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Abstract

Epitaxial graphene grown on silicon carbide, or epigraphene, offers in principle a suitable
platform for electronic applications of graphene which require scalable, reproducible, and
high-quality material. However, one of the main drawbacks of epigraphene lies in the
difficulty in tuning its carrier density due to strong interactions with the substrate.

This thesis introduces a novel molecular doping method which is especially suitable
for 2D materials. This technique utilizes acceptor molecules mixed with a polymer, which
results in a dopant blend that can be applied using simple spin-coating. It provides
potent and homogeneous doping over wafer-scale, leading to doped epigraphene samples
with exceptionally low charge disorder, comparable to state-of-the-art encapsulated
or suspended graphene, in addition to record high carrier mobilities for epigraphene
(80 000 cm2/Vs at 2 K). Molecular doping allows for controllable tuning of the carrier
density of epigraphene, which opens up many different avenues for potential applications.

The doping method was successfully used to create practical graphene quantum
resistance standards based on the quantum Hall effect. Doped epigraphene devices were
compared to conventional GaAs devices by two independent metrology institutes, and it
was confirmed that epigraphene meets the stringent criteria for use in precision quantum
resistance metrology. Furthermore, the samples could consistently operate at relaxed
measurement conditions with stable doping levels, which extend the device lifetimes to
over three years and counting.

Doped epigraphene was also used to develop magnetic field sensors capable of operating
from room temperature up to T = 150 ◦C. With the doping level tuned close to neutrality,
epigraphene Hall sensors were shown to rival, and even surpass, the best graphene-based
Hall sensors reported in literature thus far, including having record-low magnetic field
detection limits at room temperature. The Hall sensors also demonstrated promising
performance at high temperatures, with the potential to one day outmatch industrial
sensors in the automotive and military temperature ranges.

Lastly, doped epigraphene was used to create a proof-of-concept terahertz detector.
Near charge neutrality, epigraphene develops a logarithmic temperature dependence of
resistance which enables its use as a bolometric mixer. The device demonstrated highly
sensitive and wide-band coherent detection of terahertz signals, with record-low power
consumption requirements. It was found that initial device performance was limited by
the measurement setup, and an optimized device could potentially allow for the creation
of detector arrays which provide quantum limited detection across the entire terahertz
range, which would revolutionize sensors used in next-generation space telescopes.
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1 Introduction

1.1 What is Graphene?

Figure 1.1: Artistic rendering of a graphene sheet.

Graphene is a two-dimensional (2D) material , which consists of a single layer of
carbon atoms arranged in a hexagonal lattice (Figure 1.1). This crystal structure leads
to many interesting properties, which have the potential to exceed the characteristics of
more conventional materials. Graphene has no band gap, but since the carrier density can
still be tuned like a semiconductor, it is therefore commonly referred to as a semi-metal.
The electronic band structure at low Fermi energies has a linear dispersion relation, and
is in principle charge neutral at zero Fermi energy (Dirac point). The linear dispersion
relation leads to effectively massless charge carriers, which result in exceptionally high
carrier mobilities being observed at room temperature [1]. Furthermore, due to the lack
of band gap graphene absorbs light in a broad range of frequencies, and the absorption is
proportional to the fine structure constant α [2], absorbing around 2.3 % of visible light
despite being atomically thin. The thermal conductivity is also high, with reported values
up to 3000 W/mK, comparable to even copper [3]. Last but not least, its mechanical
properties include being both flexible and strong. Relative to its size, graphene is
sometimes hailed as the strongest material in the world [4].

The list of advantages is long, and this intriguing material was theoretically studied
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starting from 1947 by Wallace [5]. Interestingly, one of the earliest experimental signs of
graphene occurred already in 1975 [6]. In that work, graphene, or monolayer graphite
as it was called back then, was actually grown on hexagonal silicon carbide (SiC). This
early discovery lay dormant for some time, until around 2004, when Geim and Novoselov
exfoliated graphene from graphite using a scotch-tape method, and presented a more
complete experimental verification of its exciting electronic properties [7, 8]. This work
earned them the 2010 Nobel Prize in physics, and graphene has enthralled researchers
all over the world ever since. This new 2D material has been envisioned to have endless
applications within new technological innovations, with lofty goals to surpass current
technologies in fields such as bio-medicine, composites, chemical sensors, energy harvesting
and storage, just to name a few. However, even after roughly a decade after the start of
the graphene revolution, efforts to outperform established technologies have been difficult
to realize in practice. While graphene possesses many exceptional properties in theory,
their manifestation in practice is often contingent on excellent material quality. This
highlights the importance of the production of high-quality monolayer graphene on a
large scale, which remains an active field of study to this day.

1.2 Epitaxial Graphene

Figure 1.2: Artistic rendering of epigraphene (black), including the buffer layer (purple)
and SiC substrate (Blue-black). Note that the buffer layer is depicted without covalent
bonds to the substrate.
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Harking back to the forgotten roots of graphene, epitaxial graphene grown on sili-
con carbide (epigraphene) is the graphene of choice for this thesis. Epigraphene is in
principle a very attractive choice for electronic applications of graphene which require
scalability, reproducibility, and high electronic quality. This is because epigraphene
is grown bottom-up, epitaxially on a silicon carbide crystal (SiC), which results in a
high-quality monocrystalline graphene film across the entire substrate [9, 10]. Moreover,
epigraphene can in principle be grown on a wafer-scale [11, 12], which is a prerequisite
for real-world applications, where scalable production is paramount. Another benefit is
that the insulating nature of the SiC substrate enables direct fabrication of electrical
devices after epigraphene growth. This forgoes the need for further material transfer
processes which are necessary for methods such as chemical vapor deposition (CVD) and
mechanical exfoliation. The reduced complexity of fabrication ensures that the quality of
epigraphene is preserved [13]. Finally, the unique combination of epigraphene with SiC
results in a material that can withstand high operating temperatures, which is attractive
for industrial applications such as magnetic sensing in automobiles.

In terms of real applications, epigraphene has already shown great promise in the
field of quantum resistance metrology [14]. To date, this is perhaps the only electronic
application which truly utilizes the unique electrical properties of graphene, and specifically
epigraphene, to surpass conventional materials.

One of the main drawbacks which hinders widespread use of epigraphene, is the
difficulty in tuning the charge carrier density n. Control over the carrier density is crucial
not only because it gives epigraphene greater flexibility in potential applications, but also
because it is the key which grants access to interesting physics phenomena near the charge
neutrality point (Dirac point). Due to the nature of the growth process, there exists an
interface layer of carbon known as the buffer layer (see Figure 1.2), which in conjunction
with the SiC substrate influence the electronic properties of epigraphene. One consequence
is high intrinsic n-doping (n ≈ 1013 cm-2), and the other is Fermi energy pinning which
effectively reduces the efficiency of gating [15]. These two problems work in tandem to
provide a challenge to those who wish to tune the carrier density of epigraphene, especially
across the Dirac point, and it is one of the core problems addressed in this thesis.

1.3 Initial Motivation

The starting point of the research presented in this thesis was to improve the application
of epigraphene in quantum resistance metrology, where it fulfills a useful niche. Quantum
resistance metrology deals with the definition and precise measurement of the unit of
resistance Ohm (Ω), down to part-per-billion accuracy. Historically, it has relied on the
quantum Hall effect (QHE) [16] in two-dimensional electron gases (2DEG) commonly
based on gallium arsenide (GaAs). At sufficiently strong magnetic fields (> 10 T) and
low temperatures (< 2 K), the measured transverse resistance (RXY ) takes on quantized
values defined only by fundamental constants Planck’s constant h and elementary charge e.
The resistance is proportional to the aptly named von Klitzing constant RK = h/e2, the
namesake of the discoverer of the QHE. Because the resistance is precisely defined solely
by fundamental constants, it provides an excellent universal reference point for resistance
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measurements. This universality ensures that in principle any graphene sample, regardless
of device geometry, can be made into a primary resistance standard, eliminating the need
for artifact standards which all have their own idiosyncrasies [17]. Due to the unique
properties of epigraphene specifically, the QHE can be observed at lower magnetic fields,
higher temperatures, and at higher bias currents than for conventional 2DEGs [14, 18, 19].
Additionally, the quantum Hall plateau corresponding to filling factor ν = 2 is very robust
in epigraphene, extending up to 50 T [20]. Owing to more relaxed measurement conditions,
a graphene based quantum Hall resistance (QHR) standard would require neither high-end
machinery, nor state-of-the-art laboratories to function. Work on developing a portable
table-top cryogen-free version of a graphene QHR standard has already started in earnest
[19]. QHR standards based on epigraphene are therefore not only the superior realization,
but it also facilitates the dissemination of a primary standard closer to the end-user,
thereby decreasing calibration uncertainty. In the beginning of this thesis, there existed
unresolved issues regarding the fabrication process of epigraphene QHR standards which
limited their performance and reliability. One of the main culprits was, as mentioned,
charge carrier density control in epigraphene.

There are myriad reasons why charge carrier density control is important, and not
only just for QHR applications, but for electronic devices in general. Carrier density
control via gating or doping is after all the cornerstone of the modern digital society,
which is entirely dependent on transistor logic. Regarding quantum resistance metrology,
a high charge carrier density increases the minimum required magnetic field in order to
reach quantizing conditions. A low carrier density is important in order to achieve relaxed
operating conditions for an epigraphene QHR device. One also has to take into account
allowed bias currents, which should be maximized in order to improve signal-to-noise-ratio
and reduce the measurement uncertainty. For a specific combination of magnetic field
and temperature, there is an optimum charge carrier density that maximizes critical
current [19] and some fine-tuning of the carrier density is needed to find the sweet spot.
Furthermore, the accuracy and robustness of resistance quantization can be sensitive to
charge disorder [21, 22], which demands the use of high-quality epigraphene with spatially
homogeneous doping. Finally, for real-world applications the method used to control the
carrier density should ideally possess long-term stability, as this will extend the lifetime
of epigraphene QHR standards.

1.4 Research Scope

This thesis summarizes and elaborates upon the works presented in Paper A through
Paper F.

Paper A and Paper B deal with previous work related to the creation of a practical
table-top epigraphene QHR system that needs to reliably operate at relaxed conditions
of <5 T and 4.2 K. In order to achieve this feat, control over the carrier density of
epigraphene is crucial. This conundrum provided one of the main motivating factors
behind the pursuit of the development of a molecular dopant blend. The contributions
from this thesis to these initial metrology projects are mainly sample fabrication and
initial characterization.
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The main result of this thesis is presented in Paper C. It pertains to the development
of a novel molecular doping method, which utilizes an acceptor molecule1 combined with
a polymer2 to form a dopant blend. This dopant blend can be applied onto epigraphene
using simple spin-coating in ambient conditions, and the final doping level can be tuned
using thermal annealing. Measurements demonstrated that it provides potent and
homogeneous doping on a millimeter scale, with the ability to bring epigraphene very close
to charge neutrality while maintaining high carrier mobilities. Chemical analysis of the
deposited dopant blend revealed that the F4TCNQ molecules diffuse through the PMMA
matrix and spontaneously assemble near the epigraphene surface, forming charge-transfer
complexes between epigraphene and F4TCNQ molecules which results in a p-doping effect.
Addtionally, doped epigraphene showed exceptionally low charge disorder, comparable to
state-of-the-art exfoliated graphene flakes encapsulated by hexagonal boron nitride (hBN)
[23] or suspended graphene [24]. This work demonstrates that a F4TCNQ-based polymer
dopant blend provides stable, potent, and tunable doping of epigraphene.

Armed with this effective molecular doping technique, the aforementioned problem
of carrier density control in the realm of epigraphene quantum resistance metrology was
tackled. Paper D marks the culmination of these efforts, wherein doped epigraphene QHR
standards were compared to well-established conventional GaAs-based QHR standards.
The tests were performed independently at two different national metrology institutes
(NMI), and both verified that molecular doped epigraphene passes all the precision
requirements for use in quantum resistance metrology. In addition, the samples showed
a slow linear drift over the course of three years, with extrapolated device lifetimes
potentially exceeding decades. This work reveals that molecular doping of epigraphene
can be a solution for the real-world implementation of practical epigraphene-based QHR
standards.

A natural extension to quantum Hall effect devices is to look at sensors based on the
classical Hall effect. Instead of measuring the Hall voltage in the presence of an external
magnetic field, epigraphene can perform the role of a magnetometer which measures the
external field by detecting induced Hall voltage. In Paper E, doped epigraphene devices
were leveraged as sensitive Hall elements. The parameter space and performance limits of
devices under ambient conditions were studied using the molecular doping technique to
tune the carrier density across the Dirac point. In the end, optimal points of operation
for magnetic field sensing were identified, and it was shown that epigraphene doped
close to neutrality can rival, and even surpass, the best graphene-based Hall sensors
reported in literature thus far. Lastly, the doped Hall sensors showed respectable high
temperature performance up to 150 ◦C, which is potentially very attractive for industrial
applications such as in the automotive field. This work shows that epigraphene doped
close to neutrality can be utilized as high-performance Hall sensors.

For the third tested application of doped epigraphene, the focus shifts from magneto-
transport phenomena to light sensing. Paper F demonstrates that epigraphene, uniformly
doped to charge neutrality, can work as a fast and sensitive bolometric mixer for radiation
in the terahertz frequency (THz) range. In the regime of charge neutrality, electrical
transport in epigraphene is dominated by quantum interference effects, which results in

12,3,5,6-Tetrafluoro-tetracyanoquinodimethane or F4TCNQ
2poly(methyl-methacrylate) or PMMA
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a logarithmic temperature dependence of resistance. This enables highly sensitive and
wide-band coherent detection of signals due to a bolometric response. The measurements
demonstrated that epigraphene can perform favorably compared to conventional THz
mixers in terms of mixing bandwidth and gain, but with a notable advantage in its record-
low power consumption. It was found that the reported proof-of-concept performance
was limited by the measurement setup, and under ideal conditions this approach could,
for the first time, provide THz detector arrays with quantum limited detection spanning
the full THz range. This work indicates that epigraphene doped close to neutrality can
be used for state-of-the-art THz detectors. The contributions from this thesis are sample
fabrication and DC characterization.

Figure 1.3: Artistic rendering of an epigraphene THz detector. Incident THz radiation
from the cosmos is combined with a reference signal, and directed to epigraphene. The
light is absorbed and heats up the electronic system, which can be detected using resistance
measurements.
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1.5 Thesis Outline

� Chapter 2 introduces concepts and theory regarding the electrical properties of
graphene.

� Chapter 3 contains descriptions of various experimental methods needed to fabricate
a working epigraphene device. The minute details of microfabrication recipes have
been relegated to Appendix A.

� Chapter 4 begins with a brief introduction to previous work related to a table-top
QHR standard (Paper A, Paper B) which serves as the starting point and
driving force behind investigations into carrier density control of epigraphene. The
subsequent sections contain the results of paper Paper C, and are dedicated to the
intricacies of the molecular doping method.

� Chapter 5 presents the experimental results related to Paper D. The opening
section provides some more insight into previous works (Paper A, Paper B), and
their importance for metrology. The remaining sections deal with the metrologi-
cal verification of doped epigraphene QHR standards, and how they compare to
established conventional GaAs-based resistance standards.

� Chapter 6 presents the experimental results related to Paper E. The performance
limits of doped epigraphene Hall sensors are explored in a wide parameter space
spanning different carrier densities and temperatures.

� Chapter 7 presents the experimental results related to Paper F. The chapter starts
with a short introductory background to the world of THz astronomy, before moving
on the performance of a doped epigraphene THz detector.

� Chapter 8 is the final chapter and it provides a summary of the main results,
alongside some concluding remarks, and future outlook.
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2 Theory & Concepts

Graphene is an allotrope of carbon, with a crystal structure consisting of carbon atoms
arranged in a 2D hexagonal lattice. The simple honeycomb structure results in interesting
electrical properties which will be explored below. This chapter serves as a primer for
the underlying theory and concepts behind the unique electrical properties of graphene
in general, and epigraphene in particular. Graphene is introduced first, followed by
the concepts required to grasp the peculiarities of epigraphene, and how they alter its
properties. The latter sections start with a broad discussion on the classical Drude model
and general magnetotransport phenomena in two dimensions (2D), followed by quantum
transport phenomena. For a more in-depth look into general electron transport theory
see references [25, 26]. For graphene specific theory see references [27–29].

2.1 Electrical Properties of Graphene

Figure 2.1: Left: Real space representation of the graphene crystal lattice. The lattice
can be decomposed into two triangular sub-lattices A (Black atoms) and B (white atoms),
shifted by the carbon-carbon distance a0. The lattice vectors a1 and a2 span the primitive
cell. Right: Graphene in reciprocal space with reciprocal lattice vectors b1 and b2. The
1st Brillouin zone is hexagonal with six points at its corners, but only two points K and
K′ are unique.

To grasp the origins of the electrical properties of graphene, and indeed any crystal,
one must first study the underlying crystal structure. The graphene lattice in real and
reciprocal (momentum) space can be seen in Figure 2.1. The real space unit cell can be
described by lattice vectors:

a1 =
3a0

2
x̂ +

√
3a0

2
ŷ

a2 =
3a0

2
x̂−
√

3a0

2
ŷ

(2.1)

The distance between adjacent carbon atoms is a0 = 1.42 Å, and the lattice constant
|ai| = a =

√
3a0 = 2.46 Å. The hexagonal lattice can be decomposed into a combination of
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two identical triangular sub-lattices A and B. Each sub-lattice contributes one carbon atom
respectively to the primitive cell. As will become evident later, the symmetry between the
two sub-lattices permeates all of the electronic properties of graphene. Graphene owes
its 2D planar structure to sp2 hybridization of orbitals between carbon atoms. Three
out of the four valence electrons in the carbon atom are occupied by covalent σ-bonds
with adjacent atoms, resulting in strong in-plane stability of the lattice. The last valence
electron joins its peers from other carbon atoms, and together they create an aromatic
π-bond which spans the entire graphene sheet. This is the delocalized electron cloud
which forms the valence and conduction bands in graphene.

The reciprocal lattice vectors b1 and b2 span the 1st Brillouin zone (BZ). They can
be constructed by biaj = 2πδij , where δij is the Kronecker delta. In the corner of the
hexagonal BZ there exist six points, but only two K and K′ are nonequivalent points,
and they are related to sub-lattices A and B. The four different reciprocal vectors are:

b1 =
2π

3a0
x̂ +

2π√
3a0

ŷ

b2 =
2π

3a0
x̂− 2π√

3a0

ŷ

K =
2π

3a0
x̂ +

2π√
33a0

ŷ

K′ =
2π

3a0
x̂− 2π√

33a0

ŷ

(2.2)

One simple way to derive the electronic band structure of graphene is to use a tight-
binding approach. The idea behind the model is to only take into account interactions
between nearest-neighbor carbon atoms. Assuming that the electrons are tightly bound
to the nucleus, their wave functions can be expressed as a linear combination of atomic
orbital functions. The full tight-binding derivation can be seen in Appendix B.2. The
resulting tight-binding band structure is:

Ek =
ε0 ± γ0 |f(k)|
1± s0 |f(k)| (2.3)

|f(k)| =
√

3 + 2 cos(ka1) + 2 cos(ka2) + 2 cos(ka1 − ka2). (2.4)

The band structure equation contains the three tight-binding parameters ε0, γ0 and
s0. They can be determined by experimentally measuring the Fermi velocity or from
ab initio calculations. When considering only strictly nearest-neighbor interactions, the
self-energy is commonly set to zero ε0 = 0. This results in the valence and conduction
bands crossing at the K point. The hopping energy is usually γ0 ≈ −3 eV based on fits
to experimental data and first-principle calculations [30]. The overlap integral s0 relates
to the asymmetry between conduction and valence bands, and can be ignored at lower
energies s0 = 0. Finally, the low-energy band structure for graphene, as shown in Figure
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2.2, is expressed as:

Ek = ±γ0 |f(k)| =
√

3 + 2 cos(ka1) + 2 cos(ka2) + 2 cos(ka1 − ka2) =

± γ0

√
3 + 2 cos(

√
3a0ky) + 4 cos(

3a0

2
kx) cos(

√
3a0

2
ky)

(2.5)

Where kx and ky are the x̂ and ŷ components of the wave vector respectively. The
energy is zero only at K or K′, where the valence and conduction bands meet.

Figure 2.2: Left: Band structure of graphene calculated using the nearest-neighbor tight-
binding model. Tight-binding parameters are set to ε0 = s0 = 0 and γ0 = −3 eV. The
valence and conduction bands meet at six points in the reciprocal space and the dispersion
relation is linear in the low energy regime |E| < 3 eV. Right: Top-down view of the band
structure. Six points exist at zero energy (yellow/green color) and mark the corners of the
1st BZ.

To see the characteristic linear dispersion relation of graphene, Equation 2.5 can be
transformed using Taylor expansion around the K points by using k = K + q with
|q| � |K|. Ignoring any higher order terms O = q2/K2 leads to the linear dispersion:

Ek = ~vF |q| (2.6)

Here vF is the Fermi velocity vF = 1
~
∂E
∂k = 3γ0a0/2, which is approximately vf ≈

106 m/s [8]. The resulting linear dispersion relation close to the K point parallels the
behavior of ultra-relativistic particles with zero rest mass, like photons for instance. The
energy momentum relation E2 = |p|2 c2 +m2c4 reduces to E = c |p| = ~c |k| for massless
particles, which is identical to that of graphene. For massless particles, the Schrodinger
equation reduces to the 2D Dirac equation, which is used when dealing with massless
Dirac fermions. This is the reason why the K points are called Dirac points in graphene.

The linear dispersion forms a conical shape, or a Dirac cone, in the reciprocal space.
The density of states (DOS) can be calculated by considering states living on an annulus
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on the cone, with radius k and thickness dk. The the area of the annulus, divided by the
area of one state, is precisely the DOS. The area of the annulus is 2πkdk and the area of
one state in reciprocal space is (2π/L)2, where L is some unit length. Including a factor
of 2 for spin degeneracy and a factor of 2 for the two Dirac cones for K and K′ (valley
degeneracy), the number of states is N = 2kdkL2/π. The linear dispersion of graphene
means that dE/dk = ±~vF , and therefore kdk = |E|dE(~vF )2. Finally the DOS per unit
area L2 is:

DOS(E) =
2|E|

π(~vF )2
(2.7)

The DOS is linear with energy and is zero at the Dirac point. In theory this means
that graphene should have a large resistance at the Dirac point, because there are no
available states for charge carriers to occupy. In practice, for real graphene samples there
are factors such as spatial charge disorder which complicate this picture. There is always
some residual charge carrier density, and experiments at the Dirac point always show
finite resistance. The resistance values in literature can vary, and the maximum resistance
of graphene at the Dirac point is still somewhat controversial, with different theories
predicting different values [31]. Of note is that for epigraphene studied in this thesis the
maximum resistivity is on the order of ∼ h/e2 at T = 2 K.

The relatively low DOS allows for the tuning of the carrier density in graphene, and the
absence of a band gap allows for a transition between electron (n-type) and hole (p-type)
dominated transport. Close to neutrality and at finite temperatures, both electrons and
hole coexist and contribute to the transport (ambipolar transport).

The Fermi energy can be calculated from the expression of the DOS. Summing up all
the occupied states, above zero energy, gives the the carrier density n (number of carriers
per area):

n =

∫ ∞
0

DOS(E)f(E)dE (2.8)

For simplicity, the temperature can be assumed to be zero, in which case the Fermi
distribution f(E) turns into the Heaviside step function (=1 for energies below EF , zero
otherwise), and the upper energy limit of the integral becomes the Fermi energy EF . The
integration is now trivial and the carrier density is:

n =
E2
F

π(~vF )2
(2.9)

In other words, the Fermi energy depends on the square root of carrier density:

EF = ~vF
√
πn (2.10)

2.2 Epitaxial Graphene

The term epitaxy refers to crystal growth where new crystalline layers are formed in
a well-defined manner with respect to the crystalline substrate. The etymology of the
word epitaxy has roots in the Greek language where ”epi” means ”above” and ”taxis”
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means ”an ordered manner”. Epigraphene grows bottom-up from the SiC substrate, and
it forms a monocrystalline layer with a well-defined orientation with respect to the SiC
substrate. One defining feature is the presence of an insulating buffer layer, which grows
before the first monolayer of epigraphene forms. Due to strong interactions with both
the SiC substrate and buffer layer, the properties of epigraphene are altered. There are
especially significant changes to the electrical properties, which are very relevant for device
applications. This section begins with a brief introduction to the crystal structure of SiC
and how epigraphene grows on top of it, and ends with a summary of the advantages and
drawbacks of epigraphene in the context of electronic devices.

2.2.1 Growth on Silicon Carbide

Figure 2.3: A side-view schematic representation (not to scale) of monolayer epigraphene
grown on SiC, including the interface buffer layer [32]. The white circles and black circles
represent Si and C atoms respectively. The approximate distance between the different
surfaces are shown. The buffer layer interacts strongly with the substrate through covalent
bonds, and is therefore insulating. The dangling bonds from the SiC substrate also affect
the layers above. Note that the buffer layer and epiraphene obey A-B stacking.

As the name suggests, SiC is a crystal which consists entirely of Si and C atoms. The
crystal structure of SiC can be imagined as consisting of layers of Si-C atoms bonded in
a tetrahedral manner, as seen in Figure 2.3. There exist a plethora of polytypes of SiC,
but the ones most commonly used for growth of epigraphene are the hexagonal polytypes
4H-SiC and 6H-SiC, shown in Figure 2.4. The first number describes the number of
layers of Si-C pairs (also known as a Si-C bilayer) in the unit cell, and the letter H
indicates that the crystal symmetry is hexagonal. Historically, the growth of epigraphene
has been optimized primarily for the hexagonal polytypes 6H-SiC or 4H-SiC. These SiC
substrates are electrically insulating at room temperature, with ∼ 3 eV bandgap. While
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Figure 2.4: A two-dimensional schematic representation of the crystal structure of polytypes
6H-SiC (left) and 4H-SiC (right) [33]. The white circles represent Si atoms while the
black circles represent C atoms. The layer stacking sequence is ABCACB and ABCB for
6H-SiC and 4H-SiC respectively. Left: For 6H-SiC, the letter h1 represents the atom sites
with hexagonal bonds, while k1 and k2 represent sites with two nonequivalent cubic bonds.
This means that 6H-SiC has one third hexagonal bonds with the rest being cubic, but the
crystal overall is still hexagonal. Right: For 4H-SiC, the letter h represents hexagonal
bonds while k represent cubic bonds. 4H-SiC has equal parts hexagonal and cubic bonds.

the hexagonal crystal structure is relatively commensurate with the graphene lattice, the
lattice mismatch of ∼ 20 % [34] is not insignificant. The resulting compressive strain on
epigraphene can for instance be observed in Raman spectroscopy [35]. The reason behind
the extensive use of hexagonal SiC is simply because high-quality single-crystal substrates
are commercially available. High-quality large areas wafers are sold at a moderate price,
which is still steadily decreasing as technology progresses. In fact, the cubic polytype
3C-SiC may prove to be a more suitable substrate for epigraphene, especially since
epigraphene can be grown without buffer layer and lower strain [36]. However, cubic SiC
is not industrially available and the growth process is not as well-understood. The work
in this thesis focuses solely on 4H-SiC.

The polar SiC crystal has two types of surface terminations: Si atoms (Si-face) or C
atoms (C-face). The Si-face is typically used for growth of monolayer graphene, due to the
slower and more controlled growth kinetics [11, 37]. In contrast, the growth process on the
C-face readily results in multi-layered patchy graphene films [38]. The Si-face is therefore
preferred for applications which demand graphene of high electronic quality, like for
QHR standards reliant on the QHE. The growth process of epigraphene utilizes thermal
decomposition of the SiC substrate. When subjected to sufficiently high temperatures,
the Si-atoms sublimate and leave behind a carbon rich surface layer, which upon further
heating eventually forms into epigraphene. The first graphene-like layer which forms is
electrically insulating and is referred to as buffer layer, 0-layer, or interface layer. The
reason it is different from conductive epigraphene is that approximately 30 % of the carbon
atoms form covalent bonds to the SiC substrate [39], thus destroying the conducting
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Figure 2.5: A schematic representation of the SiC crystal, including the three lattice
vectors a1, a2, and a3. The image is drawn from the perspective of looking down on the
Si-face, which has crystal plane (0001) in Miller-Bravais indices. The inset shows a sheet
of epigraphene (not to scale) which has a 30 ◦ rotation with respect to the SiC crystal.
The two perpendicular crystal directions of SiC point toward the armchair [11̄00] or zigzag
[112̄0] edges of epigraphene.

π bands. Only starting from the second layer does an actual conducting monolayer of
epigraphene appear (see Figure 2.3). Further growth of three or more layers is heavily
suppressed once the buffer and first monolayer cover the SiC surface. This self-limiting
effect makes uniform growth of bilayer epigraphene challenging.

Figure 2.5 shows the crystal structure of 4H-SiC and how it relates to epigraphene.
Note that while the buffer layer grows similarly as epigraphene with 30 ◦ rotation w.r.t.
SiC, it creates a large superstructure with 6

√
3× 6

√
3 reconstruction. Buffer, monolayer

epigraphene, and subsequent epigraphene layers commonly obey Bernal stacking (A-B).

2.2.2 Carrier Density Control

While epigraphene retains most of its unique electrical properties, such as the Dirac
spectrum, interactions with the substrate do influence some properties. Due to their
proximity (∼ 3 Å), the epigraphene layer is heavily influenced by the buffer layer. For
instance, the buffer layers acts as a high DOS charge donor and is responsible for the high
intrinsic n-doping of epigraphene, which is observed to be on the order of n ≈ 1013 cm−2.
Additionally, the high density of states acts like charge traps and effectively pins the Fermi
level of epigraphene in place, severely reducing the efficiency of charge carrier density
tuning attempts [15]. The pinning is so strong that it can decrease the effective gate
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capacitance of electrostatic gating by over 90 %. The SiC substrate also plays a crucial
role in the aforementioned doping effects due to dangling bonds on its surface [40]. For
both practical applications and theoretical studies, it is desirable to combat the influence
of the substrate in order to be able to freely tune the carrier density of epigraphene. The
practical realization of QHR standards, which desires to observe the QHE at moderate
magnetic fields (< 5 T, 4 K) [19], is but one example of an application which requires
doping control. The aforementioned problems make the plain electrostatic top-gate highly
inefficient for epigraphene. A back-gate is even more impractical since the SiC substrate
is too thick (∼ 300µm) to be a dielectric.

There exist a few other methods which can be used to control the carrier den-
sity. One alternative is to use photo-chemical gating, which coats epigraphene with
poly(methylstyrene-co-chloromethylacrylate), also known as ZEP520A, which is a com-
mon resist used for lithography. Upon exposure to UV light ZEP functions as an electron
acceptor and causes epigraphene to become more p-doped. This method is stable and
reliable, but lacks the potency to consistently bring epigraphene to charge neutrality.
Another more potent method is corona discharge of ions [41]. A piezo-activated anti-static
gun can be used to ionize air, which deposits charged ions on PMMA covered epigraphene.
The method is potent, for both n and p-doping on epigraphene, but lacks stability at
ambient conditions since the ions remain mobile. The molecular doping method based
on acceptor molecules F4TCNQ presented later in this thesis aims to solve all of these
problems.

While the aforementioned substrate interactions makes it difficult to access the Dirac
point in epigraphene, the charge transfer processes comes with one advantage. In practice
it has a positive side-effect on the robustness of the quantum Hall plateau, making it
extended in a wide magnetic field range. In essence, the charge transfer process leads to a
magnetic field dependent charge carrier density in graphene, which consequently prolongs
the RXY = h/2e2 plateau, with experiments showing the plateau enduring up to 50 T
[20]. One way to imagine this effect is that both the carrier density, and subsequently the
Fermi energy, oscillates with magnetic field due to charge transfer [42]. For instance, when
the Fermi energy is at a value where there is no resistance plateau, the carrier density
decreases due to charge transfer to the substrate, effectively making the resistance plateau
start at a lower magnetic field than normal. As the magnetic field increases further, the
Fermi energy of graphene moves to a value which corresponds to a resistance plateau, and
the carrier density then starts to increase due to substrate donors, effectively shifting the
end of the resistance plateau to a higher magnetic field. The combination of both effects
makes the resistance plateau extended in both low and high field directions.

2.3 Magnetotransport

The Drude model provides a simple classical model of the transport of electrons through
a crystal. The electrons can be considered to be independent particles moving around like
gas molecules. Electrostatic interactions with surrounding electrons and lattice ions can
be simplified and bundled into an average effect, which can be encapsulated by replacing
the mass of the electron with an effective mass m∗. An electron can then be considered
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to move about like a free electron, but with an effective mass. It can travel freely across
the crystal lattice until it encounters an obstacle, for example an ion, and the resulting
collision leads to an instantaneous change of momentum and the electron is scattered.
The average distance traveled before a collision is referred to as the mean free path `.
Scattering processes play a crucial role in determining the material properties, for instance
it is through these collisions that electrons can reach thermal equilibrium with their
surroundings.

Magnetic and electric fields can both affect the motion of electrons, and this interaction
forms the basis for magnetotransport measurements. The resulting force due to external
fields is called the Lorentz force, and can be expressed as Equation 2.11, where q is the
charge (−e for electrons, +e for holes), E is the electric field (vectors are bolded), B is
the magnetic field, and vI is the instantaneous velocity.

F = q(E + vI ×B) (2.11)

The equation states that the electric field accelerates electrons parallel the their travel
path, while the magnetic field deflects the electrons perpendicular to both the field and
the velocity direction. For an electron traveling in a 2D system, an external out-of-plane
magnetic field will therefore bend the path of the electron into a circular trajectory. Under
the influence of the Lorentz force (or any force), electrons also experience collisions at a
rate of 1/τ , were τ = `/v is time between scattering events. For the electrons which suffer
from a collision, the total effect of their individual scattering events can be approximated
by adding a frictional damping force Ffric = −m∗v/τ to Equation 2.11. One way to
understand this term is to look at how the average momentum of an electron p(t) changes
after an infinitesimal increment in time dt. Out of the total electrons N , a fraction
amounting to N dt

τ will have collided during this time. They acquire randomly distributed
velocities due to random scattering, leading to zero average momentum. The remaining
undisturbed electrons N(1− dt

τ ) will have endured the Lorentz force F(t) in the meantime
(dt) and changed their momentum accordingly. The average momentum of all electrons is
then:

p(t+ dt) ≈ (1− dt

τ
)(p(t) + F(t)dt)

dp(t)

dt
= −p(t)

τ
+ F(t)

(2.12)

In summary, the scattering process is treated as a damped movement of a electrons in
an external field. This scattering will eventually bring the system into thermal equilibrium,
and the electrons will have acquired an average drift velocity v. This is the net velocity
resulting from the external influence of Lorentz and other forces. In contrast, electrons will
normally move around in a random fashion at the Fermi velocity vF . The drift velocity
under the influence of Lorentz forces, with damping, follows from Newton’s equation
F = ma as:

q(E + v ×B)−m∗v
τ

= m∗(
dv

dt
) (2.13)
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For simplicity consider only the steady state situation where dv/dt = 0. Then the
solutions in the 2D plane (x-y plane), with a perpendicular out-of-plane magnetic field
(z-direction, see e.g. Figure 2.6), are given by solving:

0 = −eEX − eBvY −m∗
vX
τ

0 = −eEY + eBvX −m∗
vY
τ

(2.14)

The subscripts X and Y denote the direction along x or y-axis respectively. Because
the current density J is given by the drift velocity as J = qnv were n is the carrier density,
Equation 2.14 can be written:

σ0EX = ωcτJY + JX

σ0EY = −ωcτJX + JY
(2.15)

The factor σ0 = ne2τ/m∗ corresponds to the DC Drude conductivity in the absence
of magnetic fields. The cyclotron frequency ωc = eB/m∗ describes how quickly electrons
complete one looped path (cyclotron orbit) due to an external magnetic field. Without the
magnetic field dependent term, Equation 2.15 simply reduces to the familiar Ohm’s Law
E = J/σ0. The conductivity can also be expressed as σ0 = enµ, where the carrier mobility
µ = eτ/m∗ is a proportionality constant which describes how much an electrical field
affects the drift velocity v = µE. A higher mobility figure is correlated with low scattering
rate, which in general means that the material is of higher quality. For instance, a pristine
material with fewer defects, i.e. fewer scattering centers, will yield a comparatively high
mobility figure in contrast to a ”dirty” material.

Equation 2.15 can be expressed in matrix form as:

E = ρJ =

(
ρXX ρXY
−ρXY ρY Y

)
J = σ−1

0

(
1 ωcτ
−ωcτ 1

)
J (2.16)

The longitudinal resistance is defined as RXX = VX/IX (see Figure 2.6). It is typically
more illuminating to consider the geometry independent sheet resistance or resistivity ρ,
which in the longitudinal case is ρXX = RXXW/L where W is the width of the material
and L the length. In the transverse case ρXY = RXY = VY /IX , the resistance and
resistivity are one and the same. The conductivity tensor is the inverse of the resistivity
tensor:

σ =
σ0

1 + ω2
cτ

2

(
1 −ωcτ
ωcτ 1

)
(2.17)

The conductivity, under the influence of a magnetic and an electric field, is then:

σXX =
ρXX

ρ2
XX + ρ2

XY

σXY =
−ρXY

ρ2
XX + ρ2

XY

(2.18)
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2.3.1 Single Band Hall Effect

Figure 2.6: Schematic representation of a typical 2D sample geometry (Hall bar), with
width W and length L, used to measure the Hall effect. As current passes from one
end to the other, a longitudinal voltage VX develops. If a magnetic field B is applied
perpendicular to the plane, charges accumulate on one side of the Hall bar and an internal
electric field EH appears. At equilibrium, the force from the electric field balances out the
force from the magnetic field, and carriers are no longer deflected. The measured resulting
transverse voltage VY is the Hall voltage.

Figure 2.6 provides a schematic representation of an electron traveling along a rectan-
gular 2D conductor (Hall bar) in the x-direction (longitudinal). When it is subjected to
an external magnetic field B applied perpendicular to the plane, the electron is deflected
to one side of the Hall bar due the magnetic component of the Lorentz force. This
eventually leads to separation of charges and a build-up of a net charge across the Hall
bar width, which leads to the development of an internal electric field EH . This field gives
rise to an counteracting electrical component of the Lorentz force, which at equilibrium
exactly cancels the magnetic force, and no more electrons are deflected to the side. In
this equilibrium state the resulting voltage VY is then called the Hall voltage. To find out
the expression for the Hall voltage, recall there is no longer any current in the y-direction
(transverse) in equilibrium, which means JY = 0 in Equation 2.15:

σ0EY = −ωcτJX
EY = −ωcτ

σ
JX = − 1

ne
JXB

(2.19)

Rewriting the above question in terms of the so called Hall coefficient RH = EY /JXB
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leads to:

RH = − 1

ne
(2.20)

In practice, the Hall coefficient is calculated from measurements as RH = dRXY /dB.
Equation 2.20 is commonly used for low-field measurements, where RXY is linear with
magnetic field, in order to calculate the charge carrier density n of a certain material.
Additionally, the sign of RH also reveals if the electrical transport is dominated by electron
or hole carriers, assuming that the direction of current and magnetic field is known. A
Hall measurement can also determine the carrier mobility µ:

µ =
σ0

en
=
|RH |
ρ

(2.21)

2.3.2 Two Band Hall Effect

Since graphene is a zero band gap semi-metal, the absence of forbidden states in the
band structure enables continuous tuning from hole to electron dominated transport [7].
It also means that there are in principle no forbidden excitations, and both electrons
and hole can contribute to the current. This behavior is called ambipolar transport, and
it is well-known for field-effect transistors used in the semiconductor industry. When
graphene is very close to charge neutrality, ambipolar transport may occur either because
of thermal excitations, which is present for any finite temperature due to zero band gap,
or the presence of spatial charge disorder which creates regions of p-doping and n-doping
(charge puddle regime) [43].

By taking into account both electrons and holes in the ambipolar regime, the Hall
coefficient RH becomes:

RH = −1

e

neµ
2
e − nhµ2

h

e(neµe + nhµh)2
(2.22)

Where ne, µe and nh, µh denote contributions from electrons and holes respectively.
The effective carrier density is:

neff =
e(neµe + nhµh)2

neµ2
e − nhµ2

h

(2.23)

The longitudinal sheet resistance ρXX is:

ρXX =
1

e(neµe + nhµh)
(2.24)

When graphene is at charge neutrality and the Fermi energy is zero, the number of
thermally excited electron and hole carriers is identical ne = nh > 0. The effective charge
carrier density can then be reduced to neff = βne with the coefficient dependent on the
mobility ratio between carriers β = ( ueuh + 1)/( ueuh − 1). For electron-like behavior the ratio
is positive β > 0 and vice versa for hole-like behavior β < 0.
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Not only do thermal excitations give rise to excess carriers, but in a real sample there
also exist spatial charge fluctuations due to disorder. In graphene these spatial variations
are called charge-puddles. If the charge disorder is modeled by a Gaussian probability
distribution in real space, then the charge carrier density for charge neutral graphene can
be expressed as [31]:

ne(T ) = nh(T ) =
2

π(~vF )2

[
s2

4
+

(πkBT )2

12

]
(2.25)

Here the disorder strength is characterized by s (units of energy) [44]. Note that it is
assumed that the disorder strength s and mobility ratio β are constant in the relevant
temperature range. The above equation provides a way to experimentally estimate the
disorder strength for charge neutral graphene.

Ambipolar transport is normally not necessary to take into account, especially at
cryogenic temperatures and for highly doped graphene. At high doping levels, the large
Fermi energy acts like a potential barrier which suppresses the excitation of minority
carriers and the electrical transport behaves approximately the same as for the single band
case. How high the carrier density needs to be is dependent on the sample temperature.
For example, at very low doping levels of n = 1× 1010 cm−2, the corresponding energy
according to Equation 2.10 is EF = 12 meV. In comparison, the thermal energy kBT at
cryogenic temperatures of 2 K is only 0.2 meV. The Fermi-Dirac distribution f(E) =
1/(e(E−EF )/kBT + 1) states that the probability of finding an occupied state at 1 meV
above the Fermi energy at 2 K is < 1 %, and EF = 13 meV corresponds to only n =
1.2× 1010 cm−2.

2.3.3 Integer Quantum Hall Effect

According to Equation 2.16, the transverse resistance RXY is always linear with magnetic
field while the longitudinal resistance RXX remains constant. However, in practical
experiments with graphene this behavior can be different for high magnetic fields and low
temperatures. In some 2D systems with high carrier mobility, low-temperature measure-
ments at high magnetic fields lead to observations of quantum mechanical phenomena
such as Shubnikov-De Haas oscillations and quantum Hall effect (QHE). Shubnikov-De
Haas oscillations appear as oscillations in longitudinal resistance RXX with a periodicity
determined by 1/B [45]. The QHE on the other hand manifests itself as zero longitudinal
resistance RXX and quantized transverse resistance RXY . The transverse resistance
values are determined solely by two fundamental constants: the Planck constant h, and
the elementary charge e. These quantized values of resistance are integer fraction of the
von Klitzing constant RK = h/e2, and form plateaus of constant resistance at different
magnetic fields. While RXY is quantized, the longitudinal resistance vanishes RXX = 0
(Figure 2.7).

Both of these phenomena share the same origin. At high enough magnetic fields the
electron cyclotron orbits become quantized and the electronic DOS of 2D systems transform
into Landau levels (LLs). The LLs are formally derived by solving the Schrodinger equation
for free electrons in an external magnetic field. See Appendix B.1.1 for more details.
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In essence, the quantum Hall Hamiltonian is almost identical to the quantum harmonic
oscillator, and it is known that the eigenenergies for any quantum harmonic oscillator is:

En = ~ωc(N +
1

2
), N ∈ N0 (2.26)

This means that the energy spacing between two LLs is equidistant.
One difference is that the position of the energy minimum is shifted from the ideal

quantum harmonic oscillator on the order of lB =
√

~
eB , where lB is the magnetic length.

It is the characteristic length scale for quantum interactions in a magnetic field, and it
is closely related to the minimum radius of cyclotron orbits, limited by the Heisenberg
uncertainty principle. The energy eigenfunctions are in fact localized on the order of the
magnetic length lB along the width of the Hall bar, while being completely extended
along its length. This predicts the existence of elongated states along the length of the
Hall bar, which turn out to be the edge states explored at the end of this section (Figure
2.8).

Since the eigenenergies are independent of momentum, the LLs are therefore highly
degenerate and contain many states in each level. For a given carrier density n, the
number of filled LLs is given by the filling factor ν = n/nL, where nL the number of
electrons required to completely fill one level. An upper bound of the degeneracy can be
estimated by assuming that each localized electron in the LL encircles a single quanta
of magnetic flux Φ0 = h/e, which is the minimum possible flux. Then the number of
electrons in the LL, per unit area A, depends on the external flux density (magnetic field)
as nL = B/Φ0.

The degeneracy of LLs can be used to calculate the quantization of the transverse
resistance RXY . Recall that the Drude model and Equation 2.20 states the transverse
resistance is dependent on the charge carrier density RXY = B/ne. Simply inserting
n = νnL = νB/Φ0 yields:

RXY =
h

νe2
, ν ∈ Z (2.27)

In practice, for experimental observations of the QHE the charge carrier density can
be kept constant while the magnetic field is changed, as seen in Figure 2.7. Alternatively,
measurements can be performed at a fixed magnetic field, while the charge carrier density
is tuned by an electrostatic gate for instance. In the case of constant carrier density, as
the magnetic field is increased the energy spacing between LLs grow and the higher LLs
are emptied. As each one is emptied the transverse resistance increases. The quantized
value of resistance expressed in Equation 2.27 are in principle achieved only when exactly
ν LLs are filled. However, it is experimentally observed that even when the Fermi energy
lies between two LLs, resistance plateaus can still exist. These extended plateaus are
attributed to broadening of the LLs due to disorder, which is omnipresent in real samples.
If the disorder is small enough as to not cause overlap of LLs, the QHE plateaus can
occur in between levels. For a pristine sample, the LLs are in theory represented by delta
functions, i.e. sharp spikes, in the DOS and no plateaus exist. However, the presence of
disorder broadens the LLs in energy, and this creates so-called localized and extended
states inside each LL. The difference is that the localized states do not contribute to
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electrical conduction, while the extended states do. The extended states live closer to the
center of the LLs, while the localized states exist on either side. As the magnetic field is
swept and the Fermi energy moves between one level to another, the localized states are
affected (emptied/filled) first, and since they do not affect conduction, there is a constant
resistance plateau in magnetic field.

Figure 2.7: Left: Schematic representation of the evolution of transverse resistance RXY
and longitudinal resistance RXX under the influence of a magnetic field B. At low B,
classical Hall effects yields linear RXY and constant RXX . As B increases, RXY develops
resistance plateaus while RXX decreases towards zero at each plateau. At small B, the
quantization is imperfect because the energy overlap between LLs is still too large. For
higher B the system enters fully into the regime of QHE, with exactly quantized plateaus
and zero longitudinal resistance. As B is increased further, the lower energy LLs are
successively emptied leading to further steps in RXY and oscillating peaks in RXX Right:
Schematic representation of the LL DOS with broadening due to sample disorder. The red
regions denote localized states and the green regions are the extended states. The energy
spacing and degeneracy of the LLs increase as B does. Assuming fixed Fermi energy, the
consequence is that more and more LLs are emptied with increasing B. The Fermi energy
can be seen as sweeping through LLs as B is changing. The plateau in RXY and zero
resistance RXX both occur when the Fermi energy sits somewhere in the localized states,
between two extended states. The slope in RXY and peak in RXX both occur when the
Fermi level passes through the extended states in the center of a LL.

The spatial location of localized and extended states are important to understand
when trying to explain why ρXX = 0 in the QHE regime. The existence of edge states can
be seen by considering a real Hall bar sample, which necessarily has finite dimensions and
edges at the boundary, as depicted in Figure 2.8. For simplicity, consider only the spatial
variation of the potential V (x) in one dimension, across the width of the Hall bar. In the
ideal of case of no disorder, the energy of LLs lie flat in the bulk and rise steeply at the
edges, similar to the confining walls of a potential well. It is this confinement potential
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which gives rise to edge states. See Appendix B.1.2 for a more detailed derivation.

Figure 2.8: Schematic representation of the conducting chiral edge states and insulating
bulk states in QHE regime. Left: Top-down view of a Hall bar with the directions of chiral
edge currents (green) and localized bulk currents (red). Right: Spatial variation of the
potential in QHE regime, where each line represents one LL. In the ideal case the potential
lies flat inside the sample due to absence of disorder. The potential increases rapidly near
the sample edges to model that the Hall bar confines the electrons. The location of the two
edge states (green) and the localized bulk states (red) are determined by the drift velocity,
which is related to the spatial derivative of the potential.

In short, the addition of a confinement potential alters the eigenenergies to become
dependent on the momentum and lifting the degeneracy of LLs. Importantly, since the
drift velocity is defined as vy = 1

~
∂En
∂k there is also now a finite drift velocity. The drift

velocity on opposite edges (x or -x) of the Hall bar point in opposite y-directions. In total,
this means that there exist localized edge states with chiral edge currents parallel to the
y-direction. They are chiral because the flow direction of the edge current is locked to the
edge it propagates along, and the flow direction is reversed for the opposite edge. The
chirality is flipped only if the magnetic field direction is flipped. Since the direction of
travel is fixed for the edge states, back-scattering is suppressed and results in ρXX = 0
in QHE regime. The bulk on the other hand has zero drift velocity due to a constant
potential, and can be thought of consisting of localized states which isolate the two edge
channels from each other. Note that the general picture of edge states still holds true even
if the potential in the bulk is has spatial variations due to disorder, like in real samples.
This is however only the case for small variations, which do not cause the energies of
LLs to overlap. Furthermore, the general picture also holds for a wide range of edge
confinement potentials, including a more realistic smooth potential [46, 47].

In the semi-classical picture, the formation of these edge states and bulk states can
only occur if the electron can complete a few cyclotron orbits before being scattered.
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This imposes practical restrictions on experimental observations of the aforementioned
quantum phenomena. The necessary, but not sufficient, condition which must be met is
ωc � τ−1 or equivalently B � µ−1. In other words, to experimentally observe QHE at
reasonably low magnetic fields, the carrier mobility needs to be high enough. For reference,
if the mobility exceeds µ = 10 000 cm2/Vs, the QHE can occur already at B = 1 T, which
is readily achievable with a strong rare-earth permanent magnet. This condition affects
practical applications of epigraphene QHR standards in terms of demanding high sample
quality, but also control over carrier density. Generally it is observed that the mobility
increases as carrier density decreases, thus it is advantageous to be able to lower the
carrier density, especially for epigraphene with its high intrinsic n-doping.

2.3.4 Half-integer Quantum Hall Effect

The physics of graphene near the Dirac points is described by the Dirac equations, and
it is special due to the effectively massless Dirac fermions. These properties impact the
physics behind the cyclotron motion of graphene carriers [8, 48] and the cyclotron orbit
becomes:

ωc =
√

2
vF
lB

= vF
2eB

h
(2.28)

The LL spectrum of graphene can be obtained by solving the Dirac equation in the
presence of a magnetic field [27–29]:

E = ±~ωc
√
N = vF

√
2~eBN,N = 0, 1, 2... (2.29)

The LLs of graphene are very different from conventional 2D systems. For instance,
the energy spacing is no longer equidistant and scales as ∆E ∝

√
B instead of linearly

with B. Furthermore, an additional factor of 2 is added to the degeneracy of each LL due
to the valley degeneracy (K and K′). Lastly, a new LL has appeared at zero energy, which
is shared by the two valleys and is only spin degenerate. Consequently, the resistance
plateaus in RXY are altered. The number of electrons required to fill a single LL in the
case of conventional 2D systems is B/Φ0 per unit area. For instance, this is typically the
case for conventional 2DEGs like GaAs, which do not commonly display spin degenerate
LLs. Adding the spin and valley degeneracy, each filled LL in graphene instead contains
4B/Φ0 electrons. The zero energy LL is the sole exception and only fits 2B/Φ0 electrons.
By summing the electrons from N completely filled LLs above zero energy, the charge
carrier density for graphene is:

n = N
4eB

~
+

2eB

~
=

4eB

~
(N + 1/2) (2.30)

Note that N = 0 means that only the zero energy LL is filled. Inserting the above
expression for into the equation for the transverse resistance:

RXY =
B

en
=

h

4e2(N + 1/2)
(2.31)

25



Figure 2.9: Right: Schematic representation of the transverse resistance RXY and
longitudinal resistance RXX for graphene in QHE regime. The unique series of filling
factors is a fingerprint of monolayer graphene and its Dirac nature. Left: Schematic
representation of the LL energy spectrum for graphene. Graphene has a relatively large
energy spacing between the 1st and 0th LL, and variable energy spacing between adjacent
LLs.

The result is that instead of resistance plateaus appearing at integer multiples of
h/e2, graphene has quantized values equal to half-integer multiples of h/4e2. In terms of
quantized resistance h/νe2, graphene has the progression of filling factors ν = 2, 6, 10, 14...
instead of the conventional ν = 1, 2, 3, 4.... The half-integer QHE is an identifying finger-
print for graphene, and its Dirac nature. The experimental observation of these special
filling factors is an unequivocal proof that the sample under study is indeed monolayer
graphene. The LL energy spacing of graphene is not only theoretically interesting, but it
is also advantageous for practical applications. One beneficial feature is the particularly
pronounced energy spacing between the 0th LL and 1st LL. For QHE observations, this
means that the plateau ν = 2 and RXY = h/2e2 can be seen at lower fields and higher
temperatures than in conventional 2DEGs such as GaAs. For comparison, at B = 1 T
graphene LLs have over 20 times greater energy spacing between the 0th LL and 1st
LL than in GaAs-based 2DEGs. This uniquely large energy spacing has enabled the
observation of QHE in graphene even at room temperature [49].
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2.3.5 Quantum Corrections to Classical Resistance

Continuing the trend of looking at quantum transport, there are some additional cor-
rections to the classical Drude model which are relevant for this thesis. Each scattering
process correspond to some relaxation rate 1/τ in the Drude model, and different scat-
tering processes sum together (Matthiessen’s Rule) to affect the final resistance. The
scattering rates increase with temperature (higher velocity and carrier density), and the
Drude model therefore predicts a monotonously decreasing resistance with decreasing
temperature.

Figure 2.10: Left: A schematic representation of self-intersecting paths. The electrons scat-
ter between the impurities (black dots) and can take either clockwise or counter-clockwise
paths. Its wave-nature causes interference between the two time-reversal symmetric paths,
and gives rise to weak-localization effects which increase resistance. Right: The influence
of quantum interference in epigraphene is encircled by the black dotted lines. For tempera-
ture dependence of resistance, quantum interference is responsible for increased resistance
at low temperature (logarithmic scaling). This can be due to both weak-localization and
electron-electron interactions. For magnetotransport measued for a different sample, weak-
localization manifests itself as a peak in resistance RXX at zero field. It is suppressed by
the presence of an external magnetic field, which breaks time-reversal symmetry.
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For 2D materials like graphene experiments show an additional increase in resistance
at low temperatures, which is unaccounted for in the Drude model. One of the most
important corrections arises from the wave nature of electrons, which in reality causes
coherent quantum interference effects.

In a real electronic device there exist defects which lead to excessive elastic scattering of
electrons. The electrical conductance of a medium is related to the total probability of an
electron propagating through it, scattering all over along the way. In the classical case, the
total probability of propagation is simply the sum of the probabilities for each individual
scattering path |a2

i | as
∑
i Pi =

∑
i |a2

i |. However, in the quantum mechanical case one
has to take the square of the sum of the quantum-mechanical amplitudes Ai = aie

iΦ of
the paths instead [50]. The total transmission probability is:

PT = |
∑
i

Ai|2 =
∑
i

Pi + 2Re
∑
ij

A∗iAj (2.32)

The first term is the classical probability contribution, and the second term is the
quantum mechanical interference term between two paths i and j. There is no special phase
correlation for random paths, and the average effect of interference is zero due to averaging
scattering events with random phases. However, for certain paths, such as self-crossing
ones where Ai = Aj , the interference terms contributes to the final probability. Since
these paths form closed loops and obey time-reversal symmetry, their phases are identical
and the total probability becomes PT =

∑
i Pi +

∑
ij aiaje

Φi−Φj =
∑
i Pi +

∑
ij aiaj .

The quantum interference leads to a positive contribution to the probability for self-
crossing paths, which means enhanced back-scattering of electrons and therefore increased
resistance. This phenomena is called weak-localization (WL) and is shown in Figure
2.10. Weak-localization manifests itself in both temperature dependence of resistance
and in magnetotransport. In temperature dependence of resistance, WL is responsible
for the logarithmic increase in resistance at low temperatures. Note the WL is not the
sole source of this increasing resistance, but electron-electron interactions also play a role
[51]. In magnetotransport measurement of the QHE, WL gives rise to a resistance peak
around zero magnetic field. The WL dies out as the field strength is increased, because
the magnetic field breaks the time-reversal symmetry which is required for quantum
interference to survive. The relative amplitude of the quantum correction peak is related
to carrier density, and at lower densities the effect is more pronounced (also true for
lower temperatures). This is due to the relationship between carrier density and phase
coherence length, which typically decreases as the number of carriers increases. The
Coulomb screening also decreases with carrier density, which further favors quantum
interference effects [51, 52]. On a related note, the shape of the peak versus magnetic
field and temperature can reveal a great deal of information about the different scattering
mechanism in the material [51, 53].
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3 Experimental Methods

This chapter describes the fabrication and characterization techniques used to produce
working epigraphene electronic devices. The first section focuses on epitaxial growth of
epigraphene on SiC. It includes information on non-invasive methods which are used to
assess the material quality, such as atomic force microscopy (AFM), optical microscopy, and
Raman spectroscopy. The second section is devoted to microfabrication using lithographic
techniques to pattern epigraphene devices. The third section presents how the acceptor
molecule F4TCNQ can be used to dope epigraphene. The final section deals with DC
electrical characterization techniques, including Hall measurements, van der Pauw, and
precision measurements. Detailed descriptions of microfabrication recipes can be found in
Appendix A.

3.1 Graphene Growth

Graphene can be produced in a multitude of ways, and each growth method has its
strengths and weaknesses. The final properties of graphene depend greatly on the
chosen method, and there is usually a trade-off between quantity and quality. For the
creation of graphene with high electronic quality, the popular methods include: mechanical
exfoliation, chemical vapor deposition (CVD), and epitaxial growth. Mechanical exfoliation
of graphene by cleaving graphite produces in general the highest quality material, but
due to manual labor requirements the throughput is low and the process is not suitable
for real-world applications. CVD utilizes a carbon-rich precursor gas which reacts on a
metallic catalyst substrate to grow graphene over a large scale. This technology is in
principle scalable and the material quality can be high. However, one main drawback
is that CVD graphene needs to be transferred to an insulating substrate before device
fabrication. This is not a trivial process and inevitably results in contamination and
degradation of the material [13]. The preferred method in this thesis is epitaxial growth of
graphene, which utilizes thermal decomposition of an insulating SiC substrate to produce
monocrystalline graphene over in principle an entire wafer [11]. It is advantageous for
device fabrication since one can forgo graphene transfer and directly fabricate devices
on pristine epigraphene fresh from the oven. All work in this thesis has been performed
using epigraphene grown on the Si-face of the hexagonal SiC polytype 4H-SiC. A general
outline of the epitaxial growth process is given below.

It is important to ensure that the surface of SiC is clean and free from defects before
proceeding with growth, since any imperfections will nucleate rapid growth and result in
inhomogeneous epigraphene. The first step is to acquire SiC wafers of the highest grade
possible from commercial suppliers. For ease of handling, the 2-4 inch SiC wafers are diced
into 7× 7 mm2 square chips using a resin bound diamond blade mounted on a dicing saw.
The SiC chips are then thoroughly cleaned using aggressive chemical agents. These chips
undergo the RCA process (See A.2), a staple in the semiconductor industry. Organic
contaminants are removed using ammonia and hydrogen peroxide, oxides are removed
using hydrofluoric acid (HF), and metallic contaminants are removed using hydrochloric
acid mixed with hydrogen peroxide. Immediately after the RCA process, the chips are
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Figure 3.1: Right: Photograph of a furnace used for growth of epigraphene via thermal
decomposition of SiC. The SiC substrate is placed inside a graphite crucible, enclosed in the
graphite foam. Left: Schematic representation of a cross-section of the furnace, including
the graphite crucible. The SiC is placed Si-face-down in the crucible, suspended on small
graphite pillars. The crucible is heated using RF power in an inert argon atmosphere, and
the temperature is monitored using two pyrometers.

thoroughly rinsed in a bath of high-purity deionized water. Before the growth process
starts, the chips are usually dipped one last time in HF and kept submerged in water all
the way to the growth furnace.

Figure 3.1 shows an example of how an epigraphene furnace looks like. In the center
of the furnace rests a crucible carved from solid graphite. The chip is placed the center of
the crucible with the Si-face pointing down, suspended on graphite pillars, and sealed
inside by a solid graphite lid. In general, the confinement aids in suppressing growth rate
in order to improve epigraphene quality. The crucible itself is enclosed in graphite foam,
and the whole structure sits in a quartz tube which is surrounded by a heating coil and
complementary water cooling system. For growth of monolayer graphene, the oven is set
to approximately 1700 ◦C for a 4 inch crucible, and approximately 1900 ◦C for a 2 inch
crucible. The graphite crucible is heated by induced eddy currents due to applied RF
power. The entire quartz chamber is filled with an inert argon atmosphere of around 800
mbar. The furnace is heated up over the course of around 1 hour and kept at the desired
temperature set-point for 5 minutes, after which the power is switched off. After waiting
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Figure 3.2: An overview of the growth optimization process. The AFM scans show the
topography of epigraphene grown at different temperatures. The height scan images a, c,
e, g, and i show how the SiC steps have reconstructed differently, while the phase images
b, d, f, h, and j give an indication of the uniformity of growth. Epigraphene was grown at
1700 ◦C a-b, 1750 ◦C c-d, 1800 ◦C e-f, 1850 ◦C g-h, 1900 ◦C i-j. The phase images
show that epigraphene is the most uniform for growth at 1700 ◦C.
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more than 4 hours, the sample is usually sufficiently cold and can be removed from the
oven. The growth quality, in terms of area coverage of monolayer epigraphene, can be
quickly investigated using the non-invasive methods described in the coming sections.

The growth process is sensitive to temperature, pressure, and time, and it it difficult
to predict in advance how uniformly epigraphene will grow. Optimization of the process
implies varying these parameters, growing many samples, and investigating the quality.
An example of this procedure can be seen in Figure 3.2, where the temperature for growth
in a 4 inch crucible was changed between 1700-1900 ◦C, and the homogeneity was studied
using non-destructive AFM techniques (Chapter 3.1.2).

3.1.1 Optical Microscopy

Figure 3.3: An optical micrograph of epigraphene taken using transmission mode optical
microscopy. Imagine processing such as background subtraction, digital contrast enhance-
ment, and gamma correction have been used to enhance the contrast between bilayer
inclusions and monolayer. Since bilayer inclusion absorb more of the transmitted light,
they appear as darker stripes (e.g. red dotted circles). Outside the bilayer, everything
else is monolayer epigraphene and the area coverage of this particular sample area is
approximately > 98 %.

Despite the fact that both the SiC substrate and epigraphene appear fully transparent
to the naked eye, basic optical microscopy techniques in the visible spectrum can still
provide valuable insight into the sample homogeneity after growth [54]. One such technique
utilizes transmission mode microscopy, in combination with digital contrast enhancement,
to differentiate between single and multi-layer epigraphene patches. This works because
the light absorption increases by ∼ 1.3 % for each additional layer of epigraphene. Note
that free-standing monolayer graphene absorbs ∼ 2.3 %, but the SiC substrate decreases
this contrast by a factor of 2. This method is useful because it allows for quick assessment
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of the quality (i.e. homogeneity) of epigraphene over a large area and in real-time. Figure
3.3 shows an example of an image produced using this technique, where apparent bilayer
inclusions can be clearly distinguished. Generally, this method can only reveal how many
extra layers of graphene exist in one region compared to another. In order to determine the
absolute layer count, a known reference such as region of bare SiC is needed. Monolayer
epigraphene absorbs ∼ 2.4 % more than bare SiC, and the contrast is higher because
epigraphene has the buffer layer underneath. It should be noted that the presence of
monolayer epigraphene is in principle not verifiable from optical imaging alone. The use
of optical microscopy simply serves to quickly determine whether a particular sample is
homogeneous enough to be worthy of further processing.

3.1.2 Atomic Force Microscopy

Figure 3.4: Epigraphene characterized by tapping mode AFM. Left: Height image shows
the topography of epigraphene, after linear background subtraction. The most prominent
features of epigraphene grown on SiC, are the myriad of steps formed on the surface of
the SiC substrate during growth. The inset shows the cross sectional height profile taken
along Line 1, which reveals that the steps are on the order of 1 nm high, on the order of
unit cell height of 4H-SiC. The steps are separated by atomically flat SiC terraces 1− 2µm
wide. The epigraphene, not directly visible, is draped like a carpet over the SiC steps.
Certain regions have much larger SiC step size, and appear almost as holes in topography
(black). These deeper regions hint at multilayer graphene growth, because more SiC needs
to be consumed in order to supply enough carbon atoms. Right: The AFM phase image
clearly reveals the presence of a different material (yellow), presumably bilayer inclusions,
whose positions correspond well to the deep steps in topography.

While optical microscopy is an expedient method to image the material homogeneity,
it lacks the necessary spatial resolution to detect the intricate features on the nanometer
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scale. A scanning probe technique such as atomic Force Microscopy (AFM) is useful when
high resolution is needed. It can provide atomic resolution in height, and can be used to
image the topography of a sample as seen in Figure 3.4. The lateral resolution depends
on the size of the AFM tip, and is typically on the order of 10 nm.

Tapping mode AFM is the most commonly used mode. All AFM-modes are based
on the oscillation of a cantilever with a sharp tip, driven near its resonance frequency.
In tapping mode, the tip is intermittently brought close to the sample and the change
in oscillation amplitude due to interactions with the surface are used to determine the
topography. In addition, changes in the mechanical properties and viscoelasticity of the
surface can be detected from the phase signal, which is defined as the phase difference
between the excitation signal of the cantilever and the measured output signal. This is in
essence a measurement of the energy loss of the cantilever, and it is useful because it can
distinguish between different graphene domains which can be hard to distinguish from
topography alone. However, it ultimately only shows whether two regions have different
graphene thickness, and not the exact layer count.

An electrical mode which complements regular mechanical tapping mode is the Kelvin
probe microscopy (KPM) which can be used to image the work function of the surface.
With a known reference point, such as gold, one can determine the work function of
the underlying material and in principle estimate the number of graphene layers [55].
However, since the work function is dependent on carrier density, KPM measurements on
graphene under ambient conditions can be difficult to interpret since bare graphene is
sensitive to external doping.

3.1.3 Raman Spectroscopy

Raman spectroscopy is a popular technique to characterize graphene, as it can show a
wealth of information regarding layer count, doping, and strain. The technique relies on
detecting the inelastic scattering of monochromatic light, and probes the relaxation of
the vibrational modes of a crystal, which reveal information about the underlying crystal
structure. Graphene has many unique fingerprints which appear in a Raman spectra [56],
but the main peaks which are the most studied are the 2D peak (breathing mode of six
carbon atom rings), D peak (same fundamental origin as 2D peak, but requires disorder)
and G peak (in-plane vibrational mode of carbon-carbon bonds). Figure 3.5 shows a
typical spectra for epigraphene. A commonly accepted sign of high quality monolayer
graphene is a sharp and intense 2D peak, combined with a small D peak. The Raman
spectra have many subtleties, for instance the position, width, and intensity of the 2D
and G peak depend both on strain and doping[35]. Furthermore, additional layers of
graphene will result in a broadening and shift of the 2D peak [57]. In fact, the 2D peak
will be a superposition of several peaks, depending on number of layers. However, due to
the confounding influences of strain and doping, coupled with limited lateral resolution
of a finite laser spot size, it is not always possible to clearly distinguish between mono
and multilayer graphene domains, especially for epigraphene which contain small bilayer
inclusions. Another unfortunate limitation of Raman spectroscopy on epigraphene is that
the SiC substrate has strong Raman peaks which greatly overlap with the D and G peaks
of graphene. Careful background subtraction can recover the buried peaks, but their
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Figure 3.5: Raman spectra of epigraphene, with the SiC background signal subtracted. A
sharp 2D peak can be seen at a shift of 2670 cm−1. The D (1500 cm−1) and G (1590
cm−1) peaks, while slightly distorted after background-subtraction, are also well-defined.
The sharp (FWHM = 40 cm−1) single Lorentzian 2D peak, combined with the relatively
weak D peak, is a sign of high quality graphene.

shapes can be distorted.

3.2 Electron Beam Lithography

This section describes the general lithography processes required to pattern epigraphene
into an electronic device. The primary fabrication technique relies on electron beam
lithography (EBL) to transfer device patterns to epigraphene. Photolithography is also a
viable alternative, and commonly used in industry. It sees only limited use in this work
because of the nature of the molecular doping method, which is only compatible with
resists used in EBL.

Figure 3.6 shows a typical EBL process, which can be divided into three steps. In
the first step, metallic cross-shaped markers are deposited to enable precise alignment
of future layers. Metallic anchor pads are also created at the same time. These anchors
ensure that the the next layer of metallic contacts, which will connect to epigraphene itself,
will adhere well to the chip. This precaution is necessary because the adhesion between
metals and bare graphene is poor. The fabrication process begins by covering the surface
of epigraphene with two layers of EBL compatible resist using spin-coating. The first is a
poly(methyl-methacrylate) (PMMA) based copolymer, follow by a layer of A-RP 6200.13.
The bottom layer can be replaced by normal PMMA if needed. These are all positive
resists, which means that after exposure to the electron beam (ebeam) they become soluble
in specific developers. The reason for using two types of resists, sensitive to different
developers, is to enable control over the resist profile after development. The desired
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Figure 3.6: Left: Schematic representation of the EBL process. 1. Anchor: In the first
step Au anchors and markers are fabricated. Epigraphene is removed using oxygen plasma
ashing and the metal layer is deposited directly on SiC. A thin adhesion layer of Ti is used
before Au deposition. The anchors are important because they provide support and improve
adhesion for future contact layers. 2. Contact: The second EBL step uses the markers
from the 1st step to align the Au contacts which connect to graphene itself. 3. Ashing:
In the final step, the device geometry is defined by removing excess graphene using ashing.
Right: Optical image of a finished epigraphene sample. The sample contains arrays of
Hall bars, each with eight electrical contacts made from Au. The white dotted lines mark
the rectangular graphene regions. All graphene outside these regions have been removed,
leaving behind only insulating SiC.

device pattern is transferred to the resists through exposure to an electron beam. The
top and bottom layers are developed after the exposure in neat o-xylene and isopropanol
(IPA) mixed with water, respectively. Their individual development times are adjusted
so that the bottom layer develops more than the top layer, which effectively creates an
undercut in the resist profile. After development is complete, the ebeam exposed regions
of resist will reveal the underlying graphene. The entire sample is subjected to short
oxygen plasma etching (ashing), laying bare the SiC substrate which will anchor the metal
layers. Immediately after ashing, a thin adhesion layer of Ti followed by a thicker film of
Au are evaporated over the entire chip. This is a physical vapor deposition (PVD) process
in which the metals are evaporated by electron beam heating. Finally, the remaining
resist along with the excess metal are removed using acetone in the lift-off process, which
is greatly facilitated by the undercut in the resist profile.

Once the anchors are in place, the next metal layer will overlap the anchors and
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connect to epigraphene itself. The second EBL step follows a similar procedure as the
first one. The only difference is that oxygen plasma etching is omitted because the metal
layer needs to connect to epigraphene, and not SiC. The metallic contact pads and leads
are aligned to the anchors and graphene using the markers made in the first step. There
are eight contacts in total for a typical graphene Hall bar, two reserved for source and
drain, and the other six for voltage probes.

In the final EBL step the geometry of the epigraphene device (e.g. Hall bar) is defined.
Before this point, the entire chip is still covered by epigraphene. In order ensure that the
current takes a well-defined path within each individual device, and also to electrically
isolate devices from each other, excess graphene is etched using oxygen plasma. This EBL
step only requires one resist layer, and a simple PMMA resist mask can be used. Once
again, the sample is exposed to the ebeam, developed using IPA mixed with water, and
ultimately etched using oxygen plasma. The residual protective resist is dissolved using
acetone. Immediately after fabrication, the epigraphene devices are encapsulated by a
PMMA (or copolymer) layer in order to protect the graphene from unwanted exposure to
dust particles, ambient dopants such as water, or other contaminants.

Figure 3.7: Left: Schematic representation of the lithography steps involved to fabricate
pseudo-edge contacts to epigraphene. It mimics the regular EBL steps used to make anchor
contacts, with the exception that three resist layers are used instead. The consequence
is that the anchor metal forms an electrical contact to the edges of graphene. Right:
False-color SEM image taken at an angle, showing the corner of a contact pad and the
profile of the pseduo-edge contact.

As mentioned, metals do not adhere well to bare graphene. In fact, the strong sp2 lattice
of graphene tend to not form covalent bonds to any contact material. A normal contact
placed on top of graphene will be bonded by van der Waals forces, which presents another
barrier which injected electrons must overcome, thereby increasing the contact resistance
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[58]. High contact resistance is rarely desirable because it induces additional heating
and noise into measurements. State-of-the-art electrical contacts, with the lowest contact
resistance, have circumvented this problem by fabricating one-dimensional contacts, or
edge contacts, which only touch graphene at its sides [59]. This is commonly achieved in
mechanically exfoliated graphene flakes encapsulated by hexagonal boron nitride (hBN).
However, this process requires manual assembly of flakes and it not suitable for real-world
applications.

The idea of edge contacts is sound, but the process has to be altered for epigraphene,
which is aiming for practical applications. The basic idea of edge contacts is to protect
graphene, etch the sides and expose an edge of graphene, and finally deposit metal on
the side edges. Instead of using tiny flakes of hBN (≈ 10µm), simple EBL resist can
fulfill a similar role. This modified process is inspired by lithography of T-gate structures,
which are electrostatic gates with narrow channel width, where three layers of resist are
used in tandem to create a unique undercut profile. In order to lithographically create
pseudo-edge contacts, a simple alteration of the anchor contact EBL recipe presented
above is made. Figure 3.7 shows that a third layer consisting of PMMA is added below
the two usual layers. The copolymer develops faster than the bottom PMMA layer, which
creates an undercut in the middle layer and a protruding bottom layer. The ashing step
removes graphene as usual, but the etched bottom PMMA layer leaves a protruding edge
of graphene. When metal is evaporated on this structure, it drapes the edges of the
bottom PMMA layer, coming into contact with graphene. The middle undercut is crucial
because it makes sure that lift-off is still possible. The final result is an metallic pad
with flared edges (see SEM picture), but still in electrical contact with graphene. This
type of contact is useful not only because it eliminates one EBL lithography step, but
it is observed that the resulting contact resistance are lower and more reproducible in
general. One drawback is that the flared edges of the contacts can be problematic for
closely-spaced structures, where they can cause shorts. This can be overcome with careful
tuning of the recipe and development times. The development of this technique resulted
in Patent I.

3.3 Molecular Doping Method

Exerting control over carrier density in epigraphene is one of the main challenges in the
epigraphene research field. The solution found in this thesis to this long standing problem
is to use a molecular doping method based on acceptor molecules F4TCNQ mixed with a
polymer PMMA. This section will present how to prepare the dopant blend and how it
can be used to dope epigraphene.

3.3.1 F4TCNQ Dopant Blend

The carrier density of epigraphene can be tuned from high n-doping to p-doping using
strong acceptor molecules F4TCNQ mixed with PMMA, forming a dopant blend. This
dopant blend can then be simply spin-coated onto the chip, or even large wafers.

The first step requires preparation of the dopant blend itself. Exact recipes, such as
a mixing ratios, can be found in Appendix A.4. A dry powder of F4TCNQ molecules
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is dissolved in anisole solvent, and the resulting solution is then mixed with PMMA
resist, whose solvent is also anisole. The standard dopant blend used throughout this
thesis consists of 7 wt.% F4TCNQ molecules in PMMA. Before the dopant blend is
applied to epigraphene, a polymer layer of neat PMMA or copolymer PMMA is first
deposited using spin-coating. This layer acts like a spacer layer and affects the diffusion
of F4TCNQ dopants, and the doping recipe has been optimized with this spacer layer
in mind. The dopant blend is then spin-coated directly onto the spacer layer. Lastly,
and most importantly, the resist is annealed at elevated temperatures above the glass
transition temperature of PMMA, around 160 ◦C. This step is common for EBL process
to remove residual solvents from the resist. However, the main purpose here is to use the
annealing process to tune the final carrier density of doped epigraphene. It is observed
that thermal annealing at these temperatures irreversibly reduces the doping effect of
F4TCNQ molecules, causing epigraphene to be more n-doped with increasing annealing
time. In fact, using the standard dopant blend, samples can be either p-doped or n-doped
depending on annealing time. For samples covered by a spacer layer and dopant layer on
top, the optimal annealing time required to achieve charge neutral graphene is around 5
min.

For additional doping stability more polymer layers can be added. Typically five
alternating layers like PMMA-dopant-PMMA-dopant-PMMA are used. Annealing is
performed for 5 min at 160 ◦C after each polymer layer. In order to reach charge neutrality
an additional 10-15 min of annealing is required.

3.3.2 Electrostatic Gating

For more advanced measurements which require tunable carrier density in real-time, an
electrostatic top-gate can be deposited directly on top of the polymer layers. This process
requires additional layers of spacer PMMA and dopant blend in order to preserve the
carrier density level of the underlying epigraphene. In general, a total five layers are
used, as described above. Caution is taken not to affect the dopants by wet chemistry by
forgoing EBL, and instead using a shadow mask to evaporate the gate electrodes. The
mask can be patterned using EBL and the Bosch etching process to create through-holes
in a thin Si wafer. After deposition of the metal gate, the carrier density usually increases
towards n-type by ∆n > 1× 1011 cm−2 due to the strong attractive effects metals have
on F4TCNQ (See Chapter 4.3).

An alternative to shadow mask deposition is to directly pattern a top-gate structure.
This is desirable because it allows for greater flexibility in device design and reduces
fabrication time. However, EBL cannot be used because the the dopant blend relies
on ebeam sensitive resist. Photolithography is normally poorly suited for fabrication
of epigraphene devices, since the residual resists disturb the homogeneity of the doping
method (no such effect observed for PMMA-based residuals). However, once the sample
is covered by PMMA polymers, photolithography can be performed on top to fabricate a
top-gate, as shown in Figure 3.8. Photolithography is used because the chemicals involved
adequately preserve the integrity of PMMA and the F4TCNQ dopants.

The first step involves deposition of the gate electrode layer. Initially, a thin layer of
Al (40 nm) is used to cover the entire surface. It is evaporated using resistive evaporation,
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Figure 3.8: Left: Schematic representation of the photolithography steps involved in
fabricating a top-gate on epigraphene. Right: Optical micrograph (transmission mode) of
a top-gated epigraphene Hall bar.

since radiation from ebeam evaporation can weaken the polymer resist (PMMA is UV
sensitive). A layer of positive photoresist (S1813) is then spin-coated directly on top
of the Al, and a pattern is exposed using a direct-write laser system. The developer is
MF-319, based on tetramethylammonium hydroxide (TMAH), which both removes the
exposed resist and etches the underlying Al. While PMMA is resistant to short-term
exposure to the developer, lengthy development times should be avoided. The sample is
ready after the exposed Al has been removed, and the remaining S1813 resist is left on
top of the gate electrodes for additional protection. This process also causes an increase
of carrier density towards n-type by ∆n > 1× 1011 cm−2 of doped devices.

3.4 Electrical Characterization

Electrical Characterization of epigraphene devices is the fundamental experimental tech-
nique in this thesis. This section explores different DC characterization techniques
used to test the quality of grown epigraphene, the characteristics of fabricated devices,
and homogeneity of molecular doping. It end with a brief introduction to precision
measurements.

3.4.1 Magnetotransport

The primary electrical characterization tool is Hall and quantum Hall effect (QHE)
measurements. These magnetotransport measurements are used to extract important
information such as the carrier density and carrier mobility. In order to observe quantum
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Figure 3.9: Optical micrograph of an epigraphene Hall bar device with eight Au contacts.
This device is typically current biased and subjected to an out-of-plane perpendicular
magnetic field B. The white overlays indicates the current direction with current IX ,
the direction of magnetic field B, and where the longitudinal voltage VX and transverse
voltage VY are measured. The white dotted lines mark the boundaries of the epigraphene
Hall bar.

transport phenomena, such as QHE, samples need to be cooled down to cryogenic
temperatures and subjected to a perpendicular magnetic field. The cooling is achieved
by inserting the sample into a helium gas-flow cryostat, in which liquid helium (4He) is
used. By pumping on the helium in an enclosed sample volume, the temperature can be
brought down to slightly below T = 2 K. The sample temperature is commonly monitored
using a diode thermometer mounted next to the sample. The cryostat is equipped with a
superconducting magnet which is capable of high magnetic fields from 9 T (Blue Oxford)
or 14 T (Quantum Design PPMS).

The standard procedure for Hall measurements is to current bias the sample and
measure voltage in four-probe configuration (Keithley 6221 DC and AC current source,
Agilent 34420A nanovoltmeter). The appropriate current level depends on the doping
level of epigraphene. The bias current is typically in the range of 100 nA for lowly doped
samples, which prevents overheating and stays below the critical current limit of QHE.
For higher doped samples, the current can be one or two orders of magnitude higher.
The important consideration is that the current-voltage (IV) characteristics remain linear
in the chosen current range, from room temperature down to cryogenic temperatures.
Hall measurements can be performed at any temperature by applying a low magnetic
field |B| < 1 T, and measuring the transverse Hall resistance RXY . Assuming that RXY
is linear with field, the Hall coefficient can be extracted from a linear fit, after which
the carrier density and carrier mobility can be determined. On the other hans, it is
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only practically possible to observe the QHE at cryogenic temperatures. The maximum
temperature depends on the available magnetic fields, and the carrier density level of
epigraphene. QHE is typically measured at 2 K to be able to use as low magnetic fields
as possible.

A fully quantized sample, meaning RXX = 0 and RXY = h/2e2, indicates that
the sample is of high electronic quality. All reported values of carrier mobility and
carrier concentration in this work are extracted from four-probe Hall and quantum Hall
measurements (single-band model), unless stated otherwise. Note that once the doping
levels approach the Dirac point, the Hall voltage is no longer linear with magnetic field and
this indicates that the sample has entered the charge-puddle regime, which is dominated
by charge disorder. The data points inside this regime are intentionally omitted from
carrier density and mobility plots.

3.4.2 Contact Resistance

A low contact resistance is desirable in general, due to reduced heating and noise in
the device. This is especially important for applications in metrology, where a QHR
standard should have contact resistances below 10 Ω, but ideally much lower, in order to
not influence the accuracy of quantization [60]. A common and simple method to estimate
the contact resistance is to measure the length dependence of resistance, and analyze
the data using the transfer length/transmission line model [61]. This method is useful
because it works under any measurement conditions, but it is generally not suitable for
Hall bar geometries. Instead, Hall bars exploit the fact that RXX = 0 in QHE regime and
use the so-called three-probe measurement [60] to directly measure the contact resistance.
For instance, to achieve three-probe configuration the current is sent between source and
drain contacts S and D on a Hall bar. The voltage is then measured between S-A, where
A is one intermediate voltage probe. In the quantum Hall state, the edge state which
travels from S to D, passing by A, is an equipotential line, and thus all of the potential
drop occurs due to the contact resistance of contact S alone. This connection scheme can
be repeated for all contacts. However, one has to be careful with the field and current
directions when choosing where to measure the voltage. In the example device given in
Figure 3.10, assuming n-doping and an out-of-plane magnetic field point towards the
reader, a three probe contact resistance measurement for contact 1 could be achieved by
passing current between contacts 1-3, and measuring the voltage between contacts 1-2.

3.4.3 Van der Pauw Method

In some samples the epigraphene device geometry is poorly defined, and normal Hall
bar measurements are not ideal. In those cases, van der Pauw (vdP) measurements
can used to determine carrier density and mobility instead [62]. The general idea is
that by utilizing a combination of measurements using four contact pads in different
configurations, the Hall coefficient and sheet resistance of a device with arbitrary geometry
can be determined. This technique is useful when characterizing Hall sensors for instance.
The ideal sample should be flat and of uniform thickness, much thinner than the device
width and length. Furthermore, the sample should be free from holes, homogeneous,
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Figure 3.10: Right: Optical micrograph of an epigraphene device with van der Pauw
geometry, including numbered contacts. The epigraphene area is marked by the dotted
white line. Lef: Schematic representation of a generic van der Pauw device with numbered
contacts.

and isotropic. The electrical contacts should be ohmic, connected to the edges of the
chip, and the contact area should be much smaller than the sample area. In practice, a
real sample will deviate from this ideal situation, which leads to some inaccuracies in
the vdP measurement. However, a well-designed uniformly doped epigraphene device
does not deviate significantly from the ideal case. This can be tested by comparing
the sheet resistance and carrier density calculated from vdP measurements with QHE
measurements.

Figure 3.10 shows an example epigraphene device with vdP geometry, with contacts
at the corners (pseudo-edge contacts to reduce contact area). Two resistances are needed
for resistivity ρ measurements, one along a horizontal edge Rhor and one along a vertical
edge Rvert. For example, if current is initially passed through the horizontal edge using
contacts 1-2 and voltage is measured between 4-3, then the resistance is R12,43 = V43/I12.
This is repeated for the polarity reversed case R21,34 to remove offsets such as thermal
voltages. Afterwards comes the reciprocal case R43,12, before finally switching to the
vertical edge and repeating the entire procedure. Eight measurements in total yield:

Rhor =
R12,43 +R21,34 +R34,21 +R43,12

4

Rvert =
R14,23 +R41,32 +R32,41 +R23,14

4

(3.1)

The sheet resistance ρ is then determined by solving the van der Pauw equation
(typically numerically):

e−
πRhor
ρ + e−

πRvert
ρ = 1 (3.2)
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The Hall voltage is measured in a similar way by alternating between different con-
figurations of contacts and switching the direction of the perpendicular magnetic field.
The magnitude of the bias current and magnetic field is always fixed. One example
vdP Hall measurement can be sending current between contacts 1-3, for a positive field
+B, and measuring the voltage between 2-4, denoted as V +

2−4. This is again repeated
with the polarity reversed, for the reciprocal case, and with reversed field. In total eight
measurements yield the Hall voltage:

VH =
V +

2−4 − V −2−4 + V +
4−2 − V −4−2 + V +

1−3 − V −1−3 + V +
3−1 − V −3−1

8
(3.3)

It is then straightforward to calculate the Hall coefficient RH = VH/B, the carrier
density n = 1/eRH , and carrier mobility µ = RH/ρ.

3.4.4 Electrostatic Gating

For measurements which require an electrostatic gate, the top-gate electrode is biased
with voltages ranging from -100 to +200 V using a sourcemeter (Keithley 2400 series),
which can monitor the current and voltage simultaneously. A 1 MΩ resistor is placed
in series with the gate connection, in order to prevent a current spike in the event of a
dielectric breakdown. The gate voltage is stepped in small < 10 mV steps per 200 ms in
order to avoid capacitive current spikes.

The gate voltage is typically referenced to the sample drain contact, and a negative
gate voltage therefore induces p-doping while a positive voltage induces n-doping. Very
high voltages are necessary in practice due to the thick dielectric (polymer layers approach
1µm thickness) and reduced gate efficiency owing to known substrate interactions. The
measured gate leakage current is kept below <1 nA, to ensure minimal effect on the
current flowing through the device. It is observed that dielectric gate breakdown occurs
earlier for negative gate voltages than positive, and this is attributed to an additional
internal electric field due to charged F4TCNQ molecules.

3.4.5 Cryogenic Current Comparator

An eternal struggle in the art precision measurements is to decrease the measurement
uncertainty. The pinnacle of this can be seen in quantum resistance metrology, where
epigraphene QHR standards have provided measurements of the resistance quantum h/2e2

with a precision of 0.086 nΩ/Ω (86 parts-per-trillion) [17]. This is no small feat, and it is
made possible only by using the cryogenic current comparator (CCC) [63, 64]

The CCC is in essence a current comparator bridge which compares the value of two
resistors. Figure 3.11 depicts a schematic of one type of CCC. The two resistors, called
RK and RS , are compared by placing them in different current loops. In practice, RS
denotes a sample resistor which is to be calibrated against a QHR standard RK , which
has a fixed value of h/2e2 (depending on the resistance plateau). The ratio between the
coil windings Np/Ns is adjusted to be as close as possible to the expected resistance ratio
RK/RS . The goal is to ensure that the current flowing through both resistors is equal.
When the current is balanced, the measured voltage ratio by the detector (nanovoltmeter)
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Figure 3.11: Schematic representation of a CCC setup. The reference resistor RK is
usually a QHR standard, and it is used to calibrate another resistor Rs. The goal of
the CCC is to ensure that the current flowing through both resistors is equal. When the
circuit is balanced the voltage measured by the detector is exactly proportional to the
resistance ratio. The ratio between coil windings Np/Ns is set to be as close as possible
to the expected resistance ratio RK/Rs. The SQUID ensures that a precise balance is
kept by measuring the net magnetic field in the superconducting CCC shield, induced by
the current through the resistors. A feedback signal is sent to one of the current sources
to change the current and null the magnetic field. An additional trim coil Nt, variable
resistor Rl, and high resistance Rh are used to null the detector itself.

is used in order to determine the resistance ratio. The wires which carry the current are
passed through a superconducting tube which acts like a shield. Thanks to the Meissner
effect, screening eddy currents form on the inside surface of the tube and exactly cancel
the induced magnetic field inside the superconductor. These screening currents flow
across the surface of the shield, and to the outer surface and induce another magnetic
field. This weak magnetic field is measured by a superconducting quantum interference
device (SQUID), which has the ultimate sensitivity to magnetic flux. The field is fed to
the SQUID via the assistance of a pick-up coil placed close to the shield. The output
signal of the SQUID is then sent back to one of the current sources, which changes the
current in order to zero the net magnetic field in the CCC shield. In other words, it
accurately adjusts the current ratio between the two resistors to match the coil winding
ratio. When the CCC bridge is exactly balanced, the voltage reading on the detector is
exactly proportional to the resistance ratio. Furthermore, the detector itself is usually
balanced with the use of a third compensating circuit containing a trim coil Nt, a variable
resistor Rl, and a fixed resistor Rh with a high resistance value. When all of the pieces
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are in place, the measured resistance ratio is [63]:

RK
RS

=
Np
Ns

1

(1 + d)

1

(1 + VM/V )

d =
Nt
Ns

Rl
(Rl +Rh)

(3.4)

Here VM is the voltage measured by the detector, which should be close to zero,
and V is the voltage drop across the resistors under investigation. For reference, when
comparing the quantized resistance of epigraphene h/2e2 ≈ 12.9064... kΩ against a 100
Ω standard resistor, the coil windings are set to Np = 2065 and Ns = 16, with ratio
Np/Ns = 129.0625. This is already very close to the nominal true ratio, but not accurate
on the level of nΩ/Ω.
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4 Molecular Doping

Epigraphene is in principle well-suited for electronic applications that require scalability,
reproducibility, and high electronic quality. The nature of the epitaxial growth process
produces a high quality monocrystalline epigraphene film across the entire insulating
substrate [9, 10], which allows for direct fabrication of devices without disturbing the
electronic and structural integrity of epigraphene [13]. However, the difficulty in tuning
the charge carrier density n of epigraphene remains one of its major flaws [15]. Control
over the carrier density is crucial because it is the key that unlocks the possibility to alter
the properties of epigraphene, and to tailor them to different needs. Not only does it
allow for fundamental studies of physics (e.g. near the Dirac point), but it also grants
greater flexibility in potential applications. The usefulness of carrier density control, for
instance via molecular doping, extends beyond graphene, as it is a pervasive technology
in modern society, and the pillar upon which the semiconductor industry rests on. New
doping methods which work for epigraphene may also have wide-reaching implications for
other materials.

The study of carrier density control and doping of epigraphene was originally motivated
by the fact that epigraphene devices play a role in one of the few real applications of
graphene electronics. Starting from a decade ago, epigraphene has found a useful niche
in the field of quantum resistance metrology [14, 19, 65, 66], which deals with the
definition and precise measurement of the unit of resistance Ohm (Ω) using the QHE (see
Chapter 2.3.3). The use of epigraphene as a QHR standard is an especially interesting
application, because it truly utilizes the unique electrical properties of epigraphene in order
to surpass previous technologies. Due to the characteristics of epigraphene specifically,
the QHE can be observed at lower magnetic fields, higher temperatures, using higher bias
currents, and with a more robust quantized resistance plateau [14, 18–20] compared to
conventional 2DEGs like GaAs. In order to exploit these possibilities, the development of
a portable and cryogen-free table-top version of an epigraphene QHR standard is already
underway (Paper A, Paper B), with the goal of facilitating the dissemination of a
primary resistance standard closer to the end-user, and thereby decreasing calibration
uncertainties.

However, exerting control over the carrier density in epigraphene is a challenge, and this
fact hinders practical implementations of epigraphene quantum Hall resistance standards
(QHR), which places several requirements on the carrier density level [19]. Firstly, in
order to operate under relaxed operating conditions (QHE at 4.2 K and below 5 T), the
carrier density cannot be too high. Secondly, the carrier density needs to be tuned in
order to optimize the critical current. Thirdly, the charge disorder should be low (i.e.
homogeneous doping) to ensure an accurate quantization of resistance [21, 22]. Finally,
for real-world applications the device carrier density should possess long-term stability, as
this directly impacts the lifetime of epigraphene QHR standards. In literature there exist
several reported doping techniques such as photo-chemical gating [67], corona discharge
of ions [41], electrostatic gating [68], and direct molecular doping [69, 70]. However, none
are able to meet all requirements since they either lack potency, stability, or tunability.

The approach to carrier density control used in this thesis was inspired by the previous
uses of F4TCNQ molecular dopants directly deposited on graphene [69, 70]. This technique
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resulted in potent doping, but suffered from degradation under ambient conditions. The
key difference in this work is the addition of a PMMA polymer as a host matrix in
order to stabilize the dopant molecules. As will be explored in the following sections,
this combination results in the spontaneously accumulation of dopants on the surface of
epigraphene. This changes the carrier density of epigraphene and leads to an air-stable,
potent, tunable, and reliable doping scheme, with the ability to homogeneously dope
epigraphene over large areas. This chapter covers the results presented in Paper C and
Patent II.

4.1 Towards Charge Neutrality

Before moving on to molecular doping, this section presents initial gating attempts using
hexagonal boron nitride (hBN) as a gate dielectric in order to demonstrate the practical
difficulties in gating epigraphene. Thin flakes of hBN are widely used as both a substrate
and encapsulation layer for state-of-the-art graphene devices [23, 59, 71]. In graphene
research, thin flakes of hBN are commonly utilized as a powerful gate dielectric [72],
capable of high dielectric strengths around 4 MV/cm [73], or in ideal cases even above 10
MV/cm [74]. To test this method on epigraphene, a chip was patterned into an array
of metallic markers and epigraphene Hall bars using ebeam lithography. Mechanical
exfoliation via tape was used to produce hBN flakes from hBN powder. The flakes
were transferred to epigraphene using a dry PDMS stamping technique [75]. The hBN-
encapsulated epigraphene device was then annealed in an argon atmosphere at 1150 ◦C to
clean the interface. Since the flakes are spread randomly, optical microscopy was used
to locate devices which were fully encapsulated by a hBN flake. Devices were patterned
using ebeam lithography, including a top-gate for the Hall bar channel.

Figure 4.1: Left: Optical micrograph of a hBN-encapsulated epigraphene Hall bar device.
The white dotted line outlines the epigraphene area under the hBN flake. There are six
contacts (1-6) connected to the Hall bar, with one top-gate. Right: Carrier density versus
gate voltage for devices with different hBN thickness, measured at 2 K. The gate voltage
was limited by dielectric breakdown of hBN. The dotted lines are linear fits to data.
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Figure 4.1 shows an example of a hBN-encapsulated epigraphene Hall bar. The
thickness of the hBN flakes were investigated using AFM before fabrication of electrical
contacts. The gating attempts demonstrate that even when pushing the limits of gate
voltages to where dielectric breakdown of hBN occurs, the carrier density only changes
from high n-doping n ≈ 1013 cm−2 to n ≈ 6× 1012 cm−2 at most. This limitation is not
due to poor quality hBN, as the dielectric strength for 35 nm and 70 nm thick flakes are
both around 5.7 MV/cm. Even the best hBN flakes would be hard pressed to withstand
the electric fields required to pass through the Dirac point, especially since the effective
gate capacitance is reduced even further near neutrality [76]. In the end, it appears
that hBN is inadequate when it comes to carrier density tuning, and cannot be used
to bring epigraphene close to charge neutrality. However, one benefit of hBN is that it
preserves the intrinsic quality of epigraphene and protects it from external contamination
and doping. For instance, these devices have a relatively high carrier mobility figure
> 2000 cm2/Vs at 2 K, despite the very high n-doping n ≈ 1013 cm−2.

4.2 Molecular Doping Schemes

After exhausting other familiar options, the acceptor molecule F4TCNQ was explored as a
novel solution to the problem of carrier density control in epigraphene. Different schemes
were tested in order to explore the possibilities of F4TCNQ doping of epigraphene. Figure
4.2 shows three initially tested approaches to molecular doping, and their influence on the
charge carrier density and mobility of epigraphene. The doped samples were all cooled
down in a cryostat and the evolution of carrier density and mobility was monitored as
the temperature decreased. The mixture of F4TCNQ acceptor molecules and PMMA
polymer (henceforth referred to as dopant blend), combined with a PMMA (or copolymer
PMMA) spacer layer, has a strong p-doping effect on epigraphene, capable of bringing
the carrier density very close to the charge neutrality point (n ≈ 1010 cm−2) at cryogenic
temperatures of 2 K. The low doping level gives rise to a strong temperature dependence
of carrier density due to thermal excitation above the Fermi energy, which at such low
doping is only EF ≈ 11 meV. The carrier mobility increases as temperature decreases,
reaching a maximum value of 50 000 cm2/Vs for this particular sample. The observed
downturn in mobility at the lowest temperatures is due to the onset of quantum corrections
to resistance, such as weak-localization and electron-electron interactions. As a reference,
pristine epigraphene was prepared through hBN-encapsulation of epigraphene and it
reveals that the intrinsic n-doping of epigraphene is on the order of n ≈ 1013 cm−2. The
decrease in carrier density due to F4TCNQ, compared to the pristine case, is three orders
of magnitude. The surface coverage of F4TCNQ is then comparable to the estimates from
literature values, with an estimated packing of 2-4 molecules per nm2, or equivalently a
coverage of 2-4× 1014 cm−2.

In the absence of the spacer PMMA layer, the dopant blend deposited directly on
epigraphene acts only as a moderate p-dopant. It is also observed that neat PMMA
itself acts as a weak p-dopant. The optimal doping which results in charge neutral
epigraphene is achieved only in the case when the dopant layer and spacer PMMA layer
operate in tandem, and only then was charge neutrality and high carrier mobility obtained.
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Figure 4.2: Left: Schematic representation of three variants of molecular doping schemes
of epigraphene using polymer layers. The dopant blend consists of F4TCNQ molecules
mixed with PMMA polymer. Right: Carrier density and mobility extracted from Hall
measurements reveal that when the dopant blend and a PMMA spacer are used in combi-
nation, the carrier density of epigraphene decreases by three orders of magnitude compared
to pristine epigraphene, reaching a low doping level of n ≈ 1010 cm−2 at 2 K. The carrier
mobility is very high, reaching 50 000 cm2/Vs at cryogenic temperatures. The two other
tested methods, using only PMMA and only dopant blend, act only as weak to moderate
p-dopants.

The thickness of the spacer PMMA layer was varied between 100-400 nm without any
appreciable change in doping effect. This suggests that there is a minimum spacer layer
thickness needed to achieve charge neutral graphene. Therefore, the standard molecular
doping technique used in this work utilizes the combination of PMMA spacer and dopant
blend, described in Appendix A.4. Note that these findings are valid for the specific choice
of dopant blend set by the ratio of F4TCNQ and PMMA, polymer thickness, annealing
temperature, and annealing time described in the section 3.3. It is clear from brief tests
that changing any of these parameters can result in widely different doping levels of
epigraphene, and the interplay between different factors is not fully understood yet. For
instance, thinning down the polymer layers results in lowered thermal stability of doping,
and samples become much more n-doped after heating. This could in part explain the
higher n-doping observed for the cases using only the dopant blend, compared to using
both spacer and blend (effectively thicker layer). As will be clear in later sections, using
multiple polymer layers results in samples with very stable carrier densities.

For Hall measurements performed at cryogenic temperatures, the simpler single band
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Figure 4.3: Left: Typical temperature dependence of ρXX , measured for epigraphene with
a low carrier density. The initial increase of resistance as the temperature decreases from
room temperature is due to the freezing of thermally excited carriers. After passing the
hump around 175 K, the resistance decreases linearly as is expected for the suppression
of phonon scattering in metals. At even lower temperatures, around 70 K, quantum
corrections to resistance give rise to a logarithmic increase of resistance. Right: Quantum
Hall measurements performed at 2 K. The red plot is ρXY and the black is ρXX . The
sample shows well-developed QHE below 1.5 T, with n ≈ 1.5× 1010 cm−2.

Hall model is sufficient to calculate the carrier density and mobility. Figure 4.3 shows
the typical temperature dependence of ρXX for epigraphene with a low carrier density.
From 300 K to around 175 K there is an unusual increase in resistance as the temperature
drops, and this non-metallic behavior is due to the suppression of thermally excited
carriers. In fact, the temperature at which the maximum of the hump in resistance
occurs, around 175 K in this case, is closely related to the final doping level observed
at cryogenic temperatures. At 175 K the thermal energy scale is kBT ≈ 15 meV, and
when this energy is well below the Fermi energy of graphene the thermal excitations can
be considered suppressed. A Fermi energy of 15 meV corresponds to a carrier density
of n ≈ 1.7× 1010 cm−2 in epigraphene. The quantum Hall measurements performed at
2 K show that the charge carrier density is n ≈ 1.5 × 1010 cm−2, which is in excellent
agreement with the above estimate. At temperatures below 175 K, normal metallic
behavior dominates again, and the resistance decreases linearly with temperature due to
suppression of scattering from acoustic phonons. At the Bloch-Gruneisen temperature
of around 70 K quantum corrections such as weak-localization and electron-electron
interactions become noticeable and lead to a logarithmic temperature dependence of
resistance.

4.3 Spontaneous Assembly

In order to better understand the mechanism behind F4TCNQ doping of epigraphene,
secondary-ion mass spectroscopy (SIMS) can be used to provide a chemical profile of the
entire polymer stack, from the top surface all the way down to epigraphene, and even
beyond into SiC. More specifically, this technique is called time-of-flight (ToF) SIMS. The
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basic idea is that a primary ion beam sputters away material as it drills deeper down
into a sample. The secondary ions ejected during this process are all accelerated to the
same velocity by an externally applied electric field. Neglecting any small differences
in the initial velocities, a detector measures their ToF and obtains information on their
masses. The high mass-resolution of ToF-SIMS allows for the identification of which
specific ions were ejected. Since SIMS is a surface sensitive technique, the analyzed
particles are ejected only from the first few monolayers, and the measured ion intensity is
ideally related to surface concentration of a particular species. In practice, finite surface
roughness and varying sputter rates due to different binding energies and materials often
lead to a broadening of signals.

The unique fingerprints of the F4TCNQ molecule are tracked during the measurements.
Some signals of interest can for instance be fluorine ions (F) and cyano-group (CN) ions.
Any signal from silicon (Si) ions indicates that the SiC substrate has been reached. To
prevent excessive surface damage, a gentler pulsed primary ion beam (Bi3++, 0.34 pA at
50 keV) is used during the ToF analysis. The more aggressive sputtering step is performed
using a powerful C60++ beam at 20 keV with a current of 0.2 nA. The measurement
alternates between the two beams, with 1 second of analysis, followed by 1 seconds of
sputtering, and finally 1 second of pause for each measurement cycle.

Figure 4.4 shows the SIMS data for a sample covered by a PMMA spacer layer, dopant
blend layer, and an additional PMMA encapsulation layer. The SIMS measurement
probed three distinct underlying regions: epigraphene surface, Au surface, and SiC surface.
These aim was to provide a picture of the spatial distribution of F4TCNQ molecules,
from the top of the PMMA surface down to each unique surface type.

The first measurement was taken on the polymer stack above the surface of epigraphene.
The intense peaks in F and CN signals, which occur after 250 seconds of sputtering,
coincide with the appearance of the Si signal. This signifies that there is spontaneous
accumulation of F4TCNQ molecules near the surface of epigraphene. It appears that the
molecules have diffused to the epigraphene surface from the original dopant blend layer.
The full resist thickness is approximately 475 nm, and assuming that the sputtering rate
is constant, then the full-width-at-half-maximum (FWHM) of the CN peak corresponds
to a 10 nm thick accumulation layer. This is a rough estimate, since the spatial resolution
of SIMS is limited due to inhomogeneous sputtering and surface roughness. The measured
signal intensity can be taken as an approximation of the surface density, and the resulting
surface density of F4TCNQ near epigraphene is over 50 % greater than inside the partially
depleted dopant blend layer. The F and CN signals also reveal that molecules diffuse
not only towards epigraphene, but also into the upper PMMA encapsulation layer. This
is not surprising since F4TCNQ molecules are known to be mobile in polymers like
PMMA, with their diffusion being dependent on material properties like polarity and glass
transition temperature [77, 78]. After spin-coating of the dopant blend, the samples are
typically baked for some tim at 160 ◦C, which lies above the glass transition temperature
of PMMA (TG ≈ 100 ◦C). The lowest heating temperature where permanent (but weak)
doping change has been observed is 80 ◦C. The accumulation of molecules near graphene
is attributed to the formation of a charge-transfer complex between the molecule and
epigraphene. The F4TCNQ molecules remain neutrally charged inside the PMMA [79],
but when they encounter a charge donor, like epigraphene, the formation of a charge-
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Figure 4.4: Left: Schematic representation of epigraphene prepared with with a PMMA
spacer layer, dopant blend layer, and a PMMA encapsulation layer. The arrows indicate
three distinct regions probed using ToF-SIMS. Center: Data measured on the polymer
layers above the surface of epigraphene. As the sputtering time increases, the measurement
probes deeper into the polymer stack. The plot focuses on three signals: F and CN, which
are fingerprints of F4TCNQ (molecular structure shown on top), and Si which indicates
when the SiC substrate has been reached. The sharp peaks in the F and C intensity
signals indicate that there is a significant accumulation of F4TCNQ molecules near the
surface of graphene. The diffusion of molecules from the dopant blend layer also occurs
towards the upper PMMA surface. Right: Focusing solely on the CN signal, there is a
clear difference in the spatial distribution of F4TCNQ molecules above the three distinct
regions. Accumulation of F4TCNQ molecules occurs only on conductive surfaces, such as
epigraphene and Au, but not on the insulating SiC substrate.

transfer complex causes them to be bound and stabilized by the Coulomb interaction
[80].

The same accumulation behavior can also be observed for the second measurement
above the surface of Au. The CN signal is three times greater than for epigraphene,
which points to a much stronger accumulation effect of molecules on Au, possibly due
to differences in material characteristics such as carrier density and work function. The
relative width and area of the accumulation peak compared to the dopant blend region is
much larger, meaning that a large portion of the F4TNCQ molecules have diffused from
the dopant blend to the surface of Au and formed a thick accumulation layer.

The third and final measurement was a reference taken above bare insulating SiC,
where epigraphene was removed using oxygen plasma ashing. The data shows a relatively
tiny peak, which means that barely any accumulation of F4TCNQ occurred on SiC. This
result is consistent with the idea that the formation of a charge-transfer complex, between
F4TCNQ and a donor, is required in order to trap the molecules.

Since the intensity of the SIMS signal is related to surface density, the data in Figure

53



4.4 can therefore be used to provide another estimate for the surface coverage of F4TCNQ
molecules. The sputter time can be approximately translated to distance, by comparing
it to the nominal resist thickness of 475 nm, and assuming constant sputtering rate. By
taking the area under the entire SIMS intensity curve, for example for the CN signal,
the total amount of F4TCNQ molecules can be calculated (arbitrary intensity units
per unit area). The same can be done for the area under the accumulation peak near
epigraphene. From experimental data, the ratio between the two areas is around 15
%. This means that 15 % of the total amount of F4TCNQ molecules inside the dopant
blend layer has reached the surface of graphene. What remains is to estimate the total
amount of molecules in the original dopant blend. The mixing ratio between F4TCNQ
and PMMA is known to be 7 wt.% F4TCQ in PMMA, the density of F4TCNQ is
PF4TCNQ = 1.4 g/cm3, with molar mass MF4TCNQ = 276 g/mol. On the other hand
PMMA has density PPMMA = 1.18 g/cm3, and molar mass MPMMA = 950 g/mol.
Assuming that the dopant layer consists of a slab of PMMA and F4TCNQ (7 mm x 7
mm x 175 nm), the total number of F4TCNQ molecules is 1.3× 1015. If 15 % of them
reach epigraphene, the surface density of F4TCNQ is then 4× 1014 cm−2 for a monolayer,
or around 4 molecules per nm2. This is comparable to what was estimated from electrical
transport measurements (2-4 molecules per nm2).

Figure 4.5: The red dots show the CN signal intensities extracted from SIMS. The x-axis
is the distance, estimated from sputtering time and total polymer thickness. The intensity
on the y-axis is related to the surface concentration at a certain distance. The maximum
peak is centered in the middle of the 175 nm wide dopant layer. After 600 seconds of
annealing at 160 ◦C, there are clear signs of diffusion of F4TCNQ from the dopant blend
into the surrounding PMMA layers. The black solid line is a fit, modeling the surface
concentration due to diffusion from an instantaneous extended source using Fick’s law.
The diffusion coefficient is estimated to be D ≈ 10−13 cm2/s, in PMMA at 160 ◦C.

The diffusion coefficient of F4TCNQ through PMMA, at 160 ◦C can be estimated
from the CN signal. This estimate assumes that the SIMS signal intensity is an accurate
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