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Abstract

This thesis presents contributions to the understanding of the fundamental properties of
van der Waals materials, motivated by the long-term goal of developing methods to tune
and control the physical properties of van der Waals materials. In the first part of this
thesis, a method to alkali dope graphene on-chip in an inert glovebox environment is
presented, enabling an electron density of 4 x 10 cm™2 to be achieved. The method is
suitable for charge transport and optical spectroscopy measurements at ultra-high charge
carrier density. In our experiments, cesium vapour inside a cavity promotes cesium atom
adsorption and ionization at the graphene surface, doping the graphene to ultra-high
density levels. At the electron density of 4 x 10" c¢cm™2 a drop in room temperature
mobility to 140 cm?V~!s™! is recorded, in accord with the effective mass increase. Once
doped, graphene can be hermetically sealed to protect against oxidation from the ambient
environment, enabling experimental manipulation outside the glovebox environment. This
method is substantively more facile than state-of-the-art ultra-high vacuum doping

methods. In heavily doped graphene, a large magnetoresistance at low temperature,
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T = 1.3 K, is attributed to electron density fluctuations. Temperature dependent weak
localization reveals the prevalence of trigonal warping, in accord with high electron density.
Non-resonant Raman scattering at a A = 785 nm pump wavelength independently confirms
the high electron density achieved via the dynamic contribution to the Raman G-band
shift.

The second part of the thesis presents the experimental characterization of several
electronic properties of franckeite, a naturally occurring sulfosalt mineral with a van der
Waals superlattice structure composed of alternating incommensurate two-dimensional
layers: pseudo-tetragonal PbS and hexagonal SnS, layers. Experimental observations of the
franckeite atomic structure, using state-of-the-art high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) and atom probe tomography (APT)
are presented. Angle-resolved photoemission spectroscopy (ARPES) measurements of the
band structure reveal an anisotropic two-valley valence band with in-plane effective mass
values, 19.1 and 1.6 my. Optical reflection hyperspectra of exfoliated franckeite is used to
determine the direct optical band-gap at E, = 1.9 - 2.0 eV. Thermoelectric measurements
of exfoliated franckeite flakes reveal a Seebeck coefficient of S = +45 pV/K and verify the

intrinsic carriers to be p-type.
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Abrégé

Cette these présente des contributions a la compréhension des propriétés fondamentales des
matériaux de van der Waals, motivées par un objectif a long terme de controle des
propriétés physiques. Dans la premiere partie de cette these, une méthode de dopage
alcalin du grapheéne sur puce dans un environnement inerte de boite a gants est présentée,

2. Cette méthode convient

permettant d’atteindre une densité d’électrons de 4 x 104 cm
aux mesures de transport de charge et de spectroscopie optique a une densité de porteurs
de charge ultra-élevée. Dans nos expériences, la vapeur de césium a l'intérieur d’une cavité
favorise I'adsorption et l'ionisation d’atomes de césium a la surface du graphéne, dopant
ainsi le graphene a des niveaux de densité ultra-élevés. A une densité d’électrons de
4 x 10" ecm™2, la mobilité & température ambiante chute a 140 cm?V~!'s™! | ce qui
correspond a l'augmentation de la masse effective. Une fois dopé, le grapheéne peut étre
scellé hermétiquement pour le protéger de l'oxydation de ’environnement ambiant, ce qui

permet une manipulation expérimentale en dehors de la boite a gants. Cette méthode est

nettement plus simple que les méthodes de dopage sous ultravide les plus récentes. Dans le
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graphéne fortement dopé, une magnétorésistance importante a basse température,
T = 1,3 K, est attribuée aux fluctuations de la densité électronique. La localisation faible
dépendante de la température révele la prévalence de la déformation trigonale, en accord
avec une densité électronique élevée. La diffusion Raman non résonante a une longueur
d’onde de pompe de A = 785 nm confirme indépendamment la haute densité d’électrons
obtenue par la contribution dynamique au décalage de la bande G de Raman.

La deuxieme partie de la these présente la caractérisation expérimentale de plusieurs
propriétés électroniques de la franckeite, un minéral sulfosalte naturel avec une structure de
super-réseau de van der Waals composée d’une alternance de couches bidimensionnelles
incommensurables : couches pseudo-tétragonales de PbS et hexagonales de SnS,;. Des
observations expérimentales de la structure atomique de la franckeite, utilisant la
microscopie électronique a transmission a balayage a champ sombre annulaire a angle élevé
et la tomographie par sonde atomique, sont présentées. Les mesures de la structure des
bandes par spectroscopie de photoémission résolue en angle révelent une bande de valence
anisotrope a deux vallées avec des valeurs de masse effective dans le plan, soit 19,1 et 1,6
myg. L’hyperspectre de réflexion optique de la franckeite exfoliée est utilisé pour déterminer
la bande interdite optique directe a E; = 1,9 - 2,0 eV. Les mesures thermoélectriques des
flocons de franckeite exfoliée révelent un coefficient Seebeck de S = +45 uV/K et vérifient

que les porteurs intrinseques sont de type p.
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Chapter 1

Introduction

1.1 A Brief Review of 2D materials

2D materials are an important category of nanomaterials, and are also known as layered
materials, van der Waals materials, or lamellar materials. In a 2D lattice, repeating sheets
comprising a single or a few atomic layers that are covalently or ionically bonded in-plane
are vertically stacked via van der Waals forces, making 2D materials highly anisotropic.
The creation of free-standing graphene and the discovery of its remarkable properties [1]
triggered a new era of 2D materials research. The field of research gradually broadened to
include, in addition to graphene, hexagonal boron nitride (h-BN), transition metal
dichalcogenides (e.g. MoSy, WSes), elemental 2D materials (e.g. black phosphorus, silicene,

germanene), graphitic carbon nitride (g-C3Ny), metal-organic frameworks (MOFs) and
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Figure 1.1: Notable examples from the 2D materials family: Graphene, topological
insulators (TIs), transition metal dichalcogenides (TMDs), black phosphorus (bP), MXenes,
graphitic carbon nitride (g-C3Ny,), metal organic frameworks (MFOs). Reprinted with
permission from Ref [5].

others (see Figure 1.1). 2D materials exhibit different physical, electrical, chemical,
magnetic and optical properties, than their 3D counterparts due to the enhancement of
surface effects and quantum confinement of charge carriers. Notably, 2D materials have
attracted significant interest in the past before monolayer exfoliation and synthesis
methods were developed [2-4].

It is relatively easy to isolate small samples of 2D materials from bulk crystals. The
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atomic layers that constitute 2D materials are held together by weak van der Waals forces,
allowing separation of graphene layers by utilizing merely an adhesive tape [6]. This method
is the most primitive form of mechanical exfoliation, which is widely used to achieve good
quality single crystalline flakes generally in the order of tens of micrometers in lateral extent.
Over time, mechanical exfoliation methods have improved to deliver higher quality, larger
and thinner flakes. Recently, researchers have succeeded in exfoliating monolayer graphene
flakes up to 1 mm size using metallic layers to cleave selective number of graphene layers [7].
Another approach is liquid-phase exfoliation, where bulk pieces of the material in suspension
are agitated with ultrasonic waves. This method provides a good balance between fabrication
cost and flake quality [8]. In addition to the top-down methods listed, it is also possible to
directly grow large area 2D materials using chemical vapour deposition.

Previous research has established many impressive electronic properties of 2D materials in
a variety of applications. Graphene has been established as a material with ultra-high room
temperature mobility of 140000 cm?/Vs and ballistic electron transport distances over 15 pm
[9]. In addition to graphene, transition metal dichalcogenides have been utilized in different
electronic applications. A current ON/OFF ratio higher than 10° has been recorded for a
p-type field effect transistor with a monolayer WSes channel [10]. MoSs channel computing
cell has demonstrated photoswitching AND/OR logic computing in a single cell, achieving
higher area efficiency compared to traditional logic gates with 2 transistors [11]. Other

representative examples of the state-of-art electronic devices incorporating 2D materials
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include MoS2 transistors with 1 nm channel length [12], ultra-fast non-volatile memory in
van der Waals heterostructures [13,14]. Most recently, InSe FET have been demonstrated
with excellent sub-threshold swing, contact resistance and current density performance [15].
2D materials are available not only with metallic or semiconducting behaviour but also
in insulating forms. h-BN layers have been proposed as a high-x gate dielectric to gate
graphene channels [16] to achieve fully two-dimensional transistor systems. Furthermore,
2D material interfaces with appropriately matched substrates exhibit superconductivity: a
critical temperature above 100 K have been recorded for monolayer FeSe on SrTiO3 substrate
[17].

Interesting properties of 2D materials are not limited to electronics. Optical properties
of 2D materials have been investigated extensively. Monolayer MoS,; has a direct band
gap and higher photoluminescence by a factor of 10*, compared to its bulk form with an
indirect gap [18]. As a result, graphene/MoS, photodetectors have demonstrated photogain
higher than 10® [19]. WSe, solar cells with graphene electrodes have shown comparable
power conversion efficiency to prevailing thin-film solar cells with the added benefits of being
lightweight and flexible [20].

Tunability of 2D materials enables engineering their various properties. It is possible to
modulate the band gap of 2D materials by modifying the number of layers, applying electric
field or strain. In fact, phosphorene has a layer dependent direct band gap that allows optical

transitions in the spectral range from the visible to the mid-infrared [21]. Additionally, the
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giant Stark effect, which is the shifting of energy levels due to applied electric fields, has been
recorded in phosphorene [22]. Furthermore, in Fe3GeTe, flakes, gate-tunable ferromagnetism
has been observed [23]. Large surface area to volume ratio of 2D materials makes them more
sensitive to surface effects compared to bulk materials. As a result, 2D material surfaces
are effective mediums for electrochemical sensing [24]. Functionalization of 2D materials,
enables fine tuning of the surface chemistry to engineer selective membranes for chemical or
bio sensing applications.

Doping is a widely utilized strategy to tune the electrical properties of materials for
applications or to investigate the fundamental properties of charge carriers. In 3D
semiconductors, doping is achieved through dopant diffusion or ion implantation into the
bulk crystal. However, for 2D materials, distinct doping approaches are required due to
their reduced dimensionality. Electrochemical and electrostatic gating are commonly used
to dope 2D materials. Additionally, the heightened surface sensitivity of 2D materials
allows effective doping through dopant adsorption onto the surface [25,26]. Furthermore,
the weak van der Waals bonding between atomic layers in 2D materials allows for a unique
doping method involving the intercalation of dopants between the individual layers.
Reversible intercalation of lithium in bilayer and the kinetics of Li diffusion within
graphene layers have been reported [27]. A combination of intercalation and adsorption
allowed researchers to dope graphene on both sides, to access superconducting states near

the M point [28]. More recently, remote doping of MoSy through a stacked 2D
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heterostructure have been proposed to suppress Coulomb scattering from charged
impurities [29].

2D materials exhibit weak substrate interactions because they couple to the substrates via
van der Waals forces, without any dangling bonds on the interface. Therefore, 2D materials
are far more flexible than compound semiconductors with lattice matching requirements
to the substrate. It is possible to fabricate various 2D material/substrate systems and even
stack different 2D materials on top of each other to create heterostructures and superlattices.

Next section presents an overview of 2D superlattices and their applications.

1.2 A Brief Review of 2D Superlattices

The term superlattice was first used for bulk semiconductor systems with a periodic potential
in one direction. The periodic potential is achieved by alternating the material type or the
doping levels of the layers. In such a system, if the periodicity is smaller than the electron
mean free path, electrons would tunnel through the potential barriers thereby creating new
energy bands. Esaki and colleagues have been the first to grow a 50 layer Al,Ga;  As
superlattice with a periodicity of 100 A via molecular beam epitaxy and observe nonlinear
transport with negative resistance regions experimentally [30,31]. Later, researchers have
employed superlattices for a wide array of applications including GHz oscillators [32], THz
detectors [33], quantum cascade lasers [34] and high thermopower materials [35].

Creating superlattices using 2D materials introduces fresh opportunities for investigating
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fundamental physics of confined charge carriers and engineer novel materials with desirable
band structures. 2D superlattices can be mainly categorized in five classes: vertically stacked,
intercalation compounds, moire patterned, strain engineered and lithographically engineered

[36] as shown in Figure 1.2.
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Figure 1.2: Classification of 2D superlattices. (a) Vertical stacking of different 2D layers.
(b) Intercalation compounds. (c¢) Moiré structures by twisting two 2D layers. (d) Strain-
engineered layers by applying periodic strains. (e) Lithographic engineered structures by

placing 2D material on a patterned topography. Reprinted with permission from Ref [36].

The first approach (Figure 1.2a) is analogous to 3D multiple quantum well structures,
where different 2D species are stacked in a vertical repeating pattern to create a periodic
potential. In 3D superlattices, the layered species have to be lattice matched due to covalent

bonding in order to preserve the crystalline structure. However, in 2D superlattices, any
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combination of 2D layers can be used due to their weak interlayer interactions. The process of
creating vertically stacked superlattices can be laborious, involving manually picking up and
stacking individual exfoliated layers using adhesive tape or PDMS. To streamline this process,
one research group has developed an autonomous robotic system capable of locating and
stacking individual layers, enabling the fabrication of complex h-BN/graphene superlattices
with up to 29 layers [37]. Additionally, it is possible to grow stacked 2D superlattices
using molecular beam epitaxy [38]. A unique approach to creating 2D superlattices is by
rolling up few layer van der Waals heterostructures to form higher order counterparts [39].
Alternatively, there are natural van der Waals superlattices, such as cylindirite and franckeite
[40], which can be mined in bulk form. It is possible to simply mechanically exfoliate such
materials to achieve single-crystalline flakes.

Another category of 2D superlattices are known as intercalation compounds (Figure 1.2b).
Intercalation is the process of adatoms diffusing in between the layers of a van der Waals
material. The adatoms self order and form layers in between host crystal layers, thus a 2D
superlattice with a periodic potential emerges. The most well known of this class are the
graphite intercalation compounds, in which alkali adatoms are intercalated into a graphite
host crystal [41]. Intercalated superlattices have been proposed for different applications.
Intercalating organic molecules into TiSy crystals, researchers have achieved high power
factor flexible thermoelectric materials [42]. Additionally, K intercalated graphite [43] and

Li intercalated MoSsy/graphene [44] superlattices have been developed for energy storage
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applications.

2D moiré superlattices arise from the arrangement of two or more 2D layers at a specific
twist angle (Figure 1.2c). These layers can be of the same species or different species.
When the twist angle is small and the lattices of the stacked layers are similar, a unique
long-wavelength superlattice pattern with tunable band structure characteristics is created.
The interaction between twisted layers may result in charge redistribution and structural
effects such as ripples, which contribute to the emergence of a new band structure. The
most well studied 2D moiré superlattice is the twisted bilayer graphene. By adjusting the
twist angle, it is possible to engineer the band structure such that the van Hove singularities
become accessible at lower Fermi energies compared to pristine monolayer graphene [45].
Unconventional superconductivity due to band flattening near the van Hove singularities have
been observed in this system [46]. Another notable example is the twisted h-BN/graphene
moiré superlattice which enabled the experimental observation of Hofstadter’s butterfly [47],
a fractal energy spectrum that rises due to the interplay between discrete energy levels of

the superlattice and Landau levels.

1.3 Original Contributions

In this thesis, the following original contributions are reported.

« A new methodology to alkali dope graphene devices in a N3 glovebox
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environment. The method, called the flip-chip method, involves a graphene Hall
bar device fabricated using lithography methods being exposed to Cs vapour inside a
glovebox. A home-built electromagnet integrated to the doping setup, allows
real-time carrier density and Hall mobility measurements as graphene is more and
more alkali doped. Heavy electron density levels up to 4 x 10** cm™ is achieved using
the flip-chip method. The Cs doped samples can be sealed afterwards to allow further

experiments of doped graphene.

« Experimental observations of magnetotransport and Raman spectroscopy
in heavily alkali doped graphene. Transport experiments of heavy doped graphene
Hall bar devices with carrier densities between 1.4 —4 x 10'* cm™ is presented. A large
magnetoresistance at low temperature is attributed to electron density fluctuations
in heavily doped graphene. Doping density dependent weak localization reveals the

prevalence of trigonal warping.

« Experimental observations of franckeite crystal structure. Atomic structure
measurement using high-angle annular dark-field scanning transmission electron

microscopy and atom probe tomography of exfoliated franckeite is carried out.

o« Thermoelectric experiments of exfoliated franckeite. Thermoelectric
experiments were conducted on exfoliated franckeite flakes on SiOy/Si substrate.

Metallic heater, thermometers and electrical contacts are patterned onto the
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franckeite flakes via electron beam lithography to measure the temperature gradient
and the induced voltage across the material. A p-type Seebeck coefficient
S=+45 nV/K, which is significantly smaller than reported for PbS and SnS,, is

observed.

« Reflection hyperspectra of franckeite. Exfoliated franckeite flakes on SiOy/Si
are analyzed by AFM and optical reflection hyperspectral images were acquired.
Optical response in areas with varying flake thicknesses is presented. A transition
from absorption dominated response to interference dominated response occurs at a

direct optical absorption edge E,= 1.91-2.0 eV.

The work presented in this thesis resulted in the following publications, submissions and

presentations.

1. H. Zschiesche, A. M. Aygar, B. Langelier, T. Szkopek, and G. A. Botton, “Atomic
scale chemical ordering in franckeite-a natural van der Waals superlattice,” Journal of

Physics: Condensed Matter, vol. 34, no. 5, pp. 055403, 2021.
o A. M. Aygar and T. Szkopek proposed the research idea and made contributions
to the manuscript.

o A. M. Aygar prepared franckeite flakes by mechanical exfoliation under the

supervision of T. Szkopek.

« B. Langelier provided technical services for STEM and APT
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o H. Zschiesche conducted the STEM and APT experiments, performed data

analysis and wrote the manuscript under the supervision of G. A. Button.

2. A. M. Aygar, O. Durnan, A. Griineis, and T. Szkopek, “Ultra-high charge carrier

density in monolayer graphene by integrated flip-chip alkali doping.” Under review.

A. M. Aygar fabricated the devices, conducted the doping experiments, transport
and Raman measurements and conducted the data analysis under the supervision

of T. Szkopek.

e O. Durnan designed and assembled the electromagnet used in doping experiments

and contributed to the doping experiments.

o A. Griineis provided expertise on alkali doping.

o A. M. Aygar and T. Szkopek wrote the manuscript.

3. A. M. Aygar, A. Grineis, T. Szkopek, “Seebeck coefficient of exfoliated franckeite

flakes.” In preparation

o A. M. Aygar fabricated the franckeite devices, conducted the atomic force
microscopy, the thermoelectric experiments and all data analysis under the

supervision of T. Szkopek

o F. Poirier conducted optical reflection hyperspectral measurements.

o T. Szkopek and A. Griineis collected nano-ARPES and nano-XPS measurements
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at the SOLEIL Antares beamline.

o A. M. Aygar and T. Szkopek are in the process of preparing the manuscript.

1.4 Thesis Outline

The structure of this thesis is explained below.

Chapter 2: A review of concepts related to the electronic properties of graphene is
presented. FElectronic band structure of graphene is calculated using a third-nearest
neighbour tight-binding model. Transport phenomena such as the Hall effect,

magnetoresistance and weak-localization effect are discussed.

Chapter 3: Original work on an integrated flip-chip method to dope graphene by alkali
vapour, suitable for charge transport measurements at ultra-high charge carrier
density is introduced. Non-resonant Raman scattering independently confirms the
high electron density achieved. Transport characteristics of heavy doped graphene
samples are presented. A large magnetoresistance at low temperature is attributed to
electron density fluctuations in heavily doped graphene. Scattering lengths extracted
from the weak-localization are presented with respect to doping density and
temperature. Doping density dependent weak localization reveals the prevalence of

trigonal warping.

Chapter 4: A review of franckeite, a natural van der Waals material is presented and



1. Introduction 14

literature regarding its crystal structure, and DFT calculations of its band structure
are discussed. Previous optical spectroscopy, photoluminesence and charge transport

experiments are reviewed.

Chapter 5: Original work on the characterization of franckeite electronic structure is
presented.  Atomic structure measurement using high-angle annular dark-field
scanning transmission electron microscopy and atom probe tomography provide
information about the crystal structure of franckeite, including refinements to the
structure of the Q- and H-layers and chemical ordering effects. Additionally, optical
reflection hyperspectra of exfoliated franckeite is used to determine the direct optical
band-gap. Effective mass estimations from angle-resolved photoemission spectroscopy
experiments are presented. Lastly, the Seebeck coefficient and intrinsic charge carrier

type are determined from thermoelectric measurements of exfoliated franckeite flakes.

Chapter 6: A summary and synthesis of the main findings and outcomes of the research
are presented. The implications of the results, as well as the limitations and suggested

future research are explained.
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Chapter 2

Graphene Review

Since Novoselov and Geim were awarded the 2010 Nobel Prize in physics [48,49]. for their
experimental findings on graphene, there has been significant interest in exploring the
different characteristics of this material. Nevertheless, well before their ground-breaking
work, theories regarding the electronic structure of graphene had already been established.
This chapter provides a brief overview of the relevant electronic properties of graphene as a

prelude to the original experimental work presented in Chapter 3.

2.1 The Band Structure of Graphene

Graphene, a single atomic layer of graphite, has a 2D hexagonal lattice composed of carbon
atoms. In the atomic plane, carbon atoms are bonded together with single C' — C' bonds.

Each carbon atom forms three ¢ bonds with the neighbouring atoms through the overlap of
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sp? hybridized orbitals. One half filled p orbital of each carbon, perpendicular to the atomic
plane, form a 7 band with the neighbouring atoms.

The band structure of graphene was first calculated using a tight binding approximation
by Wallace in 1947 [50] followed by Slonczewski and Weiss in 1958 [51] with the purpose
of understanding the electronic properties of graphite. At the time the isolation of a single
layer of graphene was out of question yet they predicted that this single layer of graphite
was a semimetal with valence and conduction bands touching at the corners of the Brillouin
zone and the band dispersion had the shape of cones near these points.

The tight-binding method is a relatively simple and computationally efficient method for
calculating band structures. It relies on the assumption that the electrons in the deep atomic
orbitals are “tightly bound” to the nuclei and therefore their interactions with the rest of
the lattice are ignored. It is also assumed that the individual atomic orbitals in the lattice
interact or overlap with other orbitals minimally. Like any approximation, the tight-binding
approach has its limitations. It doesn’t accurately describe materials where long-range or
electron-electron interactions are significant. Furthermore, it may be challenging to choose
the right basis orbitals and hopping parameters for systems with complex crystal structures.
Nevertheless, in the scope of this thesis the tight-binding method serves as a reliable tool to
estimate the band structure of the simple graphene lattice.

To calculate the band structure using the tight-binding method, one begins by defining

the crystal lattice unit cell and specifying the atomic positions of the basis and the
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neighbouring atoms. Then, the relevant basis orbitals are chosen, and hopping and overlap
integrals between neighbouring atoms are determined. Hopping integrals quantify the
strength of the electron hopping between atomic sites, similarly, overlap integrals quantify
the strength of the overlap between neighbouring electron wavefunctions. Using this
information, a transfer matrix and an overlap matrix are constructed. Bloch’s theorem is

applied to simplify the problem to an eigenvalue problem in the following form [52],

H(k)e(k) = S(k)E(k)c(k) (2.1)

where k is the electron wave-vector, and H(k) and S(k) are the transfer and overlap
matrices, respectively. The eigenvectors in c(k) describe the electron wavefunctions and the
eigenvalues E'(k) are the energies.

In its simplest form, the tight-binding method assumes that each electron only interacts
with the first-nearest neighbour in the lattice. For a more complete picture, second-nearest
or third-nearest neighbours can be taken into account. Another commonly applied
simplification is ignoring the effects of overlap.

In this thesis, we follow a semi-empirical approach to estimate the band structure of
graphene using a third-nearest neighbour tight-binding calculation. We use the hopping and
overlap parameters determined from fits to ARPES measurements of graphene by Griineis

et al [52]. The unit cell of the graphene lattice consists of two carbon atoms labelled A and
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B and it is shown with the dashed line in Figure 2.1a. a; and a, are the primitive vectors
of the direct lattice and the lattice constant ag = |a;| = |as| = V3ac_c, where ac_¢ is
the length of the carbon-carbon bond, 1.42 A. by and b, are the primitive vectors of the

reciprocal lattice.

(a) Direct lattice of graphene with the (b) Reciprocal lattice of graphene with the

primitive translation vectors a; and as. primitive translation vectors by, by, and the
first Brillouin zone (shaded region). Important

symmetry points are labelled.

Figure 2.1: Direct and reciprocal lattices of graphene. Dashed lines define the unit cells.

mo=(F e m=E () 29
a :(§7%)a0 b, :%(%’D

The Brillouin zone (shaded region in Figure 2.1b) is the Wigner-Seitz primitive cell in the
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reciprocal lattice constructed using the 6 directions: by, by, by + by, —by, —by, —b; — b

The wavevectors of the important symmetry points labelled in Figure 2.1b are listed below.

Figure 2.2: First-nearest neighbour displacement vectors



2. Graphene Review

20

3 V3
€3 = Ty ac-c
3 V3
€1 = T T Ty ac-c
133 :( ,—\/g) ac-c

. 3 V3
==, —— | ac-
6 27 9 c-C
Figure 2.3: Second-nearest neighbour displacement vectors

¢ = (1, \/§) ac—c

(2 = (—2, O) ac—c¢

(3= (1, —\/§> ac-c

Figure 2.4: Third-nearest neighbour displacement vectors

The displacement vectors for first-, second- and third-nearest neighbours are illustrated

in Figures 2.2, 2.3 and 2.4 respectively. fi(k), fo(k) and f3(k) are the displacement phase

factors for the first-, second-, and third-nearest neighbours, calculated using the displacement
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vectors.

fitk) = Zi: exp(tk - é,) (2.3a)
fa(k) = i exp(ik - €,) (2.3b)
fak) = zi: exp(tk - () (2.3¢)

In graphene, the electronic states close to the Fermi level primarily originate from the m
band, which means we can focus solely on the 2p, orbitals of each carbon atom in the unit
cell. Using the displacement factors, the on-site energy(Ey) and the hopping parameters (7,
Y2, 73) the transfer matrix is constructed as,

Hya Hap Ey + 72 f2(k) Y1 f1(k) + 3 f3(k)
H(k) = = : (2:4)

Hpa Hpp T fik) +sfik)  Eo+72f5(k)
Similarly, the overlap matrix is constructed using the displacement factors and the overlap
parameters (s, Sz, S3).

Saa Sas 1+ sy fa(k) s1fi(k) + s3f3(k)
S(k) = = (2:5)

Spa S s1fi(k) + sz f5 (k) 1+ s2f5 (k)

The on-site energy, hopping parameters and overlap parameters from Griineis et al. [52]

are given in Table 2.1. Inserting equations 2.4 and 2.5 into equation 2.1 and solving for the
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eigenvalues, F(k), in the first Brillouin zone gives the dispersion relation of the two graphene

bands.

Eo (eV) m (V) 72 (eV) s (eV) s S 53

-2.2624 -3.4416 -0.7544 -0.4246 0.2671 0.0494 0.0345

Table 2.1: 3NN-TB parameters used in our calculations determined by Griineis et al. [52]
by fitting graphene bands to ARPES data.

We utilize a Matlab code to construct the reciprocal lattice mesh and calculate the
corresponding energies. Figure 2.5 illustrates the calculated band dispersion of graphene,
as a 3D surface plot as well as cuts in various directions. The surface plot illustrates the
touching valence and conduction bands at the vertices of the hexagonal Brillouin zone,
corresponding to the charge neutral condition of graphene, which we take as the reference
point for energy E = 0. Near neutrality, the dispersion is shaped as circular cones centered
at the K and K’ points, giving rise to massless Dirac fermions, which have been extensively

investigated [53,54].
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(a) 3D surface plots of the graphene bands (b) Contour plot of the projection of the
conduction band onto the k;-k, plane. Black
lines represent the edges of the Broullin zone.
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(c) Energy dispersion in the K-M-K’ (d) Energy dispersion in the I-K-M-T'

direction directions

Figure 2.5: Energy dispersion of graphene calculated using a third-nearest neighbour tight-
binding method. In each plot, green and orange correspond to conduction and valence bands,

respectively.
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As the Fermi level moves away from neutrality towards higher energies, the conical
bands exhibit trigonal warping as seen in Figure 2.5b. Further away from neutrality,
interesting physics emerges near the M point. The bands flatten (Figure 2.5¢), leading to a
heavier effective mass. The M point is a saddle point, causing a sudden change in the Fermi
surface from describing electron pockets to hole pockets, known as a Lifshitz transition
(2.5b). Various physical properties are sensitive to changes in the Fermi surface geometry,
including charge transport, optical transitions, and Raman scattering. Moreover, the M
point is associated with a van Hove singularity (vHS) in the electronic density of states.
vHS corresponds to a divergence in the density of states, and in the specific case of a saddle
point in two dimensions the divergence scales as In |E — Ej;| [55], that results in enhanced
electronic, optical response and many body effects. More detailed insights into the physics
near the M point will be discussed in Chapter 3, focusing on ultra-high doped graphene.

We can extract the density of states, carrier density and effective mass from the dispersion
relation. The density of states is defined as,

ON(E) 1

DOS(E) = =55~ 7.1
=y

(2.6)

where N(E) is the number of accessible states per unit area L,L, with an energy £’ < E.
In our calculations, we extract the density of states numerically using the E(k,, k,) matrix

we constructed earlier. We count the number of accessible states per unit area, including
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the spin degeneracy factor of 2.

 2A(E)

NE) = X5 Ak,

(2.7)

where Ay, is the area in the reciprocal space subtended by the iso-energy contour at energy
E and Ak; = 2mw/L; is the unit spacing in k-space along direction i. The density of states

(Figure 2.6) is numerically calculated per unit energy AFE via,

DOS(E) =

N(E + AE) — N(E) (Akw Aky> | 28)

AFE 2r 2w
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Figure 2.6: Calculated density of states in graphene showing the divergence at the M point,

Eym= 1.9 eV. Green and orange correspond to conduction and valence bands respectively.

We now turn our attention to the experimentally measurable quantity, the charge carrier
density. Assuming all accessible states at £ < FEp are occupied and all other states are

empty, charge carrier density is the sum of the density of states up/down to the Fermi
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energy Er (Figure 2.7).

Er
n(Ep) =Y DOS(E) , for electrons

’ (2.9)
n(Ep) => DOS(E) , for holes

Er

x10'® '

351

251

n (cm'z)

05r

Figure 2.7: Calculated charge carrier density in graphene. Green and orange correspond
to electron and hole concentrations respectively. Carrier density at the M point is n(Ey) =

4.7x10" ¢cm™. For reference, carbon atom density in graphene is ng = 3.82x 10 cm™.

The majority of research regarding the electronic properties of graphene work with
energies near neutrality and therefore use a linear dispersion relation, £ = wvgphk for the
effective mass calculations, where vp = 10° m/s is the Fermi velocity. The focus of Chapter
3 of this thesis is ultra-high doped graphene, in which Fermi energies are getting closer to
the M point. Therefore, a linear dispersion approximation is not applicable. It is suitable

to calculate the effective mass of an isotropic material with an arbitrary dispersion relation
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using the cyclotron mass as proposed by [56]. Cyclotron mass is defined as [57],

m*(E) = ;i <wg“éE)> (2.10)

From the density of states calculations we can extract 0A(E)/JE by using equations 2.6

and 2.7.

0 ([ 2A4(E) ) Ak, Ak, 2.11)

DOS(E) = 55 (AkxAk;y or 2

Thus, we can write effective mass in terms of the density of states correcting for a valley

degeneracy factor of 2 (at K and K’) as,

DOS(E)

m*(E) = hr (2.12)

Figure 2.8 shows the calculated electron effective mass for energies up to the M point. At
higher energies, the linear dispersion approximation no longer holds. As expected, electrons
start to become massive near the M point, due to the divergence of the density of states and

band flattening.
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Figure 2.8: Calculated electron effective mass in graphene. The green curve represents the
calculated cyclotron electron effective mass of graphene. Gray line shows the effective mass

with the linear dispersion approximation.

2.2 The Hall effect in Graphene

The Hall effect is a fundamental phenomenon in condensed matter physics that occurs when
a conducting material is subjected to a magnetic field applied orthogonal to the charge carrier
velocity. It is an essential tool for studying charge carrier transport in various materials. The
experiments presented in Chapter 3 utilize Hall measurements to detect the majority carrier
type and estimate the carrier concentration and mobility.

In a 2D system, with the material defining the z-y plane (Figure 2.9),we define a 2D
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conductivity tensor as shown below.

= (2.13)

where J,, and F,, are current density and electric field in the principal directions. In a
homogeneous, isotropic material without time-reversal symmetry breaking mechanisms, like
graphene, the Onsager relations imply o,, = 0,, and o,, = —0y,. It is also useful to note

the resistivity tensor elements,

E$ O-.'L'CL'
pxw = =55
J. 02, +03, (2.14)
_Ey, _ op
Pav = Jo O +Ja%y.

In the case of a Hall bar geometry (Figure 2.9) with current directed I, along the +x
axis, experimentally measurable resistances are related to resistivity values via the width of

the sample W and length of the sample L.

E, V/L W
Poe =7, 71 //W =M
oo e (2.15)
B, _ VW

When this material is exposed to a magnetic field B, perpendicular to the atomic plane

(+2-direction), the resulting Lorentz force along the y axis induces a Hall voltage V,, along
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y. Depending on the charge carrier type, the direction of the Hall voltage is determined.

= ST = S—
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Figure 2.9: Schematic of an experiment with a Hall bar that shows the geometric
parameters of the sample, the directions of the applied current I, and magnetic field B,, and
the measured longitudinal (V,) and transverse (V) voltages. Longitudinal and transverse
resistances are measured simultaneously, in a 4-point configuration and without mixing. The
transverse voltage pick-up, V,, is the Hall voltage induced due to the perpendicular magnetic
field B,.

A Hall-bar geometry allows for measuring the longitudinal (R,,) and transverse (R,,)
resistances without mixing contributions of p,, and p,,. Moreover, both resistances can
be measured simultaneously in a 4-point configuration, which negates the effects of contact
resistance. A voltage is applied to terminals 1 to 4, creating a current I,. Induced Hall
voltage, V,, due to the out-of-plane magnetic field, B, is picked up from terminals 3 and
5. Longitudinal voltage, V,, is measured from terminals 2 and 3. The Hall coefficient is

extracted from the measured quantities using

Ry = = (2.16)
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Near the charge neutrality point, both electrons and holes contribute to conduction in
graphene. In such a system, the Hall coefficient depends on the charge density (n., ny) and

mobility (te, pn) of electrons and holes according to a simple Drude-Lorentz model [57],

2 2
Ry = ——clle — (2.17)

e(Nepte + nnfin)?

where e is the elementary charge.

Figure 2.10: The longitudinal (p = p,,) and transverse (p,,) resistivities of graphene
with respect to gate voltage which is directly proportional to carrier density at a constant
magnetic field. To describe p and p,, near neutrality, a single carrier model is not applicable
and contributions from both carrier types need to be considered. Reprinted with permission
from Ref [32].

The experimental results from [25] demonstrates the antisymmetric behaviour of p,,
(Figure 2.10). Here, p,, is presented with respect to an externally applied gate voltage,

which is in turn directly proportional to carrier density is measured at a constant magnetic



2. Graphene Review 32

field. Near the charge neutrality point, both electrons and holes contribute to the Hall
coefficient.
Away from the charge neutrality point, the effect from minority carriers can be neglected.
The Hall coefficient simplifies to,
1
Ry = (2.18)

eNep

As a result, carrier density is inferred directly from the measured transverse resistance.

(2.19)

Once the carrier density is estimated, carrier mobility can then be calculated using,

1 L
= _ , 2.20
Heh ENe hPra ene,th:rW ( )

which is known as the Hall mobility, being derived from a Hall measurement.

2.3 Magnetoresistance in Graphene

While the Drude-Lorentz model predicts R,, independent of magnetic field in the case of
a single carrier type, relevant to graphene away from neutrality, experiments reveal a non-
zero magnetoresistance, meaning a dependence of R,, upon magnetic field B,. We use the

effective medium theory developed by Ping et al. [58] to model the magnetoresistance of
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Figure 2.11: Magnetoresistance due to carrier density inhomogeneity. The forces acting on
an electron in low density (left panels) and high density (right panels) regions, in the absence
(higher panels) and presence (lower panels) of magnetic field B. The change in drift velocity
in the presence of magnetic field results in magnetoresistance. Reprinted with permission
from Ref [58].

graphene.

Effective medium theory is typically applied to 2-band systems. An example is
inhomogeneous doped graphene near the Dirac point where the system exhibits electron
dominant and hole dominant spatial regions [59] and magnetoresistance contributions from
both needs to be considered. According to Ping et al. the effective medium theory is still

applicable to graphene away from the Dirac point, with the assumption that carrier density

inhomogeneity creates higher and lower carrier density regions as represented in Figure
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2.11. The Hall force, due to charge separation at the Hall bar edges, depends on average
carrier density n,,, is common to regions of higher and lower density. Therefore, the local
Lorrentz force due to the magnetic field varies in direction across regions of different local
density, modulating the local drift velocity due as a function of magnetic field.
Magnetoresistance, meaning R,, dependence upon B,, emerges. The model of Ping et al.
assumes that the the carrier density n has a Gaussian form with an average carrier density

n with an rms fluctuation dn,,s. The analytical form of magnetoresistance is given as

paa(B) = po [1+ A(uB)?| . (2.21)

Here, py is the inferred zero-field resistivity p,,(0) and A is a dimensionless coefficient A =
0.5(n/ (5nrms)72. The result is a quadratic magnetoresistance due to inhomogeneous carrier
density that persists far away from the Dirac point. The quadratic form is not specific to
linear dispersion. The agreement of this model to experimental results of ultra-high doped

graphene will be discussed in Chapter 3.

2.3.1 Weak Localization in Graphene

When electrons scatter due to impurities or defects in a material, they can experience
constructive or destructive interference if phase coherence is maintained. In the weak

localization regime, coherent backscattering of electrons becomes more likely, resulting in a
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reduction of electron diffusion and an increased probability of their return to their starting
position (Figure 2.12a). This effect leads to a characteristic negative correction to the
electrical conductivity at low temperatures and is a crucial manifestation of quantum
interference in disordered materials [60].

The observation of the weak localization effect requires certain conditions to be met.
Lower temperatures lead to longer electron phase coherence times, which are necessary for
coherent backscattering and interference effects to be significant. Moreover, the material
should have a certain degree of disorder, such as impurities, defects, or rough surfaces.
These sources of disorder are essential for inducing scattering events. Low-dimensional
systems, such as thin films, are more likely to exhibit the weak localization effect. Reduced
dimensionality increases the probability of electron interference and enhances the visibility
of the effect. The weak localization effect is sensitive to magnetic fields. In the presence of
a magnetic field, magnetic flux imparts a phase shift in the electronic wavefunction in
proportion to the subtended area of the electron path, which can suppress the weak
localization effect. Therefore, weak localization experiments are typically conducted versus
magnetic field. By tuning the effect under varying magnetic fields, researchers can precisely
quantify the quantum interference contribution to classical resistance. A thorough review
of the fundamental theoretical and experimental principles of weak localization are
presented in [60].

The theory for the weak localization effect was first developed by Hikami et al. [61].
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Later, McCann et al. [62,63] extended the theory to graphene and presented an analytical
expression for the quantum correction to conductivity, which is sensitive to contributions
from multiple scattering mechanisms: dephasing, intervalley scattering, intravalley

scattering. The scattering lengths associated with these mechanisms are defined below.

« phase coherence length, Ly: Phase coherence length depends on the rate of inelastic
scattering events. Frequent inelastic scattering events disrupt phase coherence,
leading to the suppression of weak localization. Electron-electron and
electron-phonon scattering mechanisms both fall into this category. Specifically,
electron-phonon scattering is significantly affected by the thermal energy of the
lattice, making temperature a critical factor that can shorten the phase coherence

length.

o intervalley scattering length, L;: Intervalley scattering is an elastic process due to
atomically sharp scatterers, boundaries or ripples. Because of this nature, the

intervalley scattering rate highly depends on specific device characteristics.

o intravalley scattering length, L,: Intravalley scattering is another elastic scattering
process that is due to chirality breaking defects and trigonal warping. At high doping
densities where the Fermi level shifts to high energies, trigonal warping is expected to

be dominant.
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The scattering lengths can be expressed in terms of scattering times using

¢717*
= —gir 2.22
D (2.22)

Tep,i,%

where D is the diffusion coefficient and is given by

1
D:§@m (2.23)

where vp is the Fermi velocity and 7, is the transport scattering time that is determined
from the carrier mobility.
In the formalism of Ki et al. [64], the quantum correction to conductivity Ao is expressed

in terms of the scattering lengths Ly, L; and L,.

8rB 8mB 8rB
Fl—=]-F —2F
<©0L;2> <®O(L;2+—2L;2)) (¢O(L;2+-L;2+—L;2))]

(2.24)

Aoy (B) = —

where F(z) = Inz + v (0.5 + 271), ¢(z) is the digamma function and ®, = h/e is the flux
quantum.

Weak localization measurements are useful to gain insight into the different scattering
mechanisms in a material. Several studies have contributed to the understanding of
scattering mechanisms in graphene through weak localization experiments [64-68]. When

electrons in graphene complete a closed trajectory they pick up a Berry phase of © owing
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to the chiral nature of the electronic wavefunction around the K point. This results in
destructive interference of the electron wavefunctions and weak anti-localization is
observed, a unique aspect of graphene [67]. On the other hand, intervalley scattering favors
weak localization given that carriers that are scattered to another valley can have zero
phase difference due to the reversed chirality of the two valleys [68]. Figure 2.12 illustrates
how the balance between different scattering times determines the presence of either a

localization or an anti-localization effect.

B 5K
14K
27K
54K

B 109K]

Localisation g 204 K

et
1 10 100

T /1.
¢ 1

Figure 2.12: Weak (anti)localization in graphene. (a) A sketch of two electron
scattering trajectories that can interfere constructively (localization) or destructively (anti-
localization). (b) Summary plot for weak (anti)localization experiments conducted at
different temperatures and for samples with different carrier densities (carrier density is
increasing as I — III). The interplay between different scattering times determines the

(anti)localization effect. Reprinted with permission from Ref [67].

Trigonal warping of the Dirac cones, which is prominent at high doping densities,
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strongly effects intravalley scattering. The intravalley scattering rate can be expressed as a
combination of two mechanisms, 7,! is the scattering rate induced by chirality breaking
defects, and 7,;! the scattering rate induced by trigonal warping [69].

=t (2.25)

z

At ultra-high doping densities, intravalley scattering is dominated by trigonal warping,
therefore, we also introduce the analytic expression for the trigonal warping scattering
length resulting from a perturbation calculation based on a tight-binding electronic

structure [62,68],

FE2\ 2
[ 2.26
v D <hv% (2.26)

where i = ypa2/8h? is a structure constant, v, is the nearest neighbour hopping energy and
ap is the graphene lattice constant. The Fermi velocity vy = 3'/%(vy9a/2h) in the nearest
neighbour tight-binding model [70]. Combining these definitions leads to the simplified
expression:

Lo = (3%/2)" a (0/ Er)? (2.27)

where ay = 2.46 A is the graphene lattice constant and 7, = —3.441 €V is the nearest-

neighbour hopping energy.
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Figure 2.13: Schematic representation of the GG, G’ and D features in the momentum-

energy space, in graphene. Reprinted with permission from Ref [71].

2.4 Raman Spectroscopy of Graphene

Raman spectroscopy is a commonly used tool in the characterization of materials. It relies
on inelastic scattering processes in a material due to the interaction of the incident light with
the material’s vibrational, rotational, or electronic states. By the identification of spectral
signatures, information about molecular structure can be obtained. Raman spectroscopy
is also sensitive to other physical properties of a material such as strain, crystal structure,
lattice symmetry and Fermi level.

In graphene, the most widely studied characteristic Raman features are the G, G’ and
D bands as illustrated in Figure 2.13. The G band is located at 1585 cm™ and remains
unaffected by excitation energy. The GG band phonon, arising from in-plane optical-phonon
modes at I, is a first-order Raman process primarily affected by graphene’s strong electron-
phonon interaction [70]. Thus, doping significantly influences the G band frequency and
lineshape, revealing information about graphene’s electronic properties.

The G’ band, also referred to as the 2D band, is especially prominent in graphene. The
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G’ band is dispersive and it is located at 2700 cm™ for an excitation energy of 2.4 ¢V [70].
It is a second-order, two-phonon feature that involves intervalley scattering. The intensity
and lineshape of the G’ band has been widely utilized to determine the number of layers
of graphene [72]. Moreover, the G’ band intensity is adversely affected by electron-electron
scattering, causing the G’ band to vanish at high doping levels as experimentally observed
in several studies [26, 73, 74].

The D band is also dispersive and is located at 1350 cm™ for an excitation energy of 2.4
eV [70]. It is associated with a one-phonon intervalley scattering process. The D band is due
to the breathing modes of the graphene lattice. It becomes Raman active when the lattice
symmetry is broken, therefore the D peak is only observed in the presence of defects [73].
The intensity ratio of the G and D bands, Ip/Ig, has been utilized to quantify the defect
density in graphene [75]. Furthermore, I /I is sensitive to the crystallinity and have been

used to quantify the crystallite size in graphite [76].

2.4.1 Raman G-peak shift

In this section, we introduce the model of Hell et al. [77] to express the G-peak shift due to
doping, Awg, in terms of the charge carrier density n. Awg depends on two contributions,

namely the static contribution Awg and dynamic contribution wp.

AwG = OéA(Us + AwD (228)
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Here, the static contribution, Awg, is associated with lattice expansion and adiabatic
electron-phonon coupling, « is the ratio of static G-peak shift of graphene in the presence
of graphene-substrate interactions to that of an ideally decoupled graphene, and the
dynamic contribution, wp, is associated with non-adiabatic electron-phonon coupling
effects.

The static contribution Awg to I' sy, phonon frequency, including static lattice expansion
and the adiabatic contribution to phonon softening was computed by density functional

theory by Lazzeri et al. [78], and fit to the analytic form,

Awg
2mc

= —2.13n — 0.0360n% — 0.00329n° — 0.226|n|/> (2.29)

where n is the charge carrier density in units cm™

. The dynamic contribution Awp to I"
E,4 phonon frequency, consisting of the non-adiabatic contribution to phonon softening, was

calculated using the numerical prescription of Lazzeri et al. [78] and a 3NNTB electronic

structure for graphene [52]. The dynamic contribution is,

B k%: Ekn + hwy + i0 (2:30)
Awp = Re [FEF ST M] (2.31)

where the summation runs over N wavevectors k covering the first Brillouin zone, over
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the m,n = m,m* bands of graphene, wy is the unperturbed phonon frequency, D? is the

deformation potential, 6 = 10 meV is the lifetime broadening, f(Fx,) is the Fermi function

evaluated for the state in band m at wavevector k, and M is the mass of a carbon atom.
The model of the electron density dependent Raman G-band shift will be used to gain

insight to ultra-high doped graphene in Chapter 3.
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Chapter 3

High-density, On-chip, Alkali Doping

of Graphene

The electron transport properties of nearly charge neutral graphene has been the subject
of intense investigation, owing to the massless, conical, dispersion near neutrality at the K
and K’ points in the Brillouin zone (BZ) [54]. Less well studied are the electron transport
properties of heavily electron doped graphene, where the massive, hyperbolic dispersion at
the M and M’ saddle points in the Brillouin zone leads to a van Hove singularity (vHS) in
the density of states [28,79-81]. The emergence of superconductivity in doped monolayer
graphene, prompted by strong electron-phonon coupling at the extended vHS, has been the
subject of inquiry [82-84]. Recently, superconductivity has been observed in twisted bilayer

graphene at the magic angle [46] where a vVHS emerges at low energy due to interlayer
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Figure 3.1: Doping monolayer graphene towards the Lifshitz transition. A schematic of the
Fermi surface contours in 7% conduction band of monolayer graphene vs doping. Electron

and hole pockets are shown in green and yellow, respectively. The Lifshitz transition is

estimated to occur at n = 3.7 — 5.1 x 10! cm™2. The charge carrier densities achieved in

ARPES, Raman and UV-VIS (below) and charge transport studies (above) are summarized.
coupling [45]. In the case of monolayer graphene, however, vHS is too far from the intrinsic
Fermi level and ultra high carrier density is necessary to access such effects.

As the carrier density increases in monolayer graphene, the Fermi surface passes through
the M, M’ points where the Fermi surface topology changes from describing electron-pockets
to hole-pockets exemplifying a Lifshitz transition as shown schematically in Fig. 3.1. Charge

transport is one of several physical properties that are sensitive to changes in Fermi surface
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geometry [85], yet no transport measurements in heavily doped graphene in the vicinity
of the Lifshitz transition have been reported to date. Achieving a stable, electron doping
sufficient to reach the Lifshitz transition in an electrically contacted graphene device on an
insulating substrate has remained elusive to date. Angle resolved photoemission spectroscopy
(ARPES) studies have mapped the Fermi surface of heavily doped monolayer graphene in
the vicinity of the M and M’ points [28,77,86-88], with the role of many-body interactions
in flattening and thereby extending the vHS a matter of active debate [89-91]. The required
electron density to reach the Lifshitz transition has been variably estimated to be in the
range n = 3.7 — 5.1 x 10" ¢cm~2 [87,88] (Fig. 3.1).

Alkaline metal doping (Li, K, Ca, Cs) and rare earth doping (Er, Yb) of graphene in an
ultra-high vacuum (UHV) environment has enabled doping in excess of n = 4 x 10 cm™
for ARPES studies of graphene [28,77,86-90]. In contrast, ionic liquid gating has enabled

2

electron doping in the range of 0.5 — 2 x 10 cm™2 in electrically contacted graphene on

Si/SiOy substrates [92-94], well below the threshold for the Lifshitz transition. Lithium
polymer electrolytic gating has been used to achieve electron doping as high as 2 x 10 cm™2
in electrically contacted bilayer graphene [27], while transmission electron microscopy reveals
domains with superdense Li ordering in suspended graphene bilayers corresponding to n =
4% 10 cm™2 per graphene sheet [95]. Li doping of epitaxial graphene on SiC in an integrated

deposition and cryogenic charge transport measurement system was used to achieve electron

densities as high as 2.2 x 10'* cm™2, enabling measurement of weak localization at high



3. High-density, On-chip, Alkali Doping of Graphene 47

electron density [96].

The transport properties of adatom-decorated graphene have been investigated to
understand the impacts of adatom doping on mobility and magnetoresistivity. In K-doped
graphene, the influence of charged impurity scattering on mobility has been demonstrated
to follow n o< 1/u according to the findings by Chen et al. [97], consistent with the theory
established by Adam et al. [98]. Quasilinear magnetoresistance has been observed in
In-decorated graphene [99]. This study attributes the presence of magnetoresistance away
from the neutrality point to the effects of carrier density inhomogeneity induced by
adatoms. Additionally, the suppression of Shubnikov—de Haas oscillations due to adatom
doping is reported. In the magnetotransport investigation of tungsten-decorated graphene,
scattering lengths were extracted from weak-localization fits at various doping and adatom
densities [100]. The results indicate that scattering times decrease with adatom density,
while they increase with carrier density. The studies on adatom-decorated graphene
mentioned above are confined to carrier densities on the order of 102 ¢cm™2, where the
Dirac cone approximation of the graphene band structure remains valid.

In this chapter, we present a new method of doping electrically contacted large-area

graphene to ultra-high charge carrier density, reaching n = 4 x 10 cm™2

as confirmed by
high-field Hall measurement. The flip-chip method is versatile: it can be applied to

different host material and dopant systems. The method features in situ charge transport

characterization during alkali doping. As shown schematically in Figure 3.3, flip-chip
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encapsulation of an alkaline metal vapour source in an inert gas environment electron
dopes electrically contacted graphene, enabling ultra-high doping approaching that
required to observe charge transport in the vicinity of the Lifshitz transition. The
impermeability of the encapsulation to external oxidizing agents permits sample
manipulation in an ambient atmospheric environment, enabling the study of heavily doped
graphene by different experimental techniques. We report here real-time measurement of
the graphene resistivity tensor elements p,, and p,, in an ac magnetic field during the
doping process, the measurement of Hall effect, weak-localization and magnetoresistance at
cryogenic temperature 7' = 1.7 K at magnetic fields up to B = 7 T, and the measurement
of non-resonant Raman scattering of heavily doped graphene with a pump wavelength
A = 785 nm through the optically transparent quartz substrate. We find a reduction in
electron mobility x4 at high electron density n in accord with that expected from the
increase in effective mass m, = h?(27)"'0A;/0Er [101], a quadratic magnetoresistance
pzz ¢ 1+ A(uB)? indicative of doping inhomogeneity [58], an intravalley scattering length
L, = 10 — 20 nm comparable to that expected by enhanced trigonal warping at high
doping density, the suppression of second order G'(2D) Raman scattering amplitude
compared to first order G scattering due to non-resonant detuning, and G peak Raman

shift in good agreement with previous reports of heavily doped graphene [77].
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3.1 Experimental Methods

3.1.1 Fabrication of Graphene Hall bar devices

We used graphene grown by chemical vapour deposition (CVD) on poly-crystalline copper
foil in a cold wall CVD reactor (Aixtron BM) at Graphenea, and transferred onto a 100 mm
diameter quartz (001) substrate following sacrificial etch of the copper growth substrate.
Quartz is the substrate of choice due to its chemical inertness and optical transparency. We
prepare 50 pm x 500 pm graphene Hall-bar devices using photo-lithographic methods for
fabrication of electrical contacts and for patterning graphene into a Hall-bar shape. We use
a OiR photoresist by Fujifilm and work with a Karl Suss MA6 Mask Aligner. Following the
initial lithography unwanted graphene was etched using O, plasma, at a rate of 8 sccm at 200
mbar for 9 seconds. After the second lithography we deposit Ti/Au (5 nm /80 nm) using an
e-beam evaporator to realize the Ohmic contacts. An optical microscopy image is presented
in Figure 3.5. The six-contact Hall-bar geometry enables the simultaneous measurement of
four-probe longitudinal resistance R,, = V, /I, and transverse resistance R,, =V, /I,. Prior
to all doping experiments, we thermally annealed the Hall bar samples and chip carriers in

a nitrogen glove box environment at 120° C to remove adsorbed water.
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3.1.2 The flip-chip method and the experiment setup

150um LPDDR4 2-chip
pitch cross-stack wirebond L~
staggered 3-Layer Coreless substrate
C4 bumps P N -

Figure 3.2: Flip-chip assembly in Apple’s smartphone: The A9 application processor is
housed in a package-on-package format and the solder bumped flip chip is reflowed on an

organic package substrate. Reprinted with permission from Ref [102].

The flip-chip method was introduced in the 1960s as a versatile, high-performance, and
compact way to package microelectronic circuits [103,104]. In the flip-chip method, the
conducting pads of a chip are connected to the pads of a chip carrier using various
interconnect materials, with the chip surface facing the chip carrier. Electrical connection
between the chip and chip carrier is commonly established through mass reflow or
thermocompression bonding. Mass reflowing involves a heating cycle that melts the solder
interconnects, providing electrical contact and enabling self-alignment of the chip due to
the surface tension of the molten solder [105]. Thermocompression bonding requires the
application of heat and force to hold the chip at a specific distance from the chip
carrier [102]. Flip-chip joint performance can be enhanced by applying an underfill between

the chip and chip carrier. Underfill application reduces thermal stress on the solder joints,



3. High-density, On-chip, Alkali Doping of Graphene 51

ensures good adhesion, and protects joints from oxidation. Flip-chip technology is still used
for the assembly of integrated circuits, as demonstrated in the cross-section of the Apple
iPhone 6 Plus (Figure 3.2). In our experiments, we employ the flip-chip method to package
graphene Hall bar devices, in order to encapsulate the air sensitive Cs-doped graphene

while preserving the electrical connections.

Figure 3.3: Schematic of the flip-chip assembly. A drop of Cs is placed on the chip carrier.
A graphene Hall bar device on quartz is brought face down to enclose the Cs in the cavity and
expose graphene to Cs vapour. (inset) Schematic of Cs atom adsorption onto the graphene
Hall bar device.

A dual in-line package ceramic chip carrier with a recessed cavity and gold electrodes
atop a recessed mesa (Fig. 3.4) is utilized for the flip-chip assembly in our experiments. The

Hall bar contacts of the graphene device on quartz are designed to align with the gold pads
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on the chip carrier. A drop of Cs (=~ 14 n L in volume) is drop-cast by glass pipette the
gold ground pad of the chip carrier inside a nitrogen glove box (HoO < 0.1 ppm and Oy < 1
ppm). The quartz substrate with the graphene Hall bar device is flipped onto the chip carrier
as shown in Figure 3.3 and 3.4. Pure In spheres (0.5 mm diameter) are used to establish
reliable electrical contact between the electrodes of the chip carrier and the quartz substrate.
The graphene Hall bar faces the Cs source directly and is exposed to the Cs vapour within
the cavity. A compact resistive heater under the chip carrier is used to increase temperature

and thus Cs vapour pressure.

Figure 3.4: Photograph of the flip-chip assembly and the Hall-bar device. (a) shows a
graphene Hall bar device on a quartz substrate and a ceramic 16 pin dual in-line chip carrier
side by side. The Hall bar contacts are designed to align with the gold pads on the chip
carrier. (b, ¢) A drop of Cs (not shown) is placed on the gold ground pad of the chip carrier

and the Hall bar device is contacted to the chip carrier as shown.
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vy = Vysin(wt + 0,)

Figure 3.5: AC Hall measurement configuration. A schematic of the AC Hall measurement
configuration for the Hall bar device on quartz. (inset) Optical microscopy image of a Hall-

bar device on quartz. Scale bar represents 100 pm.

A home-built, ferrite core (u = 2500pu) electromagnet with pole area A = 560 mm?,
pole gap d = 20 mm, inductance L = 43.5 mH, and field/current ratio B/I = 22.6 mT A~}
was used for real-time Hall measurement during doping in a glove box environment. We
used an AC-DC Hall measurement configuration (Fig. 3.5) where the sample was placed
in an AC magnetic field, B, sin(wt), in the magnet gap while it was biased with a DC
current, I,. A similar method has been employed for Hall measurement of organic field
effect transistors [106]. Magnetic field amplitudes of B, = 20 — 25 mT, at a frequency of
f = 3 Hz was used. The DC current bias of the sample was I, = 200 pA. As a result, the

Hall voltage is expected to be V, sin(wt + 6,) where 6, is 0 or m according to charge carrier
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type. In all experiments, the direction of the bias current is selected such that Hall voltage
phase 6, = 0 (f, = m) corresponds to electron (hole) doped graphene. In all experiments,
the background inductive voltage (amplitude and phase) due to Faraday effect was measured
with zero sample bias, I, = 0 pA, and subtracted to obtain sample response.

Following Cs doping, we sealed the flip-chip cavity with a UV activated epoxy (Solarez)
followed by Stycast (Loctite). Figure 3.6 shows photographs of a sealed device. The Cs
and the Cs-doped graphene are protected from the ambient environment when the cavity is
sealed. The sealed device was removed from the glove box for high magnetic field transport
measurements and Raman spectroscopy. High magnetic field (B =7 T) and low-temperature
(T = 1.3 K) measurement of longitudinal and transverse resistance was performed in a closed-
cycle cryostat with a superconducting solenoid. Hall voltage, magnetoresistance, and weak-
localization response of the doped graphene Hall bars was analyzed. Raman spectroscopy was
performed with a Renishaw InVia confocal Raman microscope, 50-X magnification objective
at A = 785 nm, with P = 90 mW laser power. Background removal was performed on all

Raman spectra.
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Figure 3.6: Photographs of a Cs doped graphene sample in the ambient environment after

sealing.

3.2 Real-time Hall Analysis During Cs Doping

CVD graphene transferred onto quartz is initially p-type doped (p =~ 8 x 10'? cm?), as
measured by Hall effect in all our samples prior to doping experiments. During exposure to Cs
vapour, ionization of adsorbed Cs atoms leads to valence electron donation to graphene. The
initially p-type graphene on quartz is expected to pass through charge neutrality and become
n-type. In order to observe the transition through the charge neutrality point (CNP), we
conducted doping experiments at room temperature. We measured the longitudinal voltage,
V2, and the Hall voltage, v,, while graphene is exposed to Cs vapour. The resistances R, and

R,,, as well as the phase 0, of v,, is shown in Fig. 3.7. The dashed line represents the CNP,
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Figure 3.7: Doping graphene through the CNP. Variation of the transverse (Hall), R,,,
and longitudinal, R,,, resistances of a graphene Hall bar versus time ¢ during exposure to
Cs vapour, measured by AC Hall effect. The abrupt change in the Hall voltage phase, 0.,
corresponds to Hall resistance sign reversal and change in carrier type as the CNP is crossed.
The quantities B, /(R e) and Ry, /(B.p.:), are plotted versus time and correspond to carrier

density, n, and mobility, u, respectively, at doping away from the CNP.
when 6, changes abruptly from 7 to 0, signalling the change from hole doped to electron
doped graphene. Interestingly, the peak in R,, does not coincide with the zero crossing of

R,,, originating possibly due to electron and hole mobility difference, and inhomogeneity

TY
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in carrier density throughout the graphene sheet. Away from the CNP, the Hall resistance
R,, = B./(ne) where n is the charge carrier density and e is the electron charge. Hall
mobility away from CNP is given by u = (nep,,) "', where p,, is the longitudinal resistivity.
Fig. 3.7 shows the variation in B,/(R.ye) and Ry, /(B.ps.) versus time, which correspond
to carrier density, n, and Hall mobility, u, respectively, away from the CNP. Electron doping

by Cs vapour exposure is clearly observed.
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Figure 3.8: Doping graphene to ultra-high carrier density. The transverse, R,,, and
longitudinal, R,,, resistances, carrier density n and Hall mobility p versus time during Cs
vapour exposure, measured by AC Hall effect. The rate of Cs doping is increased by heating

the chip carrier (red shaded area).

Higher carrier density was achieved by increasing the Cs temperature, and thus Cs vapour

pressure. The measured R,, and R,, versus time of a Hall bar during such a doping process
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is presented in Fig. 3.8. The inferred charge carrier density n and Hall mobility p are also
shown versus time. Externally applied heat, see shaded red area in Fig. 3.8, increased the Cs
vapour pressure in the cavity. The elevated temperature increased the rate of Cs doping and
the final charge carrier density achieved. Over the course of different doping experiments, we

increased the sample temperature up to 70° C in order to achieve ultra-high doping densities.

3.3 Magnetotransport of Ultra-High Doped Graphene
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Figure 3.9: Resisitivity p,, versus T' of a representative Cs doped graphene sample.

Following the doping experiments inside the glovebox, samples are sealed and
transferred to a cryostat with a variable temperature insert and superconducting solenoid
for magnetotransport measurements. Fig 3.9 shows a representative measurement of a

doped graphene Hall bar longitudinal resistivity p,, versus temperature 7', while the
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sample is cooling down to 1.3 K.

3.3.1 Evidence of Ultra-High Doping

The final charge carrier density achieved depends on the temperature and duration of the
doping process. Further magnetotransport experiments were conducted at high field (B =
7 T) and cryogenic temperature (7' = 1.3 K). The Hall resistance R,, versus B is shown
in Fig. 3.10a for three samples (identified 1-3), showing a linear dependence of R,, with
respect to B in accord with the classical Hall effect. The slope dR,,/0B = (ne)™' gives

charge carrier densities n of 1.4 x 10, 2.0 x 10* and 4.0 x 10'* cm~2, for samples 1-3

respectively.
n L CsCx  Ey  ma/mg
(em™2)  (em?V~ls7h) (eV)
Sample 1 1.4 x 10* 319 CsCq73 1.25  0.290
Sample 2 2.0 x 104 298 CsCigq  1.45  0.371
Sample 3 4.0 x 104 137 CsCos 1.85 1.036

Table 3.1: Physical properties of highly doped graphene. Various experimentally measured
and model parameters for samples 1, 2 and 3. Carrier densities n are calculated from the slope
OR,, /0B at T'= 1.3 K (Fig. 3.8a). The Hall mobility is determined from p = Ry, /(B pz)-
The CsCy coverage is estimated from the ratio of the carrier density to the carbon atomic

1

density in a graphene sheet, ™' = n/nc. The Fermi level Ep and effective mass m, are

determined from the experimental density n and a 3NN'TB band structure calculation.

Table 3.1 presents a summary of the inferred charge carrier density n, Hall mobility u

and other properties of samples 1-3. The corresponding cesium carbon composition (CsCy),



3. High-density, On-chip, Alkali Doping of Graphene 60

n=14x10"cm?>
—n=20x10"cm?

—n=40x10"cm?
10

b 2 777 IRAANNN S =
\ NN N0 ==

N
NN

WNT /17777770
v ‘\‘((‘,f///(// - \\\\~ \\\
)]

/]

/

\\\i\\
Ny
NN

NRR
1\

\
|
|
’\
AR\

/)

| (7
‘( “ ‘\ ‘( ‘\ [\‘* [\ (\\ (\‘ ‘\j
AN

/

K, [rad/A]
o

N
N

NN

N
N
NN

|
N
N
N

/ M,
[ J’ "‘ (’,’(”/r’/{ ’/“‘/(’// /r" ,/’////'////
[ | [l M,/,//,/,
LAt

/
i1
k_[rad/A]
X

Figure 3.10: Confirming ultra-high carrier density via DC Hall. (a) The Hall
resistance R, versus swept magnetic field B at T" = 1.3 K for samples 1 to 3. The charge
carrier density n is determined from the slope 0R,, /0B, indicating ultra-high carrier density.
(b,c) The Fermi surfaces in the conduction 7+ band corresponding to the carrier densities
n of samples 1-3, labelled with corresponding Fermi energy Er. A third-nearest-neighbour
tight-binding (3NNTB) model was used for electronic structure calculation. The trigonal

warping and proximity to the Lifshitz transition can be observed.

assuming complete ionization of samples 1-3 and a graphene carbon atom density of ng =
3.82 x 10% cm™? reveals the proximity of sample 3 to the CsCy stoichiometry previously

achieved in UHV Cs-doping experiments [86]. To gain further insight into the electronic
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properties of these heavily doped samples, a third-nearest neighbour tight-binding (3NNTB)
calculation of electronic band structure using hopping and overlap parameters determined
from ARPES [52] was performed and results are presented in Section 2.1. The model ignores
Cs adatom interactions with the graphene lattice [86]. From the 3NNTB electronic structure
and known density n, the Fermi level Er (Figure 2.7) and normalized cyclotron effective mass
my,/mg = h?(2mmo) " *0A,/OEr (Figure 2.8) was determined, where my is the free electron
mass and Ay, is the area enclosed by the Fermi surface in the first BZ. Fig. 3.10b and ¢, show
the Fermi surfaces determined from the 3SNNTB calculations for samples 1-3. At such high
doping levels, electronic structure in the vicinity of Er is no longer well approximated by
the Dirac cone approximation, with significant trigonal warping, band flattening, increase
in cyclotron effective mass, and proximity to the Lifshitz transition where electron pockets
meet at the M point. While the effective cyclotron mass m, increases by 3.6 fold for samples
1-3, the Hall mobility u decreases by 2.3 fold, indicative of non-trivial variation of electron

scattering rates upon doping.
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3.3.2 Magnetoresistance in Ultra-High Doped Graphene
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Figure 3.11: Normalized magnetoresistivity p..(B)/po vs. uB for highly doped graphene
samples 1-3 at temperature 7' = 1.3 K.

n 1 M/ Mg 00 A Ongs/n
(em™2)  (em?*V~1s™!) (©/0)
Sample 1 1.4 x 10" 319 0.290 135.4 0.167 0.6
Sample 2 2.0 x 10 298 0.371 106.1  0.304 0.8
Sample 3 4.0 x 10™ 137 1.036 1146 0823 1.3

Table 3.2:  Magnetoresistance fit parameters of highly doped graphene. The
magnetoresistance parameters py, A and Ong,s/n are determined by fitting the

magnetoresistance (Figure 3.11) to Equation 3.1.

Significant magnetoresistance was observed, wherein the longitudinal resistance R,
varied with magnetic field B. Fig. 3.11 shows the normalized longitudinal resistivity,

pzx(B)/po, as a function of B for samples 1 to 3. We observe a quadratic dependence of p,,
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versus B at high field, and a weak-localization peak at low field. Omitting the low field
regions (|B] < 0.6 T, |[B|] < 1 T and |B| < 2 T for samples 1-3, respectively), the

magnetoresistivity was fit to the quadratic form as,

pas(B) = po |1+ A(uB)? . (3.1)

following the effective medium theory of Ping et al. [58] introduced in Section 2.3. Here, A
is a dimensionless coefficient and py is the inferred zero-field resistivity p,.(0) in the

% the

absence of the quantum effects, namely weak-localization. Using A = 0.5 (n/dnms)”
rms density fluctuation, dn.y,s, the rms density fluctuation can be inferred [58]. The fit
parameters are summarized in Table 3.2. This approximation yields dn,s/n = 0.6 — 1.3 for
samples 1-3, indicating the presence of significant charge carrier density fluctuation.
However, charge density fluctuation is unlikely to be well described by a Gaussian
distribution at high Cs adsorbate coverage, where phenomena including: i) adsorbate
aggregation, ii) spatial variation in charge carrier scattering rates, and iii) localized regions

crossing the density threshold for the Lifshitz transition, greatly complicate the analysis of

magnetoresistance.
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3.3.3 Weak Localization in Ultra-High Doped Graphene
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Figure 3.12: Weak-localization in ultra-high doped graphene. (a) Schematic of intervalley

scattering and intravalley scattering processes in momentum space, associated with L; and

L., respectively. (b) Conductivity Ao, vs. B of sample 2, n = 2.0 x 101* cm~2, for different

temperatures 7. Experimental measurements (points) and fit to Eq. 2.24 (solid line) are

shown. (c) Scattering lengths Ly, L; and L, vs. density n for samples 1-3 at temperature

T = 1.3 K. The theoretical prediction for trigonal warping scattering length L, agrees with

the experimental intravalley scattering length L,. (d) Scattering lengths Ly, L; and L, of

sample 2, n = 2.0 x 10" cm~

with temperature increase.

, vs. temperature 7', with the characteristic decrease of Ly



3. High-density, On-chip, Alkali Doping of Graphene 65

All samples exhibited a weak localization (WL) peak in R,, versus B in the low-field
regime, shown in normalized form p,.(B)/po versus B in Figure 3.11 for samples 1-3. The
temperature dependence of WL from T = 1.2 — 77 K was measured for sample 2 at
n = 2 x 10" cm~2 and is presented in Figure 3.12b. The intervalley and intravalley
scattering processes are illustrated schematically in Figure 3.12a at an energy where
trigonal warping is prominent. For magnetic field |B| < 0.5 T, puy(B) < pue(B) and thus
0.:(B) =~ p.l(B), therefore in the analysis of WL, the quadratic magnetoresistance
background can be ignored. Numerical fit of the experimentally determined Ac,, over
|B| < 0.5 T to equation 2.24 was used to determine the scattering lengths versus doping
density n at T' = 1.3 K, presented in Figure 3.12c and versus temperature 7" at doping
density n = 2 x 10 cm™2 presented in Figure 3.12d. The magnetoresistance pyAu?B? is
less than 3% of the magnitude of the WL peak for |B| < 0.5 T, and error bars were
determined by the fit parameter deviation that increases the sum of squares error between
fit and measurement two-fold over that at optimum fit value.

The extracted scattering lengths and corresponding scattering times are listed in Table
3.3 for different carrier densities and in Table 3.4 for different temperatures. At T'= 1.3 K,
the phase coherence length Ly = 0.4 — 1.0 um, and the intervalley scattering length L; =
70—120 nm, in agreement with previous reports of WL in graphene [64,65,68]. The intervalley
scattering length L, = 1.3 — 2.8 nm, at the lower limit of what can be determined by fit of

Eq. 2.24 to the experimental Ao,,. The shortening of intravalley scattering length L., as
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n Ly L; L, T4 i Tu
(10" em™?) (107 m) (107 m) (10° m) (10Ms) (108 s) (1016 s)
Sample 1 1.4 9.68 1.23 1.93 4.16 6.72 1.65
Sample 2 2.0 8.11 1.00 2.45 2.73 4.15 2.50
Sample 3 4.0 4.17 0.69 1.30 1.10 3.03 1.07

Table 3.3: Scattering parameters at different carrier densities. Scattering lengths obtained
from fits and the corresponding scattering times for Cs doped graphene samples 1-3 at

T = 1.3 K at different carrier densities.

well as L, and L; with increasing carrier density n over the range 10! — 1.5 x 10" ¢m™

has been previously observed in monolayer graphene [68]. The intravalley scattering rate is
expressed as a combination of two scattering mechanisms: the scattering induced by chirality
breaking defects and scattering induced by trigonal warping of the Dirac cones (Equation
2.25) [69]. Chirality breaking defects were identified as the dominant intravalley scattering
mechanism in previous experiments with carrier density n = 10* — 1.5 x 10'® cm™2, with the
prediction that trigonal warping is the dominant source of intravalley scattering at densities
of n ~ 10 cm=2 [68]. Indeed, L, was sufficiently short to be neglected in the analysis of WL
in Li-doped graphene monolayers at n = 0.5 — 2.0 x 10 ecm™2 [96] and Li-doped bilayers at
n = 2.0 x 10" cm~2 [27]. We compare our the observed intravalley scattering length L, with
the analytic form of Equation 2.27. As seen in Figure 3.12c, the experimentally observed
intravalley scattering length is in good agreement with the analytical model of McCann et al.
[62] for trigonal warping, L, = L,,. Notice that this model is based on a INN approximation

and limited to low Fermi energies near the Dirac cone. A theoretical explanation of scattering
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T(K)  Lg(m) Li(m) L.(m) Ty (s) 7i(s) 7.(s)

1.3 6.24x1077 1.05x1077 1.55x107? 1.61x107" 4.55x107' 9.96x10"17
20 2.72x1077 1.16x1077 1.00x107? 3.06x107'%2 5.57x107* 4.13x10°%7
30 1.91x1077 1.21x1077 1.55%x1072 1.50x107'2 6.02x10713 9.91x10°17
40 1.58x1077 1.24x1077 1.10x1072 7.94%x107 1 6.32x10713 4.98x1017
60 1.20x10°7 1.35x10°7 9.12x107'° 597x10~13 7.59%x10713 3.47x10717
7 847x107% 1.18x1077 1.23x107? 3.02x107'3 587x107"3 6.37x10°17

Table 3.4: Scattering parameters at different temperatures.

Scattering lengths obtained

from WL fits to the measured Ao, (B) and the corresponding scattering times for sample 2
at different temperatures.

lengths near the vHS is yet to be developed. Finally, we note that the reduction in WL
amplitude with increasing temperature 7' is attributable to the shortening of the phase
coherence length Ly, while L; and L, show comparatively weak temperature dependence, in

accord with previous experimental observations [27,64-66,68, 69, 96].

3.4 Raman Spectroscopy of Ultra-High Doped

Graphene

Beyond charge transport measurements, Raman spectroscopy provides an independent
experimental probe of charge carriers in graphene via electron-phonon coupling. Raman
Stokes spectra were measured after Cs doping was completed and sample cavities sealed for
an independent series of samples. A Renishaw inVia Raman microscope with 1800 1/mm

grating and an Innovative Photonic Solutions laser at 785 nm with 90 mW output was
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Figure 3.13: Raman spectroscopy of ultra-high doped graphene (a) Raman spectra
of doped graphene samples with varying carrier densities in the spectral regions of the G-peak
and G'(2D)-peak regions. (b) Evolution of the experimentally measured G-peak position wg
vs. carrier density n (dots, blue for Cs doped samples and red for native doping). The
theoretical model of G-peak shift Awg given by Eq. 3.2 (grey line) with a = 0.36 is in good
agreement with experiment (c) Illustration of the non-resonant Raman scattering process,

2

with Fermi level Ey corresponding to a carrier density n = 2.0 x 10* em™2 (orange line),

and the corresponding occupied electronic states highlighted (black) with a 3NNTB model
of electronic structure. The non-resonant Raman scattering process with an incident photon
energy E; = 1.58 €V is illustrated.

used. For each measurement 5 accumulations were taken with 1 second exposure at full
laser power. Fig. 3.13a presents the room temperature Raman spectra, obtained with
A = 785 nm (fw; = 1.580 eV) excitation, of several samples with different doping densities
n determined from AC Hall measurements. The Raman G-peak position, initially at

1586 cm~! for pristine samples with native doping, shifts up with doping and reaches a

peak value of 1613 cm ™!, followed by a slight downshift with further doping (Fig. 3.13b) in
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qualitative agreement with previous experimental observations of ionic liquid gated
graphene [71,74,107], Rb-doped graphene on SiO, [26], and Cs-doped graphene on Ir [77],
and first-principles calculations of the Es, I' phonon hardening / softening [78]. Further
insight can be obtained by comparison of the observed G-peak shift, Awg, relative to

pristine samples with the model of Hell et al. [77] introduced in Section 2.4.

Awg = aAwg + Awp, (3.2)

where the static contribution, Awg, is associated with lattice expansion and adiabatic
electron-phonon coupling, « is the ratio of static G-peak shift of graphene in the presence
of graphene-substrate interactions to that of an ideally decoupled graphene, and the
dynamic contribution, wp, is associated with non-adiabatic electron-phonon coupling
effects. The static contribution Awg is estimated with an analytic approximation to
numerical calculation and the dynamic contribution Awp is determined by numerical
calculation of the electron-phonon coupling, [78], using 3NNTB electronic structure [52]
and the deformation potential, D> = 63.1 eV?/A? derived from ARPES analysis of Cs
doped graphene [77] (see Section 2.4). A fit of the experimentally observed Awg to the
model of equation 3.2, shown in Fig. 3.13b gives agreement with a = 0.36. In comparison
with Cs doped graphene on Ir (111), where a = 0.18 was found for the G-peak shift with

doping [77], the interaction of graphene transferred to quartz suppresses lattice expansion
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to a lesser degree than epitaxial graphene on Ir (111).

The high charge carrier density also results in a change in the Raman peak intensities.
As shown in Fig. 3.2a, increased Cs-doping suppresses the G'(2D) peak intensity relative to
the G peak intensity. This trend has been previously observed in ionic liquid gated doped
graphene [74,94] and Rb-doped graphene [26]. We used pump excitation at A = 785 nm
(E; = hw; = 1.580 €V) to minimize fluorescence, as the graphene Raman spectrum was
collected through the 500 pm thick quartz substrate. At this pump excitation, E; < 2|Eg|
as illustrated in Fig. 3.2c, and Raman scattering is strongly detuned from resonance. Under
the highly detuned conditions of our experiments, the G’(2D) peak intensity is expected to be
diminished to a greater extent than the G peak intensity as detuning increases with doping,
since the G'(2D) and G processes are 2nd order and 1st order, respectively. In summary,
Raman spectroscopy provides an independent confirmation of the high doping achieved in

Cs doped graphene produced in this study.

3.5 Conclusion

We have demonstrated a comparatively facile method utilizing an inert glove box
environment for doping graphene to a high charge carrier density, up to 4 x 10" cm™2,
achieved by encapsulating an alkali vapour source in a flip-chip assembly. The method

permits in situ charge transport characterization during alkali doping, and enables further

experimental characterization by methods such as magnetotransport and Raman
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spectroscopy. The charge carrier density reached outside of a UHV environment by this
method exceeds previous reports, and is thus anticipated to enable studies of highly doped
few-layer materials, complementing ARPES studies of highly doped systems on metallic
substrates. The charge transport properties of highly doped graphene at the Lifshitz
transition has not been fully investigated despite predictions of non-trivial many-body
phenomena [82]. The extension of the doping method presented here to other alkali
dopants and target materials and devices may provide a new means of exploring the
physics of highly doped low-dimensional systems: such as heavily doped black phosphorus
which have been shown to exhibit bandgap modulation, closure, and inversion owing to an
unusually strong Stark effect [108, 109] or alkali doped Cgy to synthesize high critical
temperature superconductors [110]. In terms of commercial applications, the flip-chip
method can be implemented to dope microfabricated ion traps designed for quantum

computing [111].
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Chapter 4

Franckeite Review

We now turn to the second part of this bipartite thesis, concerned with the material
franckeite. Franckeite is a naturally occurring sulfosalt mineral found in Bolivia and first
described by Stelzner [112]. This van der Waals superlattice is composed of alternating
incommensurate 2D layers, specifically the Q layer with a lead sulfide-like (PbS) structure
and the H layer with a tin disulfide-like (SnS,) structure. Franckeite has garnered interest
as a natural vdW superlattice that can be exfoliated down to few layers offering a more
straightforward avenue for fabricating 2D superlattices, in contrast to layer by layer
assembly. Within this chapter, we present a brief review of prior studies about franckeite, to

provide context for the original experiments detailed in Chapter 5.
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4.1 Crystal Structure of Franckeite

Makovicky et al. investigated the crystal structure of franckeite using X-ray diffraction [113].
The layered structure of franckeite consists of alternating H and Q layers as shown in Figure
4.1. Q layers are tetragonal PbS slabs with SnS, SbS substitutions and are 4 unit layers
thick. On the other hand, H layers are hexagonal SnS, slabs with FeSy substitutions and
are 1 unit layer thick. From the energy-dispersive X-ray spectroscopy of franckeite [114] the

chemical composition of the H and Q layers have been estimated.

Q layer: 4Pb;_,Sb,S x = 0.27

H layer: Sn;_,Fe,S, y ~ 0.30

The lattice parameters describing the ) and H sublattices [113] are given in Table 4.1
where a, b and ¢ are the unit cell lengths in the crystallographic directions a, b and c,
respectively. The angles «, § and v are the the angles between b and ¢, a and ¢, and, a and
b directions, respectively. The directions of the a and b vectors are reported to be parallel
for the sublattices, while cg and cy are different. The stacking direction is perpendicular to

the (axb) plane.
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Figure 4.1: Crystal structure of franckeite as described by Makovicky et al. [113].
Projections along a and b directions are given in panels (a) and (b), respectively. The

anisotropic displacive modulation is shown.

Q layer H layer

ag="5815A ayp=3672A
bo=5873A by =6275A

cQq=17366 A cy=17.447 A

ag = 94.98° ag = 95.26°
Bo = 88.43° B = 95.45°

Yo = 89.97° ya = 89.97°

Table 4.1: Lattice parameters of H and Q layers from [113]
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Vertical stacking of the hexagonal and tetragonal layers results in an incommensurate
structure. The commensurate supercell has a length of 15.5b¢ = 13.5by = 91A. A common
displacive modulation with wavevector in the b direction and displacement in the c
direction is identified and it presents as a wave-like corrugation as seen in Figure 4.1a. The
modulation vector is given as ¢ ~ 0.128b;, =~ 0.1370}; with a modulation length of
/g =~ 45.8A. Notice that the length of the supercell is approximately double the
modulation length.  The correlation suggests that the incommensurability and the
displacive modulation are related.

The source of the displacive common modulation is attributed by Frisenda et al. [115]
to the spatial modulation of the van der Waals interaction that emerges from the
incommensurability of the franckeite lattice. Strain analysis of the HRTEM measurements
reveal a spatially modulated in-plane strain with a periodicity that matches the

out-of-plane rippling of the lattice.

4.2 Band Structure of Franckeite

Determining the band structure of franckeite poses significant difficulties. Firstly, addressing
the lattice mismatch between the H and Q layers necessitates the consideration of a sizable
supercell, leading to significant computational costs. Introducing substitutional defects that
are present in both layers to the model further compounds these challenges. Given that

franckeite contains heavy atoms, accounting for the influence of spin-orbit coupling becomes
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imperative. Additionally, accommodating the displacive modulation is crucial. As of now,
a comprehensive calculation of franckeite’s band structure that encompasses these aspects

remains pending.
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Figure 4.2: DFT calculated band structure of an H layer (a), a Q layer (b) and bulk
franckeite (c). Reprinted with permission from Ref [116].

Some qualitative predictions of the band structure of franckeite have been reported by
Molina-Mendoza et al. using density functional theory (DFT) calculations [116]. The bands
for the individual H and Q layers, as well as the composite franckeite superlattice, are
depicted in Figure 4.2. Intriguingly, the wavefunctions for the valence and conduction bands
are attributed respectively to the H and Q) layers, resembling a type-II staggered gap multiple
quantum well structure. In addition to an indirect fundamental gap, franckeite is predicted

to be heavily p-type doped to the point of being described as metallic. While the presented
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DFT studies capture crucial characteristics of the franckeite band structure, the lattice
structure was simplified for the sake of computational efficiency. In this approach, however,
the incommensurability of the lattice, the prevalent out-of-plane modulation, substitutional

defects, and the impact of spin-orbit coupling are ignored.

4.3 Optical Properties of Franckeite

Various research groups have measured the optical characteristics of franckeite. Absorption
spectra of franckeite have been documented within the near infrared range (A = 500-3000
nm) [116]. In these experiments, samples were prepared by liquid phase exfoliation. The
observed absorption spectrum (Figure 4.3a) shows a reduction in absorption as wavelength
increases with a distinctive absorption band centered at 2900 nm. In the same study, a
photoresponsivity of 100 mA W-! for 30 mW cm™ laser intensity was recorded for a few layer
franckeite based photodetector, produced by mechanical exfoliation from a bulk franckeite
crystal.

The photoluminescence analyses of franckeite [117,118] reveal two peaks at 590 nm (2.1
eV) and 740 nm (1.66 e€V) as shown in Figure 4.3b. The studies have noted the agreement
of these emission peaks with the optical band gaps of SnS,; and SbsSs, respectively, but
a definitive attribution of the latter spectral feature requires further experimental study.
Notably, the optical absorption spectrum appears to be dominated direct optical transitions

in the SnS, layer [116-118].
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Figure 4.3: (a) Absorption spectra of franckeite showing a distinctive absorption band
at 2900 cm. Reprinted with permission from Ref [116]. (b) Photoluminesence spectra of
franckeite showing two peaks at 590 nm (2.1 eV) and 740 nm (1.66 eV). Reprinted with
permission from Ref [117].

Flake thickness dependent optical contrast study of franckeite has unveiled refractive
index components n = 2.5 — 4 and k = 0.4 — 1.5 in the visible spectrum (A = 450-750
nm) [119]. No sharp features such as exciton peaks were observed in the visible spectrum, in
contrast to the sharp excitonic features often observed in transition metal dichalgogenides
[119].

Moreover, the anisotropic franckeite structure due to the displacive modulation in the
b direction is expected to impart optical anisotropy. Differential reflectance measurements
using linearly polarized light at varying angles reveal linear dichroism in franckeite, with
greater optical absorption observed for polarization is aligned parallel to the wavevector of

the displacive modulation [115]. These experiments were conducted by direct comparison of
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optical reflectance spectra and HRTEM of exfoliated franckeite flakes.

4.4 Charge Transport in Franckeite

Electronic transport in few layer franckeite was investigated by Velicky et al. [114]. Attempts
to measure the electrical conductivity of single layer franckeite (one H/Q pair) have been
unsuccessful to date. Nevertheless, experiments on bilayer and few layer franckeite devices
demonstrate field effect. The bilayer devices present higher conductivity dependence to gate
voltage. Nonlinear current-bias characteristics observed in some samples suggest the presence
of a Schottky barrier between franckeite and the metallic contacts. Temperature dependence
of conductivity have also been probed by Velicky et al. [114] and Ray et al. [118]. Clear
Arrhenius behaviour was observed with activation energies that decrease with increasing
number of franckeite layers. The behaviour is attributed to dopant impurities that introduce
states in the band gap and electronic transport through hopping conduction.

Anisotropy in the electronic properties of franckeite have been demonstrated in the
experimental work of Frisenda et al [115]. For this purpose, they fabricated several pairs of
electrical contacts at varying angles to the long edge of the exfoliated flake, the optical
microscopy image of the device is shown in Figure 4.4a. Angle-dependent conductivity
results show that the conductivity aligning with the long edge is nearly twice as high as the
conductivity perpendicular to it (Figure 4.4b). The direction of ripples was identified to be

parallel to the long edge of the flake via strain analysis of the HRTEM images. The results
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suggest that carriers experience a higher scattering rate along the direction perpendicular
to the ripples. These findings elegantly illustrate the influential role of spatial modulation

anisotropy on the electronic transport of franckeite.
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Figure 4.4: Anisotropic electronic transport in franckeite. (a) Optical microscopy image
of the device. Several pairs of electrical contacts at varying angles to the long edge of the
exfoliated flake are fabricated. (b) Angle-dependent conductance show anisotropy due to the

modulation in the franckeite lattice. Reprinted with permission from Ref [115].

In summary, much remains unknown about the electronic structure and charge transport

properties of van der Waals superlattices such as franckeite, motivating the original work

described in Chapter 5.



81

Chapter 5

Characterization of the Electronic

Structure of Franckeite

Franckeite is a naturally occurring van der Waals superlattice structure. Franckeite has
attracted attention due to its semiconducting and electrochemical properties, as well as the
possibility of exfoliation into thin flakes. Exfoliated franckeite have been incorporated into
p-n junction photodiodes [116], photodetectors [117,118] and field effect devices [114].

The band structure of franckeite has been calculated by DFT [114, 116] under
approximations necessary to reduce computational requirements which consequently
neglects potentially important phenomena such as incommensurate lattice, displacive
modulation and chemical ordering. There have been no experimental investigations of

franckeite band structure to date.



5. Characterization of the Electronic Structure of Franckeite 82

The thermoelectric capabilities of nanoscale materials have been a subject of
investigation.  Hicks and Dresselhaus have proposed using quantum-well superlattice
structures to enhance the performance of thermoelectric materials [120]. Additionally,
enhanced thermoelectric figures of merit have been observed in thin-film thermoelectric
superlattice structures in comparison to their bulk counterparts [121]. Thermoelectric
figure of merit of franckeite constituent materials PbS [122] and SnS, [123] have been
investigated, whereas, thermoelectric performance of franckeite, a 2D superlattice with a
multiple quantum well structure, is yet to be explored.

In this chapter, we introduce a series of new experimental findings regarding franckeite.
These include atomic structure measurement using state-of-the-art high-angle annular
dark-field (HAADF) scanning transmission electron microscopy (STEM) and atom probe
tomography (APT). The electronic structure of franckeite is investigated through
angle-resolved photoemission spectroscopy (ARPES) and in-plane effective mass values
resulting from an anisotropic valence band are presented. By examining the optical
reflectance hyperspectra of franckeite with varying thickness, we are able to discern its
reflectivity characteristics and identify a direct optical band gap. Furthermore,
thermoelectric assessments of exfoliated franckeite demonstrate a Seebeck coefficient
S = +45 nV/K, confirming the presence of intrinsic p-type carriers. Collectively, these
results contribute to a more profound understanding of the fundamental properties of this

natural van der Waals superlattice.
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5.1 Characterization of Franckeite

The franckeite crystals employed in our investigations originate from a single mineral
specimen extracted from the San José mine in Bolivia. As the crystals are of natural
origin, it is crucial to thoroughly examine the properties of the sample before conducting
any experiments. In the subsequent sections, we elaborate on the various techniques used

for characterizing the franckeite samples

5.1.1 Atom Probe Tomography
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Figure 5.1: Atom probe tomography of franckeite. (a) Reconstructed volume of a franckeite
tip prepared for APT. (b) The atomic fraction plots for elements Sb and Pb (on the left)
and Fe and Sn (on the right). Reprinted with permission from Ref [124]
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We start the characterization of franckeite by local electrode atom probe (LEAP)
tomography, an advanced form of atom probe tomography (APT) analysis [125]. LEAP is
a powerful APT variant that is used for compositional mapping of samples in three
dimensions with good elemental sensitivity and spatial resolution approaching the atomic
layer limit. For preparation of the franckeite samples, a Thermo Scientific Helios G4 UXe
DualBeam Plasma-FIB [Xe™] and a Zeiss NVision 40 [Ga™] were used. Standard methods
for obtaining cross-sectional samples were utilized, after which annular milling was
employed to create needle-shaped tips. The samples were derived from flakes with surfaces
parallel to the van der Waals gap plane so that the ultimate tip orientation would be
perpendicular to this plane. In the reconstruction, the pole center and its diameter were
picked manually to achieve spatial distributions of elements in agreement to the
compositions of franckeite layers. Figure 5.1a shows the reconstructed volume of a
franckeite tip.

The atomic maps were obtained using a LEAP 4000X HR at 24 K, under a vacuum of
3 x 107! Torr, with a UV pulse photoexcitation (A = 355 nm, 5 pJ 50 kHz), delivering 0.002
ions/pulse. The atomic fraction plots for elements Sb and Pb (on the left) and Fe and Sn
(on the right) are depicted in Figure 5.1b. The concentrations of (Pb, Sb) and (Fe, Sn) are
spatially anticorrelated, identifying the Pb- and Sb-rich Q-layers and the Sn- and Fe-rich

H-layers.
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5.1.2 High-Angle Annular Dark-Field STEM

Scanning transmission electron microscopy (STEM) is an imaging technique that provides
atomic resolution by combining the features of scanning and transmission electron
microscopy. The utilization of a high-angle annular dark-field (HAADF') detector permits
compositional analysis since high-angle electron scattering is proportional to the square of
atomic number, Z?, per the elastic Rutherford scattering cross-section [126]. All STEM
techniques are sensitive to specimen thickness, therefore, it is important to prepare an
adequately thin sample to obtain electron transparent lamella.

Similar to the sample preparation for APT, a Thermo Scientific Helios G4 UXe
DualBeam Plasma-FIB [Xe™| and a Zeiss NVision 40 [Gat] were utilized. Perpendicular
milling was applied to produce franckeite lamella, with a sampe of 86 layer thickness used
for the measurements reported here. HAADF-STEM images were collected using an FEI
Titan 80-300 Cubed TEM operated at an acceleration voltage of 200 kV with a 19 mrad
convergence semi-angle and a 64 mrad inner collection semi-angle of the dark-field detector.
To avoid confusion that can stem from two different sublattice systems present in
franckeite, the viewing directions are given in Cartesian coordinates. a is defined along
[100] and b is assigned to [010] since the angle between a and b is 90° to within
experimental accuracy in STEM imaging. As a result, the van der Waals stacking is
approximately in the [010] direction.

Figure 5.2 shows the HAADF-STEM images of franckeite in two different viewing
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Figure 5.2: High-angle annular dark-Field STEM of franckeite in viewing directions (a)
[100] and (b) [010]. The displacive modulation with amplitude in [001] and wavevector along
[010] is visible in the [100] viewing direction. Reprinted with permission from Ref [124].

directions. Repeating H and Q layers are distinguishable and the anisotropic displacive
modulation is apparent in the [100] viewing direction. Next we take a closer look at the
variation of contrast within the layers. Figure 5.3 shows each layer in a temperature
contrast scale wherein shades of blue and yellow correspond to low and high electron
intensity, respectively. Within the Q layer, intensity modulation correlated with displacive
modulation is observed in the outer Q layers. Atomic columns exhibiting higher electron
scattering intensity are evident in the convex domains (indicated by black arrows) of the

displacive modulation, whereas the concave regions host atomic columns with
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Figure 5.3: HAADF STEM of H and Q layers presented in temperature contrast scale
wherein shades of blue and yellow correspond to low and high intensity, respectively.
Modulation dependent intensities are present in both layers. The cartoon image shows
the proposed model for the H layer. Reprinted with permission from Ref [124].
comparatively lower intensity. This observation implies that the convex regions possess
elevated average Z and, consequently, are rich in Pb (Z = 82), with concave regions are
rich in Sb (Z = 51).

Within the H layer two low intensity atomic columns can be spotted next to each high
intensity column. These high and low intensity columns represent Fe/Sn and S columns,
respectively, in agreement with the model proposed by Makovicky et al. [113].

An in depth analysis of franckeite HAADF STEM results can be found in Ref [124],
including imaging along other directions, discussion regarding H and Q layer stacking and
stacking faults, as well as a proposed atomic ordering model for H and Q) layers arrived at

by combining STEM and APT observations. The proposed atomic ordering is summarized

in Figure 5.4.
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Figure 5.4: Proposed atomic ordering in Q (upper panel) and H (lower panel) layers.

Reprinted with permission from Ref [124].

According to the refined atomic ordering model, the Q layer has Pb-rich cationic sites in

the outer atomic layers, and Sb-rich cationic sites in the inner layers. The ordering of Pb-rich

and Sb-rich sites of an inner Q layer is shown along the [010] viewing direction in Fig. 5.4.
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As for the H layer, an ordered array of Fe-rich and Sn-rich cationic sites is proposed, with
the ordering corresponding to alternating cationic species, inferred from the modulation of
electron scattering intensity as franckeite is rotated about the [001] axis, as shown in Fig. 5.4.
The effects of this proposed chemical ordering on the electronic band structure of franckeite

is yet to be investigated.

5.1.3 Angle Resolved Photoemission Spectroscopy

Angle resolved photoemission spectroscopy (ARPES) is a technique utilized to
quantitatively map the electronic band structure of a material. ARPES is an extension of
the photoelectric effect, wherein a sample is excited by photons, and through precise
measurement of the emitted photoelectron kinetic energy and exit angle, the binding
energy and momentum components of the electrons at the surface of the sample under
study are deduced by application of conservation of energy and momentum. The detailed
procedure by which band energy versus momentum F(k) is inferred from the measured
photoelectron kinetic energy Fjy; and exit angle is described in [127]. In brief, the

measured photoelectron kinetic energy Fy;, is related to the wavevector K via

(5.1)
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The relationship between FEj;,, the incident photon energy hv, the workfunction ® and the
band energy F(k) is given by

Epin = hv — ® — E(K). (5.2)

The in-plane wavevectors are determined by momentum conservation to be

KF7|| = kH = kX + ]{Jyy (53)

ARPES experiments of bulk franckeite were performed at the Soleil Synchrotron in France on
the ANTARES (Analysis Nano-spoT Angle Resolved photoEmission Spectroscopy) beam
line [128]. A bulk franckeite crystal was analyzed at ANTARES, cleaved in an ultra-high
vacuum environment (5 x 1071 Torr) to present a clean surface for analysis. A Fresnel zone
plate at the ANTARES beamline was used to focus the incident photon beam to a 120 nm
spot size, ideal for measuring photoemission from a single domain in a polycrystalline bulk
franckeite sample. A five-axis stage was used to scan the franckeite sample under the photon
beam, adjusting position and angular orientation to identify a suitable crystalline domain.
The high resistivity of franckeite which increases as temperature decreases (discussed further
below), required measurement at room temperature to mitigate against sample charging.
ARPES spectra of franckeite were acquired at a photon energy of hv = 100 eV, an
approximate photon flux of 10'° photons/sec/0.01% BW, with electron kinetic energy Ej;, =

86 — 96 eV measured by a Scienta R4000 analyzer, presented in Figure 5.5. ARPES is a
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measure of occupied electronic states, from which the presence of a valence band alone
indicates that the franckeite surface is p-type. Even with the evidently low signal-to-noise
ratio, which we attribute to a combination of low photon flux and low photoemission yield,
we resolve an anisotropic valence band, with two valleys separated by a saddle point. The

dispersion of F versus k along the marked cuts 1, 2, and 3 are given in Figure 5.5.
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Figure 5.5: Franckeite ARPES. The slices along three different cuts are shown. Effective

mass is extracted from the parabolic fits to the observed bands.
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Effective masses are extracted from parabolic fits to the bands along these cuts using

equation 5.4.
h2

E=E—g

(k — ko)? (5.4)

where Ej is the maxima of the parabola and kg is the corresponding momentum at the
local band maximum. From the fits, the in-plane effective masses along cuts 1, 2 and 3 are
found to be 19.1my. 1.6mg and 2.5my, respectively. According to DFT calculations [116],

the observed valence band states are attributable to the H-layer.

5.2 Reflectance Hyperspectra of Exfoliated Franckeite

5.2.1 Atomic Force Microscopy

To study the optical properties of franckeite, we prepared franckeite flakes using mechanical
exfoliation. The flakes were exfoliated onto a silicon substrate with a 300 nm SiO, layer,
using Nitto Denko thermal release tape. Our selection process specifically focused on flakes
featuring diverse thickness regions, enabling an investigation into thickness dependent optical
reflection. An optical microscopy image of representative exfoliated flakes is provided in
Figure 5.6.

To quantify thickness variations in the exfoliated flakes, atomic force microscopy (AFM)
was employed. We acquired AFM images of the flakes using the dynamic force mode of the

Nanosurf FlexAFM system. The average thickness of the different plateaus, indicated with
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different colour discs in Figure 5.6, were determined by calculating the average height over
the plateau region relative to the substrate.
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Figure 5.6: Optical microscopy and AFM images of exfoliated franckeite. The average

thickness of the different plateaus of the flakes are shown.

5.2.2 Optical Reflection Spectroscopy

Hyperspectral imaging is a powerful tool for the analysis of optical properties of materials.
It provides spectral signatures for each spatial location within the imaged sample area by

either raster scanning or wavelength scanning. In the wavelength scanning method, volume
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Bragg tunable filters are utilized to capture monochromatic images at a multitude of
narrow (2-5 nm), contiguous spectral bands across the spectrum [129]. The output is a
three-dimensional dataset known as a hyperspectral datacube which encapsulates spatial

information along two dimensions and spectral information along the third dimension.

(a) (b)

TUBE LENS — CAMERA

BRAGG
TUNABLE
FILTER

ROTATION STAGE MIRRORS

\

TUBE LENS

TUBE LENS

MICROSCOPE CORNER CUBE ——
L8 N B _§ |
- DIFFRACTED MIRRORS
J\_ TUBE LENS 1
|| FILTER I
LASER BEAM (EDGE OR NOTCH) ) \
N —
LASER SHAPING — geamspumrer \
MODULE 1 VOLUME :
HOLOGRAM
| 3 POLYCHROMATIC
TUBE LENS = chnol
= MICROSCOPE | = -
OBJECTIVE 1
—

Figure 5.7: a) Schematic of a hyperspectral imaging system integrated with Raman
spectroscopy. This system is analogous to the reflection hyperspectral imaging system that
was used in our experiments. In our experiments, Raman laser source was replaced with a
white light source. b) Design of the imaging Bragg tunable filter. Reprinted with permission
from Ref [130].

Reflection hyperspectral imaging of our franckeite samples were carried out at Photon
etc. using an IMA hyperspectral imaging system (analogous to the RIMA system shown in
Figure 5.7) with a 50x objective giving 1 pm spatial resolution, over the wavelength range
A = 400 — 1000 nm with 2 nm spectral resolution. The hyperspectral images of reflected

light intensity at 4 different representative wavelengths are illustrated in Figure 5.8, where
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the reflection intensity of different franckeite plateaus is seen to be wavelength dependent.

Figure 5.8: Reflection hyperspectra images of exfoliated franckeite acquired using Photon

etc. IMA microscope at various representative wavelengths.

The intensity of light at wavelength A reflected from the franckeite flakes I¢(\) and from

the substrate I;(\), can be expressed as,

L) = BN (V) (5.50)

1;(3) = RV (M), (5.5b)
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where, Rs(\) and R¢(\) are the reflectivity of the substrate and franckeite flakes, respectively.
Iy(\) is the optical reference intensity including the wavelength dependence of the power
spectral density of the light source, and the wavelength dependence of instrument response,
including the grating and photodetector response. In order to remove the spectral features
of the measurement instrument, we work with the reflection contrast, C'()), defined similarly
to Ref [131].

O\ =12 = (5.6)

Using the reflection contrast, we extract the franckeite reflectivity R(\) using the theoretical

calculated optical response of the Si/SiOs substrate Ry.

Ry(A) = Ro(M)(C(A) +1) (5.7)

Here, Ry(A) is calculated using the thin film Fresnel reflection coefficient for the substrate
[132] and the measured Si [133] and SiOg [134] refractive indices. This process ensures
that the calculated franckeite reflectivity R;(\) is free from instrument related spectral
variations. The calculated reflectivity R;(\) for each flake is given in Figure 5.9 where each
trace represents the reflectivity calculated using the average contrast from plateaus of the
flake. A transition from absorption dominated response, where reflectivity is independent
of plateau thickness, to interference dominated response, where oscillatory reflectivity is

thickness dependent, occurs near 620 — 650 nm for all plateaus. This transition corresponds



5. Characterization of the Electronic Structure of Franckeite 97

to a direct optical absorption edge and direct optical band-gap at fiw = FE, = 1.91 — 2.0 eV,
in agreement with previous observations at hw = 1.97 — 2.1 €V in PL experiments [117].The

observed direct optical band gap is attributed to optical transitions in the H-layer.
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Figure 5.9: Reflectivity with respect to wavelength is presented for three different flakes.
The AFM images of the corresponding flakes are given in Figure 5.6. The coloured traces

represent regions of the flake with thickness ¢.



5. Characterization of the Electronic Structure of Franckeite 98

5.3 Thermoelectric Effect in Exfoliated Franckeite

Finally, thermoelectric transport measurements were conducted on franckeite to
complement electronic structure and optical absorption measurements. Franckeite flakes
were mechanically exfoliated on a Si substrate with a 300 nm SiO, layer using Nitto Denko
thermal release tape. Electrical contacts were placed near the flake in a similar geometry
utilized in previous thermoelectric measurements of 2D materials [135, 136]. An optical
microscopy image of a thermoelectric franckeite device is shown in Figure 5.11. In this
setup, one metallic strip placed near the flake is used as an electrical heater to create a
temperature gradient along the franckeite flake. Two metallic strips on both ends of the
flake are utilized as thermometers. By measuring the 4-point resistance across these
thermometer strips, the local temperature can be deduced.

The heater, thermometers and franckeite contacts were defined using electron beam
lithography conducted with a Raith e-Line system. A polymethylmethacrylate (PMMA) in
anisole at 4 wt % (A4) electron beam resist was patterned at an acceleration voltage of 20
kV using an areal dose of 280 1C/cm? for finer features and 160 1C/cm? for larger features.
After exposure, samples were developed using a 1:3 mixture of isopropyl alcohol and
methyl isobutyl ketone. 50/50 nm Pd/Au contacts were evaporated on the samples,
followed by a standard acetone lift-off process.

The two point resistances across franckeite contacts were in the 1.6 — 2.1 MS) range at

room temperature in our devices. In temperature dependent franckeite resistivity
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measurements, we observed insulating behaviour in franckeite at low temperatures as
shown in Figure 5.10. The insulating behaviour is attributed to charge carrier freeze out
indicating that the franckeite is non-degenerately doped, in contrast to the DFT
calculations presented in [114, 116]. The insulating behaviour also explains the surface

charging that precluded low temperature ARPES measurements.
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Figure 5.10: Temperature dependence of franckeite resistance. 2 point resistance measured

by lock-in amplifier at ~ 13 Hz, demonstrating insulating behaviour.

Before thermopower experiments, thermometer resistances were calibrated. During the
simple calibration procedure, 4-point resistances of the thermometers are recorded as the
sample temperature is changed from room temperature to 40 °C using a hot-plate. A linear
dependence of the thermometer resistances with temperature is observed.  Typical
thermometer resistance changes with temperature were 1.7 — 2.3% per K. Following

calibration experiments, the open-circuit voltage between two franckeite electrodes and the
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Figure 5.11: Thermoelectric experiments of exfoliated franckeite. Left panel shows the
optical microscopy image of a franckeite device prepared for thermoelectric measurements.
Right plane shows the voltage pick-up across franckeite contacts at different temperature
gradients created by applying 4, 6 and 8 mA to the heater.

4-point resistances of the thermometers were measured while a high current was applied to
the heater strip. Figure 5.11 shows the measured voltage across franckeite contacts at
different heater currents from 0 to 8 mA. The resulting temperature gradient at each
heater current level, is calculated assuming a linear temperature gradient across the
sample. At heater current levels of 4, 6 and 8 mA, the temperature gradient between

franckeite contacts is calculated as 0.12, 0.27 and 0.49 K, respectively. Comparing the open

circuit voltage versus temperature change, the Seebeck coefficient is then,

AV

5= AT

= 445 nV/K. (5.8)
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The sign of the induced voltage and the Seebeck coefficient confirms the intrinsic p-
type carriers in franckeite, in agreement with previous studies [114,118]. The magnitude
of the franckeite Seebeck coefficient is significantly lower than the Seebeck coefficients of
its constituent compounds, +3200 nV/K for PbS [122] and -200 nV /K for SnS, [123]. Our
findings indicate that despite predictions that quantum confinement in superlattice structures
can greatly enhance Seebeck coefficient as noted in the seminal work of Hicks and Dresselhaus
[120], such an enhancement is not evident in franckeite. We hypothesize that disorder and
its influence on both electron and phonon transport contributes to the modest Seebeck
coefficient and notes that thermoelectric effect in disordered systems remains challenging
to describe theoretically [137]. Interestingly, in misfit layer compounds with alternating
n and p layers similar to franckeite, the low Seebeck coefficient observed was ascribed to
the counteractive effects of the n and p layers on the overall contribution to the Seebeck
coefficient [138]. While ARPES reveals strictly p-type character, ARPES is a surface sensitive
technique which may not reveal the doping state of the interior of the material. Further

experimental work is required to elucidate these questions.

5.4 Conclusion

We offer an examination of franckeite’s structural properties, reflectivity and
thermoelectric performance. We provide insights into the atomic ordering within the Q and

H layers, backed by evidence from STEM and APT measurements. The findings suggest
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ordered placement of the substitutional defects in the Q and H layers. The effects of this
ordering on the band structure of franckeite is still an open question. The band structure
of franckeite was probed with ARPES and we resolve an anisotropic two-valley valence
band. The in-plane effective mass values are reported as 19.1 and 1.6 mgy. Optical reflection
spectroscopy of franckeite flakes with different thicknesses have been presented. A
transition from absorption dominated response to interference dominated response occurs
near 620 — 650 nm, corresponding to a direct optical absorption edge near a band-gap
E, = 191 — 2.0 eV in agreement with previous observations at fiw = 1.97 — 2.1 eV in PL
experiments [117].

Thermoelectric measurements of exfoliated franckeite flakes reveal a Seebeck coefficient
of S = +45 nV/K. We confirm the intrinsic p-type carriers in franckeite, in agreement with
previous studies [114,118]. The estimated Seebeck coefficient is significantly lower than the
Seebeck coefficients of franckeite’s constituent compounds, +3200 pV/K for PbS [122] and
-200 pV/K for SnS, [123]. Further investigations to understand the origin of the modest

Seebeck coefficient of franckeite is required.
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Chapter 6

Conclusions and Future Work

In the first part of this bipartite thesis we have demonstrated a comparatively facile
method utilizing an inert glove box environment for doping graphene to a high charge
carrier density by encapsulating an alkali vapour source in a flip-chip assembly. The
flip-chip method permits in-situ charge transport characterization during alkali doping, and
enables further experimental characterization by methods such as magnetotransport and
Raman spectroscopy. Using this method, monolayer graphene samples were doped up to
electron densities of 4 x 10 ¢cm™2 outside of a UHV environment, which exceeds previous
reports.  We presented electronic transport and non-resonant Raman spectroscopy
measurements of ultra-high doped graphene on quartz substrate, complementing previous
ARPES studies of highly doped systems on metallic substrates.

The charge transport properties of highly doped graphene at the Lifshitz transition has
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not been fully investigated despite predictions of non-trivial many-body phenomena [82].
We anticipate our method to enable studies of graphene at the Liftshitz transition. Higher
doping densities may be achieved by using different species of adsorbates, for example Ca,
which donates more electrons per adatom compared to Cs. Sample cleaning following
microfabrication may be improved to provide a cleaner surface for dopants to promote
more efficient doping. A bilayer graphene device may prove to be a better host material,
due to the ability of alkali dopants to intercalate in between graphene layers, resulting in
higher doping densities per monolayer. Lastly, the effect of the glovebox environment is yet
to be investigated. Using an Ar environment instead of Ny, may improve the inertness of
the environment resulting in better doping conditions.

The flip-chip method is highly versatile. The extension of the flip-chip method to other
dopants and target materials and devices may provide a new means of exploring the
physics of highly doped low-dimensional systems. For example, heavily doped black
phosphorus have been shown to exhibit band-gap modulation, closure, and inversion owing
to an unusually strong Stark effect [108, 109]. Real-time doping experiments of black
phosphorus and characterization of heavy doped black phosphorus might provide a better
understanding of such effects. Alkali doped Cgohave been proposed as high critical
temperature superconductor [110]. The effect of higher carrier densities in the critical
temperature of this superconductor is yet to be seen. In a similar fashion, carbon nanotube

devices can be heavily doped using the flip-chip method to explore rich physics present in
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one dimensional systems. In terms of commercial applications, the flip-chip method can be
potentially implemented to dope microfabricated ion traps designed for quantum
computing [111].

The second part of this thesis presents the experimental characterization of several
electronic properties of franckeite. We offer a comprehensive examination of franckeite’s
structural properties and provide insights into the atomic ordering within the Q and H
layers, backed by evidence from STEM and APT measurements. The findings suggest
ordered placement of the substitutional defects in the Q and H layers. The effects of this
ordering on the band structure of franckeite is an open question. Computational
simulations using Density Functional Theory (DFT) to consider factors such as displacive
modulation, appropriate commensurate supercell dimensions, and orderly interstitial
defects are yet to be conducted. Notably, the potential ordering of Fe substitutionals
within the H layer might unveil magnetic properties that have not been experimentally
demonstrated to date.

Angle-resolved photoemission spectroscopy (ARPES) measurements of the band
structure reveal an anisotropic two-valley valence band with in-plane effective mass values,
19.1 and 1.6 my. Our initial attempts using bulk franckeite were hindered by challenges
stemming from charging effects and surface unevenness, rendering the acquisition of results
challenging. A more promising avenue might involve repeating the ARPES experiments

using exfoliated crystals.
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Optical reflection spectroscopy of franckeite flakes with different thicknesses have been
presented. A transition from absorption dominated response to interference dominated
response occurs near 620 — 650 nm, corresponding to a direct optical absorption edge near
a band-gap F, = 191 — 2.0 eV in agreement with previous observations at
hw = 1.97 — 2.1 eV in PL experiments [117]. Further analysis of thickness dependent
reflectivity may reveal refractive index estimations of franckeite.

Thermoelectric measurements of exfoliated franckeite flakes reveal a Seebeck coefficient
of S = +45 nV/K. We confirm the intrinsic p-type carriers in franckeite, in agreement with
previous studies [114,118]. The estimated Seebeck coefficient is significantly lower than the
Seebeck coefficients of franckeite’s constituent compounds, 43200 pV/K for PbS [122] and
-200 pV/K for SnS, [123]. This result comes as a surprise, since Hicks and Dresselhaus
predicted that multiple quantum well structures should deliver enhanced thermoelectric
performance [120] and franckeite superlattice is analogous to a multiple quantum well
structure. According to DFT results, HOMO and LUMO bands in franckeite are confined
to alternating layers [114, 116], meaning Q and H layers are n- and p-type doped,
respectively. In misfit layer compounds with alternating pattern of n and p layers similar
to franckeite, the low Seebeck coefficient was ascribed to the counteractive effects of the n

and p layers on the overall contribution to the Seebeck coefficient [138].
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Figure 6.1: AFM images of exfoliated franckeite flakes before (left) and after(right) Cs

exposure

The introduction of dopants into franckeite could offer a potential strategy to reduce
resistivity, leading to potential enhancements in thermoelectric performance. The van der
Waals structure of franckeite is suitable for intercalation. Nevertheless, our initial attempts
to introduce Cs dopants into franckeite using the flip-chip method did not yield successful
outcomes. As depicted in Figure 6.1, we present atomic force microscopy (AFM) images of
exfoliated franckeite flakes both before and after exposure to Cs. Notably, we observed an
overall increase in flake thickness, which could imply the intercalation of Cs between the
franckeite layers. Regrettably, we also observed a deterioration in the crystal structure.
The previous distinct layered structure of the franckeite plateaus appeared to transform
into islands of deposits, suggesting an unintended reaction between Cs and franckeite.
Further research into alternative dopant species that would intercalate in between

franckeite layers is required. The results emphasize the need for further research on
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alternative dopant species that could intercalate between the franckeite layers and improve
the electronic and thermoelectric performance. The potential unique properties that comes
with intercalated franckeite, due to increased interlayer spacing and ordered dopant layers

are yet to be discovered.
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