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Abstract

Since the discovery of the exfoliation technique to transfer single graphene sheets on

supports of choice, which granted the 2010 Nobel prize for physics, the scientific com-

munity started to explore the high mobility electronics of this two-dimensional material

for more than a decade by now.

The electronic and optical properties of graphene allow it to be a promising candidate

material for the new area of nano-electronics, especially when combined with other

known two dimensional materials as it is hexagonal boron nitride. The combinations

of these materials are called heterostructures, where the insulating and chemically inert

properties of hexagonal boron nitride are combined with the high mobility electronics

of graphene. The advantages of these heterostructures were shown in previous works

where they were prepared through mechanical exfoliation.

Albeit, mechanical exfoliation is a labour intensive process, which limits its use for indus-

trial applications at the present day. An alternative route is a direct growth by chemical

vapour deposition on suitable metallic substrates and subsequent electrochemical de-

lamination to transfer the two-dimensional materials to the desired substrate. These

processes are industrially implementable, as the process is scalable form microscopically

sized samples to large wafer sized material.

In this work, we use 4-inch wafer substrates with single crystalline rhodium and iridium
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coatings for the growth of high quality graphene and hexagonal boron nitride, in a

cost- and labour-efficient way. The transfer of the two-dimensional materials is achieved

through electrochemical delamination in an ionic solution. The produced layers can

be arranged on SiO2 wafers, and a vertical heterostructure of graphene and hexagonal

boron nitride are built.

In an alternative an more time efficient attempt to produce the heterostructure devices, a

direct growth-approach of the full heterostructure is presented. The grown heterostruc-

tures were studied by photoelectron spectroscopy and tunnelling microscopy methods

before being transferred on SiO2 and then studied by optical microscopy and Raman

spectroscopy. The combination of the two complementary measurement methods gives

new insights into the in-situ growth mechanics of graphene on boron nitride heterostruc-

tures.

The growth on 4-inch wafers, and the electrochemical delamination process is not only

limited to graphene and hexagonal boron nitride. The developed procedures were equally

applied to transition metal dichalcogenides, which are materials of high interest for their

optical-electronic properties. The growth of a molybdenum-diselenide heterostructure

on hexagonal boron nitride is presented and the transfer of the complete heterostructures

is demonstrated. The result is a few-layer molybdenum-diselenide on hexagonal boron

nitride heterostate on SiO2 which may be used for optoelectronic device applications.
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1 Introduction

1.1 sp2 layers: graphene and hexagonal boron nitride

The discovery of graphene dates back to H.P. Boehm in 1962 which observed the one

atom thick structure by TEM analysis and published these findings with the title “Das

Adsorpitonsverhalten sehr dünner Kohlenstoff-Folien “[1]. Later he named the discov-

ered structure with the name graphene [2], as the Nobel prize recognised researcher

André Geim writes in his publication about the history of graphene [3].

Graphene consists of a one atom thick layer of carbon, arranged in a honeycomb struc-

ture bond together in sp2 hybridized atomic orbitals. The essential breakthrough to

investigate the electronic properties of graphene happened decades later, when a single

sheet was made visible on a SiO2 substrate [4]. With a visible graphene layer, it was pos-

sible to electrically contact the thin film and measure its properties including graphene’s

particular property, namely the variation of the charge carrier concentration under the

influence on an applied electric field. Furthermore, graphene possesses surprisingly high

charge carrier mobilities compared to conventional field effect transistors based on silicon

[5], [6]. Several research results demonstrating the field effect transistor application of

the devices were later published concentrating on mechanically exfoliated material [7],

[8].
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Further research revealed improvements in the charge carrier mobility and application

possibilities for graphene in association with hexagonal boron nitride [9], which is, as

graphene, a one-atom thick layer of nitrogen and boron atoms arranged in a honeycomb

structure. While structural properties of hexagonal boron nitride are similar to graphene,

the electronic properties are radically different: hexagonal boron nitride is a large band

gap insulator. The similarity of the two structures thus renders the h-BN an ideal

companion material for graphene, allowing encapsulation and other device applications.

This has drawn the attention of scientific and industrial communities.

The use of graphene in industrial applications is hindered by the tedious process of

mechanical exfoliation of the graphene sheets. The mechanical exfoliation is labour

intensive and cannot be upscaled to mass production [10]. An alternative method to the

mechanical exfoliation consists in the synthesis by chemical vapour deposition, which

can be performed for graphene [11], [12], [13] and hexagonal boron nitride [14], [15],

[16]. This chemical growth processes are performed on single crystals which are both

cost intensive to produce and usually do not allow chemical treatments to delaminate

the grown graphene or h-BN. Thin film foils were used as a remedy to this complication

and several research articles have been published presenting graphene and h-BN growth

on thin copper or platinum [17], [18], [19], [20].

In the same way also the growth of graphene - h-BN heterostructures on thin film foils

was investigated. The attempts include layer by layer delamination of the graphene

and the hexagonal boron nitride [21], [22], and direct CVD approaches to grow the

graphene directly on h-BN [23], [24] in a vertical arrangement or next to h-BN in a

lateral arrangement [25], [26]. These heterostructures were used for applications of

simple h-BN graphene devices [27], [28], [29].

Considering these potential applications, the development of large area high quality sin-

gle crystalline transferred graphene and h-BN material is a central demand in the tech-
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nological development in the field of electronics. The exploration of different sources of

two dimensional material for cost, labour and complexity reduction remains a challenge

for the scientific community.

1.2 Scope of this thesis

In this thesis, we use single-crystalline thin film samples on a silicon (111) wafer with

a 100 − 200 nm rhodium or iridium cover layer in a (111) orientation [30], [31], called

sinergia films. The sinergia wafers are produced in a specialised laboratory set up within

the sinergia grant. These crystalline wafers have a 4-inch size and can be prepared by

CVD in full size, producing approximately 64 10×10 mm2 samples of graphene or h-BN

in one preparation cycle. The structure of sinergia films, the growth of graphene and

h-BN is shown in chapter 2 and embedded in the experimental methods.

In chapter 3 these samples are used to produce transferred layers of graphene and h-

BN. The transfer is done by an electrochemical delamination process which allows the

delamination of the layers and transport to SiO2 substrates, following the method of

Koefoed et al. [32], [18]. The transfer of single layers, grown on the single crystalline

sinergia films, realises a scalable process to produce heterostructure samples with man-

ifold arrangement options, as the relative rotation of the graphene layer relative to the

h-BN orientation. The transport properties of such a device in terms of charge carrier

mobility is studied using a home built 4-point probe setup. The devices have a size in

the order of few square millimeters up to a square centimeter, which demonstrates the

scalability of the process.

In an alternative approach to grow graphene - h-BN heterostructures a direct in-situ

growth approach is presented in chapter 4. After the growth of a h-BN layer on rhodium

sinergia films the wafer is exposed to a millibar pressure CVD cycle as described by Roth
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et al. [24], [33] to enable the growth of a heterostructure. The samples were charac-

terised by photoelectron spectroscopy, photoelectron diffraction and scanning tunnelling

microscopy were the growth of a lateral heterostructure is evidenced. The heterostruc-

ture is subsequently transferred on a SiO2 chip with 90 nm oxide thickness for further

characterisations using optical microscopy and Raman spectroscopy. The comparison

between the results form photoemission, and optical measurements allow conclusions on

the grown heterostructure and assert the advantages and disadvantages of the graphene

and h-BN growth on thin film sinergia samples, and the used transfer and growth meth-

ods.

In chapter 5 the growth of heterostructures on the h-BN sinergia samples was extended

to transition metal dichalcogenides. Molybdenum diselenide can be grown on the h-BN

substrates by molecular beam epitaxy. The grown samples were analysed to measure

the layer thickness and the structure of the molybdenum diselenide structure. The

samples were subsequently delaminated to probe to enable Raman and luminescence

measurements, which were summarised in a publication [34].



2 Experimental Methods

In this chapter, the experimental methods used for this thesis are presented. The thesis

was completed using mainly the sinergia laboratory [30] for the growth processes of the

samples and the ESCA laboratory of the University of Zurich [35] for the photoelec-

tron spectroscopy and diffraction studies. Additionally, in the sinergia laboratory, the

optical microscopy and the electron transport measurements were carried out. Some

samples subsequently were also characterised at the PEARL endstation of the Swiss

Light Source (SLS) at the Paul Scherrer Institute, where a higher resolution for the

electron spectroscopy was available, and the possibility of energy-resolved photoelectron

diffraction was used. At the Department for Mechanical and Process Engineering (D-

MAVT) mainly Raman investigations were performed. In the following subchapters,

the methods will be presented independently from the used laboratory. The method of

electronic transport characterisation will be discussed in chapter 3, in order to give a

deeper insight and detail.

2.1 Chemical Vapor Deposition (CVD)

Chemical Vapor Deposition is a growth process used in the semiconductor industry, to

produce thin films of diverse materials. The process is usually performed in an ultra-high

vacuum to reduce contaminations and oxidations from the air. The technique requires

5
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precursor molecules which are admitted to the vacuum chamber. The substrate, on which

the thin film has to be grown, is heated to a temperature which allows the precursor

molecule to react with the substrate and assemble in the desired way. The process

involves the adsorption of the precursor molecule on the surface, the cracking of the

molecule, the migration of the cracking products on the surface, and the self-assembly

of a new structure. The process is illustrated in figure 2.1. CVD methods represent

the most promising way for the production of scalable industrially practicable growth of

2-dimensional materials as graphene and hexagonal boron nitride [36], [37], [38].

2.1.1 Synthesis of graphene and h-BN by CVD on 4-inch wafers

The synthesis of graphene and h-BN in this thesis uniquely relays on the CVD method,

using borazine [39] (HBNH)3 as a precursor for the h-BN production and ethylene [40]

C2H4 or 3-pentanone [41] C5H10O for the synthesis of graphene. The used substrates

are 4-inch wafers, consisting of a basis Si(111) p-doped wafer with a 20 nm buffer layer

of yttria-stabilised-zirconia (YSZ) [42]. On top of the YSZ, a 100-200 nm thick layer

of rhodium or iridium was deposited. The metallic layer was grown epitaxially with

an fcc(111) top face and low defects [43], [44]. In the following these wafers are called

“sinergia wafers“.

Sinergia wafers were used to grow graphene and h-BN by CVD, where graphene was

grown on the iridium- while the h-BN on the rhodium coated wafers. The metals act as

a catalysts for the cracking process of the precursor molecules. The CVD growth process

terminates automatically when the metal is fully covered by a h-BN or graphene layer,

as the metal catalyst is no longer available for the cracking process [45], [46].

All CVD preparations were performed using a standard cleaning procedure before CVD

evaporation which includes:
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1. Ar+ sputtering with E = 1 keV discharge energy for 10 minutes.

2. Annealing to a temperature of T = 1075 K for 60 minutes.

3. Oxygen dosing with a pressure of p = 1 · 10−7 mbar for 30 minutes.

4. Flashing to a temperature of T = 1175 K for 20 minutes.

The cycle was repeated at least three times, and until the pressure in the vacuum

chamber drops below 1 · 10−9 mbar during flashing. The precursor molecules were

introduced at a sample temperature of T = 1125 K into the chamber, in a stepwise

fashion, allowing for slow a growth on few nucleation seeds, of the graphene or h-BN

layers respectively. The allowed pressure was p = 1·10−9 mbar initially and was increased

by half order of magnitude every 10 minutes to reach an end pressure of p = 1·10−7 mbar.

To avoid cracks caused by thermal contraction stress the wafers were cooled down over

a period of at least 60 minutes. The process for the two used structures is visible in

figure 2.1.

T=1125 KT=1125 K

Si(111)

Rh(111)
YSZ

Si(111)

Ir(111)
YSZ

a) b)

Hydrogen Boron Nitrogen Hydrogen Carbon

Figure 2.1 Illustration of the CVD process for a) h-BN growth on rhodium b) graphene
growth on iridium. The image is for illustrative purpose and is not to scale with reality. The
CVD process involves the adsorption of a precursor molecule on the surface, the cracking of
the molecule through high temperature, the migration of the cracking products on the surface
and self-assembly to the 2-dimensional structure.
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In the further sections, the examples of h-BN and graphene will be used to illustrate the

presented methods.

2.2 Photoemission

One of the most significant results of modern science at the beginning of the 20th century

was the explanation of the photoelectric effect, which revealed the quantum nature of

light in its fundamental mechanics and the particle-wave dualism of electrons [47]. The

discovery of the photoelectric effect can be attributed mainly to Heinrich Hertz [48] for

the observation of the photoelectric effect, Albert Einstein [49] for its explanation. These

findings are the main contributions which allow scientists these days to use photoemission

as an investigative tool to analyse chemical compositions of material and their structure

by the use of light and electrons. The mechanism of interaction between light and matter

can be explained by the electromagnetic interaction of the light wave with the electrons.

Light quanta of a specific frequency can be absorbed by an electron, which will remain

in an excited state. This effect is observable on the matter with the photoemission

experiment, where light illuminating a metal will emit electrons from its surface only if

the light has a sufficiently small wavelength, or in other words, carries enough energy

per photon to allow the electron to be emitted from the solid. The equation which can

be postulated form this observation is:

EK = ~ω − EB − Φ, (2.1)

Where EK ist the kinetic energy which the electron possesses after the emission process,

hν the energy of the illuminating light quanta, EB the energy which binds the electron to

the atomic nucleus and Φ the work function which corresponds to the minimum energy



9

the electron has to harvest in order to be emitted into the vacuum. This last term

becomes necessary as the binding energy EB is usually referenced to the Fermi energy.

The Fermi energy of a material is the highest occupied state energy and is usually the

edge of the valence band in metals.

The Fermi energy level and the vacuum energy level have a difference which is the work

function Φ. To be emitted from a solid an electron needs to have an equal or higher

final state energy as the vacuum level. Equation 2.1 thus satisfies the emission of an

electron from an energetic point of view. This simple view of photoemission although

does not include any other consideration like the emission angle, momentum conservation

or interaction with the material.

The detailed emission process of the electron can be described in various ways. Here we

present a semi-classical way called the three-step model, which includes considerations

on the electron momentum and simple interaction with the material. The following

description and the more extensive quantum mechanical model can be found in the

well-known monograph “Photoelectron Spectroscopy “[50].

The three-step model: The emission process of the electron may be described with

three different steps which the electron has to fulfill in order to be emitted:

1. Absorption of a photon with the energy hν by the electron. This leads to an

electronic transition from a bound state |Ψi〉 with an energy EB to a final state

|Ψf〉 with kinetic energy EK .

2. Transport through the solid as a wave vector with magnitude |~k| =
√

2m(Ek + V0)/~2,

where V0 is the energy difference between the energy level of the bound state and

the vacuum energy (EO) level V0 = Φ +EF −EO. The electron can scatter elasti-

cally and can be dampened with exponential progression in respect to the emission
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path length. The exponential constant in this process is called the inelastic mean

free path Λ.

3. Emission from the material surface into the vacuum where the electron has to

overcome the surface potential step. This energy barrier reduces the perpendicular

component of the electron wave vector k⊥ while the parallel component k‖ remains

unchanged. The effect is a refraction of the wave, in analogy to geometrical optics.

The parallel momentum can thus be calculated and has the form:

k|| =

√
2mEK · sin(θ)

~
· ~es (2.2)

with the polar emission angle θ in the vacuum with respect to the sample normal.

From the final state energy Ef the perpendicular momentum inside the solid ks⊥ can be

obtained, with the condition that the inner potential V0 is known, which is a priori not

the case:

~ks⊥ =

√
2m(EK + V0) cos(θi)

~
· ~ez. (2.3)

Where ~ez is a vector in normal direction respect to the sample surface.

To emphasise the analogy to geometrical optics, the two equations can be summarised

in Snell’s law for electron refraction on a solid vacuum interface:

sin θs

sin θ
=

√
Ek

Ek + V0

. (2.4)

The energy and momentum conservation relation are visualised in figure 2.2.
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Figure 2.2 Schematic view of the photoemission process. a) shows the relation between
the measured photoemission of a sample and the electron energy levels in the sample. The
sample occupies electronic levels up to the Fermi energy in the valence bands. More bound
states are called core levels. The energy gap between the Fermi energy EF and the vacuum
energy Evac is the work function Φ. Electrons may absorb a photon of the energy hν and be
emitted if the energy conservation expressed in equation 2.1 is fulfilled. b) Schematic view
of the exit condition for a photoelectron concerning of momentum conservation. The total
momentum of the electron is shown in blue, the parallel and perpendicular components of
the momentum are shown in red. The two semi-circles represent the internal and external
escape cones. c) Schematic view of the momentum change at the solid-vacuum interface where
the parallel component is conserved while the perpendicular changes through the interface.
Figures adapted form [50], [51].
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2.2.1 X-ray Photoelectron Spectroscopy (XPS)

Photoemission is a photon in electron out process. The emitted electron thus carries the

information of the absorbed photon and the information of the initial state |Ψi〉. The

technique of measuring the final state of the emitted electron |Ψf〉 in the photoemission

process can reveal pieces of information about the initial state of the electron and thus

about the material from which the electron is emitted. This technique is commonly called

Electron Spectroscopy for Chemical Analysis (ESCA) or XPS method and involves the

use of an x-ray light source and an electron energy analyser under ultra-high vacuum

conditions [52], [53]. Based on the choice of the energy the method can be very surface

sensitive as the energy of the photoelectron final-state depends on the exciting photon

energy and this determines the photoelectron mean free path Λ.

Under adequate measurement circumstances and correct equipment, the information

carried by the final state electron allows to determine the initial state binding energy

EB. When scanned over a wide energy range the resulting photoelectron spectrum is a

fingerprint of the chemical composition of the analysed material. Equally the intensity

of the measured signal, with the consideration of the source intensity and the photoe-

mission cross-section, is bound to the density and quantity of the illuminated material

on a sample, thus allowing for quantitative analysis of the measured material [54]. The

knowledge of the inelastic mean free path Γ also allows to estimate the thickness of the

examined material [55].

Two examples are shown in figure 2.3, where, in a) the XPS spectrum of a h-BN CVD

preparation on a rhodium sinergia 4-inch wafer is shown. Instead, the illustration b) the

XPS spectrum of a graphene CVD preparation on an iridium sinergia 4-inch wafer.
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Figure 2.3 XPS survey spectra of CVD prepared taken using aMgKα source with 1253.6 eV
photon energy. a) h-BN/Rh(111)/YSZ/Si(111) sinergia 4-inch wafer b) g/Ir(111)/YSZ/Si(111)
sinergia 4-inch wafer.

2.2.2 X-ray Photoelectron Diffraction XPD

A more involved technique to gather information about the sample with a photon in elec-

tron out method is represented by x-ray photoelectron diffraction XPD. As described in

the three-step model and illustrated in figure 2.2 the photoelectron will travel through

the solid as a wave before emission at the surface. During the propagation through the

solid, the electron has a probability of scattering elastically at atomic sites of the solid

lattice, resulting in a self-interference. The intensity distribution measured over the

sample hemisphere varies as a result of the interference patterns of elastically scattered

electrons. The pattern is found to carry the information about the lattice structure of

the analysed material, an intensity map over the sample hemisphere allows thus to recon-

struct the lattice of the material [56], [57]. Especially for energies above EK > 200 eV

the forward scattering processes dominate allowing for efficient recognition of the lattice

configuration. For this purpose, a pattern can also be calculated starting from a theoret-

ical lattice arrangement using single or multiple scattering theory which is implemented

in simulation software as Electron Diffraction in Atomic Clusters (EDAC) [58]. The

scattering process is shown in the sketch in figure 2.4 a).
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As the patterns are recorded over a hemisphere, a suitable map projection has to be

chosen for the visualisation on the bidimensional media such as paper. The commonly

used projection for XPD is the stereographic projection, where the center of the map

corresponds to the normal emission angle in respect to the sample (θ = 0◦). The polar

coordinate is transformed into a radial coordinate of the circular plot (ρ ∝ tan
(
θ
2

)
).

The outermost ring of the circular plot is thus the maximum polar angle measured. The

azimuthal coordinate, on the other hand, is left unchanged. The stereographic mapping

has the advantage, over other projection methods, to be conformal and preserve the

angles in the transformation, allowing for the direct interpretation of scattering angles

in the XPD pattern. The transformation is sketched for two dimensions in figure 2.4

b).

2.2.3 Angle Resolved Photoelectron Spectroscopy (ARPES)

In section 2.2.1 the emission mechanism of a photoelectron from the solid has been

presented through the three-step approximation. The final formula for the parallel and

perpendicular momentum of the emitted photoelectrons have thus been derived, where

the parallel component of the momentum ~k is conserved during the emission process,

while the perpendicular component of the momentum will not be conserved.

The conservation of the parallel momentum is beneficial for the analysis of 2-dimensional

materials, as their electronic states will disperse only along the parallel momentum

component ~k‖. In this case the complete electronic band structure A(E, ~kx, ~ky) can

be obtained in an ARPES experiment by measuring the photoemission intensity as a

function of Ekin and the polar angle θ, where ~kx is the momentum orthogonal to ~ky

which are respectively parallel to the sample plane.
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Figure 2.4 In a) sketch of the XPD diffraction process. The central atom (called emitter)
emits an electron wave which propagates through the solid (blue waves). Next neighbouring
atoms will scatter the wave (red waves). The coherent sum of the scattered and emitted
waves generate interference fringes which can be recorded over the sample hemisphere and is
visualised by blue Gaussian peaks. In b) sketch of the stereographic projection. The circle
represents the hemisphere of data. The data is projected starting from the point (N) on the
screen (S). The two points (P1) and (P2) are projected to (P ′1) and (P ′2) through a line starting
from (N).
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The expressions for ~kx and ~ky can thus be expressed as:

kx [Å
−1

] = 0.5123 ·
√
Ekin[eV ] sin(θ) cos(φ) (2.5)

ky[Å
−1

] = 0.5123 ·
√
Ekin[eV ] sin(θ) sin(φ) (2.6)

Where θ represents the polar and φ the azimuthal angle respect to the sample as shown

in figure 2.2.

In figure 2.5 an example of ARPES measurement on graphene on an iridium substrate,

measured by M.Kralj et al. [59] is shown. Visible is the intensive Dirac cone dispersing

linearly towards the Fermi energy at the K point of the Brillouin zone, which is a

fingerprint of the graphene dispersion relation.

Figure 2.5 ARPES measurement of graphene on iridium g/Ir(111) taken form [59].
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2.3 Low Energy Electron Diffraction (LEED)

Davisson and Germer in 1927 discovered low-energy electrons backscattered by an oxi-

dised nickel surface [60]. The intensity distribution of the backscattered electrons was

not uniform. The explanation for the effect was the interference of the scattered elec-

trons on the periodic crystalline structure of the nickel surface. A diffraction effect arises

as the de Broglie wavelength of the scattered electrons is in the order of magnitude of

the periodic lattice of the surface.

The setup of a LEED consists in an electron gun with sufficient energy resolution and

a collimated beam, a fluorescent screen to detect the electrons and a retarding grid to

select the elastically scattered electrons. A sketch of the setup can be seen in figure

2.6.

The kinematic scattering theory can explain the physical mechanism behind LEED.

An incident electron will have a wave vector of ~kin = (2π/λin) ~ekin while the scattered

electron will have a different wave vector ~kscatt = (2π/λscatt) ~ekscatt . Scattered electrons

which fulfill the Laue rule will satisfy the condition for constructive interference. The

Laue condition states [61]:

~kscatt − ~kin = ~Ghkl (2.7)

Where ~Ghkl is a vector of the reciprocal lattice and ~e the directional unity vectors.

Since only elastic scattering is contemplated, the magnitude of the scattered and the

incident wave vectors must be equal. The Laue condition can thus be visualised with

the construction of the Ewald sphere shown in 2.6 b), which is the sphere that the

wave vector kin describes. Each intersection of the Ewald sphere and the reciprocal

lattice rods represents a diffracted beam and generates so-called Bragg reflections on the

measurement screen.
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Figure 2.6 In a) setup of a LEED technique which is placed in vacuum. b) Scattering
mechanism of the electrons fulfilling the Laue condition.

The examples for the h-BN/Rh(111)/YSZ/Si(111) and the g/Ir(111)/YSZ/Si(111) are

shown in figure 2.7 where the LEED patterns, measured at 70 eV electron energy, of the

h-BN is shown in a) and the graphene in b). The diffraction patterns were taken with

a CCD camera and inverted in the image processing. The figures show the principal

Bragg spots of the rhodium and iridium surfaces respectively, which are marked with

the markers (Rh) and (Ir). The finer structure marked with (S) corresponds to the

superstructure periodicity of the h-BN (13 boron and nitrogen atoms on 12 rhodium

atoms) and graphene (10 carbon atoms on 9 iridium atoms). Further insights into the

LEED techniques can be found in the monograph “Physics at Surfaces“[62].

2.4 Scanning Tunneling Microscopy (STM)

Scanning Tunnelling Microscopy (STM) is a surface sensitive method to investigate the

structural arrangement of atoms or molecules on surfaces developed by G.Binning and

H.Rohrer in 1981 [63]. The technique involves an atomically sharp metallic tip (usually

tungsten or platinum-iridium) which is brought to the immediate vicinity of a surface.

The distance d is usually less than a nanometer, on which a bias voltage VB is applied.
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Figure 2.7 In a) LEED image of h-BN/Rh(111) and in b) of g/Ir(111). In both images the
markers (Rh) and (Ir) show the reciprocal lattice vectors of the substrate, while the markers (S)
show the reciprocal lattice vectors of the superstructure, which arises form the incommensurate
growth of the 2d-materials on these substrates.

With this small gap d, the electron wave functions of the tip states and the sample states

overlap. This overlap and the applied voltage results in a current It flowing between the

tip and the sample. The process can be explained assuming the gap d as a rectangular

energy barrier formed by the vacuum between tip and sample and the solution of the

one dimensional Schrödinger equation [64], which yields a tunnelling current of:

It ∝ exp{−2κd}, where κ =
√

2m(Φ− E)/~2 (2.8)

Where m is the mass of the tunnelling electron, Φ is the tunnelling barrier height, E is

the energy of the tunnelling electron respect to the Fermi energy EF and κ is the so-

called Gamov factor. Further theoretical calculations about the tunnelling mechanism of

STM might be found in the publication “theory of the scanning tunnelling microscope “

[65].

Recording the tunnelling current while moving the tip in a raster over the sample allows

to produce a current image of the sample which is a mapping of the density of states

(DOS). This STM mode is called constant height mode and is not practical except in
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particular applications. The commonly used mode is the constant current mode where

a feedback loop between tunnelling current and the motors driving the z-axis of the tip

controls the distance d of the tip respect to the surface. The STM electronics can so

adequately react to topographic changes and features on the sample to reduce the risk

of tip crashes. The sharpness of the images will depend upon the sharpness of the tip,

vibration isolation of the STM apparatus and measurement temperature. A simplified

working mechanism for the STM is shown in figure 2.8 while a measurement example

for graphene on rhodium is shown in figure 2.9.

PCTip
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Current Preampli�er Control 
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Motor WiringPiezoelectric
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V  = 0B
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Vacuum

e-
EF

E

EF - V  B
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a) b)

Figure 2.8 Setup of an STM. In a) control mechanism is shown. The tunnelling current
of the tip is pre-amplified and, with the input of the user by a computer, transduced to a
movement for the piezoelectric tube. The measured image is the z-height of the tip. b) A
simplified model of the tunnelling in an STM junction, showing the electron sea of the tip
at the Fermi energy, the tunnelling junction in the vacuum which will be at vacuum energy
level and the electron sea of the sample at Fermi energy. If a bias voltage is applied the Fermi
levels of the sample (or tip) can be modified, resulting in a narrower tunnelling barrier. The
electrons will have higher tunnelling probability.

2.5 Raman Spectroscopy

Raman spectroscopy is a photon in photon out measurement technique which uses an

inelastic scattering process of light with matter. A light quantum hν hitting a molecule,

may scatter elastically through Rayleigh scattering or inelastically through Raman scat-

tering. The latter process has a much lower probability. The Raman scattering of light

quanta can excite or relax vibrational states in a molecule [66]. The scattered light
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Figure 2.9 Example of a graphene on rhodium STM measurement. The triangular bright
shapes are height modulations induced from the incommensurate growth on rhodium. The
small periodic structure within the bright and dark regions represent single atoms.

quanta’s have thus an energy of hν ± hνS. The excitation mechanism, where the scat-

tered photon carries less energy hν − hνS, is the predominant at room temperature

(kBT = 25 meV or 201.6 cm−1), as most vibrational modes are in their ground states

under these conditions [67].

Sir George Stokes and Sir Chandrasekhara Venkata Raman observed deviations in the

wavelength of light when it interacts with matter [68]. These wavelength changes are

referred to as Stokes lines, for lines which are lower in frequency as the exciting light

(while anti-Stokes lines are higher in frequency). Only stokes lines are measured in Ra-

man scattering since their intensity is much higher. The mechanism of Raman scattering

is sketched in figure 2.10 a), where the stokes and anti-Stokes excitation mechanisms are

illustrated.

In graphene, the Raman scattering modes are called G, D and 2D modes. These modes

arise from different excitation mechanisms. Using a photon wavelength of λ = 532 nm,

the G mode appears at EG = 1582 cm−1, and is the most characteristic feature of
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graphene and various after carbon compounds. Analogously, for h-BN, the same mode

is located at E2G = 1366 cm−1 but it is much less intensive. [69], [70], [71]. The G

band rises from photons exciting electrons at the Brillouin zone center generating an

electron-hole pair. The electron (or hole) may scatter through an iTO or iLO phonon

and recombine with the emission of a photon with lower wavelength [72]. The iTO and

iLO phonons are associated with the bond stretching of the carbon bonds at the Γ point

as visible in figure 2.10 c).

The D modes (ED = 1620 cm−1), instead, originate from the scattering of photons at a

defect site and relax through an iLO phonon or an iTO phonon. The D mode can give

an insight on the azimuthal disorder or defect density of the analysed graphene sheet,

in perfect crystalline graphene the D mode should be absent [73], [74].

The 2D mode (E2D = 2700 cm−1) is the most active feature in Raman spectroscopy on

graphene and originates from an in-plane breathing motion of the honeycomb carbon

network as shown in figure 2.10 c) and is located at the K point of the Brillouin zone.

The process involves the scattering of an electron or a hole from a K to an energy

degenerate K ′ point of the Brillouin zone, shown in 2.10 b). The backscattering for

the recombination of the electron-hole pair equally happens through phonon scattering,

in order to fulfill energy and momentum conservation. In the presence of multilayer

graphene, the 2D mode splits in multiple peak structures, as the excitation and scattering

processes also involve the additional π-bands originating from the additional layers.

Examples of measurements for graphene are shown in figure 2.10 b) bottom right which

has been taken from the publication of Wu et al. [75]. Two references for a deeper insight

into Raman processes in graphene can be found by Beams et al. [76] and Malarad et al.

[77].



23

Virtual 
State

Virtual 
State

Intermediate
State

Anti - Stokes

Stokes

hν

hνhν-R

hνR
+

hν hνR
+hν-R

Ground
State

In
te

ns
ity

En
er

gy

hν S hν S

hν
s

G D’

iLO Phonon

Defect

iTO Phonon

Defect

D

iTO Phonon

G’ or 2D

iTO Phonon

h+

e-

h+

e-

h+

e-

Double and triple resonance

a) b)

c)

iTO at Γ iLO at Γ iTO at K

h+

e-

Figure 2.10 In a) mechanism of Raman spectroscopy: in yellow a scattered photon with
energy hν which is absorbed by the electronic ground state of a system. On the left: the
transition of an electron from the ground state to a virtual state through the excitation of the
photon and relaxation in an intermediate state and emission of a photon with hν − hνS . The
energy difference between incoming and scattered light is the Stokes energy. On the right, the
same mechanism is sketched for the anti-Stokes lines. In the bottom subfigure, the intensity
ratios are sketched for the Stokes and anti-Stokes lines. In b) possible excitation mechanisms
of an electron in graphene, involving defect states of the lattice and phonon excitation to
fulfill the momentum conservation. In the subfigure on the right bottom, examples of Raman
spectra for different graphene allotropes, taken from [75] are shown. In c) the phonon vibration
mechanics of the involved Raman modes in graphene.





3 Electronic transport measurement of

graphene on SiO2 and g/h-BN/SiO2

heterostructures

3.1 Introduction

In this chapter, the investigation of electronic properties of graphene and h-BN is dis-

cussed. For this purpose, a description of the electronic structure of h-BN and graphene

is included, and the details of resistivity and mobility measurements reported. In a sec-

ond part, a technique to delaminate h-BN and graphene from their metallic substrates

is introduced. This technique allows the transfer of the sp2 materials to insulating sub-

strates which are suitable for electronic measurements. The transport measurements

were carried out in a home-built 4-point probe experiment setup. The transfer mech-

anism has been applied to graphene and h-BN, allowing the construction of vertical

heterostructures which can be arranged as desired. These heterostructures have been

characterised by spectroscopic techniques and electronic transport measurements.

25
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3.2 Properties of graphene and hexagonal boron nitride

The crystal structure of h-BN and graphene is very similar. Both materials consist of a

honeycomb lattice, where each atom is connected to three neighbours through σ bonds in

the hybridised sp2 orbitals. These orbitals reside below the Fermi level. The additional

valence electron per atom populates the π band, which disperses towards the Fermi

energy. The anti-bonding π∗ band is empty when the system is at T = 0 K. At room

temperature electrons in graphene can populate the π∗ band and enable conduction of

charges through the material.

h-BN instead equally bonds in a honeycomb lattice through σ bonds in sp2 orbitals.

Albeit, the different electron affinity of boron and nitrogen leads to a different band

structure than graphene, in particular, a large band gap of EG ' 5.8 eV makes h-BN to

be an insulator [78], [79].

The band structure of graphene can be calculated using the tight binding model. The

explanation of the peculiar band structure of graphene can be assigned to Wallace et

al. [80], in the process of explaining the band structure of graphite. Graphite consists

of multiple stacked layers of graphene in a so-called Bernal stacking sequence [81]. The

approach by Wallace was to assume that the interlayer distance of graphite to be big

(l = 3.37 Å) compared to the hexagonal spacing in the single layer d = 1.42 Å[82]. The

structure for graphene and h-BN are shown in figure 3.1.

The Bravais lattice contains two atoms per unit cell, which are called A and B atoms.

This signifies two hexagonal sub-lattices to reside in the graphene honeycomb. The

lattice vectors can be written as:

~a1 =
a

2
(3,
√

3) and ~a2 =
a

2
(3,−

√
3) (3.1)
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Figure 3.1 Sketch of the hexagonal honeycomb structure of graphene in real space (left)
and reciprocal space (right) showing the first Brillouin zone. The color shaded area is the
primitive cell of the structure.

From which the reciprocal lattice vectors can be calculated:

~b1 =
2π

3a
(1,−

√
3) and ~b2 =

2π

3a
(1,
√

3) (3.2)

Where a is the distance between the carbon atoms. The tight binding Hamiltonian for

the two sublattices has to be considered, where the therms HAA and HBB describe the

energy of the two separate lattices while the therms HAB describe the hopping of an

electron from one sublattice to the other. The eigenvalue problem will thus be:

HAA HAB

HAB HBB

 Ψ = E Ψ (3.3)

Using the Bloch theorem and therefore assuming the wavefunction of the electrons to

be:

Ψ(r) = ei
~k·~ru(~r) (3.4)
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the eigenvalues of the Schrödinger equation can be computed and yield:

E(k) = ±

√
γ2

0(1 + 4 cos2
kya

2
+ 4 cos

kya

2
+ 4 cos

kx
√

3a

2
) (3.5)

where the positive solution describes the antibonding π∗ orbital and the negative solution

the bonding π orbital. As graphene possesses two delocalised electrons, these fill the π

band while the π∗ remains empty. A plot of the band structure of graphene is shown in

figure 3.2, which is taken from [6] where a detailed calculation of the band structure is

offered.

The intersection point of the two bands is called Dirac point and is located at the border

of the Brillouin zone in the K and K ′ points. The shape of the band structure around

the Dirac point can be described as two cones pointing to each other, where the apices

meet in the Dirac point. These cones are called Dirac cones.

The dispersion relation E(k) around the Dirac cones is linear. This deviates from the

typical parabolic dispersion relation E(k) = ~2k2/(2m∗) found for free electrons in metals

and semiconductors. Instead, the dispersion relation in the vicinity of the Dirac points

is linear. The dispersion relation can be written in a simplified form which is only valid

in the vicinity of the Dirac point and states:

E(k) = ±h|k|vF (3.6)

where is the Fermi velocity vF ' 106 m/s and k is measured from the Dirac point. The

effective mass m∗ with a linear dispersion is undetermined.

1

m∗
=

1

~2

∂2E(k)

∂k2
= 0 . (3.7)
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A similar conclusion can be reached in considering electrons in graphene to be relativistic.

We substitute p = hk in the relativistic expression for the energy and assume vF = c:

E2 = (pc)2 + (m0c
2)2 = (hkc)2 + (m0c

2)2 → m0 = 0 (3.8)

This is the sense electrons and holes in graphene are called “massless“.

Figure 3.2 Dispersion relation of graphene. Figure taken form [6].

These findings suggest that graphene has high electron mobility which in case can reach

10000 cm2/V s [5] and higher [83]. Although the high mobility values are only valid for

freestanding graphene with no interaction from the substrate, where the two graphene

sublattices are symmetric. This symmetry leads to a zero energy difference between

the highest occupied energy level and the lowest unoccupied energy level, where this

difference is commonly called band-gap. Substrate interactions may lift the degeneracy

of the K and K ′ energy levels, which in freestanding graphene are equal [84]. In the case

of graphene on Ni(111) this degeneracy is lifted, as the matching of the lattice constants

allows the pz orbitals of graphene to hybridise with the Ni3d orbitals [85], opening a

band gap of 3 eV [86]. The delamination of the graphene, form the metal substrate,

becomes thus a crucial step for the characterisation of electronic properties.



30

3.3 Electronic transport measurements

To understand the properties and behavior of materials, it is essential to conduct inves-

tigations on a macroscopic scale, which is not reduced to the analysis of a single unit

cell. A way to achieve this is the measurement of the electronic transport properties,

like the resistivity (namely the behavior of an electric charge under the influence of an

electric field in the material); the Hall coefficient (information about the electron dy-

namics) giving access to the charge carrier mobility and the charge carrier density, which

is the number of available mobile charge carriers per unit volume. Those methods are

important Keys for the jump from the nano-scale to macroscopic behaviour. In our case

the materials of interest are mainly graphene g and h-BN.

3.3.1 The Electrical Resistivity

To measure the resistivity of a sample we need to quantify the physical proportionality

factor which relates the electrical current I to the applied electrostatic field E. We shall

represent the resistivity with the symbol ρ. The relation between the electrostatic field

and the electrical current is given by:

E [V cm−1] = ρ [Ωcm] J [Acm−2] (3.9)

Where J is the current density per unit area and E is the electrostatic field. Analyzing

the units of the equation one gets for the resistivity Ω = V/A which is the unit for the

resistivity and is called Ohm per unit length. This equation is analogue to Ohms law :

U [V ] = R [Ω]I[A] (3.10)
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Where R is the measured resistance of the sample in units of Ohm.

The difference between resistance and resistivity can be explained as follows. The resis-

tance R, in contrary to the resistivity, does still include geometrical factors of the contact

arrangement or the resistance induced by the contacts itself. In a simple example, if two

contacts are used to measure resistance with a commercially available multimeter, the

multimeter induces a test current to the sample, and the corresponding voltage drop

is measured. The quotient between these two values is the sum of resistances of the

sample, the resistance of the contacts and the resistance of the cabling. The measured

resistance is:

Rtot = Rs +Rc +Ri (3.11)

Where Rs is the resistance of the sample, Rc the resistance of the contacts and Ri the

resistance of the cabling. Hence the measured resistance Rtot is only an upper limit

approximation of the true resistivity of the sample. Further, the arrangement of the

probing contacts can change the measured value substantially. An improvement to this

approximative technique is the four point probe (4PP) technique, where the test current

and the probing contacts are separated. Over the probing contacts ideally no current

flows (ideal infinite impedance), such that there is no potential drop between device and

the probing contacts. So the contribution of the contact and cabling resistances do not

influence the measured values [87].

3.3.2 Simplest case model

While the 4PP technique solves the problem of contact and cabling resistances, the issue

of the sample- and contact geometry is still open. We will now in the first place consider

the simplest geometrical configuration and present a solution to the calculation of the
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resistivity in this case. Successively a general method called van der Pauw method, valid

for any geometry of the sample with anisotropic resistivity is introduced.

The simplest non-trivial case of a 4PP setup for two dimensional materials is to consider

a sample with infinite extension (length and width are much larger than the contact spac-

ing), negligible thickness (thickness is much smaller than contact spacings) as sketched

in Figure 3.3.

Figure 3.3 Scheme of the setup. Left: top view of the sample, right a side view. In red
the contacts in a in-line geometry. The two outer contacts inject the test current while the
internal contacts measure a voltage drop. In blue the propagation of the current is modeled
as a cylinder. The contact spacing are called S1, S2, S3, S4

We consider four in line, point-shaped contacts (which have negligible extension com-

pared to the contact spacing). Let the spacing between the contacts be Si with i ∈

{1, 2, 3, 4}. In this configuration, all the current which is introduced in the sample

through contact I+ leaves the sample through contact I−, and the boundary of the sam-

ple do not influence the electrostatic field in the probed sample area, and thus the Gauss

law can be applied. A suitable geometry to calculate the potential difference between

the contacts V1 and V2 can simplify the problem. Convenient geometries are: For 3D

samples spherical, while for 2D samples the sphere reduces to cylindrical geometry. The

general expression for the resistivity can be written as:
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ρ = 2πS
V

I
(3.12)

Where S is the spacing of the contacts, V the potential drop and I the test current.

Assuming the sample to be very thin a cylindrical geometry1 can be used and the

expression which relates the current density and the total current flowing through the

cylinder surface can be written as:

J(r) =
I

2πrd
(3.13)

Where d represents the thickness of the sample. Substituting Equation 3.13 and 3.9 in

3.12 we obtain:

E(r) = ρJ =
ρI

2πrd
= −dV

dr
(3.14)

Integrating on both sides leads to the general expression for the potential in a distance

r:

∫ V

0

dV = − ρI

2πd

∫ r

0

dr

r
⇒ V (r) =

Iρ

2πd
ln(r) (3.15)

The potential drop between the contacts V1 and V2 is given by the potential difference

at distance ∆S12 = S1 − S2 and ∆S34 = S3 − S4. The equation can thus be rewritten

as:

∆V = V2 − V1 =
Iρ

2πd
ln

(
S2S3

S1S4

)
(3.16)

1Assuming the sample not to be flat we would consider a spherical geometry and expression 3.13 would
modify containing the surface of a semi-sphere in the denominator.
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Assuming equidistant contacts (Si = S) results in:

ρ =
πd

ln 2

∆V

I
(3.17)

Note: the resistivity is independent from the contact spacing, this is true for two-

dimensional materials and a consequence of the dimensionality of the probes. The 2D

resistivity is called sheet resistance Rs and has the dimension Ω�:

Rs[Ω�] =
π

ln 2

∆V

I
(3.18)

If the contacts are arranged in a square geometry as shown in Figure 3.4 with S1 = S4 = S

and S3 = S4 the pythagoras theorem leads to S3,4 =
√
S. Simplifying Equation 3.16

to:

Rs[Ω�] =
2π

ln 2

∆V

I
(3.19)

Figure 3.4 Contact arrangement for a square sheet resistance transport measurement setup.
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The measurement of the sheet resistance using the equation 3.19 is a significant im-

provement over the simple measurement of the resistance with a 2-point probe method.

Albeit, the equation does not consider geometrical correction factors, as the shape of

the sample boundaries, the placement of the contacts and the thickness of the sample

(other than the two ideal cases). To solve these limitations, various correction factors

were calculated, which became obsolete with the formulation of the Van der Pauw the-

orem, which extends the use of equation 3.19 to samples of arbitrary shape. In the next

section the Van der Pauw theorem is shown directly while the extensive calculation of

the correction factors can be found the extensive publication of Miccoli et. al. [87].

3.3.3 Van der Pauw theorem: isotropic samples of arbitrary shape

The Van der Pauw theorem is a substantial improvement because it extends the problem

of the sample shape to samples of arbitrary shape.

This improvement is significative if the sample to be measured consists of exfoliated or

delaminated 2D materials like graphene or hexagonal boron nitride, where the shape

of the flakes is hard to control, or in best case introduces an additional process step of

removing excess material by oxygen plasma treatment.

The requirements for the Van der Pauw theorem are the following:

• The sample has to be homogeneous and isotropic.

• No isolated holes or defects in the layer, the layer has to be simply connected2.

• The sample has to be thin compared to the probe spacing (t/s < 1/4).

2A simply connected sample is not allowed to have holes or discontinuities. The necessary and sufficient
requirement for a simply connected space is that given two points in the space and two paths to
connect them it must be possible to transform one path into the other continuously preserving the
endpoints.
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To measure the resistivity of a sample which fulfills these requirements the setup is

analogous to the previous cases, with the addition that the contacts are placed on the

boundary of the sample. If a probing current is applied between the contacts I+ = A

and I− = B and the voltage drop is measured on the remaining probes V1 = C and

V2 = D we can define the following resistance measurement:

RCD
AB =

V D − V C

IAB
=
V CD

IAB
(3.20)

The same measurement can be performed applying the current on the contacts BC and

measuring the voltage drop between AD. We obtain two measurement of resistance,

namely RCD
AB and RAD

BC . The Van de Pauw theorem states, that the two resistances have

to satisfy following condition:

exp−π
t
ρ
RCDAB + exp−π

t
ρ
RADBC = 1 (3.21)

If the contacts are placed on lines of symmetry on the sample the reciprocity theorem

ensures that RCD
AB = RAD

BC = R and equation 3.21 is simplified to:

ρ =
πd

ln(2)

∆V

I
(3.22)

In the case of missing symmetry axes on the sample the resistivity can be expressed

as:

ρ =
πd

ln(2)

RCD
AB +RAD

BC

2
f (3.23)
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Where f is a function of the ratio between the two resistances:

cosh

(
ln(2)

f

RCD
AB/R

AD
BC − 1

RCD
AB/R

AD
BC + 1

)
=

1

2
exp

{
ln(2)

f

}
(3.24)

The proof of this theorem can be found in the two papers of Van de Pauw [88], [89] and,

because of the importance of the theorem, its concept is summarized here.

Let there be an semi-infinite sample with a boundary. The contacts on the boundary will

be S, P,Q,R and the distances between the contacts a, b, c, d. The probes are allowed

to have arbitrary spacing. Using equation 3.12 we can write for the voltage difference

between Q,R:

VR − VS =
Iρ

πd
ln

(
(a+ b)(b+ c)

b(a+ b+ c)

)
= IRQR

SP (3.25)

VR − VS =
Iρ

πd
ln

(
(a+ b)(b+ c)

ca

)
= IRRS

PQ (3.26)

The two resistances on the right hand side have to be equal so we set the middle section

into equation and get:

(a+ b)(b+ c) = b(a+ b+ c) + ca (3.27)

The same calculation can be done in a cycle for the other contacts which prove the

validity of the equation 3.21. If we apply the theory of conformal mapping, it is possible

to show that the theorem is not only valid for a semi-infinite sample, but also for a sample

of finite extension and arbitrary shape, as it is always possible to map a closed curve

on a straight line. From the theory of conformal mapping [90] the necessary condition
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of simply connected sample in the Van der Pauw theorem arises, as for a not singly

connected sample the conformal mapping theory is not applicable.

The Van de Pauw theorem shows that a measurement at the boundaries of a sample is

advantageous as it eliminates the need of correction factors for the geometrical form of

the sample.

3.3.4 The Hall voltage

To compute the charge carrier mobility of a sample an additional property has to be

investigated, namely the Hall coefficient. The Hall coefficient yields information about

the behaviour of the charge carriers as a function of a magnetic field. Charged particles

which are in motion experience a deflection from their trajectory when a magnetic field

is present. This effect is called the Lorentz force and can be described by the following

Equation [61]:

~F = q( ~E + ~v × ~B) (3.28)

This effect can be observed when a magnetic field is applied perpendicular to a sample

with an electrical current. The current paths are deflected in the sample, generating a

charge imbalance on one side of the sample. A charge imbalance generates an electric

field which counterbalances the effect and generates a potential gradient over the sample.

If the voltage is probed, a potential drop can be measured. The parameter called Hall

coefficient is defined as:

RH =
Ey
JxB

(3.29)
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Where Jx is the current density in the x-direction and Ey the electric field in the y-

direction. Considering the Lorentz equation the force can be written in terms of mo-

mentum per electron:

d~p

dt
= −e( ~E +

~p

2m
× ~B)− ~p/τ (3.30)

Where τ is the mean free path from a Drude type of transport given by τ = m/(ρne),

e is the electron charge, ρ is the resistivity and n is the electron density. The current is

stationary so the derivative of the momentum is 0 so:

0 = −eEx − ωcpy − px/τ (3.31)

0 = −eEy + ωcpx − py/τ (3.32)

ωc = eB/m is the cyclotron frequency. We multiply the two equations by the current

density which is j = neτ/m:

Ex/ρ = ωcτjy + jx (3.33)

Ey/ρ = −ωcτjx + jy (3.34)

The first term yields the microscopic Ohmic law:

Ex = ρJx (3.35)

The second therm describes the electrical field in the y direction of the sample and is the

Hall field. In a stationary condition the field balances the Lorentz force of the magnetic
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field so the current jy = 0. We can rewrite the term for Ey and obtain the Hall coefficient

in function of the electron density:

Ey = −ωcτρjx = −Bzjx
ne

⇒ RH = − 1

ne
(3.36)

This relation means that the Hall coefficient RH is only dependent on the three dimen-

sional electron density n and the sign of the charge carrier. Therefore the measurement

of the Hall coefficient is the measurement of the charge carrier concentration. The sign

of RH gives information about which type of charge carriers are involved in the electronic

transport: When the value is negative the charge is carried by electrons when the value

is positive the charge is carried by electron-holes.

To measure the Hall coefficient, the sample is contacted in a square arrangement with two

opposing contacts as current inducing contacts and the remaining two perpendicularly

arranged contacts as voltage probes. A magnetic field is induced perpendicular to the

sample surface and the Hall voltage measured with the voltage probes. The measurement

scheme is shown in Figure 3.5.

To measure the electron density of a two-dimensional sample the equation 3.36 has to

be corrected in terms of the sample thickness d:

RH = − d

n2De
=
UHd

IB
→ RH

d
= − 1

n2De
(3.37)

The measured quantity is called the Hall resistance, which is the measured voltage drop

in the y-direction normalised by the applied probing current at a fixed magnetic field:

ρH =
RHBz

d
=
UH
I

(3.38)
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Figure 3.5 Scheme of a Hall measurement. In green the magnetic field and in red the four
contacts.

3.3.5 The charge carrier mobility

Once the Hall coefficient and the resistivity of a sample are determined, the charge

carrier mobility µ can be computed. The mobility is a quantity which describes the

drift velocity of the charge carriers under the influence of an electric field. In general,

mobility is defined as:

vd = µE (3.39)

Where vd is the drift velocity of the electrons in a material. The mobility can be

calculated from the ratio of the Hall coefficient and the sample resistivity:

µ

[
m2

V s

]
=

1

enRs

=
VH
IBRs

(3.40)
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3.4 Delamination of graphene and hexagonal boron

nitride

As seen in section 3.2, the graphene layers must be separated from metallic growth

substrates and moved to a insulating substrate, to obtain transport data of the two-

dimensional material.

The delamination process depends on the used substrate where the graphene or h-BN is

grown. The delamination consists in a first step, where the strong van der Waals bonding

of the graphene or h-BN to the substrate, is lifted. In a second step, the delamination

process occurs in a salt solution [18]. Graphene grown on copper substrates may be

delaminated directly skipping the first step, as the weak interaction with the copper

substrate allows direct delamination.

A sketch of the delamination process is shown in figure 3.6 a). The first step is an elec-

trochemical treatment with a tetraoctylammonium-bromide (TOA-Br) 0.1M solution in

acetonitrile. The setup of the electrochemical cell is shown in figure 3.6. The migration

of the TOA+-ions to the sample interface is facilitated by the application of a bias volt-

age of V = −1.9 V between the working electrode and a silver reference electrode for

t = 10 min. A subsequent voltage of V = −0.2 V is applied to prevent further reactions

between the negatively charged graphene and the polymethylacrylate (PMMA) layer

which is subsequently applied. The samples were then rinsed with acetonitrile and dried

in an inert atmosphere. This treatment has been proven to increase the transfer yield,

as the TOA+-ions weaken the van der Waals interaction between graphene (or h-BN)

and the substrate [32], [91], [92].

The samples were subsequently coated with 4wt.% PMMA 495 K solution and dried

for 12 hours. The PMMA is necessary as a support for the exfoliated layers. The
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delamination is performed with the bubbling method [18], [17], [93] using two electrodes,

where one electrode is a graphite rod and the counter-electrode the sample. A 1 M KCl

aqueous solution was used. The sample was polarized to a voltage of −5 V to attract

positive H+ ions and to form H2 between the layer and the metal. The separation of the

PMMA and graphene (or h-BN) foil is achieved through water reduction at the metallic

sample surface, where:

2H2O(l) + 2e− → H2(g) + 2OH−(aq) (3.41)

such that H2 bubbles lift the PMMA-graphene (-h-BN) layer.

This layer is subsequently rinsed for 30 minutes in ultra-pure millipore water and de-

posited on a 10 × 10 mm2 SiO2/Si chip. The removal of the PMMA can be achieved

through heating for 12 hours to 400 K, subsequent hot acetone and ethanol baths and a

final heating cycle of 30 minutes to 400 K.

The moment of detachment of the PMMA-graphene (h-BN) layer is visible in figure 3.6

b), where at marker (A) the delaminated film is visible and at marker (B) the submerged

substrate. In figure 3.6 c) a successfully transferred graphene on a SiO2 substrate with

gold markers is shown. At marker (C) a not covered area is shown while at (D) the

covered area is visible. The characterisation of the obtained graphene samples can be

found in the publication by Miniussi et al. [94].

3.5 The 4-point probe setup

The setup to measure electric resistivity and mobility is shown in figure 3.7. It consists

of an ECOPIA sample holder with 4 gold coated sprung contacts [95]. The contacts are

called ABCD and are assembled in a quatrefoil geometry. A back-gate contact plate is
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a) b)

c)

A

B

C

D

Figure 3.6 a) Sketch of the TOA-pretreatment and the bubbling procedure. Figure taken
from [94]. b) Detachment of the PMMA foil with the graphene (A) from the substrate (B).
c) Successfully transferred graphene layer, where in (C) the missing edge where the sample
was clamped during the bubbling procedure is visible. This missing edge can be used as a
marker for the graphene orientation if the growth substrate orientation is known. In (D) the
graphene layer after acetone cleaning procedure is visible, the bright cross shaped features are
gold markers.
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placed on the back of the sample. The sample contacting construct can be closed in a

brass mount which can be rotated on the horizontal axis. The mount is placed between

the yokes of a GMW electromagnet [96], which can deliver ±1 T magnetic flux density,

which is constant in the area where the sample is placed. The electrical scheme is shown

on the bottom of figure 3.7. A PC controls a Keithley source-meter through a software

measurement script, which generates the probe current and senses the voltage drop.

These signals are fed to a switching board, which is controlled by an NI-DAQ digital

to analog converter, to permute the four contacting arrangements for the resistivity

measurements, and the two for the mobility measurements. The NI-DAQ controls the

switching of the measurement arrangement operating on relays in the switching board.

Furthermore, the magnetic flux is measured through a Hall probe and the back-gate

contact can be addressed. The GMW magnet is controlled by a GPIB connection in

the measurement script, or can alternatively be changed manually on the power supply

front panel.

A resistivity measurement consists of the permutation of the possible contact arrange-

ments, where two adjacent pins are used as probing current source and drain while the

remaining two contacts are used as sensing contacts. For each measurement, the prob-

ing current is swept from a minimum to a maximum current. The slope of the obtained

voltage drop versus the probing current is thus the measured sheet resistivity for one

arrangement. Using equation 3.19 and averaging the obtained sheet resistances, the

total sheet resistance of the sample is obtained.

A similar consideration can be done to measure the electron mobility, which is given by

equation 3.40. The electron mobility is given by the ratio of the Hall coefficient and

the sheet resistance. The sheet resistance has already been measured and calculated.

The Hall coefficient, on the other hand, can be measured changing the measurement

arrangement, applying a current between two opposing contacts and measuring the
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voltage drop over contacts placed perpendicular to the probing current. On the out-of-

plane axis of the sample, a magnetic field is applied and switched between B = 1 T and

B = −1 T after each resistivity measurement.

Two contact arrangements are possible, the first applying a current across the contacts A

and C measuring the voltage drop over contacts B and D for the two opposing magnetic

fields, while in the other arrangement the contact pairs are changed. Analogously to the

sheet resistance the slope of the voltage drop versus current is calculated and the slopes

measured at different magnetic fields compared. The slope difference normalized by the

change in magnetic field is the Hall coefficient. The Hall coefficient’s that are measured

in the two distinct arrangements are averaged and divided by the sheet resistance to

obtain the electron (or hole) mobility.

Using equation 3.36 the charge carrier concentration can be calculated, where a net

positive carrier concentration indicates a hole carrier type while a negative carrier con-

centration indicates the charge carrier consists of electrons.

3.6 Transport measurements of g/SiO2

The 4-point probe setup was tested with samples transferred from a commercially avail-

able supplier (Graphenea) of graphene on copper [97]. The transfer method for these

samples does not include the TOA-Br pretreatment, as from polycrystalline copper sam-

ples this procedure is not necessary. A measurement of sheet resistance and charge carrier

mobility is shown in figure 3.8. In subfigure a) the resistance measurement of a g/SiO2

sample where the sheet resistance was found to be Rs = 576.27 ± 0.31 Ω�. The Hall

resistance measurement is shown in 3.8 b) and found to be RH = 33.5 ± 1.7 m3/C which

leads to a charge carrier mobility of µ = 581 ± 30 cm2/V s. From the Hall resistance,

the charge carrier density can be computed which in this case is n2D = 1.86 · 1013 cm−2,
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Figure 3.7 Picture of the 4-point probe setup. Top row: contact arrangements with gold
coated pins in quatrefoil geometry which is placed between the poles of an electromagnet. The
sample holder is made of brass to minimize magnetic interferences. Bottom: sketch of the
data acquisition line. The GMW electromagnet is sketched in (A), in (D) the sample is placed
while on the backside of the sample a Hall probe is placed to measure the magnetic field. (C)
shows the gold sprung contacts of the ECOPIA sample holder visible in the top picture.
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measured in charge carriers per centimeter square, as we assume graphene to be a two-

dimensional sheet.

3.7 Ex-situ prepared hexagonal boron nitride

heterostructures

The delamination of the layers grown on sinergia wafers introduced in chapter 2 can be

performed for graphene and h-BN. This allows to manually arrange heterostructures,

where the graphene and h-BN order can be chosen. Moreover, the relative orientation

of the layers can be chosen in the transfer process. In this subchapter, the construction

of two such samples is described. The samples were arranged by transferring a h-BN

layer on SiO2 and subsequently adding a crystalline graphene layer, transferred from an

iridium sinergia wafer piece. The orientation between the h-BN and the graphene can

be chosen as the wafer orientations are known. The arranged samples have two different

relative orientations of graphene respect to the h-BN substrate, namely ϕ = 40◦ and

ϕ = 0◦.

3.7.1 Sample preparation

The sample growth was performed as described in chapter 2 and it was delaminated

with the TOA-Br assisted bubbling method described in section 3.4. As a first step,

the h-BN layer was deposited on a SiO2 chip with an oxide thickness of 90 nm and

the cleaning procedure performed. In a second step, the graphene layer was transferred

on the h-BN/SiO2 samples. As the transfer process is performed in a liquid, the chip

and the transferred sheet can be aligned in the desired relative angle. Two angles were

chosen: a zero-degree and 40-degree relative rotation of the graphene with respect to
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a)

b)

Probing Current (A x10-3 )

Resistance

Resistance

Figure 3.8 Top figure: resistivity measurement on a g/SiO2 sample transferred from poly-
crystalline copper. The voltage drop respect to the probing current plot is shown for all four
measurement configurations. The dashed lines are the linear fits used for the computation
of the resistivity. Bottom figure: Hall coefficient measurement of the same sample, the three
datasets in black red and blue represent the different magnetic field settings. Only one mea-
surement configuration is shown. The circles are the data points while the dashed line the
linear fits used to compute the Hall coefficient the mobility.
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the h-BN. In the transfer process, a triangular corner of the sample square is cut as a

reference for alignment. The alignment process is shown in figure 3.9, where a simple

set square was used as a reference. For this reason, the error of the relative angle has to

be estimated accordingly high.

SiO2

h-BN

graphene

Δφ

Figure 3.9 On the left side: floating graphene/PMMA suspended layer in ultra-pure water.
The layer can be oriented azimuthally taking a set square as a reference, which is visible
through the transparent beaker. The graphene is placed on the already prepared h-BN/SiO2

sample (not shown) by picking up the graphene/PMMA layer in the liquid. On the right:
staking sequence of the h-BN and graphene with an azimuthal relative angle. The missing left
corner can be used as a guide for the orientation.

3.7.2 Characterisation

As a first step, the samples were analysed by optical microscopy. The results are shown

in figure 3.10, where the optical microscopy images for the sample with a ϕ = 40◦ relative

rotation is shown in a) and the sample with ϕ = 0◦ relative rotation is shown in b). The

borders of the respective layers are highlighted by a yellow dashed line in the case of the

h-BN-SiO2 interface and in a red dashed line in case of the graphene-h-BN interface.

The different contrasts of the h-BN layer to the graphene allows for the identification of

the two different layer types. The relative rotation of the graphene layers with respect to
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the h-BN is easily visible in the figures and highlighted by the black arrows. The vertical

stacking sequence is set by the mechanical arrangement during the transfer steps and is

thus fixed. Other arrangement geometries or capping of the graphene layer are equally

possible.

500 μm 500 μm

a) b)

400
00

SiO2

-BNh
-BNh

SiO2

graphene graphene

Figure 3.10 Optical microscopy of g/h-BN/SiO2. In a) sample with ϕ = 40◦ relative
rotation and in b) the sample with ϕ = 0◦ relative rotation.

The presence of graphene and boron nitride is proven by the XPS spectrum shown in

figure 3.11, wherein red the spectra for the sample with ϕ = 0◦ relative rotation and

in black the sample with ϕ = 40◦ relative rotation is shown. The presence of the three

species indicates the transfer of h-BN and graphene on the SiO2. The ratio of the carbon

intensity in relation to nitrogen intensity is IC/IN = 5.85 which suggests an excess of

carbon on the sample, which may be due to transfer residues. The ratio of nitrogen to

boron is IN/IB = 1.04 which is the stoichiometric value for h-BN, indicating no change

in the h-BN composition.

To further prove the presence of graphene on the sample surface, an ARPES measure-

ment of the g/h-BN/SiO2 samples was performed. The figure 3.12 shows the intensity

plots in the ΓK direction in a) for the ϕ = 40◦ and in d) for the ϕ = 0◦ relative rotated

sample. In the figure a) and d) the linear dispersion of the π towards the Fermi energy,
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a)

b)

c)

Figure 3.11 XPS spectra of g/h-BN/SiO2 in with ϕ = 0◦ relative rotation in red and
ϕ = 40◦ relative rotation shown in black. In a) spectrum for B1s, in b) spectrum for N1s and
in c) spectrum for C1s.
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called Dirac cone, is visible, which is a fingerprint for graphene. The Dirac cones are also

visible in the momentum distribution maps in b) and c), where the six-fold symmetric

intensity hills refer to the ΓK and ΓK ′ directions. When comparing the momentum dis-

tribution plots, the different relative graphene rotations of the samples become visible,

as the Dirac cones are rotated by ϕ = 40◦ in respect to each other. The relative rotation

is highlighted by the orange arrows.
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a) b)

c)

d)

Figure 3.12 In a) and d) intensity plots in the ΓK direction of the ϕ = 40◦ and ϕ = 0◦

relative rotated sample respectively. In b) and c) the momentum distribution maps of the
ϕ = 40◦ and ϕ = 0◦ relative rotated sample respectively.

The samples were measured by resistivity and Hall measurements. From these data the

mobility was determined and compared in figure 3.13 to regularly transferred graphene

originating form polycrystalline copper foils and to transferred graphene originating
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form iridium sinergia films grown as described in chapter 2. The figure shows the charge

carrier mobility in respect to the resistivity of the samples in a logarithmic plot. The

data clearly show the decrease in mobility and an increase in resistivity between different

groups of samples. The transport properties of graphene originating from polycrystalline

copper (black triangles) display the best electronic transport properties (highest mobility

and low resistivity). These samples were not treated with the TOA-Br pretreatment for

the graphene transfer. The single layer graphene originating from single crystalline

iridium, on the other hand, show a degradation of the electronic transport properties

by a factor of 10, while the heterostructured samples display a degradation by a factor

of 100. This trend suggests a negative impact of the transfer method on the measured

samples also observed by Salmi et al. [98]. On the other hand, using equation 3.40, the

charge carrier densities can be seen as lines on the mobility-resistance plot. These dashed

lines are called isodensity lines and show that the heterostructured samples possess the

lowest charge carrier density. The low charge carrier densities may arise from the h-BN

substrate for graphene in the heterostructure, which quenches the influence of the SiO2

substrate.

3.8 Conclusions

In this chapter, the electronic properties of graphene were resumed, and a known method

to measure electronic transport in thin materials through resistivity and Hall coefficient

measurements was presented. These properties are well known for mechanically exfoli-

ated graphene sheets of microscopic size. The possibility to grow and transfer graphene

sheets from inexpensive, single crystalline substrates can be used to probe large cen-

timeter sized graphene sheets on SiO2 [94]. To probe the electronic properties of the

graphene grown on the Sinergia Ir(111)/YSZ/Si(111) in combination with the h-BN
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Figure 3.13 Electronic transport properties of transferred g/SiO2 and g/h-BN/SiO2 sam-
ples. Plot of the charge carrier mobility in respect to the sheet resistivity on a log-log scale.
The black triangles represent graphene transferred from polycrystalline copper, which were not
treated with TOA-Br in the delamination step. The blue squares represent graphene trans-
ferred from iridium samples and the red rhombi represent the g/h-BN/SiO2 samples. The
dashed lines represent the lines with equal charge carrier density, which are called isodensity
lines.
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grown on Rh(111)/YSZ/Si(111) a home-built 4-point probe measurement setup was

constructed. This setup is capable of probing the voltage drop generated by an applied

current over four pins. An external homogeneous magnetic field allows to probe the

Hall coefficient and thus compute the charge carrier density and mobility. The grown

graphene sheets were transferred onto insulating materials using the TOA-assisted elec-

trochemical delamination method, which allows the transfer on SiO2 substrates. The

transfer process must be performed individually for each sheet of material, but can be

performed in sequence to construct heterostacks of arbitrary h-BN - graphene combina-

tions. The combination of two g/h-BN/SiO2 samples was shown in section 3.7.2, where

the graphene sheet was rotated by a chosen angle of ϕ = 40◦ between the graphene and

h-BN orientation. This rotation was visible with optical microscopy (figure 3.10) and

in the momentum distribution map (figure 3.12), where a rotation of the Dirac cones

between the samples can be observed. The transport results can be compared to single

standing graphene transferred from iridium on SiO2 and to single standing graphene

transferred from polycrystalline copper on SiO2 (figure 3.13). A tendency towards lower

performing transfer properties can be observed for samples which received the TOA-

Br pretreatment for electrochemical delamination. The figure 3.13 shows a decrease in

transport properties of roughly a factor 10 for each TOA-assisted layer transfer on the

sample, which suggests a strong interaction of the transfer method with the electronic

properties of the samples. Nevertheless, the heterostructured samples show the lowest

charge carrier density respect to the samples transferred directly on graphene, which

may be due to the decoupling from the SiO2 substrate by the h-BN. The negative effect

of the TOA transfer may be avoided partially by a direct growth approach of g/h-

BN/Rh(111) structures in situ, where one of the two transfer steps can be avoided. The

results of this approach are shown in chapter 4. On the other hand, the separate exfo-

liation method remains an appealing target for the construction of arbitrary graphene
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- h-BN heterostructures. An extensive study and optimisation of the electrochemical

transfer method would be needed, to reach literature comparable mobility values for the

transferred layers.





4 In situ prepared graphene -

hexagonal boron nitride

heterostructures

4.1 Introduction

In this chapter, the direct in situ growth of graphene on hexagonal boron nitride -

g/h-BN/Rh(111) heterostructures will be discussed. While the attempt to mechanically

assemble heterostructures was presented in chapter 3, the quality of the structure was not

satisfying for device application as seen in section 3.7. In order to improve the quality of

the produced structures, the approach of the direct growth in situ was investigated. This

direct method eliminates the two separate intermediate electrochemical delamination

steps, so reducing potential defects and the negative effect which tetraoctylammonium-

Bromide (TOA-Br) treatment has on the sp2 layers [98]. Nevertheless, one single step

of delamination will still be necessary to obtain the heterostructure on an insulating

chip instead of two separate steps. Additionally, the transfer on a silicon oxide substrate

opens the possibility for optical measurement methods, which can help to understanding

the growth mechanism of heterostructures.

59
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The growth of g/h-BN/Rh(111) structures was already attempted by Roth et. al. on

rhodium Rh(111) [33] and on copper Cu(111) [24] single crystals. The growth of these

heterostructures on single crystals suggested the feasibility of this project on rhodium

sinergia films Rh(111)/YSZ/Si(111) [30], which are considered of equal quality and crys-

tallinity, but lower in price by an order of magnitude and in high availability.

The preparation was performed by a first step of CVD using borazine (HBNH)3 on the

rhodium sinergia films to grow the h-BN layer, as discussed in chapter 2. A subsequent

millibar pressure exposure to carbon rich precursor molecules (3-pentanone C5H10O

and ethylene C2H4) was carried out to grow the graphene layer on the passivated h-

BN/Rh(111) surface.

The grown samples were preliminary quality checked in the ESCA laboratory using XPS,

XPD, UPS and ARPES. To obtain steadfast experimental data the samples were also

measured in the PEARL laboratory at the Paul Scherrer Institute, where a higher energy

resolution for the XPS data can be achieved and the possibility to record energy resolved

XPD patterns is present. After the transfer of the heterostructures to an insulating

SiO2 substrate the heterostructure can be directly observed with optical microscopy

and Raman spectroscopy, opening a new way of interpretation of the h-BN graphene

heterostructure aggregation.

The obtained results will be presented in form of a paper draft to be submitted for peer

review.
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4.2 Paper Draft: Growth and characterisation of carbon

- h-BN millimeter sized heterostructures on

Rh(111) wafers and SiO2 chips

Authors:

C.Bernard, R.Stania, E.Miniussi, W.Zabka, M.Haluska, M.Muntwiler, J.Osterwalder

and T.Greber

4.2.1 Abstract

The High charge carrier mobility in graphene is a highly researched topic since exfoliation

and characterisation of single graphene layers [5], [6]. The lack of integration of graphene

in electronics is mainly due to the difficult task of the decoupling from the substrate,

especially for the industrially practicable growth method, as chemical vapour deposition

(CVD) is [99]. On the other hand, h-BN was found to be the ideal substrate companion

for graphene, for its similar structure and high band gap insulating character [9]. The

integration of both materials in a vertical or horizontal stack is called a heterostructure.

Here we show the attempt to grow a heterostructure in a single step by CVD on low

cost large scale Rh(111)/YSZ/Si(111) wafer, which enables an important step towards

application oriented material engineering.

The grown structure was analysed by scanning tunnelling microscopy (STM) and x-

ray photoelectron spectroscopy and diffraction (XPS, XPD). Moreover, the inexpensive

availability of wafer samples, respect to the single crystal counterpart, opens the possi-

bility for liquid phase electrochemical delamination of the 2D materials [32], [94]. This
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allows for integration on well known insulating substrates, such as silicon oxide, and

additional characterisation methods as optical microscopy and Raman spectroscopy.

4.2.2 Experimental

4.2.2.1 Growth Conditions

The heterostructure was grown using a 4-inch wafer consisting of a Si(111) base wafer

with a 10 nm thick yttria stabilized zirconium (YSZ) buffer layer on which a 200 nm

thick film of rhodium with a Rh(111) crystalline structure was deposited [31], [30]. The

200 nm thick rhodium film can be thus considered as bulk material. The wafer was

subsequently treated by three cycles of argon ion sputtering (Ekin = 1 keV), annealing

and hot oxygen dosing (P= 1 · 10−7 mbar at T= 1075 K) and high temperature flashing

(T= 1175 K). The h-BN layer was grown by chemical vapor deposition (CVD) at a

temperature of T= 1125 K using borazine (HBNH)3 [39] as a precursor molecule with

a dose of D= 170 L [16].

The carbon was deposited by a millibar pressure CVD growth step at T = 1125 K

sample temperature on the h-BN/Rh(111)/YSZ/Si(111) wafer, as shown by Roth et.

al [24] [33]. The pressure was increased by a leak valve admitting ethene (C2H6) to

the chamber up to a growth pressure of p=1 − 1.5 mbar for 5 minutes at a sample

temperature of T=1175 K. This cycle was repeated after an intermediate cooling step.

The total dose admitted for the carbon species growth was D=0.5 GL of ethene. The

same procedure was also repeated with 3-pentanone C5H10O [41] finding no differences

in the result of the two precursor molecules [13].

The samples were measured as grown by STM, XPS and XPD. Subsequently the samples

were transferred on SiO2 chips (oxide thickness of 90 nm), with gold quatrefoil cloverleaf
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shaped contacts, by tetraoctylammonium bromide assisted electrochemical delamina-

tion [32], [94]. The transferred layers were analysed by optical microscopy and Raman

spectroscopy and the XPS, XPD measurements were repeated to ensure the transfer

quality.

4.2.2.2 Sample Characterisation

Optical images were obtained using a Leica DMV2500 stereo-microscope with a 1-inch

CCD camera [100]. Raman measurements were acquired with a Witec confocal Raman

microscope with a 532 nm laser wavelength and a diffraction-limited lateral resolution

of 340 nm. X-ray photoelectron spectroscopy (XPS) and x-ray photoelectron diffraction

(XPD) were acquired at the PEARL laboratory stationed at the Swiss Light Source

(SLS) of the Paul Scherrer Institute (PSI) using a bending magnet source with a 1200

lines per mm planar grating for the energy range of 60 − 2000 eV [101]. The data was

taken with a photon energy of Ekin = 800 eV. The electron spectrometer was a Scienta

EW4000 hemispherical electron analyser with two dimensional detection. Preliminary

data was taken at the ESCA laboratory of the University of Zurich, using a MgKα x-ray

source and a modified VG-Scienta electron spectrometer [35]. STM data was taken with

an Omicron LT-STM at a temperature of T=4 K in constant current mode with a direct

transfer system to the PEARL laboratory vacuum system.

We investigated the transferred and untransferred samples by STM, XPD and XPS while

Raman and optical microscopy were only performed on the transferred samples.

4.2.3 Results

The results will be presented in a non chronological fashion, beginning with the optical

and Raman results, to allow for a more straightforward explanation of the proposed
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arrangement of the heterostructure. Subsequently the photoelectron spectroscopic and

scanning tunnelling results are presented. We will refer to the untransferred samples as

to the pristine samples and to the delaminated samples as to transferred for clarity.

4.2.3.1 Optical Microscopy

The transferred g/h-BN/Rh(111) was analysed by optical microscopy, as the optical

contrast between the SiO2 substrate and the h-BN and graphene depends on the oxide

thickness and wavelength of the light [102], [103], [69]. The chosen oxide thickness of

90 nm for the substrates allows identifying layers of graphene and h-BN species. The

optical images are shown in figure 4.1, illustrating a transferred g/h-BN/Rh(111) sample

with increasing magnifications.

In subfigure a) the entire sample is shown, the dark cloverleaf structures (A) are gold

contacts, with a ' 3nm chromium layer underneath, on the substrate, used for electronic

transport measurements. The size of the transferred layer is in the order of 6× 8 mm2.

At (B) the bare substrate, with the onset of the transferred layer (C) is visible. The

image shows numerous concentric darker regions (D) with a similar size of L' 200 µm.

The darker contrast with respect to the remaining structure can be associated with

increased carbon deposition, starting from growth centers on the sample. The reflective

grain (E) in subfigure 4.1 b) may be associated with a metallic residue transferred from

the delamination process.

The dark concentric regions (D) are visible in the magnification shown in subfigure 4.1

c) and d) where an additional inner structure becomes visible (H), in the form of darker

grains with a size up to Lgrain = 4.2 µm. The grains increase in size towards the border

of the concentric structures. In (F) the merging of two concentric growth sites is visible,

suggesting a radial growth of the structures during the millibar exposure.
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Figure 4.1 d) allows additionally to differentiate between the dark grain structure (I)

and darker flat regions (J). The composition of the three structures, the dark concentric

regions, the flat dark regions, and the grain structure can not be deduced from optical

imaging alone. As the g/h-BN/Rh(111) structure is on a silicon oxide substrate further

Raman spectroscopy measurements were performed on these regions of interest.

Having gold sputtered cloverleaf contacts the option to measure the electronic transport

was attempted in a self built 4-point probe. The optical images show how the graphene

layer is not shaped in a closed patch over the four contacts and the obtained resistivity

was therefore measured as higher than R > 20 GΩ, compared to the Rs ' 3 kΩ measured

in [94]. This supports the claim of zones between the concentric dark regions (D) to be

covered with insulating material such as h-BN.
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Figure 4.1 Optical microscopy images of a g/h-BN/Rh(111) sample. In subfigure a) an
overview of the complete 10 x 10 mm sample: (A) contacts for further transport measurements;
(B) bare SiO2 substrate; (C) edge of the transferred layer, this border is consistent with the
onset of the contiguous h-BN layer; (D) carbon growth centers with a higher light absorption
suggesting the addition of one to multiple layers. Subfigure b) magnification of the highlighted
area in a): (E) metallic grain from the electrochemical transfer. Subfigure c) magnification
of the highlighted area in b): (F) circular carbon growth center merged with its neighbours;
(H) dark multilayer carbon grain structures. Subfigure d) magnification of the highlighted
area in c): (I) sharp grain structure, consistent with a multilayer type of carbon growth; (J)
homogeneous carbon structure, consistent with layer by layer growth.
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4.2.3.2 Raman Spectroscopy

To identify the composition of the indicated structures Raman measurements of the

transferred samples were taken. Graphene results in characteristic inelastic modes called

D, G and 2D modes, where the D mode is associated with defects, the G mode with

carbon sp2 allotropes and the 2D mode with defectless graphene layers [104], [105], [106].

Shifts and multipeak structures of the 2D modes can be attributed to graphitic stacking

of graphene [107] and multipeak structures in the G mode may suggest the presence of

graphene oxide or functionalisation of graphene [108].

The measurements were performed on a concentric dark region identified in figure 4.1

with the marker (D) and visible on the optical image of the Raman microscope in

figure 4.2 a). Raman maps were performed in the region highlighted by a blue square

integrating the intensity of the 2D and G modes. The Raman maps are shown in

subfigures 4.2 b) and c), where the two dark grains can be recognised, displaying two

strong features in the 2D mode, corresponding to the regions (1) and (4) in the optical

image. The G mode is also enhanced in these regions, as visible in figure 4.2 c).

To further analyse the Raman footprint on these regions, single spectras were taken

at the locations marked with numbers (1, 2 and 3) in subfigure 4.2 a). These regions

correspond to: the dark grain feature (1); the plateau area next to the grain (2); a

darker flake like structure (3). The overview spectras of the regions are plotted in

subfigure 4.2 d). The spectras display the Raman modes expected from graphene, with

the presence of the D mode which indicates the presence of defects in all three structures,

but especially in the region (2). Additionally, two respectively small peak appears at

ECH = 2950 cm−1 and ENT = 2450 cm−1 the first may be associated with hydrocarbon

bounds on the sample surface, while the origin of the second is usually found on HOPG

and carbon nanotubes but its origin is still debated [109].
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In subfigure 4.2 e) a zoom in of the 2D mode region of the spectrum is shown. The spec-

tras of the 2D mode show the presence of at least a double peak for the regions (1) and

(3) with energies of E2D2 = 2665 cm−1 and E2D1 = 2702 cm−1. This modulation of the

2D mode indicates the presence of a multilayer graphite (AB-Bernal stacked graphene)

structure, as expected from the high optical contrast of these structures [107].

Compared to the regions (1) and (3) the 2D mode in the region (2) is suppressed and

shows a single peak structure. This suggests the presence of a single layer defective

graphene sheet.

To further investigate the defect structure of the layer, a zoom in of the G mode is

presented in subfigure 4.2 f). The G mode for all three regions display a double peak

feature at energies EG1 = 1585 cm−1 and EG2 = 1623 cm−1. The second G peak has a

blueshift of about ∆EG1G2 = 38 cm−1 respect to the first, shown by the dashed lines

in the spectrum. This indicates the presence of either oxide or functionalisation of the

graphene layer [108]. The latter may be explained by the presence of residues due to

the transfer process of the heterostructures. The presence of h-BN is unfortunately not

visible with this raman setup, as the E2G mode h-BN is located in the energy range of

the graphene D mode, of which the latter is dominant [110]. The excitation wavelength

and the SiO2 thickness are not favourable for a direct observation of the h-BN layer.
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Figure 4.2 Raman measurements taken at the center for Micro- and Nanosystems DMAVT
of the ETH-Zurich with a laser wavelength of λ0 = 532 nm. Subfigure a) optical image of
the measured area, located on a carbon growth center (D) shown in figure 4.1. The blue box
indicates the area of the Raman intensity maps shown in subfigures b) and c), representing
the intensity of the 2D and G modes respectively. In subfigure d) the overview Raman spectra
taken at the locations 1, 2 and 3 in subfigure a) respectively, are shown. The spectrum 1)
was taken on a grain of carbon accumulation, 2) on a plateau of carbon deposition and 3)
on a darker structure, which may be due to an additional carbon layer. The spectra show
the presence the characteristic 2D and G peak indicating the presence of a hexagonal carbon
structure. The visible D mode indicates the presence of defects in the structure, which is
especially high in region 2. In subfigure e) the 2D mode is shown in detail. The 2D mode
indicates the presence of at least two components located at an energy of E2D2 = 2665 cm−1

and E2D1
= 2702 cm−1. The presence of multiple components can be explained by the presence

of graphite structures. In subfigure f) the G mode is shown in detail. The G mode shows the
presence of a double component with energies of EG1

= 1585 cm−1 and EG2
= 1623 cm−1. The

double component of the G mode may indicate the presence of oxidation or functionalisation
of the graphene layers.
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4.2.3.3 Scanning Tunnelling Microscopy

Scanning Tunnelling Microscopy (STM) measurements were performed prior to elec-

trochemical delamination on the g/h-BN/Rh(111) samples. The measurements were

performed at T= 4 K liquid helium temperature. Before measurements, the samples

were degassed to a temperature T= 1075 K, in order to eliminate volatile atmospheric

carbon residues due to the ex-situ transport to the PEARL laboratory. The results are

shown in figure 4.3. The figures were treated with Gwyddion SPM data analysis software

[111] where the images were flattened by subtracting an inclined plane.

In subfigure 4.3 a) a large scale image (130 × 130) nm2 is shown. Visible are areas

with graphene and areas with h-BN, including terraces with atomic steps. The h-BN

covered areas appear in a honeycomb pore-wire shape with no azimuthal disorder [112],

[113], where the darker round hole like features are called pores and the hexagonal

lighter structure are called wires. The graphene areas instead appear as triangular hills

and dark valleys [114]. The graphene layers show an azimuthal disorder, which can be

attributed to the high pressure growth conditions which do not favor a perfect epitaxial

growth [13].

To further analyse the region a zoom in of the green highlighted area is shown in subfigure

4.3 b) with (60×60) nm2 size. The zone (A) shows a plateau covered with ordered h-BN.

Area (B) instead is covered with graphene. In the zone (C) the junction of a graphene

covered area next to h-BN is visible, suggesting a horizontal arrangement of the two

materials rather than vertical. The scanned region may thus be a similar area which

was measured with Raman spectroscopy in figure 4.2 a) area (2).

Analysing the junction allows for an attribution of stacking sequence for the two mate-

rials: either horizontal or vertical. As to height calibration the two atomic terraces for a

rhodium (111) oriented crystal was used, as it is well known from literature [115] and is
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d= 0.219 nm per step. The measured z-height of the STM figure was normalised to the

atomic step height shown in the cut (1) plotted in 4.3 d). Subsequently a cut through

the junction area (2) is shown in 4.3 d). The y-axis of the plot is the height while the

x-axis is the position on the cut line. The left part of the plot shows the periodicity of

the graphene part, while on the right side the periodicity of the h-BN is shown. The

junction area in the blue box is smooth without height jumps which suggest graphene

and h-BN to be arranged horizontally, as in a vertical arrangement a jump in height

would be expected. Moreover, the smooth crossover from the h-BN to graphene zone

hints to an atom by atom substitution of the boron and nitrogen atoms of the h-BN

with the carbon atoms of the graphene. The cut also allows to state the periodicity of

the grown graphene ∆Lg = 3.21 nm and h-BN ∆Lh−BN = 3.28 nm which is compatible

with literature values [16], [114].

In order to assert more precisely the growth mechanism of graphene substituting the

h-BN, a second magnification of the area highlighted by the orange box in subfigure

4.3 b) and shown in 4.3 c) with the size of (20 × 10) nm2 was performed. The area is

centered on the graphene h-BN junction. The marker (D) indicates the growth sites

of the graphene nucleation front and appear to happen in the pore site of the h-BN

nanomesh structure. The marker (E) indicates the defects in the h-BN layer, which may

be generated under the unfavourable millibar pressure conditions of the graphene growth.

From the image, it becomes apparent, that the h-BN, where marker (D) indicates to,

is substituted directly by the valley region of the graphene. Equally the wire regions of

the h-BN are substituted by hill regions of the graphene. This is a direct observation

for the graphene moiré overlayer with the h-BN structure as measured by Wang et. al.

for graphene [116], and Laskowsky et. al. for h-BN [117], Brugger et. al. [114] and

observed by Sutter et. al. [26].

The substitution sequence is highlighted in the lower part of subfigure 4.3 c) with cartoon
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shapes blended in the identical image from above to highlight the special topographic

areas. In the graphene case, the valley regions are shown with green circles, the inter-

mediate region with orange triangles and the hills with red triangles. In the h-BN case

the pore regions are highlighted by blue hexagons while the wire sites are marked with

orange and red alternating trifeuille cloverleafs. The image clearly shows a substitution

of the pores (blue hexagons) by the valleys (green circles). The wires sites (cloverleafs)

are substituted by the hills (red and orange triangles). The regularity of the junction

can be strikingly appreciated by the smooth fadeout of the cartoon objects in the central

region.

The transition mechanism is explained by the model in subfigure 4.3 e) where the three

atomic junctions are diagrammed with the respective atomic locations on the rhodium

substrate lattice. The arrangement of the boron, nitrogen and carbon atoms is described

by the occupied position respect to the substrate atoms, three positions are possible

namely the top, hcp and fcc positions. In h-BN the position of the nitrogen is decisive

for the formation of a hill or pore depression of the corrugated material [118]. In the fist

model the pore sites of the h-BN are located in areas where the nitrogen atoms happen

to be placed on top of the rhodium atoms, while the boron atoms occupy the fcc spot

of the lattice, also called the octahedral site of an fcc(111) lattice. The second layer of

rhodium atoms is visible across the tetrahedral sites (hcp sites), which are not occupied

in this configuration. In the case of the graphene, assuming the atoms occupy the same

positions as the h-BN in the vicinity, the area must be assigned to a valley area, as it is

observable in figure 4.3 c) where the pore sites (blue hexagons) transition in valley sites

(green circles).

The same consideration can be made for the second diagram, namely the h-BN with

nitrogen atoms on the tetrahedral site and the boron on the top position. The tetrahedral

sites correspond to the hcp sites in a fcc crystal. This configuration corresponds to a
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wire site in the h-BN and becomes a intermediate (or slightly higher valley) site for

the graphene. Equally, this situation is observable in figure 4.3 c) where the wire sites

(orange cloverleafs) transition to intermediate states (orange triangles).

In the last configuration, the h-BN atoms can occupy the tetrahedral (hcp) and octa-

hedral (fcc) sites. This configuration corresponds to a wire site. The corresponding

graphene configuration is a hill site, which is observable in figure 4.3 c) as wire sites (red

cloverleafs) transitioning to hill sites (red triangles).

The final observation which can be made through these considerations is that an atom

by atom substitution process happens when h-BN/Rh(111) is provided with a carbon

precursor in high pressures (millibar) and temperature, resulting in a substitution of the

h-BN by graphene. A horizontal stacking sequence is found in the shown data which

can be seen as nano-templates switching form conductive graphene to insulating h-BN

[119], while vertical stacking was not found. The image equally suggests that h-BN

can be completely substituted with long high pressure and high temperature carbon

exposure.

4.2.3.4 Photoemission of the pristine sample

The pristine samples were analysed by x-ray photoemission spectroscopy and diffraction

with a photon energy of hν = 800 eV. The obtained spectra are shown in figure 4.4, where

the carbon and the nitrogen measurements are shown. The energy was recalibrated on

the fermi edge and the rhodium 3d5/2 elastic line (not shown). The presence of a carbon

and nitrogen elastic line confirm the presence of both elements on the sample.

In subfigure 4.4 a) the spectrum of the C1s elastic line is shown. The line shows three

contributions which can be fitted using three Doniach Sunjic line shapes [120]. The

raw data is shown by red circles, the fitting result by a blue line and the individual
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Figure 4.3 STM images of a pristine g/h-BN/Rh(111) sample prior electrochemical de-
lamination. Subfigure a): Overview scan (130 x 130) nm2 in size, IT = 100 pA, VB = −1 V.
Subfigure b), magnification of the green inset in subfigure a), size (60 x 60) nm2, IT = 100
pA, VB = −1 V. Marker (A), terrace with ordered h-BN. Marker (B), terrace with disordered
graphene and h-BN. Marker (C), an island of h-BN surrounded by graphene. Subfigure c) top
image: magnification (20× 10) nm2, IT = 100 pA, VB = −0.3 V, of the orange marked region
of subfigure b). Marker (D), growth front of graphene which substitutes the h-BN. Marker (E),
defect sites in the h-BN structure, mainly found on wire sites. Bottom image: Visualisation of
wire and pore zones of the h-BN through blue hexagons (pores) and cloverleafs (wires); visual-
isation of the hill and valley zones of the graphene through red and orange triangles (hill) and
green circles (valley). Subfigure d), cuts through subfigure b), in red over two terrace steps,
on which the figure was height calibrated, in blue perpendicular to the junction zone. In e)
visualisation of the junction arrangement for the three atom positions respect to the substrate
in the respective junction configurations. The images represent one arrangement status over
the whole image, not showing the moiré structure of graphene and h-BN.
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fitting peaks by black lines. The best fit was obtained by two asymmetric shapes called

C2 and C3 and one symmetric shape called C1. Three distinct energies were obtained

for the three C1s lines: EC1 = (284.97 ± 0.01) eV, EC2 = (284.45 ± 0.02) eV and

EC3 = (283.76± 0.03) eV. The distinct energies of the C 1s line may be due to various

reasons: different carbon allotropes with a distinct hybridisation (sp2 and sp3) [121]

[122], different chemical environnement as the presence of oxidised carbon or defects

in the lattice [123] or carbon embedded in the first rhodium layers as a carbide. The

formation of a rhodium carbide was already observed by Roth et al. [33] where a layer

of intercalated carbon atoms decouple the h-BN from the substrate. As a result the

h-BN nanomesh becomes flat and enables the contiguous growth of the graphene layer

in a second CVD step. The difference with the findings of Roth et al. is the splitting of

N 1s signal in wire and pore binding energies shown in figure 4.4 e), which in contrary

suggest the h-BN to be still in a nanomesh state [124].

In order to clarify the origin of the carbon triple peak structure x-ray photoemission

diffraction (XPD) was used, to link the chemical species to its structure. The XPD

measurements are shown in subfigure 4.4 b) where the XPD of the complete C1s peak is

shown in figure 4.4 b). The peak shows a characteristic 6-fold structure for a multilayer

graphene with Bernal stacking sequence [81]. To confirm the XPD pattern for multilayer

Bernal stacked graphene the pattern was simulated using electron diffraction in atomic

clusters (EDAC) code [58] for a bilayer graphene with AB stacking. The resulting

pattern is shown in subfigure 4.4 c) and reproduces the measured XPD to a high degree

of accuracy.

The measured XPD patterns are recorded with an analyser pass energy and a two-

dimensional channelplate is used as electron detector. The recorded C 1s and N 1s

XPD’s thus are energy resolved over the 150 channelplate channels and the structure of

the three carbon species can be deconvoluted. The measured XPD can, therefore, be
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energy deconvolved using the fitted curves C1, C2, C3 [125], [126]. The fitting must be

performed over each position of the measured hemisphere. Performing this deconvolution

results in three patterns for the three peaks shown in subfigure 4.4 d), these patterns

indicate the structure arising from each peak which was deconvoluted. The figures

show the clear graphitic pattern of the C1 peak. The bernal AB stacked structure thus

corresponds to the C1 species. The peaks C2 and C3 have a weak recognisable structures

which resemble the C1 peak, especially at low polar angles, but the low signal to noise

ratio hinders the attribution of a precise pattern. The weak structure may be due to

the near energy position between the C2 and C3 peaks respect to the C1 peak, resulting

in crosstalk. The contributions of the C2 and C3 species are thus to be attributed to

disordered graphene and “amorphous “carbon respectively on the sample, where the

ordered C1 XPD signal can be attributed to ordered graphene and few layer graphene

visible on the Raman and STM measurement

To prove the presence of graphite in coexistence with h-BN an XPS spectrum and XPD

pattern of the N1s line was taken. The XPS spectrum is visible in the subfigure 4.4 d)

where the red circles represent the measured data, the blue line the fitting result and

the black lines the single fitting peaks. The peak has to be fitted with two gaussian

lines as the pore and the wire site of the corrugated h-BN nanomesh exhibit two dif-

ferent binding energies of the N1s line [127], [124]. The binding energy for the pore

site EP = 398.62± 0.01 eV marked with (P) is higher as the wire site marked with

(W) EW = 398.16± 0.01 eV, which is comparable with the core level splitting found by

Preobrajenski et al. [124].

The XPD pattern of the N1s line is shown in subfigure 4.4 f) and displays the charac-

teristic 3-fold structure of the h-BN patterns as shown on Ni(111) by Auwärter et. al.

[118], demonstrating the coexistence of crystalline h-BN with multilayer graphene.
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Figure 4.4 XPS and XPD for carbon and nitrogen. The peaks were energy calibrated to
the rhodium bulk Rh3d5/2 peak. The red circles are experimental data points, blue the fitting
results and black single fitting curves. Top row: a) Photoemission spectrum of C1s. b) XPD
pattern of the C1s as a full peak. c) EDAC simulation of a bilayer graphene structure. d)
Deconvolution of the XPD patterns. e) X-ray photoemission spectrum of N1s. f) XPD pattern
of the N1s.
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4.2.3.5 Photoemission of the transferred sample

The transferred layers shown with optical microscopy and Raman spectroscopy were

equally analysed by XPS and XPD. XPS allows to identify the transferred elements which

were not possible to identify, especially for the h-BN layer, with the optical methods, as

h-BN has a low raman cross section at the used laser wavelength and the E2g mode is

convoluted with the defective graphene D mode.

In subfigure 4.5 a) the XPS spectra of the N1s elastic line is shown. The spectrum can be

deconvoluted in three distinct gaussian lineshapes with the energies: Et
P = 396.89± 0.01

eV for the pore site of the h-BN, Et
W = 397.79± 0.01 eV for the wire site, and an

additional peak Et
A = 398.92± 0.05 eV. A shift with respect to the values of the pristine

sample can be observed. This shift can be calculated taking the difference between the

nitrogen energy of the pore state of the untransferred sample and the energy of the pore

state of the transferred sample. The energy shift results to be ∆E = 1.73 eV and may

be due to the different insulating substrate. The additional peak EA may arise from the

chemical treatment during the transfer procedure and residuals reacting with the h-BN

during annealing.

This picture is also supported by the analysis of the carbon peak. The transferred carbon

peak is shown in subfigure 4.5 b), where the experimental data are the red circles, in a

blue line the fitting result and in black the single fitting peaks. The fitting was performed

using three Donjach Sunjic line shapes with the energies: Et
C1

= 283.26 ± 0.01 eV,

Et
C2

= 284.17 ± 0.03 eV, Et
C3

= 284.91 ± 0.03 eV. The peak Ct
1 is the same as in the

untransferred sample C1. This can be verified by adding the energy shift calculated

beforehand to the first peak Et
C1

+ ∆E = EC1. The C1 species can thus be transferred

to the SiO2 while the same is not true with the peaks C2 and C3, which arise now at

higher binding energies compared to the C1 peak. The higher binding energy of these
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carbon species indicates a chemical shift towards bound states, which can be measured

with oxidation or binding of carbon in molecules. This two species can be attributed to

residual carbon originating from the transfer from the rhodium substrate to the silicon

oxide, which includes alkanes deriving form the used TOA, PMMA residues due to

incomplete sample rinsing and oxidation during air transport. In subfigure 4.5 c) and

4.5 d) the XPD plots of N1s and C1s are shown respectively showing a clear structure

of single layer h-BN and multilayer graphene (graphite) structure. The transfer thus

has no effect on the crystallinity of the sample. The transfer ratios are shown in the

supplementary information in figure 4.1.

4.2.4 Conclusions

The growth of g/h-BN/Rh(111) heterostructures on the Rh(111)/YSZ/Si(111) Sinergia

wafers following the recipe of Roth et. al. [33] is feasible for the self assembly of lateral

heterostructures. The presented results show the growth of a lateral heterostructure

which can be observed by STM analysis while XPS and XPD analysis show the presence

of crystalline h-BN and graphene on the surface 4.3, 4.4.

The XPD patterns instead suggest the presence of a multilayer stacked graphene which

can be confirmed by EDAC simulations and is probably due to the lack of the self ter-

minating condition, because of the high pressure growth conditions (millibar pressure).

The XPS shows three components in the carbon XPS spectra, indicating diverse carbon

species on the surface. The structure of these components has been deconvoluted from

an energy resolved XPD. Of the three components only one has a clear structure, while

the other components appear weak features compared to the first and can be attributed

to an amorphous structure. The crystalline part of the spectrum together with the crys-

talline pattern of the N1s peak can be observed in the STM images, where the junction
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Figure 4.5 XPS and XPD spectras of the transferred layers on the SiO2 substrate. The
XPS spectras are shown as: in red the experimental data; in blue the fitting result; in black
the single fitting peaks. In a) XPS spectrum of the N1s region of the h-BN nanomesh showing
the characteristic splitting of the nanomesh, with an additional peak At. In b) XPS spectrum
of the C1s region. Three fitting peaks were used with variable asymmetry of the peaks. The
peak Ct1 is energetically the same as the C1 in the pristine sample, while the other peaks arise
during the transfer. In c) XPD pattern of the N1s species. In d) XPD pattern of the C1s
species, integrated over the full peak.
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between graphene and h-BN can be observed. The graphene, which was grown in a sec-

ond step, can be shown to substitute the h-BN structure in an atom by atom fashion in

this junction, confirming directly the findings of Brugger et. al. [114], Laskowsky et. al.

[117], and Wang et. al. [116]. These results are summarised by the figure 4.6 a) showing

a proposed model for the pristine heterostructure sample on the Rh(111)/YSZ/Si(111)

sinergia wafer and the different measurements which support the model as icons.

The structure can be transferred to an other substrate with success. The transfer onto a

SiO2 substrate opens the characterisation methods to a whole new palette of techniques

like optical microscopy and Raman spectroscopy, with the option to directly compare

these to photoemission techniques. The shape and macroscopic growth of the graphene

can be seen in optical microscopy 4.1, where a grain like structure becomes evident.

This grain structure can be seen in high contrast to the background in Raman spec-

troscopy, exhibiting a strong 2D feature visible in figure 4.2. Comparing the measured

Raman spectras to literature it is evident, that the grain structures consist of multilay-

ered bernal stacked graphene, while the single layer regions exhibit a highly defective

structure with a high D Raman band. A clear shoulder in the raman G peak indicates

moreover a functionalisation of the graphene, suggesting transfer residuals on the surface

which affect the graphene quality. These results can be compared to the photoemission

results in figure 4.5 where chemical shifts can be observed in the carbon and nitrogen

peak, supporting the model with transfer residuals. The XPD plots, on the other hand,

confirm the crystalline status of the h-BN and graphene also after the transfer. The pro-

posed model for the transferred sample is visible in figure 4.6 b) where the supporting

measurements are again shown as icons.

The presented data show the presence of lateral heterostructures while there is no ev-

idence for vertical heterostructures, which differs to the findings of Roth et al. [33]

partially. The experiment was although limited to the test of a rhodium substrate and
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a) b)

Rh(111)

Graphene layer h-BN layer

C1 C2C3WP,

SiO2

Amorphous Carbon Transfer Residues

C1 C2C3WP, At t t t t t

3μm

b) 2D

STM

Figure 4.6 Proposed model of the heterostructure arrangement, a) before and b) after the
transfer. The icons over the stick and ball plot represent the measurements supporting the
proposed structural arrangement. XPS measurements are shown as characters.

should be attempted also on a copper substrate following the recipe of Roth et. al. in

the case of copper [24]. Further analysis of the transferred sample should be taken into

account including the measurement of the resistivity of the dark concentric regions (D)

visible in figure 4.1 contacting the region directly with microcontacts or a 4-point probe

STM. Furthermore, the lateral arrangement of the heterostructure could be unveiled in

a simpler way with the usage of a h-BN sensitive raman setup.
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4.3 Supplementary Information

4.3.1 Optical image contrast analysis

The measured optical images were used to determine the size of the structures on the

sample and additionally the optical contrasts were calculated. The images were taken

using a green light filter at λ = 532 nm wavelength. To obtain the sizes of the measured

objects a cut visible in figure 4.7 a) in orange was used (cut not shown). The length of

the cut was compared to the microscope scale obtaining the size of D = 191.0 µm for

a length of P = 1000 pixels, while the microscope scale measures P = 262 pixels for

D = 50.0 µm. With these two points, it is now possible to extrapolate the size of the

dark grains with a cut shown in 4.7 a) as a red arrow and plotted in subfigure 4.7 d).

The full width at half maximum of the grain is 22 pixels. Extrapolating linearly the size

of the grain is thus D = 4.2 µm.

The same cuts can be used to determine the optical contrast of the features in the image.

The optical contrast of sp2 material can give an insight into the number of layers present

on the SiO2 surface [69]. To calculate the contrast cuts were made through the image

4.7 a) and plotted using the y-axis as intensity and the x-axis as position (in pixels of the

image). Then an average on the analysed feature and in the background was performed.

These averages were calculated over the colored boxes in figures 4.7 b), c) and d). An

image contrast is defined though the Weber contrast which uses the formula:

C =
If − Ib
Ib

(4.1)

Where C is the optical contrast, If is the intensity on the measured feature and Ib is

the contrast on the background of the image.

The contrast was calculated for a light region next to the dark concentric zones visible
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in subfigure 4.7 a) as a green arrow. This lighter region may be a wrinkle, where

the h-BN layer was not successfully transferred. The optical contrast in this region is

C = 3.8 %, which, comparing to literature is compatible with h-BN at 90 nm SiO2

thickness and λ = 532 nm light wavelength [69]. The wrinkle extends also through the

concentric dark region, which is a patch of grown graphene, suggesting the graphene to

be arranged on top of the h-BN. This is the only indirect hint for the existence of a

vertical g/h-BN/Rh(111) heterostructure. In order to proof the claim further Raman

measurement would be needed.

The optical contrast of the concentric dark region (subfigure 4.7 a) blue arrow) and a

dark grain (subfigure 4.7 a) red arrow) were also calculated. The cuts are shown in the

subfigures 4.7 c) and 4.7 d) respectively. The found contrasts are C = 9.0 % for the

dark concentric region and C = 18.6 % for the dark grain. These values are compatible

with a single layer and a double layer graphene respectively [102], [103].

4.3.2 Angular Resolved Photoelectron Spectroscopy

The exfoliated g/h-BN/SiO2 sample was analysed with Angular Resolved Photoelectron

Spectroscopy (ARPES), to investigate the Dirac cones present in graphene. The presence

of a measurable Dirac cone is a direct proof of the presence of graphene. The electronic

band dispersion was measured with a helium discharge lamp as radiation source using

a toroidal grating momochromator to select the He II α radiation at an energy of ~ν =

40.8 eV. In figure 4.8 a) the electron energy dispersion in direction ΓK is shown. The

dominant band is the π band, which shows a linear dispersion towards the Fermi energy

(EF ) marked with red triangles. In figure 4.8 b) a zoom in of the interested area is

presented. The dirac cones can also be observed at the Fermi surface with a momentum

distribution plot shown in figure 4.8 c). The momentum plot shows clearly a six fold
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50μm

a) b)

c) d)

3,8 %

9.0 % 18.6 %

4.2 μm

Figure 4.7 Optical contrast analysis performed on the cuts shown with the colored arrows.
a) Analysed figure of a g/h-BN/SiO2 transferred sample. In orange the estimation of the size
of a concentric dark region which corresponds to D = 191.0 µm while the orange cut measures
P = 1000 pixels. b) Contrast of a light wrinkle crossing the sample, corresponding to the
green cut in the figure. This wrinkle may be an area where the h-BN has not been transferred.
c) Contrast on the border of the dark concentric structure. d) Contrast of a dark grain.
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symmetric intensity modulation at the K and K’ location.
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Figure 4.8 Energy distribution map of the ARPES measurement on g/h-BN/SiO2. In
a) ΓK direction plot, with a visible π band of the graphene dispersing linearly to the Fermi
energy as a function of the parallel momentum vector k‖. In b) zoom into the region under
the Fermi energy and K point of the brillouin zone. In c) momentum distribution plot at the
fermi energy, showing six distinct dirac points at the K and K ′ points.

4.3.3 Transfer ratio

XPS data gives insight over the transfer ratio of the materials using the TOA-assisted

electrochemical delamination process. The transfer ratio T can be defined as the ratio of

the XPS signal of the transferred element It divided by the pristine XPS element signal

Ip, using the formula:

T =
It
Ip

(4.2)
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Nevertheless, it has to be said, that transfer ratios can vary widely from sample to

sample. Here we present the transfer ratio of the best performing sample, from which

the data of the main section originates.
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Figure 4.9 Survey spectras of the pristine (in red), transferred (in blue), leftover samples
(in black). The spectras were taken using a MgKα source with 1253.6 eV photon energy.
The leftover sample is the remaining rhodium piece after electrochemical delamination. The
dashed lines indicate the electron subshell excitations. The elements in the green boxes are
transferred elements.

In figure 4.9 the survey spectra of the pristine, transferred and leftover samples are

shown. The spectra indicate the transfer of carbon, boron, and nitrogen from the pris-

tine sample to the transferred substrate. The leftover sample represents the rhodium

substrate after electrochemical delamination. The leftover was rinsed with microfiltered

water to dissolve remaining salts from the chemical solutions. On the leftover sample

little amounts of nitrogen and boron are left. The leftover rhodium substrate could be
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Element Transfer Leftover Missing

Nitrogen 58.8 % 26.4% 14.8%

Boron 58.3% 13.2% 28.5%

Carbon 80.6% 81.7% -62.3%

Table 4.1 Table of transfer ratios calculated form the spectra in 4.10. The negative value
for the missing carbon signifies, that carbon is added in the transfer process.

reused for a second preparation.

The single detail spectra for the elements N1s, B1s, and C1s are shown in figure 4.10

for the pristine, transferred and leftover sample. The areas of these spectra are used to

calculate the transfer ratios for the elements. The same formula can be used to calculate

the percentage of material which remains untransferred. The difference between 100%

and the sum of the transferred and untransferred ratio is the missing amount, which was

lost during the transfer. The used peak areas are marked in grey shading. The transfer

ratio for the carbon has to be taken as an upper limit, as the transferred and leftover

percentage score more than 100%, indicating the addition of carbon during the transfer

process. The results for the transfer is resumed in table 4.1.

4.3.4 Possible origin of the C2 peak

The origin of the structure in the XPD plot of the C2 structure shown in figure 4.4

might also arise from a carbide structure in the rhodium substrate. Rhodium, as also

nickel, might adsorb carbon forming a carbide structure. Albeit a carbide structure in
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Figure 4.10 Comparison between single peaks of the pristine, transferred and leftover
sample. The measurements were taken using a MgKα source with 1253.6 eV photon energy.
The peaks were subtracted by a constant and displayed with the same scale for comparison.
In the first row the single peaks for nitrogen N1s, the second row for boron B1s and the third
row for the carbon C1s. From the peak areas the transfer ratios are calculated.
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the rhodium substrate should not be affected by the electrochemical delamination of the

2-dimensional material on the surface, an XPD pattern should be still visible on the

leftover rhodium substrate after delamination. In figure 4.11 a) the XPD plot of the C2

contribution is shown next to an XPD plot b) taken form a leftover rhodium substrate.

A faint structure in the pattern is visible at the center of the plot which can be compared

to the XPD plot of the C2 peak.

To strengthen this argument the XPD pattern of the rhodium carbide was simulated

with EDAC. The carbon must be placed in the interstitial sites of the rhodium structure,

which are the tetrahedral and octahedral sites of the crystal lattice. The resulting XPD

plot of the carbon in the tetrahedral position of the rhodium crystal structure is shown

in figure 4.11 c), which can be compared to the XPD plot in the subfigures a) and

b). In 4.11 d) the cluster with carbon in the interstitial tetrahedral site for the EDAC

calculation is shown. The plots show a clear similarity suggesting the origin of the C2

contribution to be formed from a rhodium carbide located in the tetrahedral interstitial

site.

Nevertheless, the XPD structure in the leftover sample might also arise from partially

untransferred graphene or graphite on the sample. The experiment should be repeated

using a method for the removal of untransferred graphene to proof the existence of the

carbide structure.
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a) b)

c) d)

Figure 4.11 XPD patterns of a) the C2 peak as shown in figure 4.4. b) Comparison with
the C1s XPD plot of a leftover rhodium substrate after electrochemical delamination. The
ring three fold wing structure at high polar angles is an artifact due to three fold averaging.
c) EDAC simulation of a rhodium carbide structure, where the carbon atoms are located in
the interstitial tetrahedral (hcp) sites of the crystal lattice. d) Sketch of the rhodium crystal
with the carbon atom positions.





5 Molybdenum Diselenide on

hexagonal Boron Nitride: A new

heterostructure

In order to exploit the capabilities of in situ grown h-BN on 4-inch Sinergia films and

further study the growth of heterostructures on h-BN nanomesh, an experiment to

grow molybdenum diselenide (MoSe2) on the h-BN nanomesh was carried out. In this

purpose, a collaboration at the LANES laboratory with the research group of Prof.

Andras Kis at EPFL Lausanne 1 was started, where MoSe2 may be grown by molecular

beam epitaxy. After growth of MoSe2/h-BN heterostructures on Rh(111) the treated

wafers were returned to the Sinergia laboratory at the University of Zurich for structural

analysis and electrochemical delamination.

In this chapter we focus on the data obtained at the University of Zurich, the combined

results of both groups, including the growth methods are shown in the publication

Electronic Properties of Transferrable Atomically Thin MoSe2 Heterostructures Grown

on Rh(111) [34].

1http://lanes.epfl.ch/

93
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5.1 Introduction

Molybdaenum diselenide (MoSe2) belongs to the family of TMDC’s (Transition Metal

Dichalcogenides). Its single layer consists in a Mo (molybdenum) layer enclosed by two

Se (selenium) layers. One structural arrangement in which MoSe2 can be found is shown

in figure 5.1. In other arrangements the positions of the Se atoms are shifted in their

positions with respect to each other, giving rise to the so-called 1T and 2R arrangements

in the Ramsdell polytype notation. In this case, we will focus on the 2H arrangement,

which, as later will be shown, is the most probable for the growth of MoSe2/h-BN. In

the 2H arrangement the Mo atoms occupy a sublattice of the hexagonal sheet, while the

Se atoms occupy the others. The Mo atoms are sandwiched between two Se sublattice

layers and the Se atoms are located perpendicularly on top of each other. The second

layer is shifted in respect to the first arranging in a ABAB stacked structure. The lattice

configuration of the single layer is strikingly similar to the h-BN structure and therefore

suggests the possibility of direct epitaxial growth of MoSe2 on h-BN, even if the lattice

mismatch between the two materials is 33% taking the MoSe2 with respect to the h-BN

[128].

The lattice parameters were calculated by Ding et. al. by LDA (Local Density Ap-

proximation) and PBE-GGA (Perdew-Burke-Ernyerhof) functional [129]. The lattice

constant of the trigonal prismatic cell is a = 3.33 Å while the length of the Se-Se verti-

cal bond is h = 3.35 Å. The bond length of the Mo-Se bond is d = 2.55 Å.

MoSe2 monolayers possess particular optoelectronic properties, distinct form its multi-

layer counterpart [129]. Especially, the presence of a direct band gap at the K point

of the Brillouin zone enables the observation of luminescence [130]. This direct band

gap is only present in the single layer form of MoSe2, as the band gap modifies to an

indirect band gap between the Γ and the K point for two and more layers of material.
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Figure 5.1 Sketches of the MoSe2 structure from different angles, in orange the Se atoms,
while in blue the Mo atoms. In a) a top view with the visualisation of the unit cell in b)
including the atomic distances as reported in [129]. The Se and the Mo atoms are located in
different layers as visible in c) and d). In this thesis, a monolayer of MoSe2 refers to the full
triple layer structure of Se-Mo-Se.

The combination of MoSe2 in a heterostructured stack with h-BN to form MoSe2/h-BN

is, therefore, an attractive option for a device application. In particular the large band

gap of h-BN [14], [131], [132] and the passivation of the metal substrate by the h-BN,

enables new interesting growth conditions.

In a recent work [133] the study of MoSe2/h-BN heterostructures was mainly obtained by

the preparation through layer by layer mechanical exfoliation, which introduces impuri-

ties through the process and is not suitable for upscaling towards industrial applications.

Moreover, experience from the graphene h-BN heterostructure, suggests increased carrier

mobilities compared to its single standing counterpart, as a result, form the absence of

dangling bonds at interfaces [9]. An attempt to directly grow MoSe2 structures through

CVD on SiO2 was already published in 2014 by Wang et.al [134] while a year later the

direct CVD growth of MoS2 on h-BN [135] was performed. Therefore, direct growth of

MoSe2 on h-BN offers a straightforward possibility to ease the attempted production of
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monolayer MoSe2 and study its properties on an insulating, chemically inert, monolayer

material.

Here we present the results through the approach of molecular beam epitaxy on h-BN

Sinergia films, which eliminates the separated exfoliation steps for the two materials.

Additionally, this approach enables scalability for industrial applications through the

use of a reusable, abundant and cost-effective sample basis as the Sinergia thin films

described in chapter 2. The possibility to further electrochemically exfoliate the grown

heterostructure material opens a new branch for possible device applications of MoSe2/h-

BN and an approach to large-scale industrial low-cost production.

5.2 Stoichiometry

The chemical composition, of the MoSe2/h-BN heterostructures obtained from the Uni-

versity of Lausanne, was performed by XPS quantitative analysis. All following XPS

spectra were measured using a non-monochromatised MgKα radiation with an energy of

1253, 6 eV and a VG Escalab electron spectrometer. The chosen peaks of interest were:

B1s, N1s to verify the presence of the h-BN substrate, Rh3d to verify the substrate

composition and Mo3d, Se3d, Se2p to show the presence of the MoSe2 species and carry

out coverage calculations. C1s, O1s, Zr3d were also measured to quantify the presence

of contaminants and substrate intermixing.

In Figure 5.2 the overview spectra of a MoSe2/h-BN sample is shown. The presence

of all expected elements on the sample confirms the successful preparation, while the

absence of a Zr3d signal confirms no intermixing of the yttrium stabilized zirconium

(YSZ) layer within the Sinergia thin film [30]. Clearly visible are the Mo3d and Se3p

elastic lines confirming the deposition of Mo and Se species on the sample. The B1s and

N1s peaks are also visible in the spectrum, while the B1s elastic line is small with respect
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to other lines due to its low photoelectron cross section at the used photon energy, the

N1s elastic line is visible as a clear shoulder of the Mo3p3/2.
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Figure 5.2 Overview spectrum of a MoSe2/h-BN sample. Marked with arrows are the peaks
of interest. The Rh3d elastic line represents the substrate material and is dominant in the
spectrum. The Mo3d, Mo3p, Se3d, and Se3p elastic lines show the presence of the elemental
parts of MoSe2 and the B1s and N1s elastic lines show the presence of h-BN. The sample also
shows near absence of residual carbon and oxygen confirming the low level of impurities on
the sample. The absence of Zr3d elastic lines confirms the integrity of the rhodium thin film
and no intermixing with the YSZ buffer layer.

In figure 5.3 the detail scans of the regions of interest are shown for a degassed sample

(T=500 ◦C). figure 5.3 a) and b) show the Mo3d and Se3p elastic lines of the MoSe2 and

figure 5.3 c) and d) the N1s and B1s elastic lines of the h-BN. In red the experimental

data are shown, in black the individual elastic lines were fitted with Voigt line-shapes

and the fitting results are shown as blue lines. In the case of Mo3d a Se3s line was

identified and shown as a dashed line, the same was performed for the N1s where the

Mo3p was separated and shown in dashed line. The experimental results concerning

energy positions and photoelectron line intensities from the fitting are reported in table

5.1.

The ratios of Se3p and Mo3d to N1s and B1s act as indicators for the amount of MoSe2
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Figure 5.3 XPS detail scans of MoSe2/h-BN using non-monochromatised MgKα radiation.
A Shirley function was subtracted in order to take the background into account. The data
show that all the respective components of MoSe2/h-BN are present. The corresponding
binding energy of the respective photoelectron excitations are: a) Mo3d5/2 = 229.1 eV and
Mo3d3/2 = 232.3 eV and the Se3s peak (dashed), b) Se3d5/2 = 55.0 eV and Se3d3/2 = 55.9
eV, c) N1s= 397.9 eV convoluted with the Mo3p peak (dashed), d) B1s= 190.6 eV. The red
markers represent the experimental data. In blue the peak fittings results using a Voigt line
shape per subshell excitation line. The individual photoemission lines from the fits are shown
in black.

Core level Se3d5/2 Se3d3/2 Mo3d5/2 Mo3d3/2 N1s B1s
Energy (eV) 55.0 55.9 229.1 232.3 397.9 190.6
Fit Peak Area (a.u.) 62535 34799 195990 90032 38622 11421
Fitting Error (a.u.) 2080 2105 1993 4274 720 226

Table 5.1 Table for the fitting results of XPS data shown in Figure 5.3. Each column
displays a measured subshell excitation, while the rows represent the data types: subshell
excitation energy, fitting peak area, fitting error.
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which was deposited on the sample. The B1s signal can be taken as a gauge, as we assume

a single monolayer of h-BN on the sample. Therefore the B1s signal is the reference value

for a monolayer to be compared to the signal of Mo. In order to calculate the amount

of MoSe2 on the h-BN further factors have to be considered:

1. The photoemission cross-section.

2. The density of atoms of the respective elements.

3. The inelastic mean free path of the electrons originating in the respective sample

depth diffusing through the overlying layers.

A normalisation of the intensity for the photoemission cross-section and the atom density

can be expressed with the equation 5.1:

INi =
I0
i

σini
(5.1)

Where INi is the intensity normalised (N) by the photoemission cross section and the

atomic layer density of the i-th element, I0
i the intensity obtained from the data fitting

in Table 5.1, σi the photoemission cross-section taken from [136] and ni the atomic

layer density of the crystalline lattice of the respective element calculated with the

lattice parameters of [113] and [129]. The density of atoms can be calculated from the

crystalline structure of the h-BN and the MoSe2.

In Figure 5.4 the parameters and geometry for the calculation of the atomic density for

MoSe2 (nMo, nSe) and h-BN (nN , nB)are shown.

To estimate the atomic densities of B and N the lattice parameters of Corso et. al.

were used [16], where the lattice constant of an h-BN unit cell was estimated to be

ah−BN = 2.504 Å. The primitive lattice cell of a honeycomb lattice is a rhombohedral
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a= 2.504       
Å

x= a cos(30)

y= a sin(30)30

a= 3.33       
Å

x= a cos(30)

y= a sin(30)30

a)

b)

Figure 5.4 Schematic view of the a) MoSe2 and b) h-BN with the calculation of the
respective atomic densities. In orange the Se atoms, in blue the Mo and N atoms, in pink the
B atoms.

unit enclosing two atoms, one B and one N. The atom density for B and N can so be

estimated to be:

nB = 1/AB = 1/(2 · a2
h−BN · cos(30) · sin(30)) = 0.184 Å

−2
(5.2)

Expressed in units of atoms per square Angstrom. Analogously the atom density of Mo

and Se in the MoSe2 structure were computed using the structure calculated by local

density approximation by Ding et. al. [129]. The primitive lattice cell a MoSe2 unit is

trigonal prismatic, containing two Se atoms and one Mo atom. The lattice constant was

calculated to be aMoSe2 = 3.330 Å for the in-plane lattice constant and hMoSe2 = 3.350

Å for the height of the prismatic structure. From these considerations the atom density

for Mo and Se is:
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nMo = 1/AMo = 1/(2 · a2
MoSe2

· cos(30) · sin(30)) = 0.104 Å
−2

(5.3)

The layer density of Se atoms is thus the density of the Mo atoms multiplied by factor

of two. In the following calculations the double occupancy of Se in the unit cell will not

be taken into account, so a 2:1 stoichiometric ratio is expected from the data.

As a practical visualisation of the data in table 5.1 normalised with equation 5.1 and

the calculated atomic densities ni is shown in Figure 5.5 a) where the elemental ratios

calculated from the fitted intensities is shown in the form of a piechart. The percentages

P are calculated as the contribution ratio of the intensity of each element Ii to the total

intensity, which can be expressed in Equation 5.4:

P =
Ii
N∑
i=0

Ii

(5.4)

The B1s to N1s ratio shown in figure 5.5 a) is near to the stoichiometric value of IB/IN =

1. This ratio suggests that the h-BN layer is not affected by the deposition of MoSe2.

In the same way, the Se3p to Mo3d are shown in 5.5 a) for the MoSe2 layer. Given the

structure of MoSe2, a ratio of 2 : 1 between Se and Mo is expected, as we did not include

the double occupancy of Se per unit cell in the density calculation. The experimental

data show a lack of Se which may be attributed to Se vacancies and oxidation of the top

layer arising from transport through the air and subsequent annealing.

Albeit, the atomic ratio calculation does not include the influence of photoelectron at-

tenuation, which may play a major role in the determination of the correct stoichiometry,

as photoelectrons have a probability to be absorbed while traveling through material.

These considerations can be combined with the following formula valid for a sample with

uniformly layered structures:
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IN
′

i =
I0

σini
edi/Λi (5.5)

Where i stands for the values of the respective elements, I0 is the measured photoelec-

tron intensity calculated fit peak area in table 5.1 using the data from figure 5.3, σi is

the photoemission cross-sections taken from [136], ni is the atom density and di is the

thickness of the overlayer material, which both are calculated in the paragraph below. Λi

is the inelastic mean free path of electrons travelling through overlying material. These

values were taken from the NIST (National Institute for Standards and Technology)

Standard Reference Database 71 [55].

Two different approaches of MoSe2 thickness estimation will be presented. The first is

of graphical nature, while the second bases on a strictly analytical basis.

5.2.1 Graphical Solution

In order to estimate the number of layers of MoSe2 on top of the h-BN, the compar-

ison of B to Mo and Se signal can be exploited. This can be achieved by recursively

correcting the photoelectron damping factor as a function of the number of layers of

MoSe2. The correction factor has to include the number of layers of material the signal

travels through, each with the photoelectric mean free path factor for the given photo-

electron energies. The layer thicknesses is taken from the calculated values of Ding et

al. [129] and the photoelectron mean free paths from the NIST database [55]. For the

materials under discussion, the following matrix expresses the photoelectron mean free

path as a function of the material the photoelectron travels through (columns) and the

photoelectron energy expressed in subshell excitation line (rows):
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Material Mo Se

Se3d 18.81 Å 25.38 Å

Mo3d 17.93 Å 22.40 Å

N1s 14.60 Å 19.53 Å

B1s 17.20 Å 23.01 Å

For the photoelectrons originating from the h-BN layer the equation for the corrected

photoelectron intensity can be written as:

IN
′

B =
1

nSeσ

I0

Γ
· exp

(
2Γ

dSe
ΛB
Se

+ Γ
dMo

ΛB
Mo

)
(5.6)

Where IN
′

B is the intensity of the B species corrected for the atomic cross-section σB,

the atom density nB and the damping for the number of Γ overlying selenium and

molybdenum layers. Γ, in this case, expresses the number of MoSe2 layers. The case for

nitrogen is analogous to the case of boron.

To compute the corrected intensity for Mo and Se a more involved calculation has to be

performed. First, the MoSe2 layer is composed of two layers of Se, this complicates the

calculation as the ratio of Se intensity distribution between the top and the bottom layer

is unknown. When assuming two or more layers of MoSe2 this complication is greatly

amplified. Nevertheless to estimate the amount of MoSe2 with respect to the h-BN the

model will assume the intensity to be evenly split between the different layers. Meanwhile

a relatively big error which accumulates for every layer has to be taken into account to

compensate for the even distribution assumption. However, the model shall only hold

in the case of few layers of MoSe2. Using this notions the intensity normalisation for Mo

and Se can be written with the following formula:
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IN
′

Mo =
1

nMoσMo

I0

(
Γ∑
i=1

1

Γ
eiL

)
(5.7)

Where iL is the expression which models the number of layers the photoelectrons have

to travel through for each emitting layer:

iL1Layer =
dSe
ΛMo
Se

(5.8)

iL2Layers =
(3 · dSe)

ΛMo
Se

dMo

ΛMo
Mo

(5.9)

iL3Layers =
(5 · dSe)

ΛMo
Se

(2 · dMo)

ΛMo
Mo

(5.10)

iLNLayers =
(2i− 1) · dSe

ΛMo
Se

· (i− 1) · dMo

ΛMo
Mo

(5.11)

The intensities of molybdenum and nitrogen or boron can now be compared to extract

the number of layers of MoSe2 as expressed in the following equation:

IN
′

Mo = n · IN ′

N and IN
′

Mo = n · IN ′

B (5.12)

As the intensities depend recursively on the number of layers this equation can be graph-

ically solved as shown in Figure 5.5 b) where the normalised intensities for Mo, B, and

N are plotted in function of the number of layers N. The area of overlap between the

intensity curves render an estimation of the number of MoSe2 layers, which, in this case,

is N = 2.5± 0.5 layers.
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Se2  = (49 ± 5) %

Mo = (35 ± 3) %

N = (8 ± 2) %

B = (8 ± 2) %

a) b)
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Figure 5.5 Ratio calculation between photoelectron emission intensities calculated in Table
5.3. The measured photoelectron intensities were normalised using the photoelectron cross-
section and the atomic density for the investigated materials. The ratio of B to N is 1:1
showing the correct stoichiometry for h-BN. The Se to Mo ratio shows a slight deficit of Se, as
the expected ratio between Se and Mo should be 2:1. Figure 2b) For the definition of the layer
thickness a layer by layer growth model as shown by the inset in subfigure b) was used. For
this purpose, the signal of B and N was used as the definition of a monolayer and compared
to the Mo signal. For this calculation the inelastic mean free path of photoelectrons in the
selected materials has been considered, the used values were taken from the NIST database.
The comparison of Mo to B and to N intensity signals, in function of the number layers of
MoSe2 over h-BN, shows the Mo (green) signal to be equal (in the black trapezoid area) to
the signal of 2 to 3 layers of B (orange) or N (blue). Therefore the thickness of MoSe2 can be
assumed to be between 2 and 3 layers.
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5.2.2 Analytic Solution

The result in figure 5.5 b) is obtained graphically and should be verified by an analytical

calculated layer model. With the same consideration as before we assume a uniform

overlayer of MoSe2 material. The intensities, in this case, depend only on the thickness of

the overlayer. For an infinitesimal thickness dz of material we can write the equation:

dIMo = AΦσMo
nMo

d0

· e−z/Λdz (5.13)

Where IMo is the measured photoelectron intensity, A is the illuminated area, Φ is the

photon flux, σ is the atomic cross-section, n is the bi-dimensional atom density while d0

is the thickness of a complete MoSe2 layer, dz is an infinitesimal layer of material, Λ is

the photoelectron mean free path and z thickness of material the photoelectron travels

through. The exponential factor corrects for the photoelectron damping in the material.

We can integrate this equation form 0 to d in respect to the infinitesimal slice of material

dz to obtain the intensity of the full thickness d of the damping material, obtaining:

∫ d

0

dIMo = AΦσMo
nMo

d0

·
∫ d

0

e−z/Λdz (5.14)

IMo = AΦσMo
nMo

d0

· Λ(1− e−d/Λ) (5.15)

d0 shall be the thickness of one monolayer. We may expand the exponential in a Taylor

series to the first order which is correct for d/Λ << 1:

IMo = AΦσMo
nMo

d0

· Λ(1− 1 + d/Λ) (5.16)



107

In a similar way the intensity of the boron signal is given as:

IB = AΦσBnB · e−d/Λ = AΦσBnB · (1− d/Λ) (5.17)

We can form the ratio of the two intensities:

IMo

IB
=
σMo

σB

nMo

nB
·

Λ( d
d0
/Λ)

(1− d/Λ)
(5.18)

Where d/d0 represents the overlayer thickness expressed in the number of monolayers.

We label the ratio of intensity, crosssections and atom densities as R(I, σ, n) and simplify

the expression as follows:

R(I) = R(σ)R(n)
d/d0

1− d/Λ
= R(σ)R(n)

Λ

d0

· d/Λ

1− d/Λ
(5.19)

This equation can be solved for d/d0 and yields as follows:

d/d0 =

(
R(n)R(σ)

R(I)
+
d0

Λ

)−1

(5.20)

Using an approximation of Λ = 20 Å, the calculated atom densities using the unit cell

sizes calculated beforehand, the tabulated cross-section form Scofield et.al. [136] and the

obtained photoelectron intensities form the experimental data in Table 5.1 we obtain a

thickness of MoSe2 of d = 1.8 ML of MoSe2, where the boron of the h-BN layer defines

the monolayer.

These results confirm the few-layer growth of MoSe2 on h-BN, from a quantitative XPS

point of view. The graphical and analytical results are comparable, resulting in a cov-

erage of ' 2 monolayers of MoSe2 material. Albeit, from a structural point of view
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and confirmed by STM [34], the growth of MoSe2/h-BN could be in a mixed multilayer

and monolayer fashion (Stransky-Krastanov type growth [137]) in the amounts, which

appear as a monolayer to XPS analysis. In order to investigate this case, the following

section will focus on the structural analysis of MoSe2/h-BN.

5.3 Material Structure: LEED and XPD

To determine the structural properties of the growth of MoSe2 on h-BN, two structure

sensitive measurement methods were used. Low-Energy Electron Diffraction (LEED)

shows the structural arrangement in the topmost layers of the structure and X-ray

Photoelectron Diffraction (XPD) was performed to allow a more complete analysis of

the multilayered structure. The LEED diffractometer was an Omicron with an actively

cooled CCD camera. The LEED images were taken after sample degassing at 500◦C

and cool down to room temperature. In figure 5.6 a) a LEED image of MoSe2/h-

BN/Rh(111) is shown. The image was taken with an electron energy of 70 eV and was

inverted for better contrast. The threefold symmetric diffraction spots of the h-BN are

clearly visible, proving the presence of h-BN on the Rh(111) substrate as seen in figure

2.7. A weak moiré ring is visible with the highest intensity at the R30 rotated directions

which indicates azimuthal disorder of the h-BN.

The inner structure in the LEED is related to the MoSe2. The MoSe2 appears to grow in

preferential directions following the h-BN structure, with an azimuthal disorder forming

a moiré ring. In subfigure 5.6 c) the linear intensity cuts through the LEED image

which follow the lines of the same color in subfigure 5.6 b) are shown. As the LEED

image represents the reciprocal space of the crystalline structure at the surface and the

lattice parameters of h-BN are well known [16], an estimation of the lattice parameters

of MoSe2 can be given. Taking the distance in pixels across the LEED image between the
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features visible due to MoSe2 coverage the calculated lattice constant can be estimated

to be aMoSe2 = 3.3 Å.

The alignment of the sample can be estimated through the evaluation of azimuthal cuts

in the LEED figure. As shown in figure 5.6 b), circular intensity cuts were taken along

the red and the two blue lines on the MoSe2 features. The red circular cut was subtracted

by the average of the two blue cuts at a higher and respectively lower polar angle, in

order to take into account for the background. The obtained azimuthal plot is shown

in figure 5.7. In red the data of the subtracted azimuthal cut is shown, while in black a

smoothed version of the data is shown for easier visualisation. The data were fitted with

six Lorentzians with a constant and a sinusoidal background following the formula:

f(ϕ, i) = C + A ∗ sin

(
(ϕ− P0)

π

)
+

6∑
i

Ii
(ϕ− iπ

3
)2 +B

(5.21)

Where ϕ is the azimuthal angle, C the constant background, A the amplitude of the

sinusoidal background, P0 the phase of the sinusoidal background, Ii the intensities of

the Lorentzian lineshapes, x0 the positions of the Lorentzian lineshapes with a φ = 60◦

periodicity and B the width of the Lorentzian lineshapes. The Lorentzian lineshape

value was fixed to the value obtained from the fit of the polar cut through the LEED

image. This allows an estimation of the LEED resolution. The obtained fit shown

in blue color in Figure 5.7, can successively be integrated and compared to the total

integral of the azimuthal cut data. The region around the azimuthal angles φ = 300◦

were ignored as the data is affected by the shadowing of the electron source. The result

of this calculation suggests a ratio Iord/Itot = 42 % of ordered to total material. This

result hints to partially ordered growth of MoSe2.
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Figure 5.6 a) LEED picture of the MoSe2/h-BN structure taken at 70 eV electron energy.
Visible the h-BN diffraction spots with a slight R30 rotation and moiré ring, which indicates an
azimuthal disorder of the h-BN layer. The 13/12 diffraction spots around the principal spots,
arising from the h-BN nanomesh, are not visible after the MoSe2 preparation. The inner ring
is related to the MoSe2 structure. The contiguous ring shows the increased azimuthal disorder
of the MoSe2 layer with respect to the h-BN layer. b) Polar and azimuthal cuts performed
on the LEED image for further processing. In red: Polar and azimuthal cuts through the
principal spots of h-BN and MoSe2 diffraction rings. In blue: Azimuthal cuts performed to
subtract the LEED image background from the cut through principal spots. In green and
yellow: cuts performed to determine the lattice constant of h-BN and MoSe2. In c) lattice
constant determination: The calculation was gauged to the known lattice constant and next
neighbour distance of h-BN in the green and red colored linear cuts. The lattice constant of
the MoSe2 is found to be aMoSe2 = 3.3 Å.
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Figure 5.7 In red the normalised azimuthal cut data from figure 5.6 on the MoSe2 diffraction
ring. In black the smoothed data for better visualisation. In blue the fit with six Lorentzian
lineshapes with fixed width. The width was chosen to be the same as the width found in the
fit of the polar cut through the MoSe2 ring (not shown). The data shows that Iord/Itot = 42 %
of the MoSe2 structure follows the registry of the h-BN.

In order to verify the finding shown in figure 5.6 XPD measurements were performed.

The measurements are shown with two different types of normalisation to account for

the advantages and disadvantages of the respective procedures. Additionally, a 3-fold

average was performed, as the analysed structures have a C3 fold symmetry. Both

normalisations allow to display the stereographic projection in a manner to magnify

the features arising from the scattering processes. With the first normalisation a 2D

Gaussian function (∝ exp(−(θ/θ0)2)) is subtracted from the 2D projection, for this

reason the count rate after this particular procedure may be negative in certain regions.

This allows to resolve ring structures which, centered at θ = 0◦ may indicate azimuthal

disorder. On the other side a phi average normalisation is chosen, where the single

pixels lying on a common azimuthal ring θ =constant are normalized by the average

value of the ring. This allows to highlight features but will eliminate centered ring

features, which also includes forward scattering along the surface normal. The phi

average highlights how pronounced features are with respect to the background, as the
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phi average normalisation results in values centered around unity. This is also called the

anisotropy.

The intensities of the Mo3d5/2, Se3p3/2, Rh3d5/2, and N1s lines were recorded over polar

emission angles θ from 0◦ and 82◦ and the full ϕ = 360 azimuthal angles, which is 86% of

the 2π hemisphere over the sample. The result is shown in figure 5.8, where subfigures a)

and b) represent the Mo3d5/2 stereographic projection plots with a Gaussian background

subtraction and a phi average normalisation respectively. The pattern show a distinct

six-fold symmetry which arises from the crystalline MoSe2 layer. In the center of the

plot, a forward scatterer is clearly visible, indicating the presence of at least a second

layer of MoSe2 and confirming the result from quantitative XPS analysis. In the same

manner as in the LEED image, also the XPD shows ring structures, indicating non-

perfect crystalline growth of the MoSe2. In subfigures 5.8 c) and d) the stereographic

projection plot of the Se3p3/2 line are shown with Gaussian background subtraction and

phi average normalisation respectively. Analogous to the case of Mo the plot shows a

six-fold symmetry and a forward scatterer, which on contrary to the molybdenum XPD

forward scatterer can be expected also for the single layer case. The rotation rings are

more pronounced in the case of Se.

In order to confirm the common growth direction of MoSe2 and h-BN in figure 5.9 the

azimuthal position of the scattering features in the XPD plots of the Mo3d5/2 and Se3p3/2

are compared to the Rh3d5/2 and N1s. For the Rh3d5/2 the (211) direction is known

from the literature [125]. Starting from this known direction in the stereographic plot

for a face-centered cubic crystal, polar and azimuthal cuts are performed to compare the

azimuthal angle of the main scattering directions of the three crystalline structures. In

the subfigure 5.9 a) the common crystalline orientation of the Rh(111), the h-BN and

the MoSe2 is visible in the XPD plots. In 5.9 b) the anisotropy found in the circular

cuts through the XPD patterns is plotted versus the azimuthal angle. The anisotropy
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Figure 5.8 XPD of the MoSe2/h-BN heterostructure for selected elements. Top row: XPD
patterns of the Mo3d3/2 line at a kinetic energy of Ekin = 1019.3 eV in a) displayed with a
Gaussian background subtraction and in b) with a phi averaged normalisation. The patterns
show a distinct six-fold structure in both cases arising from the ordered Mo layer. The central
forward scatterer (visible only in a) because of normalisation reasons) suggests the MoSe2 to
be at least partially double layered. The ring structure suggests partial azimuthal disorder as
seen in the LEED measurement in figure 5.6 Lower row: XPD patterns of the Se3p3/2 line at a
kinetic energy of Ekin = 1191.9 eV in c) displayed with Gaussian background subtraction and
in d) with phi averaged normalisation. Analogously to the Mo case the Se displays a similar
six-fold symmetric diffraction pattern and a ring structure.
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is, in this case, defined as the ratio between the value of a measurement point on the

azimuthal ring divided by the average of the values on the ring (Ii/Iavg). The plot

shows that the features of the three structures have a high correlation with a periodicity

of 60◦ and a less pronounced correlation in a 30◦ shifted phase. The 120◦ periodicity

instead arises form the 3-fold averaging of the data. The forward scattering directions

of the MoSe2 layer diffraction patterns follow the same direction as the h-BN diffraction

patterns, which is an indication that the MoSe2 follows the h-BN substrate crystalline

orientation.

Peak parameters:  939.43-939.43 eV   HV 100   1x 2 sec    1 channels
sigRH  (sigRH):   sum  of the Þles rha_ and 0.5*rhb_

( 11.0 / 8.0 )   4507 points   !in= 82°
 - 3 fold average - Phi average (div)

Peak parameters:  851.61-851.61 eV   HV 60   1x 6 sec    1 channels
sig2N  (sig2N):   sum  of the Þles na_ and 0.5*Nb_

( 11.0 / 8.0 )   4507 points   !in= 82°
 - 3 fold average - Phi average (div)

Peak parameters:  1019.3-1019.3 eV   HV 80   1x 6 sec    1 channels
sigMO  (sigMO):   sum  of the Þles Moa_ and 0.49*mob_

( 11.0 / 8.0 )   4507 points   !in= 82°
 - 3 fold average - Phi average (div)

Peak parameters:  1191.9-1191.9 eV   HV 100   1x 6 sec    1 channels
sigSE  (sigSE):   sum  of the Þles sea_ and 0.5*seb_

( 11.0 / 8.0 )   4507 points   !in= 82°
 - 3 fold average - Phi average (div)

a)

b)
Rh3d N1s Se3p Mo3d211 211 211 211

Figure 5.9 Top row a) XPD patterns of the Rh3d, N1s, Se3p, Mo3d structure. The (211) is
marked through a triangle on the XPD plot outer region. The rings of different colors plotted
on the XPD patterns show the location of the azimuthal cuts through the XPD patterns
shown in the subfigure b). These plots show the anisotropy of the XPD patterns along the
circular cuts. The anisotropy is plotted versus the azimuthal angle. As the forward scattering
directions of the MoSe2 layer diffraction patterns follow the same direction as the h-BN layer
and the Rh(111) substrate crystalline orientation. The azimuthal cuts also show a 120◦ which
arises from the 3-fold averaging of the data.

As a concluding step to confirm the crystalline structure of MoSe2 on h-BN Electron

Diffraction in Atomic Cluster (EDAC) calculations were performed [58]. As a cluster,
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we took a 2H MoSe2 structure with two layers as shown in figure 5.1. The calculation

results are shown in the top halves of figure 5.10, where subfigure a) shows the case of Mo

and subfigure b) the case of Se. In the bottom halves the corresponding experimental

measurements are shown. The structure obtained in the simulations fit the structure of

the experiment to a high degree, confirming the presence of crystalline, ordered MoSe2

on h-BN.

a) b)

Figure 5.10 Comparison between EDAC calculation (top halves of the patterns) and ex-
perimental data (bottom halves of the patterns) for a) Mo3d and for b) Se3p emitters. The
simulations are consistent with the experimental data and show a comparable structure for
the Mo3d and the Se3p case.

5.4 Exfoliation

As described in the introduction of this chapter, MoSe2 is particular because of the

optically active properties of the single layer material. Albeit, to investigate the lumi-

nescence properties of MoSe2/h-BN, the layers need to be transferred on a non-metallic

substrate. This is necessary in order to quench the electron-hole pair recombination

which is facilitated by the presence of the metal substrate in the vicinity of the optically

active material. The MoSe2/h-BN layer was electrochemically delaminated from the

Rh(111) growth substrate. The method is described in publication [94] and in chapter
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2, consisting of a Tetraoctylammoniabromide pre-treatment and subsequent delamina-

tion in an electrochemical wet cell. The MoSe2/h-BN layer was transferred to a 90 nm

thick SiO2 on p-doped Si(111) substrate.

To investigate whether the delamination process is successful a comparison between the

XPS spectra before (pristine) and after (transferred) the delamination process is the most

sensitive measurement method. The direct comparison between the XPS intensities for

the element x prior (Ixp ) and after delamination (Ixt ) can be taken as the transfer ratio

T :

T x =
Ixt
Ixp

(5.22)

For simplicity, only the spectra for the boron and selenium were taken for this calculation.

The boron transfer ratio TB will be a value for the transfer success of h-BN while the

selenium transfer ratio T Se for the MoSe2. In figure 5.11 the spectra for boron in the

pristine a) and transferred b) state are shown. The same is shown for selenium in

the pristine c) and transferred d) state. The red circles represent the data, the blue

line the fitting result using Gaussian line shapes and in black the fitting curve for the

single subshells with the peak energy positions. The pristine and transferred graphs are

plotted with the same scale in order to show the signal difference before and after the

transfer. In both the boron and the selenium case the peak energies show a shift due

to the different substrate [94]. The transfer ratios can be calculated using the areas of

the fitted peaks. The so calculated ratios are for boron TB = 0.44 and for Selenium

T Se = 0.1. The transfer ratio for the h-BN are higher compared to the MoSe2 and

shows that the transfer procedure was less optimal for the MoSe2 material. The atomic

ratio between Mo and Se on the transferred sample is R = 1.45 selenium atoms per
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molybdenum atoms, which is similar to the ratio obtained before delamination (R = 1.4)

shown in figure 5.5 indicating a selenium deficit in the MoSe2.

The delaminated MoSe2/h-BN/SiO2 were also analysed by XPD to investigate the struc-

ture. In figure 5.12 the XPD stereographic projections of the a) N1s, b) Mo3d and c)

Se3p elastic lines are shown, all with phi average normalisation. While clearly, the

structure of the h-BN remains intact during transfer, the MoSe2 structure seems more

affected showing great azimuthal disorder compared to the sample in figure 5.8. The

six-fold symmetric anisotropy is still visible confirming the presence of a certain amount

of crystalline ordered MoSe2. The disorder may be an effect of the transfer procedure

where the MoSe2 following the crystalline registry of the h-BN and the Rh(111) substrate

resists delamination due to stronger bonding to the substrate.

5.5 Discussion

In this chapter, the growth and structure of MoSe2 on h-BN/Rh(111) Sinergia thin films

was studied. The XPS data (figure 5.3, 5.2 and 5.5) confirm the growth of at least a few

layer structure of MoSe2 on the h-BN/Rh(111) film, showing the feasibility of transition

metal dichalcogenide (TMDC) growth on h-BN Sinergia thin films. The h-BN layer

remains intact during the growth process and the MoSe2 layer grows in a partially

crystalline structure (figure 5.6) resulting in Iord/Itot = 42 % of ordered material. In

addition XPD analysis of the MoSe2 and comparison to the substrate XPD show a link

between the preferred growth directions of MoSe2 (figures 5.8 and 5.9) and h-BN. The

MoSe2 structure could successfully be simulated with EDAC confirming the crystalline

structure of the 2H MoSe2. Furthermore figure 5.11 and 5.12 demonstrate the feasibility

of MoSe2/h-BN delamination for further electronic application, albeit further research

on an optimized transfer procedure has to be carried out.



118

104

102

100

98

96

In
te

ns
ity

 (k
co

un
ts

/s
)

194 192 190 188 186
Binding Energy (eV)

26

24

22

20

18

16

In
te

ns
ity

 (k
co

un
ts

/s
)

196 194 192 190 188
Binding Energy (eV)

190.4 eV190.4 eV

191.8 eV

80
70
60
50
40
30
20
10

In
te

ns
ity

 (k
co

un
ts

/s
)

60 58 56 54 52
Binding Energy (eV)

170
160
150
140
130
120
110
100

In
te

ns
ity

 (k
co

un
ts

/s
)

58 56 54 52
Binding Energy (eV)

55.7 eV
       54.7 eV
55.7 eV
       54.7 eV

56.7 eV
       55.8 eV
56.7 eV
       55.8 eV

a) b)

c) d)

Bo
ro

n
Se

le
ni

um

Pristine Transferred
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Figure 5.12 XPD patterns of a MoSe2/h-BN after electrochemical delamination. a) N1s
structure showing the well known three-fold symmetric pattern of h-BN, showing the trans-
ferred material remains crystalline to a certain degree. b) and c) Mo3d and Se3p XPD patterns
respectively. The six-fold symmetric patterns are still recognisable, albeit the crystallinity
shows less pronounced than in the case of MoSe2/h-BN/Rh(111).
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The growth of TMDC on Sinergia thin films hints to the possibility for large-scale

growth. As a first step, the growth of MoSe2/h-BN on a 4-inch Rh(111) wafer should

be attempted. The availability of a large number of inexpensive samples allows for fur-

ther studies and designs, particularly for the application of valleytronics [138]. Further

progress is needed to better understand the delamination process as wet transfer methods

potentially limit the electronic properties of the samples [98]. On the other hand MoSe2

is not the only TMDC which shows interesting properties, for this reason, a study of

other dichalcogenide material growth on h-BN/Rh(111) films should be performed and

studied [139].



6 Conclusions and Outlook

6.1 Conclusions

In this thesis, growth and transfer two-dimensional materials have been studied and

achieved. On 4-inch wafers graphene and h-BN were grown successfully. The grown

layers showed to have a high crystallinity over the whole wafer and supplied the research

and testing phase for the delamination and transfer of the layers. The TOA-Br assisted

electrochemical delamination process is a successful transfer method for graphene and h-

BN. It enabled, in a first step, the option to build simple graphene on SiO2 samples which

were studied by angle-resolved photoelectron spectroscopy [94], and supplied samples for

collaborative projects [140], [141].

The delamination technique also allowed to construct layer by layer heterostructured

samples as described in chapter 3. The so produced samples were analysed by XPS

and ARPES measurements. The XPS results in figure 3.11 show the presence of both

graphene and h-BN on the SiO2 substrate. The momentum distribution plots at the

Fermi surface and ARPES measurements clearly show six-fold symmetric intensity mod-

ulations at the K points of the Brillouin zone 3.12 which can be attributed to the Dirac

cones of the graphene. The Dirac cones display an aimed rotation of 40◦, demonstrating

the successful arrangement of the graphene with respect to the h-BN. The sheet resis-
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tivity and charge carrier mobility was measured for the two heterostructured samples

and compared to graphene transferred from sinergia iridium films and polycrystalline

copper foils, as shown in figure 3.13. The transport properties resulted severely limited

with respect to the non-heterostructured samples, which may indicate a limitation of the

electrochemical transfer method. In fact, transport measurement on various samples sug-

gests a reduction in transport characteristics especially for the TOA-Br treated samples,

albeit, a conclusive statement cannot be given due to the limited sample “population

“.

In a second step the direct growth of a g/h-BN/Rh(111) heterostructure on a full 4-inch

sinergia wafer described in chapter 4 was achieved. h-BN was grown in a first step using

CVD in the ultrahigh vacuum regime. Subsequently, a millibar CVD exposure with a

carbon-rich precursor molecule was carried out to enable the growth of the graphene

layer on the h-BN.

The grown heterostructures were analysed by spectroscopic methods and subsequently

transferred on SiO2 substrates. This transfer enabled us to observe the grown het-

erostructures by optical microscopy, as shown in figure 4.1. The figures suggest a concen-

tric growth of graphene starting from numerous growth locations. Raman spectroscopy

performed on circular areas, as shown in figure 4.2, confirm the presence of graphene

and graphitic structures on the sample visible in the shape of the 2D Raman mode. The

graphite contribution is expected from the non-self terminating process during high-

pressure millibar growth environment. Equally, the high D mode suggests disordered

graphene on the surface and is expected for the same reason.

From this knowledge, scanning tunnelling microscopy was performed on the untrans-

ferred sample, as shown in figure 4.3, in an attempt to find evidence for heterostructure

growth. A lateral heterostructure junction was found, and the junction area was anal-
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ysed. No evidence for vertical heterostructures was found using scanning tunnelling mi-

croscopy, which does not exclude the coexistence of vertical and horizontal heterostruc-

ture phases. In a last step, the photoemission spectra and diffraction patterns of the

transferred and untransferred samples were compared. Figure 4.4 and 4.5 show the

presence of the h-BN components on the untransferred and transferred sample while the

components of the graphene, namely the C1s contribution, is split into three distinct

peaks. Using photoelectron diffraction, it was possible to assign the origin to the three

peaks.

The measurements suggest a lateral arrangement of the heterostructure as summarised

in figure 4.6, where the high-pressure environment, during the millibar CVD exposure,

allows carbon atoms to substitute the h-BN layer, forming h-BN - graphene lateral

junctions on the sample.

MoSe2/h-BN heterostructure growth on rhodium sinergia films was achieved as described

in chapter 5. In a collaboration project, rhodium sinergia films were treated with molec-

ular beam epitaxy to grow a dichalcogenide - h-BN heterostructure.

The heterostructure was analysed by photoemission spectroscopy as shown in figure

5.2 and 5.3. From the XPS intensities the thickness of the MoSe2 layer on h-BN was

calculated, showing the presence of 2-3 monolayers of MoSe2 in respect to h-BN. The

structure of the MoSe2/h-BN sample was analysed by low energy electron diffraction and

photoelectron diffraction, shown in figures 5.6 and 5.8, where the amount of crystalline

MoSe2 was estimated to be 42% of the total.

Delamination of the MoSe2/h-BN to a SiO2 heterostructure substrate was possible with

a transfer ratio of 0.1 for the selenium compared to the 0.44 for the boron. Regardless

of the loss of selenium during transfer, Raman spectroscopy and luminescence of the

transferred MoSe2 was observed and published in a peer-reviewed journal [34].
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6.2 Outlook

Growth and transfer of two-dimensional heterostructures will remain a central topic for

its potential in technology application. For computers, the fulfillment of Moore’s law,

which postulates the doubling of the number of transistors per chip every two years

[142], development of two-dimensional heterostructured materials may span the growing

effects of quantum mechanics in miniaturisation of silicon-based field effect transistors.

In this thesis, the growth of g/h-BN/Rh(111) and MoSe2/h-BN heterostructures was

demonstrated on a rhodium wafer based substrate. The option to synthesise such

heterostructures on different metal substrates remains open. Copper thin film siner-

gia wafers represent a possible choice for further experiments on the heterostructure

growth. Indeed, copper substrates were already used for successful vertical heterostruc-

ture growth [24] and the copper facilitates the delamination of the grown structures,

as the coupling of graphene and h-BN to copper is weaker compared to the case of

rhodium. TOA-Br assisted electrochemical delamination is suspected to be a cause for

reduced transport characteristics in the transferred samples [92]. The use of copper

substrates may eliminate the necessity of the TOA-Br pretreatment.

Another option is the synthesis of MoSe2 or other diverse dichalcogenide species on a full

4-inch wafer to study these materials on highly abundant sample availability. The option

to transfer the grown structures on SiO2 opens the experiment to new measurement

techniques which, when compared to the measurements of the untransferred samples,

may be valuable sources of new insights.
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R. Saito, A. Grüneis, G. Dresselhaus, M. Dresselhaus, Y. Ohno, T. Mizutani, and

H. Shinohara, Origin of the 2450cm-1 Raman bands in HOPG, single-wall and

double-wall carbon nanotubes, Carbon 43, 1049 – 1054 (2005).

[110] J. Wu, W.-Q. Han, W. Walukiewicz, J. W. Ager, W. Shan, E. E. Haller, and

A. Zettl, Raman Spectroscopy and Time-Resolved Photoluminescence of BN and

BxCyNz Nanotubes, Nano Letters 4, 647–650 (2004).
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