the agreement for h-BN on Cu.

h-BN is typically grown on these foils for the purpose of transferring the as-
grown h-BN to some other substrate, wherein it is used alternatively as a gate
dielectric, a tunneling barrier, a barrier to protect other more delicate materials
from environmental contamination, or a combination of all of these. While this
has proved effective for proof-of-concept devices, we believe that our method of
directly growing devices is more tenable for realistic applications, as well as for
making devices with reproducible characteristics. We saw in Chapter 4 that we
were able to grow h-BN single crystals on epitaxial graphene nearly 2 pm in
extent, and methods for improving the crystallinity of our samples were

discussed.

We also note that in both Chapters Chapter 5 and Chapter 6, we discussed
various shortcomings with our first-principles method for describing LEER. These
shortcomings were especially apparent in the results of h-BN on Cu, however,
that may be simply the result of the nascent nature of these particular studies
(with h-BN on Ni being the primary material system we have focused on in the
last 2 years using our method). While we still believe our results to be quite
good, it is possible that better agreement between theory and experiment will be
obtained using density functionals that properly incorporate the van der Waals
interaction in these 2D materials. Not only could such functionals improve our
own results, comparison of the results obtained from these functionals to

experiment could possibly lead to better functionals in an iterative fashion.
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Eventually, as discussed in Section 1.D, I believe that 2D materials will find
their niche only by combining them in both lateral and vertical heterostructures.
One particular device, the SymFET, was discussed in detail, as was the potential
of growing such a device directly from our h-BN on epitaxial graphene samples in
Section 4.C. While several issues were identified, I believe that this material
system offers several key advantages for direct growth as compared to, for
example, materials grown on metal foils. While there is a great deal of unique
physics left to explore in the realm of 2D materials, their long-term viability
outside of the lab will ultimately depend on realizing such novel devices in a

scalable fashion.
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