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Abstract

The chemical vapor deposition (CVD) on metal catalyst surfaces is the most
promising candidate to enable scalable growth of the two-dimensional (2D) carbon
allotrope graphene (Gr), thereby opening the door to applications on industrial scales
not realizable by the tape exfoliation techniques commonly applied to cleave mi-
crometer sized Gr flakes from bulk graphite crystals. However, the widely employed
wet methods to transfer CVD-grown Gr (CVD-Gr) onto arbitrary substrates were
demonstrated to degrade its structural and electronic quality precluding industrial
harvesting of its various fascinating properties and even casting doubts over the
intrinsic quality of CVD-Gr and its suitability for high-quality (HQ) applications.

This thesis aims to prove the equality of the intrinsic capabilities of CVD-Gr
and the exfoliated reference material by employing and improving the recently intro-
duced dry-transfer method for CVD-Gr, which allows a direct pick-up from the metal
growth substrate and subsequent encapsulation in other 2D-materials, thus avoiding
the quality degradation associated with wet transfers. Electronic transport devices
patterned from such heterostructures were characterized in temperature-dependent
magneto-transport measurements in a high magnetic field laboratory. Quantum Hall
effect (QHE) measurements reveal a clear formation of Landau levels (LLs) that is
overlayed upon increasing magnetic field and decreasing temperature by symmetry-
broken LLs and, finally, by a series of clearly pronounced fractional quantum Hall
states with composite fermion filling factors up to ν∗ = 4 and activation gaps well
comparable with those observed in similar devices based on exfoliated graphene (Ex-
Gr). These data prove for the first time that the quantum mobilities of CVD-Gr
match those of Ex-Gr if a suitable transfer method is applied. Discarding fears of
intrinsic differences to Ex-Gr, the CVD-Gr devices could be used as a HQ references
within a set of other graphene devices hosting varying level of disorder. In a series
of further high magnetic fields measurements, the crucial role of long range disorder
for the manifestation of the QHE at room temperature (RT) could be clarified, as
an increasingly pronounced effect was observed with increasing disorder level and the
QHE vanishing in the HQ CVD-Gr devices well below 150 K at 30 T. In a similar
study on the device set, a transition of the predominant scattering mechanism in the
RTQHE regime from an extrinsic, disorder-mediated to an intrinsic, electron-phonon
mediated scattering mechanism with decreasing disorder level could be revealed.
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Zusammenfassung

Die chemische Gasphasenabscheidung auf metallischen Katalysatoroberflächen
ist der aussichtsreichste Kandidat, um ein skalierbares Wachstum des zweidimen-
sionalen (2D) Kohlenstoff-Allotrops Graphen (Gr) zu ermöglichen und dadurch die
Tür für Anwendungen auf industriellen Skalen zu öffnen, die mit den gewöhnlich
angewandten Exfolierungstechniken zum Abspalten Mikrometer-großer Gr Flocken
von Graphitkristallen nicht realisierbar sind. Es wurde jedoch nachgewiesen, dass die
häufig angewandten nass-chemischen Methoden zum Transfer von CVD-gewachsenem
Gr (CVD-Gr) auf beliebige Substrate dessen strukturelle und elektronische Qualität
verringern und so die industrielle Anwendbarkeit seiner vielen faszinierenden Eigen-
schaften verhindern und sogar Zweifel an die intrinsische Qualität von CVD-Gr und
seiner Eignung für hoch-qualitative (HQ) Anwendungen aufkommen liessen.

Das Ziel dieser Arbeit ist es, die intrinsische Gleichwertigkeit von CVD-Gr und
exfolierten Referenzmaterial zu beweisen, indem eine kürzlich eingeführte trock-
ene Transfermethode angewandt und verbesssert wird, um CVD-Gr direkt von
seinem metallischen Wachstumssubstrat hochzuheben und anschließend in anderen
2D-Materialien zu enkapsulieren, wodurch die mit nassen Transfermethoden as-
soziierten Qualitätsminderungen vermieden werden. Aus solchen Heterostrukturen
gebaute elektronische Transportproben wurden in temperaturabängigen Magne-
totransportmessungen in einem Hochfeldlabor untersucht. Quantum Hall Effekt
(QHE) Messungen enthüllen eine saubere Formierung von Landau Levels (LL), die
bei steigenden magnetischen Feldern und fallenden Temperaturen überlagert werden
durch symmetrie-gebrochene LL und schließlich durch eine Serie klar ausgeprägter
fraktionaler Qunatum Hall Zustände mit Komposit-Fermionen Füllfaktoren bis zu
ν∗ = 4, sowie Aktivierungsenergien, die sehr gut mit denen in exfolierten Gr (Ex-Gr)
Proben vergleichbar sind. The Daten beweisen erstmalig, dass die Quantenmo-
bilitäten von CVD-Gr mit denen von Ex-Gr übereinstimmen, sofern eine geeignete
Transfermethode angewandt wird. Dies erlaubt es, die CVD-Gr Proben als HQ
Referenz in einem Ensemble weiterer Graphen Proben zu nutzen, die variierende
Level an Unordnung aufweisen. In einer Serie weiterer Hochmagnetfeldmessun-
gen konnte die wichtige Rolle von langreichweitiger Unordnung für die Manifes-
tation des QHE bei Raumtemperatur (RT) geklärt werden, da ein zunehmend
ausgeprägter Effekt mit zunehmendem Unordnungslevel nachgewiesen wurde und
der QHE in unseren HQ CVD-Gr Proben bei 30 T sogar bereits unter 150 K ver-
schwand. In einer ähnlichen Studie mit dem selben Probenensemble wurde ein
Übergang des vorherrschenden Streumechanismus im RTQHE Regime von einem
extrinsichen, Unordnungs-dominierten, zu einem intrinsischen, Elektron-Phonon-
dominierten Streumechanismus mit abenehmenden Unordnungslevel enthüllt.
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Chapter 1

Introduction

A fundamental consequence of human action is that a lowering of the time preference1

of the individuals within a free society under the division of labor in an unhampered
market economy results in a continued lengthening of the production period, induced
by a shift of capital towards higher stages of production [1]. The availability new
of capital from increased investments allows the practical implementation of new
recipes and technologies (i.e. innovations), that would have remained in the shelve of
unrealized possibilities otherwise, and, thereby, facilitates the prosperous progression
of economy and society2. In this context, the ultimate end of fundamental research in
the natural sciences lies in the discovery and development of novel technologies and
knowledge, that, if made accessible to the common public, become unlimited factors
of production and are eventually realized by the allocation of invested capital [2, 3].
Seeking to attain this end, researchers are generally faced with a nearly infinite
variety of disciplines and topics open for investigation and it is important to realize
that objective valuation schemes upon which a specific topic might be chosen cannot
exit. On the contrary, the valuation of research topics, just like all ends of human

1Time preference reflects the degree to which an individual prefers the present attainment of the
ends of his action over a future attainment everything else being equal. In the economic context, a
lowering of time preference results in a reduced spending on consumption and an increased spending
on investments and cash holdings. It is a vital aspect of the austrian school of economics known
by its most popular fellows Ludwig von Mises (1881-1973) and his students Murray N. Rothbard
(1926-1995) and Friedrich A. von Hayek (1899-1992), the latter of was honored with the Nobel prize
in economics in 1974.

2As writes Rothbard in [2], p. 963:

In practice, since resources need capital to find and develop them, since technologi-
cal improvement can be applied to production only via capital investment, since en-
trepreneurial skills act only through investments, and since an increased labor supply is
relatively independent of short-run economic considerations and can backfire in Malthu-
sian fashion by lowering per capita output, the only viable way to growth is through
increased saving and investment.
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Chapter 1. Introduction

action, is determined by their subjective marginal utility on the ordinal value scales
of individuals pursuing or funding them [1], and it is generally irrelevant whether a
topic is investigated with an application as a factor of production already in mind or
on a purely academic, rather self-related basis. Furthermore, possible utilization of
new theories and results might be concealed by the veil of uncertainty that always lies
on the future. In fact, history has seen many examples of new technologies applying
research that was once regarded as purely abstract (e.g. the concept of relativistic
time dilation applied in the GPS technology). The above made considerations high-
light the important role of ideas governing action in a society, as they influence both
the degree of time preference of individuals as well their subjective valuations of ends
to be persuaded by e.g. by research [1]. The predominant ideas in a society can be
multi-fold and even partially opposing each other. Over the last decades, the western
societies were largely driven by a lasting desire for enhanced interconnection and dig-
italization, requiring increasingly powerful computers and related smart technologies,
while on the other hand, the idea of sustainability and a decreased carbon footprint
of the society became ever more dominating, calling for more energy efficient green
technologies and processes.

These predominant ideas are the reason why the two-dimensional (2D) carbon
allotrope graphene (Gr) has, since its rediscovery in 2004 by Novoselov and Geim3 [4],
attracted a phenomenal interest, both in the spheres of fundamental research, as well
as in various branches of industry aiming both to establish more powerful as well as
more sustainable technologies and has opened the door to an entirely new research
field investigating the rich zoo of 2D materials [5, 6]. Furthermore, owing to the
fascinating electronic, mechanic and optic properties of Gr, this research field makes
prime example of a topic investigated with concrete applications in mind, as well as
a testbed for delicate solid state physics concepts.

This thesis marks important advancements both on the way to scalable resource-
efficient applications of Gr in future technologies and products as well as for under-
standing the mechanisms of interaction driven effects under the exotic conditions of
high magnetic fields up to 35 T and elevated temperatures up to 300 K. From the
early days on, the method used to obtain Gr crystals with tens of microns of diameter
was the mechanical exfoliation from bulk graphite - a method which lacks both scal-
ability and reproducibility. Hence, the industry as well as the fundamental research
community were seeking for reliable methods to produce Gr of high quality on larger
scale. Over the years, the most promising candidate to achieve this goal became the
chemical vapor deposition (CVD) of Gr on the surface of metal foils [7]. Due to the

3Kostya Novoselov (*1974) and Andre Geim (*1958) were the first to obtain individual graphene
sheets from tape exfoliation of natural graphite on wafer substrates [4] - However, monolayers of
graphite were already deposited on metal surfaces several decades earlier (see Chapter 5). For their
groundbreaking experiments regarding graphene Novoselov and Geim were honored with the Nobel
prize in physics in 2010.

2



surface limited nature of this growth process, monolayer graphene (MLG) can be
obtained on arbitrary scales (see Chapter 5) on copper foils. However, as the metal
growth catalysts are not suitable for the exploitation of the outstanding electronic
properties of Gr, processes have to be applied to transfer the 2D sheets onto arbitrary
substrates. Commonly used methods involve carrier polymers, wet etching of the
metal catalyst as well as several solvents, all of which were shown to contaminate the
transferred Gr (see Chapter 5 for details and references). Consequently, the struc-
tural and electronic properties of such wet-transferred CVD-grown Gr (CVD-Gr) are
repeatedly reported to be inferior to exfoliation-derived Gr (Ex-Gr) up to the point,
where considerable parts of the research community feared, that even the intrinsic
quality of the as-grown CVD-Gr might be inferior to that of Ex-Gr. This changed
only in 2015, when we adapted a dry-transfer method for CVD-Gr, that relies only on
the van-der-Waals forces between Gr and another 2D material (in this case hexagonal
boron nitride (hBN)) prepared on a transfer stamp to directly pick up the CVD-
Gr from the Cu foil and fabricate it into hBN/CVD-Gr/hBN heterostructures [8].
Electronic transport devices patterned into such heterostructures were shown to
reproducibly achieve high charge carrier mobilities and low residual charge carrier
fluctuations, both comparable to the best heterostructures based on Ex-Gr as well
as record breaking ballistic mean free paths exceeding 28 µm [9]. Indicating that the
transfer method is the predominant factor in determining the final material quality,
a strong case was therefore made in defense of the intrinsic quality of CVD-Gr. Yet
still, doubts remained whether CVD-Gr capabilities of CVD-Gr also extended to the
top notch category of quality, which is commonly seen in the observation of fragile,
disorder-sensitive, interaction-mediated phenomena like the fractional quantum Hall
effect (FQHE), which were already reported in Ex-Gr devices [10, 11].

These doubts mark the starting point of this thesis, which aims first of all to
provide the ultimate proof of the intrinsic equality of CVD-Gr and Ex-Gr via the
successful measurement of the FQHE in a CVD-Gr heterostructure. To achieve high-
est possible device performances, the dry-transfer method, as well as the subsequent
fabrication steps and processes were improved significantly during the course of this
work. The devices obtained from these processes were characterized in multiple
measurement stays in the High Field Magnetic Laboratory (HFML) in Nijmegen,
finally revealing well pronounced fractional quantum Hall states. Attaining this end
marks an important step on the way for Gr to high quality applications and further
legitimizes the use of CVD-Gr devices together with Ex-Gr devices in comparative
studies, some of which are also part of this work and focus on the manifestation of
quantum Hall effect (QHE) at room temperature (RT) and the predominant scattering
mechanisms in this regime.

This thesis is structured in order to cover all relevant background information
in the beginning, followed by a description of the processes and process optimiza-

3



Chapter 1. Introduction

tions necessary for device fabrication, while the actual transport experiments on the
heterostructures and their evaluations are presented in the last part. Chapter 2 elab-
orates the basic structural and electronic properties of Gr, hBN, as well as of their
corresponding Raman scattering characteristics. This is followed by a detailed review
of the physics governing the electronic transport in two-dimensional electron systems
(2DES) in the presence of perpendicular magnetic fields in Chapter 3, from the clas-
sical Hall effect over Landau level quantization in 2DES and in Gr up to the initial
discovery of the integer quantum Hall effect. As the QHE cannot be derived directly
from the Landau quantization, but instead requires microscopic pictures in order to
be understood, the two predominant microscopic pictures of the QHE known today
are reviewed in Chapter 4 with an emphasis on the role of temperature and sam-
ple disorder. The detailed elaborations in Chapters 3 and 4 are vital to accurately
interpret the transport data obtained from the high magnetic field measurements.
Similarly, in order to better understand the CVD of Gr and the dry-transfer process
and to judge their perspectives for future industrial realization, a detailed review
of the fundamental principles of Gr CVD together with a summary of the state-of-
the-art in this research field is given in Chapter 5. After establishing all necessary
background information, Chapter 6 covers all process and process optimizations for
the fabrication of highest quality CVD-Gr heterostructures - from the exfoliation
of 2D materials, over the CVD growth of MLG on the inside of Cu enclosures and
the subsequent dry-transfer and stacking to quality refinement processes and device
patterning. Chapter 7 briefly covers all measurement systems and set-ups used to
characterize the transport devices within our own labs, as well as in the high mag-
netic field facility. The successful measurements of the FQHE in our CVD-Gr devices
and hence the proof of the intrinsic equality to Ex-Gr is presented in Chapter 8. This
followed by a study of an ensemble of Gr transport devices with varying degrees of
sample disorder, allowing the investigation of the role of disorder for the manifesta-
tion of QHE at room temperature as well as of the role of electron-phonon mediated
scattering in this regime. Chapter 10 contains a summary of the results and advance-
ments of this thesis, as well as an outlook on meaningful future measurements in the
field of quantum Hall physics in Gr, as well as on the perspectives of our dry-transfer
for scalable applications.

4



Chapter 2

Graphene: Structural and
Electronic Properties

The fascinating structural, electronic and optical properties of monolayer graphene
(MLG) arise from the 2-dimensional crystal lattice structure of constituent carbon
atoms. In this chapter, the prominent electronic properties of graphene will be derived
from its crystal lattice and electronic band structure, followed by a brief description
of hexagonal boron-nitride and the Raman spectra of both 2D materials.

2.1 Graphene Lattice

A carbon atom has six electrons, two of which form a closed 1s2 shell and the other four
filling 2s and 2p orbitals. For the carbon allotrope graphene (Gr), or likewise graphite,
which consists of multiple stacked-up Gr layers, the carbon atoms are arranged in
a single layer in sp2-hybridization, in which the 2s-orbital and both 2px and 2py
orbitals form three hybrid orbitals separated by 120◦ angles resulting in a hexagonal
crystal [12, 13]. Such a honeycomb lattice is described by two triangular sublattices,
referred to as A and B in the remainder of this chapter. Each atom on a given
sublattice is surrounded by three next neighbours from the opposite sublattice only
(a bipartite lattice) and many of the extraordinary electronic properties of Gr are
related to its two-fold sublattice structure. In a coordinate system defined as shown
in Fig. 2.1(a), the vectors pointing from an atom on the A sublattice to the three
next neighbours on the B sublattice can be written as

r⃗1 = a

(
1
0

)
, r⃗2 = a

(
− 1

2

−
√
3
2

)
, r⃗3 = a

(
− 1

2√
3
2

)
, (2.1)
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A B

a1

a2

a
x

y

r1

r2

r3

(a) (b)
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ky
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b1

b2

K
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M

Figure 2.1: (a) Schematic of the hexagonal Gr lattice consisting of the A (blue) and
B (red) sublattices, together with the corresponding unit cell shown in shaded gray.
(b) The first Brillouin zone of the Gr lattice, together with the high symmetry points
Γ, K, K ′, and M marked in different colors.

where a ≈ 1.42 Å is the nearest-neighbour distance between two atoms. A unit cell of
the hexagonal lattice contains two neighboured atoms - one located on the A sublattice
and one on the B sublattice. The unit cell, as well as the location of the next atoms
on a given sublattice is defined by the lattice vectors

a⃗1 =
√
3a

( √
3
2

+ 1
2

)
, a⃗2 =

√
3a

( √
3
2

− 1
2

)
. (2.2)

The lattice constant of Gr can then be denoted as a0 = |⃗a1,2| =
√
3a ≈ 2.46 Å. In the

reciprocal space, the Gr lattice is of hexagonal nature as well with the corresponding
reciprocal lattice vectors

b⃗1 =
4π

3a

(
−

√
3
2

1
2

)
, b⃗2 =

4π

3a

(
+

√
3
2

1
2

)
. (2.3)

The points of high symmetry in k-space are Γ in the center, M in the middle between
two neighbouring atoms, and two K points at the corners of the Brillouin zone. These
K points are in-equivalent and will therefore be denoted as K and K ′. A schematic
of the first Brillouin zone with all relevant symmetry points is shown in Fig. 2.1(b).
Our next task is to derive the electronic band structure of Gr.

2.2 Electronic Band Structure

The formerly mentioned sp2-hybrid orbitals form so-called σ-bonds arising from over-
lapping orbitals between the neighbouring atoms. The strong in-plane binding forces

6



2.2. Electronic Band Structure

of these bonds result in the outstanding mechanical properties of Gr [14, 15]. How-
ever, they do not contribute to electronic transport or optical processes in the low
energy regime as a large gap separates the bonding and the anti-bonding counterparts.
Instead, the electronic properties are mainly determined by the remaining pz-orbitals,
which are oriented perpendicular to the crystal plane. The pz-orbitals at the atom
sites overlap and thereby create delocalized π-bands, which are located closely around
the Fermi energy. A tight binding calculation of the bands was first reported by P. R.
Wallace in 1947 [16] and enhanced roughly a decade later1 [19, 20] and later again in
the context of carbon nanotubes [21, 22]. Wallace assumed that the π-bands satisfy
Bloch’s theorem [23] - which means that the pz-orbitals of the N carbon atoms form
a basis, where each wave function is an energy eigenstate of the system and can be

written as ψ(r⃗) = eik⃗r⃗ · u(r⃗), where u is invariant under the translation of lattice

vector R⃗i = nia⃗1 + mia⃗2 for integer ni,mi, such that uk(x⃗) = uk(x⃗ + R⃗i). When
locating the origin in the A sublattice of our Gr system, the A and B wave functions
then become

ψA(r⃗) =
1√
N

N∑
i=1

eik⃗·R⃗iu(r⃗ − R⃗i),

ψB(r⃗) =
1√
N

N∑
i=1

eik⃗·R⃗iu(r⃗ − R⃗i − r⃗1)

(2.4)

and the total wave function Ψ(r⃗) of the system is a linear combination of both sub-
lattice wave functions

Ψ(r⃗) = αψA(r⃗) + βψB(r⃗). (2.5)

The Gr Hamiltonian is represented by a sum over the individual atomic potentials
V0(r⃗) of all carbon atoms such that

H =
p⃗2

2m
+

N∑
i=1

(V0(r⃗ − R⃗i) + V0(r⃗ − R⃗i − r⃗1)). (2.6)

In the following, we will only consider nearest-neighbour hopping and assume that the
overlap integral of adjacent pz-orbitals as well as the orbital energy ϵ0 = ⟨u(r⃗)|H|u(r⃗)⟩
are zero [24], which reduces the eigenvalue problem to(

ϵ0 −γ0f(k⃗)
−γ0f∗(k⃗) ϵ0

)(
α
β

)
= E

(
α
β

)
, (2.7)

where γ0 ⟨u(r⃗ − r⃗1)|H|u(r⃗)⟩ is the nearest neighbor hopping energy and f(k⃗) =
3∑

l=1

eik⃗·r⃗l . It can be calculated numerically using density-functional-theory (DFT) to

1All these early works treat the graphite band structure rather than Gr as an isolated crystal.
This is due to the fact, that for a long time it was believed, that individual Gr layers could not exist
due to their thermodynamic instability following the Mermin-Wagner-Theorem [17, 18]
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Figure 2.2: (a) Electronic band structure of monolayer Gr obtained by tight binding
calculation, where the conduction band (π∗) and the valence band (π) are shaded in
red and blue. (b) Line cut through (a) along symmetry points of the first Brillouin
zone (BZ) together with a magnification of the linear dispersion at K. This figure is
partially inspired by [25].

γ0 ≈ −3.033 eV [21].

For this simple case we can now calculate the eigenvalues ϵ(k⃗), which take the form

ϵ± = ±γ0|f(k⃗)| = ±γ0

√√√√3 + 2 cos(
√
3kya) + 4 cos

(√
3

2
kya

)
cos

(
3

2
kxa

)
. (2.8)

We thus obtain a bonding (π) and an anti-bonding (π∗) band, as shown in Fig. 2.2(a).
Both bands touch at the K and K ′ points, which are also called the Dirac2 points and
the largest separation is found at the Γ-point with 6γ0 ≈ 18 eV [13]. In the absence of
external doping, the π band is filled up, while the (π∗) band is empty, implying that
the Fermi energy is situated directly at the Dirac points. Therefore, to understand
transport phenomena in Gr, the considered energy range is usually limited to the
dispersion around the K-points and facilitates an expansion of the Hamiltonian for
low energies.

Such an expansion can be done by introducing a small q⃗ around the K points such
that

k⃗ = K⃗ + q⃗ with K⃗(′) =
2π

3a

(
1

(−) 1√
3

)
, (2.9)

2Named after the English theoretical physicist Paul Adrien Maurice Dirac (1902-1984). Being
one of the founding fathers of quantum physics he was awarded with the Nobel prize in physics in
1933. Among his most significant contributions is the introduction of the Dirac equation in 1928,
within which he combined for the first time the special theory of relativity with quantum mechanics.
Gr is prominent for hosting relativistic fermions, described by the Dirac equation (see further below).
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2.2. Electronic Band Structure

and, consequently,

f(K⃗ + q⃗) =

3∑
l=1

ei(K⃗+q⃗)·r⃗l ≈
3∑

l=1

eiK⃗·r⃗l(1 + iq⃗ · r⃗l). (2.10)

This gives us an expression of the Hamiltonian around the K points:

H = ℏvF
(

0 α′(qx − iqy)
α′∗(qx + iqy) 0

)
, (2.11)

where α′ = ei5/6π is a phase factor that can be tuned to one by rotating the basis
functions [12] and vF =

√
3γ0a/(2ℏ) ≈ c/300 ≈ 106 m/s is the Fermi velocity. By

using the Pauli matrices ¯̄σ = (σx, σy) the Hamiltonian around the K-points can be
further simplified to the form of a Dirac-Weyl Hamiltonian

HK = vFℏ¯̄σ · q⃗, (2.12)

and thereby to a linear dispersion relation (as shown in the close-up of Fig. 2.2(b))

ϵK(q⃗) = ±vFℏ|q⃗|. (2.13)

The Hamiltonian and the linear dispersion closely resemble those of massless Dirac
fermions like neutrinos and contrasts itself from the parabolic dispersion in conven-
tional two-dimensional electron systems (2DES). The speed of light c in the expression
for neutrinos is replaced in the case of Gr by vF.
In comparison with a relativistic particle, the vector (α, β) acts formally equivalent
to the real spin and is therefore called the pseudo-spin vector. It is directly locked
to the direction of q⃗, depending on which π-band and which K-point is considered,
implying that the wave functions are of a chiral nature. The conservation of the
pseudo-spin further implies that direct back-scattering of carriers is forbidden within
one valley and only becomes possible via intra-valley scattering, which requires a
large momentum transfer that cannot be facilitated by simple scattering centers like
defects or Coulomb scatterers [26]. Furthermore, it was realized that so-called Klein3

tunneling, which describes the tunneling of Dirac fermions in the context of the Klein
paradox [27, 28]. The latter effect is nicely summarized by Katsnelson in Chapter 4.3
of [12]:

In conventional terms of solid-state physics, Klein tunneling is nothing
other than tunneling through a p-n-p (or n-p-n) junction when electrons
are transformed into holes and then back to electrons (or vice versa).
... for massless Dirac fermions the transmission at normal incidence is
always 100 % irrespective of the height and width of the potential barrier.
From the point of view of applications, this is very bad news: if one just

3Named after the Swedish theoretical physicist Oskar Klein (1894-1977).
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Chapter 2. Graphene: Structural and Electronic Properties

copies the construction of a silicon transistor it will not work, since it is
impossible to lock it. The gap opening is necessary. The good news is,
that due to the Klein paradox, the unavoidable inhomogeneities of the
electron density in graphene do not lead to localization, and, moreover,
their effect on the electron mobility is not very great.

This has far-reaching consequences for the electronic transport in Gr crystals, resulting
in high charge carrier mobilities up to room temperature [29, 30]. A comprehensive
discussion of the limitations of the carrier transport in Gr can be found in [31]. When
the eigenfunctions are rotated adiabatically around the K-points on a closed path
that forms the boundary of a surface S, they pick up a phase of

γ =

∫
S
dS⃗ · Ω⃗(k⃗), (2.14)

which is called the Berry4 phase and Ω⃗(k⃗) the Berry curvature - a gauge-invariant lo-
cal manifestation of the geometric properties of the wavefunctions in k-space [32–34].
In Gr, the Berry phase integral around the K(′) point yields γ = −

(+)π for electrons

and γ = +
(−)π for holes [35]. The Berry phase will become important for the unique

high-field magneto-transport characteristics of Gr, as described in Chapter 3.

2.3 Density of States and Ambipolar Electronic
Transport in Graphene

The massless nature of the charge carriers in Gr owes up for many of its unique
electronic transport properties. As such electronic transport measurements consti-
tute the greatest part of the data shown and discussed in this work, it is mandatory
to elaborate the underlying mechanisms in detail. In the following, we will depict
the density of states as well as the ambipolar field effect and the diffusive transport
regime in Gr. A detailed description of the transport phenomena within magnetic
fields is provided in Chapters 3 and 4.

The number of available states per energy interval dϵ per unit area of Gr is called
the density of states (DOS) [36]. A single state in Gr occupies the area (2π)/A in
the k-space, where A is the Gr sheet area. When we now imagine a ring of radius k

4The Berry-phase is named after the British mathematical physicist Michael Berry (*1941), who,
apart from his great contributions in many fields of quantum mechanics and optics, was together
with Andre Geim, awarded with the IG Nobel prize in 2000 for their work on the ”The Physics of
Flying Frogs”. The experimental part of the latter consisted in the levitation of a frog in very high
magnetic fields in the facilities of the high magnetic field laboratory (HFML) in Nijmegen. The
present author feels honored to have measured Gr transport devices within the same high magnetic
field laboratory.
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2.3. Density of States and Ambipolar Electronic Transport in Graphene

and width dk in the k-plane, the number of states in that ring becomes dN = 2kA
π dk.

Now using Eq. (2.13), we obtain k = |ϵ|
ℏvF

and dϵ
dk = ℏvF and the DOS of Gr takes the

form

D(ϵ) =
1

A

dN

dϵ
=

1

A

dN

dk

dk

dϵ
=

2|ϵ|
πℏ2v2F

. (2.15)

In GR the DOS increases linearly with energy ϵ around the K-points, which once
again is in stark contrast to the constant DOS in parabolically dispersing 2DES [36].
We can now use the DOS to derive an expression for the Fermi energy EF as function
of the charge carrier density n, which is the number of carriers per area unit. By

identifying a change in the charge carrier density as dn = dN
A , we get dn = 2|ϵ|dϵ

πℏ2v2
F
.

Once again using the Gr dispersion Eq. (2.13) and dϵ = ℏvFdk we obtain dn = 2
πkdk.

Integrating both sides of this equation yields∫ n

0

dn =
2

π

∫ kF

0

kdk. (2.16)

And hence we get expressions for the Fermi wavevector kF and the Fermi energy EF

as function of n

kF(n) =
√
π|n| EF(n) = sign(n)ℏvF

√
π|n|. (2.17)

An important consequence of the massless nature of the charge carriers is, that the
usual concept of the effective mass breaks down and the cyclotron mass approach
must be applied [36, 37]. The cyclotron mass is defined as

m∗ =
1

2π

[
∂A(ϵ)

∂ϵ

]
ϵ=EF

, (2.18)

where A(ϵ) = πk(ϵ)2 = πϵ2

(ℏvF)2 is area enclosed by an orbit in k-space. This gives a

cyclotron mass that depends on the square-root of n as

m∗ =
ℏkF
vF

=
EF

vF
=

ℏ
vF

√
πn. (2.19)

In ideal undoped Gr where n = 0, EF should be situated at zero energy where the
band π and π∗ band touch at the K-points. This singular point, where neither elec-
trons nor holes govern the transport in Gr is called the charge neutrality point (CNP).
However, in real Gr crystals, there is always a finite level of doping n0 present, which
offsets the Fermi level. Furthermore, due to inhomogeneities caused by charge disorder
or nanometer-scale strain variations, a residual amount of charge carrier fluctuations
n∗ is present at zero energy, which precludes a complete absence of charge carri-
ers [29, 38]. Both n0 and n∗ are measures of the structural and electronic quality of a
Gr crystal and can be determined in transport or Raman spectroscopy measurements.
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Chapter 2. Graphene: Structural and Electronic Properties

The charge carrier density n in a Gr device can be altered via the electric field effect.
To this extend, a conductive material acting as gate is brought close to the Gr layer,
spaced by an insulating barrier. In the devices considered for this thesis, highly doped
Si wafers with 300 nm thick SiO2 dielectrics were used both as a substrate and back
gate electrode. In order to fabricate close or local gates, hexagonal boron nitride
(hBN) crystals (see section (2.4)) can be used as thin dielectric layers together with
metallic or graphitic gate materials. Such advanced gating techniques lead to tremen-
dous improvements in device tunability [39] in MLG as well as to great breakthroughs
in the field of bilayer graphene (BLG) including quantum dots [40–47].
An electrostatic gate voltage VBG is applied between the gate and the Gr device creat-
ing an electric field, which leads to the accumulation of charge carriers both in the Gr
and on the gate surface analogue to the situation on a plate capacitor5. The charge
carrier density induced in the Gr bulk by VBG depends on the dielectric properties of
the insulation layer and its thickness d as

n =
ϵ0ϵr
ed

(VBG − V0), (2.20)

where e is the electron charge, ϵ0 = 8.85× 10−12 F/m is the vacuum permittivity, ϵr
is the dielectric constant. The pre-factor in Eq. (2.20) is called the gate lever arm
α = ϵ0ϵr

ed . The voltage V0 is required to compensate the offset charge carrier density
n0 = α · V0. The relation in Eq. (2.20) holds for a wide range of carrier densities and
since Gr is a semi-metal without a band gap, the system can be continuously tuned
from electron to hole conduction. As discussed above, at the CNP, a minimum of
charge carriers remains always present, resulting in a minimal conductance G and
likewise maximum resistance R, while for increasing |n| we expect G to rise and
R to fall. This behavior is called the ambipolar field effect in Gr. A typical Gr
field effect transitor measurement is shown in Fig. 2.3(a), where the resistance R as
function of the applied back gate voltage VBG is plotted, while Fig. 2.3(b) shows the
corresponding conductivity σ as function of the charge carrier density n.

The observed electronic transport behaviour at zero magnetic field at a given
carrier density n now depends on the governing transport regime and, therefore, on
the predominant scattering mechanism. Most of the Gr devices, that were measured in
this thesis are in the diffusive transport regime, which means that the mean free path
lmfp that a charge carrier travels between two scattering events, as well as the Fermi
wavelength λF = 2π/kF (which is a measure of the mean spacing of the charge carriers
in the system) are much smaller than the transport channel dimensions, namely its
width w and length l

5As the plates of our virtual capacitor are not infinitely large, the field lines will necessarily
adverse from a purely vertical direction at the edges, creating the so-called gating or edge effect.
The influence of these stray fields becomes important for all edge-sensitve effects e.g. the screening
induced (in)compressible landscapes formed in large magnetic fields (see Chapter 4.2)
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Figure 2.3: (a) Four-terminal resistance R of a Gr transport device as a function of
the applied back gate voltage VBG at a temperature of 100 K. The device shows slight
p-doping as the CNP resides on the negative gate voltage side. (b) Conductivity σ
as a function of the charge carrier density n calculated using the back gate lever arm
αBG. The residual level of charge carrier fluctuations n

∗ ≈ 2 ·1010 cm−2 is highlighted
in (a) and (b) by red arrows.

lmfp, λF << w, l. (2.21)

As λF grows with decreasing n we would expect a breakdown of the diffusive transport
near charge neutrality, however, due to the residual disorder present, corresponding
effects like quantum interference are usually not observed and it is justified to apply
the semi-classical Drude-Boltzmann transport model [12, 13]. The conductivity σ of
a rectangular shaped device can then be expressed as

σ(n) = neµ =
1

ρ
=

l

w

1

R
, (2.22)

where µ is the charge carrier mobility and ρ the resistivity. When the shape of a
devices channel is adversing from a rectangular shape, the conductivity can still be
extracted using the van-der-Pauw methods [24, 48]. In a device of arbitrary shape
with four point-like contacts P, Q, R, S, at its edges, the resistance is measured in two
configurations (by injecting a current from contact P to contact Q, while measuring at
the voltage drop between contact R and contact S the resistance RPQ,RS is measured).
For the resistivity and likewise conductivity then follows

ρ =
1

σ
=

π

ln 2

RPQ,RS +RQR,SP

2
f

(
RPQ,RS

RQR,SP

)
, (2.23)

with the implicitly defined function

x− 1

x+ 1
=

f

ln 2
acosh

(
1

2
exp

(
ln 2

f

))
. (2.24)
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Now, while the carrier mobilities are related to the scattering time τ and the

effective mass m∗ as µ = eτ
m∗ conventional 2DES, the absence of 1

m∗ ∝ ∂2E
∂k2 due to

the linear dispersion in Gr requires the cyclotron mass definition of m∗ in Eq. (2.19)
such that we can write

µGr =
eτv2F
EF

. (2.25)

The scattering time τ in the above equations consists of the inversely added scatter-
ing times of all scattering processes present. The measurement of σ for varying n
therefore contains valuable information on the transport regime and the dominant
scattering mechanisms. Fits to the linear parts of the conductivity trace as function of
carrier density yield the charge carrier mobilities of both electrons and holes, while an
evaluation of the CNP-region in a log-log plot yields the charge carrier fluctuations n∗.

When lmfp increases upon decreasing scattering events and finally becomes com-
parable to the device dimensions, the transport enters a ballistic regime, where the
electrons travel in straight trajectories through the field free system (electron billard).
The mobility, which is needed for a channel of length l = lmfp to become ballistic at
a given threshold carrier density nth can be written as [9]

µ =
2e
√
πlmfp

h
√
nth

. (2.26)

This expression can be used to estimate a lower threshold for carrier mobilities in
devices that show an onset of ballistic transport at nth.
When the Fermi wavelength λF increases compared to lmfp, the phase properties of
the charge carrier wave functions become increasingly important and enable interfer-
ence and localization effects. This regime is called the mesoscopic6 transport regime.
A comprehensive summary of the relevant physics in that regime can be found in
Chapter 1 of Ref. [50].

2.4 Hexagonal Boron Nitride

Hexagonal boron nitride (hBN) is a layered material, where each basal plane has
a hexagonal lattice structure analogue to Gr layers within a graphite crystal and
the individual layers are bound vertically by van-der-Waals7 forces here as well. A
schematic of the crystal structure of hBN is shown in Fig. 2.4. In this case, each of

6The term mesoscopics was introduced by van Kampen in 1981 [49].
7Named after Johannes Diderik van der Waals (1837-1923), a Dutch physicist awarded the Nobel

Prize in Physics in 1910 for his significant contributions to the study of intermolecular forces and
the behavior of gases and liquids. He introduced the concept of ”van-der-Waals forces” to describe
the weak intermolecular forces between atoms and molecules, which give rise to various physical
phenomena. The discovery of Gr and other 2D materials has sparked renewed interest in the study
of van-der-Waals forces and their impact on the properties and behavior of layered materials.
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Figure 2.4: (a) The lattice structure of hBN, with boron (B) and nitrogen (N) atoms
forming the two sublattices. (b) In bulk hBN crystals, the sublattices are vertically
shifted, creating a vertical alternation of atom types.

the two sublattices are occupied exclusively by boron or nitrogen atoms. The nearest
neighbour distance ahBN = 1.44 Å is very similar to that of Gr (1.7 % larger), however
due to different on-site potentials of both sublattices caused by the stacking order,
hBN crystals are insulators with a band gap of 6.4 eV [51–53]. In the out-of-plane
direction, hBN has a dielectric constant ϵhBN = 3.4 which is comparable to that of
SiO2, while in other cases like for the calculation of the effective Bohr radius in Gr
(see Chapter 4.2) an averaged value of ϵhBN = 5 should be used [54–56]. The closely
matching lattice constant, together with its flat surface, the absence of dangling bonds
and the strongly insulating properties make hBN an ideal material for the integration
with Gr as a substrate or by a full encapsulation [57–60]. Such hetero-stacking was
successfully applied to achieve high mobility devices [57] and to measure delicate
phenomena like the fractional quantum Hall effect [61–63] or superconducting phases
in twisted bilayer Gr [64]. As the aim of this thesis is to fabricate CVD-Gr magneto-
transport devices of the highest quality, hBN crystals were employed to dry-transfer
and stack them into hBN/CVD-Gr/hBN heterostructures as described in Chapter 6.

2.5 Raman Spectrum of Monolayer Graphene

Raman spectroscopy8 is a versatile tool for the fast and non-invasive study of struc-
tural properties of molecules and solids and of special importance for 2D materials
like Gr as it allows to access spatially resolved information on the number of lay-
ers [66–68] as well as on local strain [38, 69–73] and doping [74–77]. Comprehensive
summaries of most Raman related effects in Gr can be found in the PhD theses of
Neumann, Reichardt and Sonntag [78–80]. In this work, micro-Raman spectroscopy
is used at different steps of the device fabrication in order to monitor the composition,
structural quality and homogeneity of Gr-based heterostructures and to monitor the

8Named after the Indian physicist C. V. Raman (1888-1970), who discovered the effect of Raman
scattering in 1928 [65] and was awarded with the 1930 Nobel prize in physics for its discovery. In
fact, he was the first Asian who ever received a Nobel prize in any branch of science.
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oxidation of Cu/Gr interfaces.

A Raman scattering process in Gr consists of incident photons on the carbon
lattice which then excite an electron-hole pair, followed by the emission or absorbtion
of phonons and finally its recombination under the emission of an outgoing photon.
Purely elastic scattering processes imply momentum conservation and, therefore, the
wavevectors kin and kout of the incident and outgoing photons together with the sum
of the wavevectors of the phonons created or involved Kphonons have to fulfill

kin = Kphonons + kout. (2.27)

When kin is known and the energy distribution of kout is measured, information can
be gained on the vibrational lattice modes in Gr. Experimentally, a given sample
is usually illuminated with a laser of known wavelength λin in a special Raman-
microscope and analyzes the outgoing light by a spectrometer after passing it through
a grating. For a typical Raman spectrum, the count of emitted photons with λout is
plotted against the so-called Raman shift

∆
1

λ
=

1

λin
− 1

λout
. (2.28)

The analysis of the peaks in the spectra in terms of the positions ωpeak and widths
Γpeak yields crucial information. In this work, for the characterization of heterostruc-
tures a green laser with λin = 532 nm is used, while for the monitoring of Gr
on Cu substrates a blue laser with λin = 457 nm is employed to avoid the broad
photo-luminescence peaks of the Cu surface within the studied spectral range (see
Chapter 6).

Understanding the Raman spectrum of Gr starts by understanding its phonon
dispersion. As there are two carbon atoms in the lattice unit cell, we have in total six
possible in-equivalent phonon modes. These modes are either acoustic (A) or optical
(O) with respect to the bond direction either longitudinal (L) or transverse (T). Four
of the six modes are in-plane modes (iLA, iLO, iTA, iTO) and two are out of plane
(oTA, oTO). Schematics illustrations of these phonon modes are shown in Fig. 2.5(a).
The dispersions of these modes can be accessed via DFT calculations [81] and are
plotted in Fig. 2.5(b). The selection rules that result from the crystal symmetry
do not allow all of these phonon modes to be Raman active, but only the iLO and
iTO modes [82]. For the simplest one-phonon Raman scattering process, the relevant
k-range is further limited to the vicinity of the Γ point, as the incident photons have
negligible wavevectors.

The main constituents of the Raman spectrum of Gr are the G-peak, the 2D-peak
and the D-peak. A typical Raman spectrum of an hBN/Gr/hBN heterostructure is
shown in Fig. 2.6(a). In the following we will briefly discuss the scattering mechanisms
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Figure 2.5: (a) Sketches of the six phonon modes of MLG: in-plane (i), out of plan
(o), longitudinal (L), transverse (T), acoustic (A) and optical (O). (b) Corresponding
frequency dispersions of the phonon modes shown in (a). The panels are adapted
from [31, 81].

behind each peak and what kind of information can be gained.

The G-peak is characteristic feature that is present in all graphitic materials and
was hence named accordingly. It is created when an incident photon excites an elec-
tron, which then emits iTO/iLO phonons at the Γ-point and subsequently falls back
into its initial state under the emission of an outgoing photon. A schematic illustra-
tion of this process is shown in Fig. 2.6(b). The wavelength difference between the
in- and outgoing photons then determine the G-peak position [66, 67]

ωG = ∆
1

λG
≈ 1585 cm−1. (2.29)

The 2D-peak is the result of a second order Raman scattering process [83]. The
incoming photon excites an electron-hole pair to valence band states, which then
undergoes and inter valley scattering (e.g. from the K to the K ′ valley) under the
emission of an iTO phonon near the K-point. Subsequently, the electron-hole pair
falls back to the conduction band under the emission of a photon and is scattered
back to its original valley repeating the emission of an iTO phonon near the K point.
Each of the emitted iTO phonons causes a shift of ∆ 1

λ = 1350 cm−1 [81] and hence,
the 2D peak position is located at roughly twice this shift, where the derivation stems
from additional scattering processes connecting the outer band edges of the K and
K ′ valley [84] and one obtains

ω2D = ∆
1

λ2D
≈ 2680 cm−1. (2.30)

The 2D-peak scattering process can happen either on the inner or on the outer sides
of respective to the K and K ′ points as illustrated in Fig. 2.6(c).
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Figure 2.6: (a) Raman spectrum of an hBN/Gr/hBN heterostructure, with the G,
2D and hBN peaks highlighted in gray. The absence of the D peak is due to the high
structural quality. (b)-(d) Schematic illustrations of the Raman scattering processes
for the G-, 2D-, and D-peak, with wavy lines representing incoming or outgoing
photons and light gray arrows indicating emitted phonons.

The Gr D-peak is created similarly to the 2D-peak (see Fig. 2.6(d)), with the im-
portant difference, that an inelastic scattering event is replaces the one of the elastic
inter-valley scattering processes and hence only one iTO phonon is emitted at the
K-points, such that the D-peak position is located at [66, 67]

ωD = ∆
1

λD
≈ 1350 cm−1. (2.31)

The D-peak is therefore highly dependent on sharp local defects in the Gr lattice,
which is why it is also interpreted as a defect peak and its intensity as measure of the
amount of defects present in a Gr crystal, where the D-peak is fully absent in high
quality Gr devices [8].
As hBN hosts a very similar lattice structure to Gr, and therefore hosts a first-order
scattering peak that manifests similarly to the G-peak and is located at [85, 86]

ωhBN = ∆
1

λhBN
≈ 1365 cm−1. (2.32)

The other Gr peaks show no counterparts in the hBN spectrum, due to the vastly
different band structure. As the hBN-peak is situated very close to the Gr D-peak,
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2.6. Summary

one of them sometimes appears as a shoulder to the other and they are easily confused
in low quality heterostructures.
All the above mentioned peak positions are given for λin = 532 nm and one should
keep in mind, that the positions eventually disperse upon changing the incident
phonon energy. The positions further depend on the dispersion of the involved
phonons and are therefore sensible to strain and doping of the Gr crystal lattice,
where the strain effect can be straight forwardly understood by the reduced overlap
of the bonding sp2-orbitals that results in the softening of the phonon modes [69, 70].
The shift δω of the Raman frequency ω0 with applied strain δϵ is characterized by
the so-called Grüneisen9 parameter [87]

γ =
1

2ω0

δω

δϵ
. (2.33)

The Grüneisen parameter allows us to relate the relative shift of G-peak and the
2D-peak in the presence of strain as [73]

δω2D,strain = 2.2× δωG,strain. (2.34)

The doping-related frequency shift can be analyzed in a similar way and is based on
the breakdown of the adiabatic Born-Oppenheimer approximation (see Refs. [75, 88]
for details) and leads to

δω2D,doping = 0.7× δωG,doping. (2.35)

Both relations together allow us to correlate the G-peak position to the 2D-peak
position and subsequently separate strain and doping in a vector decomposition ap-
proach that was first reported in [73]. This analysis can be applied to get a statistical
and spatial measure of the strain and doping distribution in a Gr heterostructure.
Concerning the peak widths, we will only discuss Γ2D, as it is of the greatest relevance
for device fabrication. Neumann et al. found, that the 2D-peak width, while being
insensitive to changes in doping, is most likely broadened by random strain variations
on the order of the laser spot size (≈ 500 nm) [38]. As these random strain variations
also impact the transport properties of Gr devices (see above), the evaluation of Γ2D in
terms of spatial mappings and histograms gives valuable information on the structural
and the (to be expected) electronic quality of a device. The best Gr heterostruc-
tures usually host Γ2D < 20 cm−1 while Gr on bare SiO2 shows Γ2D > 30 cm−1 [8, 89].

2.6 Summary

In this chapter, the crystal lattice and band structure of MLG were derived, followed
by a compilation of the most important consequences of the linear dispersion around

9Named after the German physicist Eduard August Grüneisen (1877-1949).
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the K-points and basic transport properties in the diffusive regime. Finally, we dis-
cussed the Raman spectrum and the constituting mechanisms and applications of
its significant peaks. The quantities and relations elaborated in this chapter will be
crucial for the remainder of this thesis. In the next two chapters we will focus on
the effects of (large) magnetic fields on 2DES like the one in Gr in detail, as it is of
great importance for the understanding and interpretation of the results obtained in
Chapters 8 and 9.
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Chapter 3

Quantum Hall Effect I:
Landau Quantization

In the previous chapter, the basic electronic properties and transport characteristics
of Gr were elaborated. The main goal of this thesis is to test and explore the prop-
erties of CVD-Gr in the realm of large magnetic fields - a realm in which over the
last decades, a zoo of increasingly complex physical phenomena has been reported in
experiments and unified by theory. It is instructive to work out a detailed summary
of the underlying physics of magneto-transport phenomena together with a history of
thought in this field, as the knowledge of its recent advancements failed to percolate
efficiently through the research communities1 and only few works can be found in
literature, that accurately compile such information.

In this chapter, we will first recap the classical Hall effect within the Drude frame
work for a two-dimensional electron system in presence of a low perpendicular mag-
netic field, followed by a semi-classical derivation of the condensation of its DOS into
Landau level in higher magnetic fields. This is followed by a description of the modi-
fications to such an energy spectrum in the case of strong interaction in the context
of degeneracy lifting and the nature of the ground state of Gr as well as correlation
effects leading to the formation of fractional quantum Hall states. Afterwards, a brief
historic review of quantized magneto-transport measurements and accompanying the
theory is drawn that resulted in the unexpected discovery of the integer quantum
Hall effect (IQHE). It will become clear, that in order to explain aspects of the IQHE,
further assumptions within a microscopic model have to be made and the discussion

1In fact, the microscopic pictures of the QHE (see Chapter 4) are vital example of the phe-
nomenon, that the percolation of information in the research community, contrary to naive expecta-
tions, is not as efficient as e.g. the information percolation in the capital markets, where new data
are immediately prized in. Although convincing theoretical and experimental works in this area of
QHE physics exist, a paradigm change did not occur so far.
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Chapter 3. Quantum Hall Effect I: Landau Quantization

of such models is presented in Chapter 4.

3.1 Classical Hall Effect

The influence of an external magnetic field on a current carrying medium, as mediated
by the Lorentz force, is well known since the end of the 19-th century as the classical
Hall-effect2 and has since then become an important part of any high schools physics
curriculum. 2DES like Gr with a tunable charge carrier density n are restricted to
in-plane directions and thus we will consider a 2DES in the xy-plane with a magnetic
field B perpendicular to it in the z-direction in our following considerations. Hall
measurements are ideally performed on device shaped in a so-called Hall-bar geometry
(see Fig. 3.1). A bias voltage VDS is applied between the source (S) and the drain (D)
electrodes, driving a current Ix along the x-direction of the Hall bar. Respective to
the current, the x-direction is also called longitudinal direction, while the y-direction
is referred to as the transverse direction. A subset of electrodes between S and D
allows to measure longitudinal (Vx) as well as transverse (Vy) voltage drops across
the channel and, together with the current, the longitudinal resistance Rxx = Vx/Ix
and the transverse resistance Rxy = Vy/Ix can be obtained, which is also called the
Hall-resistance.

The transport in such a system in the presence of a low perpendicular magnetic
field B = Bz can be described within the framework of the Drude3 theory [24, 90–
92]. The magnetic field forces free charge carriers to move on circular orbits (also
called cyclotron orbits) and in a realistic conductor this motion is superimposed by
scattering events. Together with the effective mass m∗ and the scattering rate τ one
can express the classical equation of motion for a Drude electron as

m∗ dv⃗D
dt

+
m∗

τ
v⃗D = −e(E⃗ + (v⃗D × B⃗)). (3.1)

In stationary conditions the first term is zero and, therefore, the application of an
electric field E⃗ in the longitudinal in-plane direction leads to a Hall-drift with the
velocity v⃗D = E⃗ × B⃗/B2 = −E/B in the transverse direction. By substituting v⃗D
with the current density j⃗ = −env⃗D, the equation of motion Eq. (3.1) takes the simple

form j⃗ = ¯̄σ · E⃗, which is formally resembles Ohm’s law with the important difference,
that the conductivity caused in a perpendicular field is not a scalar quantity anymore,
but a tensor of rank two (i.e. a 2× 2 matrix), such that(

jx
jy

)
=

enµ

1 + (µB)2

(
1 µB

−µB 1

)
·
(
Ex

Ey

)
, (3.2)

2Named after the American physicist Edwin Hall (1855-1938), who discovered the effect in 1879.
3Named after the German physicist Paul Drude (1863-1906).
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Figure 3.1: (a) Schematic illustration of a typical Hall bar device. A current density
j is driven between the source (S) and drain (D) contacts, and the longitudinal (Vx)
and transverse (Vy) voltage drop across the channel of dimensions l × w is probed in
a four-terminal configuration. The perpendicular magnetic field B induces a Lorentz
force, leading to an accumulation of charges at the channel edges and thereby to a
Hall voltage Vy.

where µ = eτ/m∗ (or Eq. (2.25) for Gr) is the charge carrier mobility. The equation

of motion can alternatively be expressed via the resistivity ¯̄ρ as E⃗ = ¯̄ρ · j⃗. For both
tensors, the respective diagonal elements are equal (i.e. σxx = σyy) and the off-
diagonal ones are anti-symmetric (i.e. σxy = −σyx). The resistivity can be obtained
from the conductivity by the tensor inversion ¯̄ρ = ¯̄σ−1 as(

ρxx ρxy
−ρxy ρyy

)
=

1

σ2
xx + σ2

xy

(
σxx σxy
−σxy σyy

)
. (3.3)

Once the current flow is restricted to longitudinal channel direction (jy = 0), as is the
case for a typical Hall bar measurement, the relation Eq. (3.2) is simplified to jx =
neµEx and we can write the longitudinal and transverse conductivity components σxx
and σxy as

σxx = n · e · µ σxy =
ρxy

ρ2xy + ρ2xy
, (3.4)

and the longitudinal and transverse resistivity ρxx and ρxy as

ρxx =
1

(n · e · µ)
ρxy =

B

(n · e)
. (3.5)
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For a homogeneous channel of the dimensions l × w in length and width, the
measurable quantities are then given by

Rxx =
l

w
· ρxx =

l

w
· 1

e · n · µ
Rxy = ρxy =

B

e · n
. (3.6)

As the Hall resistance Rxy depends linearly on the magnetic field, it can be used
either in Hall sensors to measure magnetic fields or to determine the charge carrier
concentration n and carrier type within a 2DES and thereby e.g. can be used to
determine the gate lever αBG of our Gr transport devices. Once n is known, Rxx

can be used to extract the charge carrier mobility of a device. In a system without
scattering, the considerations given above indicate that ρxx = Rxx = 0, which will
become important later on.

3.2 Landau Level Quantization

As mentioned above, a magnetic field forces the charge carrier trajectories in the
2DES onto closed cyclotron orbits (see Fig. 3.2). In the quantum limit, which is
reached for larger magnetic fields (typically B >1 T, depending on the charge carrier
mobility µ), this results in a quantization of the eigenenergies into discrete levels that
are usually called Landau levels4 (LL). A Bloch electron on a closed orbit accumulates
a phase of N multiples of 2π plus an additional constant arising due to the lattice
symmetry [12, 90, 93], such that∮

k⃗dr⃗ = 2π(N +
1

2
− γ

2π
), (3.7)

where γ is the Berry phase, which in Gr is±π depending on carrier type and valley (see
Chapter 2.2), while in conventional 2DES like GaAs/AlxGa1−xAs-heterostructures
it is zero [94]. These different values will result in fundamentally different energy
spectra for both material systems, as will be derived in the following. In 1952 the
Nobel laureate Lars Onsager (1903-1976) was the first to use Eq. (3.7) to determine
the quantized cyclotron orbits of charge carriers in solids [95].

Within a lattice, the equation of motion for a Bloch electron in a magnetic field
B is given by

ℏ ˙⃗k = −e ˙⃗r × B⃗. (3.8)

Using the equation of motion to calculate the magnetic flux through the area enclosed
by the cyclotron orbit results in

1

2
B⃗

∮
r⃗ × dr⃗ = ϕ0(N +

1

2
− γ

2π
), (3.9)

4Named after the Soviet physicist Lev Davidovich Landau (1908-1968), who in 1962 was awarded
with the Nobel prize in physics for his development of a mathematical theory of superfluidity in liquid
helium.
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Figure 3.2: (a) In two dimensions, a perpendicular magnetic field forces the charge
carriers onto cyclotron orbits with radius rC and cyclotron frequency ωC. This results
in quantization of the momentum space, where the allowed momentum values are
discrete, forming concentric circles in k-space. The corresponding momentum space
without magnetic field is shown in panel (a) and with magnetic field in panel (b).
Without magnetic field, the momentum states are evenly distributed, while within
an external field, the states are forced onto concentric circles that correspond to
increasing quantum numbers N .

which means, that the magnetic flux is quantized in units of the flux quantum ϕ0 =
h/e. Now considering the same relation in k-space and assuming B to be in z-direction
only, we get

1

2
e⃗z

∮
k⃗ × dk⃗ =

B

ϕ0
(N +

1

2
− γ

2π
). (3.10)

Further assuming a circular orbit for the integral part, gives the area enclosed in
k-space of S(ϵ) = πk2(ϵ) and using this, we can rewrite Eq. (3.10) as

πk2(ϵ) =
B

ϕ0
(N +

1

2
− γ

2π
). (3.11)

We can now use Eq. (3.11) to calculate the LL energy spectrum for any given material
by plugging-in its respective bandstructure ϵ(k) as well as its Berry phase γ. Together
with the band structure of Gr around the K-points ϵGr(k) = ℏvFk, which we derived
in Chapter 2, and the Berry phase at the K(′) points of γ = −

(+)π for electrons and

γ = +
(−)π for holes we get

ϵGr(N) = sign(N)
√
2eℏv2FBN (3.12)

for the energy level as function of the LL index N . For Gr, the sign of N is included
here, since positive and negative energies respective to the Dirac point are possible
resembling either electron or hole conduction. For the K valley, N goes through
the values 1, ...,∞ for electrons and 0, ...,∞ for holes, while for the K

′
valley, the

admissible intervals for electrons and holes are exchanged. For conventional 2DES
with a parabolic dispersion (c2DES) like GaAs/AlxGa1−xAs-heterostructures and
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therefore ϵc2DES(k) = ℏ2k2

2m∗ , where m∗ is the effective mass, Eq. (3.11) yields the
LL-spectrum

ϵc2DES(N) =
ℏeB
m∗ (N +

1

2
). (3.13)

By entering the so-called cyclotron frequency ωC we can simplify Eqs. (3.12) and
(3.13) to

ϵGr(N) = ℏωC · sgn(N)
√
N ϵc2DES(N) = ℏωC(N +

1

2
), (3.14)

implying ωC,Gr =
√

2ev2FB/ℏ =
√
2vF/lB and ωC,c2DES = eB/m∗ = ℏ/l2Bm∗, where

lB =
√

ℏ/eB is the magnetic length - the characteristic length scale of interactions
of a charge carrier, or its spatial extent as function of B. Comparing the expressions
in Eq. (3.14) highlights the close resemblance of the parabolically dispersing 2DES
to the energy spectrum of a harmonic oscillator, while Gr with its unique massless
Dirac-fermion system is of an entirely different nature. This semi-classical derivation
of the LL spectrum of Gr was chosen for its pragmatic elegance and the possibility
to plug in different dispersion relations and Berry phases. The first derivation of
Eq. (3.12) was done in the context of the diamagnetism of graphite in 1956 [96]. A
quantum mechanical derivation starting from the Dirac Hamiltonian of Gr can be
found in [12, 13] and in their referenced literature.

The Landau quantization splits the DOS into a series of degenerate peaks of
discrete energy separated by an energy gap EG, which is also called the cyclotron
gap. The evolution of the LL in Gr as well as for a c2DES as function of energy ϵ
and magnetic field B is shown the upper half in Fig. 3.3. The lower panels of the
same figure show the DOS of both systems at a constant field of 30 T as function
of ϵ. For c2DES, the LL are equidistantly spaced in energy and the cyclotron gap
is EG = ℏωC,c2DES, while for Gr the spacing shrinks with increasing N and we can
derive the spacing between the N-th and (N+1)th LL as

EG = ℏωC,Gr(
√
N + 1−

√
N). (3.15)

While the quantization in c2DES with massive charge carriers is limited to low cryo-
genic temperatures, owing to the massless nature of the charge carriers in Gr, the
cyclotron gaps are two orders of magnitude bigger and thereby increase the ther-
mal stability of the related physics up to room temperature. This fact also becomes
obvious upon comparing the energy scales in Fig. 3.3 and will be of fundamental
importance for Chapter 9, in which the quantization abilities of Gr at elevated tem-
peratures and their dependence on the sample disorder level will be investigated.
The total amount of charge carriers inside a 2DES of the area A = l × w does not
change during the quantization into discrete levels and, therefore, the highly degen-
erate LL are filled up by the carriers starting from the energetically lowest level until
its complete filling and subsequent population of the next highest level. The degen-
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Figure 3.3: (a) and (b) Landau level (LL) spectra of Gr and a c2DES for different
LL indices N . The upper panels show the evolution of the LL as a function of energy
ϵ and magnetic field B, while the lower panels show the corresponding density of
states (DOS) at a constant magnetic field of 30 T as a function of ϵ. The zero-field
DOS of each system is indicated with gray dashed lines. The LL are separated by
the cyclotron gap EG. Negative N in Gr are occupied by holes, while positive N
are occupied by electrons, and LL zero (LL0) is shared equally between both carrier
types. In a c2DES, the doping level and therefore the charge carrier type is fixed.

eracy of each LL or likewise the number of carriers that can populate it NL, increases
linearly with B, following

NL =
eBA

h
. (3.16)

With increasing magnetic field, more and more carriers are redistributed towards
energetically lower LL until the ground state is reached. A measure of the filling of
the LL in a 2DES can be calculated by dividing n by the density of degenerate states
in a LL nL = NL/A, such that

ν =
n

nL
=
nh

eB
. (3.17)

This quantity is commonly called the LL filling factor ν. The filling factor can anal-
ogously be described as the number of electrons within the area A of a 2DES surface
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NA = n×A divided by the number of flux quanta ϕ0 within the same area Nϕ0 , such
that

ν =
NA

Nϕ0

=
NA

ϕ/ϕ0
. (3.18)

In this sense, integer values ν for the filling factor mean, that exactly ν electrons
are present for each flux quantum. In the fractional quantum Hall regime the charge
carriers and flux quanta are forming quasi-particles, so called composite fermions,
for each of which not one but several flux quanta are attached to single carrier (see
section 3.4 below).
Another important distinction between Gr and parabolically dispersing 2DES lies in
the different positions of the N = 0 LL in energy. From the Eqs. (3.12) and (3.13) we
see that for Gr the ground state is situated at ϵ = 0, while for c2DES it is at ϵ = ℏωC/2.
This has an important influence on the filling sequence of the LL. While for the latter,
a complete filling of LL0 is reached at ν = 1, in Gr LL0 filled up at ν = 1/2. Which
can be generalized as νc2DES(N) = N + 1 while for Gr it is νGr(N) = N + 1/2. This
little offset motivated researchers to speak of an anomalous or half-integer quantum
Hall effect in Gr. Its relativistic Dirac systems and the possibilities to explore the
rich physics implied in it contributed hugely to the boom around Gr in the first years
after its discovery [97–103]. Taking into account that Gr also has a two-fold spin and
valley degeneracy gs and gv [12], the filling factor at which the N-th Landau level is
fully occupied in Gr becomes

νGr(N) = gsgv(N +
1

2
) = 4(N +

1

2
). (3.19)

3.3 Degeneracy-Lifitng and the Ground-State of
Graphene

The above mentioned degeneracy of the LL in Gr can eventually be lifted at larger
magnetic fields as it was demonstrated in a series of experiments in the first decade
after the discovery of Gr [104–109]. The experiments reveal a subset of new states that
emerge at all integer filling factors, adverse from the series expected from Eq. (3.19),
implying a splitting of the initial LL spectrum Eq. (3.12) into four spin- and valley-
polarized sub-levels, facilitated by different mechanisms that we so far did not include
in our considerations. The modifications that the splittings imply for the DOS are
indicated in Fig. 3.4. In Fig. 3.4(a), the DOS of the intrinsic, degenerate LL N =
−1...1 is shown for a magnetic field of 30 T while the lower panel shows the DOS for
full degeneracy lifting where each LL splits into four sub-levels. Close-ups of the sub-
levels splitting for N = −1, 0 are shown as insets. The energy gaps for the splitting
of ≈ 3 meV are adapted from evaluations of Gr devices presented in Chapter 9 and
from [108]. The main contributions to the splitting were identified as the Zeeman
splitting EZ acting on the spin of the charge carriers [110] and the Coulomb interaction
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EC [111–113] between charge carriers and lattice scale anisotropies ELS describing
electron-electron as well as electron-phonon interactions at lattice scale [114–116].
The different effects scale with the magnetic field as

EZ = gµBB = 1.2[KT−1]×B (3.20)

EC =
e2

4πϵ0ϵrlB
=

643

ϵr
[KT−1/2]×

√
B (3.21)

ELS ≈ EC
a

lB
≈ 3.5

ϵr
[KT−1]×B, (3.22)

with the g-factor of the electrons, the Bohr magneton µB, the vacuum permittivity ϵ0,
the dielectric constant ϵr and the lattice vector a. The energies are given in Kelvin.
These effects do not only scale differently with the power of the absolute value of B,
but also differ fundamentally with respect to the magnetic field direction. While EZ

depends on the total magnetic field BT, the interaction-mediated EC,LS depend only
on the perpendicular component of the magnetic field B⊥. The energy gap of the
symmetry-broken states should hence be constituted as

EG = EZ(BT) + EC,LS(B⊥)− Γ. (3.23)

One can therefore gain information on the driving mechanisms and state composition
by evaluating EG for different tilted magnetic fields and from such measurements it
could be concluded, that for N ̸= 0, all even-valued ν sub-levels are spin polarized
while all odd-valued sub-levels are valley-polarized [109, 111].
LL0 is special as unlike the higher LL, which are exclusively populated by electrons
or holes, it is shared equally between both carrier types. It was shown by Giesbers
et al., that a sinlge-particle Zeeman gap arises at ν = 0 in larger magnetic fields,
while the splitting at ν = ±1, which occurs only in low disordered samples, cannot
be explained by EZ alone, despite the corresponding sub-levels appear to be spin
polarized [106, 108, 109].

The microscopic nature of the Gr ground state at ν = 0 is an ongoing topic of
debate. Up to now, four different orderings were proposed for it - namely a charge den-
sity wave (CDW), a Kekule distortion (KD), a ferromagnetic ordering (F-phase) and
a canted anti-ferromagnetic phase (CAF). In the CDW order, the valley degeneracy is
lifted and the electrons reside on one sublattice while having opposing spin [104, 105].
In the KD phase, the valleys hybridize while also allowing opposing spins [54, 107].
As both these orderings facilitate a spin polarization, they could be found at purely
perpendicular magnetic fields. In contrast, the F-phase manifests in a spin polarized
state, where electrons occupy both valleys. The CAF ordering is similar, only that the
spins are non-collinear with identical components along the magnetic field direction
and opposing directions perpendicular to it. Schematic illustrations of all the above
mentioned ground state orderings are shown in Fig. 3.5(c).
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Figure 3.4: (a) DOS as function of energy ϵ of MLG at a magnetic field of 30 T for the
degenerate LLs N = −1, 0, 1. (b) For low temperatures and clean enough systems all
degeneracies are eventually lifted and each LL is split into four sub-level. For better
visibility, close ups of the sub-level splitting of N = -1 and N = 0 are shown as insets.
The pink numbers indicate the filling factor ν of the system at the given energy.

Upon application of large in-plane magnetic fields (and hence a boosting of the Zee-
man energy while quenching interactions), it was demonstrated that the Gr ground
state transitioned from either CDW or KD over CAF to F-phase by Young et al. [54]
(see Fig. 3.5(a)). Recently, the F-phase could be realized in Gr as well by employing
a high ϵr dielectric (SrTiO3), which leads to a screening of the interaction effects in
Eq. (3.21) [117]. Still, the exact ordering and its transitions for varying magnetic
field strength and direction remains an active topic of research and only a combina-
tion of transport measurements probing edge states, capacitive measurements probing
the bulk, and, if possible, spatial probing of a channel via scanning probe measure-
ments [118] are needed to provide conclusive evidence. The ongoing interest in this
field of research is partially driven by the possibility to realize Majorana bound states
at the edges of a superconductor/Gr boundary, where the Gr is in a CAF-phase [119].
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Figure 3.5: Schematic illustration of the spin splitting for the LL N = 0 (a) and
N = −1 (b). The spin directions are indicated by arrows, while the different valleys
are highlighted by red and blue colors. Energy gaps between states are represented
by gray boxes. (c) Illustrations of the possible Gr ground states. In the CDW ground
state, each valley is populated by both spin directions, while in the KD state both
spin orientations live on linear combinations of the valleys. In the F-state the spins in
each valley are fully polarized, while in CAF state, the spins are canted with respect
to the external magnetic field direction. Adapted from [109].

3.4 Fractional Quantum Hall States

After the discovery of the IQHE (see below), similar measurements were performed
in 2DES hosting substantially higher carrier mobilities realized in GaAs/AlGaAs het-
erostructures. At low temperatures and high magnetic fields, these transport data
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revealed signatures5 of new states, similar to those populating the discrete LL at in-
teger values of filling ν = i, but emerging at certain fractional values of ν - the first
to be reported being ν = 1/3 in 1982 [120]. Most of these additional states were
observed for odd denominator values of ν such that

ν =
1

k + 1
and ν = 1− 1

k + 1
, (3.24)

with even integer values for k. Owing to these fractional filling factors, this phe-
nomenon was later called the fractional quantum Hall effect (FQHE). The theoretical
description of the underlying mechanisms forming the fractional states is rather
delicate and not as straight forwards as for the states resulting from the Landau
quantization, which can be understood as a single-particle effect. The fractional
states appear, when the Fermi energy lies within a highly degenerate LL, implying
the existence of many-particle, interaction-driven energy gaps. Correlated motion of
many electrons, driven by the reduction of Coulomb interaction between the equally
charged carriers is commonly seen as the origin of the FQHE [121].

In the context of multi-particle states, one of the most crucial components is the
attachment of magnetic vortices to electrons. When a magnetic field is applied to a
2DES, it can be envisioned as a sum of flux quanta that penetrate through a uniform
layer of electrons. At the location of each flux quantum, a small hole is formed,
which represents a charge deficit of νe and a zero in the many-electron wave function.
These objects are called vortices, and they result from the magnetic field imparting
a 2π phase shift to the wave function at the location of each hole. Vortices can be
thought of as tiny coils that pierce through the electron system and generate a single
magnetic flux quantum through their cores [121]. Vortices are delocalized in the 2D
area, similar to the electrons. However, because of their opposite charges, electrons
and vortices attract each other, and bringing them together results in a substantial
gain in Coulomb energy. Due to the Pauli exclusion principle, each electron must
bind to at least one vortex, and additional vortices may be bound to further minimize
their energy. For instance, in the ν = 1/3 state, three vortices are associated with
each electron, and each vortex represents a charge deficit of e/3.

In 1983, Robert B. Laughlin6 made the first significant attempt to formalize the
considerations surrounding the fractional quantum Hall effect (FQHE). Laughlin pro-
posed trial wave functions to solve a Hamiltonian that described the series of primary
fractional states 1/k, where k is an odd integer value greater than one (k = 3, 5, 7, . . . ).
In these states, k vortices are attached to each electron, forming quasi-particles [123].
The ground state is composed of a product of Jastrow functions, represented by the
following equation:

5These signatures will be detailed below in section 3.5. For now we are only interested in the
corresponding states.

6Robert B. Laughlin (*1950) is an American physicist who, along with Strömer and Tsui, was
awarded the Nobel Prize in Physics in 1998 for explaining the fractional quantum Hall effect.
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Figure 3.6: Schematic illustration of the attachment of vortices (white circles) to
electrons in a 2DES under a perpendicular magnetic field B. At integer LL filling
factor ν = i, there is one vortex per electron, and the Pauli exclusion principle forces
the vortices to occupy the same quantum state as the electrons. At fractional LL
filling factor ν = 1/3, three vortices are attached to each electron, which reduces
the Coulomb interaction between the electrons. This process can be thought of as
the attachment of magnetic flux quanta to the electrons, forming composite quasi-
particles with fractional charges in an effective field B′. The DOS as a function of ν
shows sub-levels separated by quasi-particle gaps. Adapted from [122].

Ψ1/k =
∏
i<j

(zi − zj)
k · exp

(
−
∑
i

|zi|2

4l2B

)
, (3.25)

where zi and zj are the positions of the i-th and j-th electrons, respectively, and lB
is the magnetic length scale [121, 123]. The first term in the equation represents the
electron-electron interactions as a product over all complex pair distances between
electrons, and the exponent represents the number of attached flux quanta. When
k = 1, Eq. (3.25) yields the wave functions of non-interacting electrons in the integer
quantum Hall effect (IQHE). A schematic illustration of this process is shown in
Fig. 3.6(a) and (b). Adding additional vortices to the system (e.g., by increasing the
magnetic field) at a non-commensurate electron-to-vortex ratio results in a significant
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energetic cost, effectively making the fractional states incompressible7 and attribut-
ing to them an energy gap. Laughlin also demonstrated that adding another vortex
with one magnetic flux quantum passing through it to a homogeneous8 2DES area is
equivalent to adding a quasi-particle with an effective fractional charge of e∗ = e/k,
as shown in Fig. 3.6(c)-(e) [123].

The description of the FQHE in the electron-vortex quasi particle framework was
greatly enhanced by Jain in 1989 by a new concept that also accounted for the
higher-order FQHE states with odd-denominators, different from the primary 1/k
states [124]. The quasi-particles in this framework are labeled as composite fermions
(CF) and, accordingly, the concept is called CF-model. As discussed above, at ν = 1/3
three flux quanta are attached to each electron and consequently, the effective exter-
nal magnetic field that the quasi-particle feel is reduced to zero B∗ = B − B1/3 = 0.
Upon increasing B, additional uncoupled flux quanta enter the system and the CF
experience an effective field of B∗ > 0. The charged quasi-particles forming the pri-
mary state can then correlate and form a new quantum liquid at neighbouring rational
filling factors and this effect can be iterated until all odd-denominator fractions are
covered. So to speak, the primary fractional states experience a Landau quantiza-
tion under the effective magnetic field B∗. Exploiting the same analogy, similar to
electrons that exhibit a Landau gap that scales linear with B (for parabolic band
structures, see above), the FQHE gap energies are expected to open linearly with
B∗ as well [125]. However, the CF mass m∗ within the CF cyclotron gaps ℏeB∗/m∗

is exclusively resulting from interaction and thereby a function of the charge carrier
density only. The wave functions proposed for such states are much more complex
than the Laughlin wave function Eq. (3.25) and shall not be discussed here. The dis-
cussion of even denominator states is also omitted, but a nice overview can be found
in [121].
In analogy to Eq. (3.18), the CF system forms fractional quantum Hall states, when

7Incompressiblity in this context means that the electronic system, i.e., the 2DES, is unable
to compress and become more dense when the external magnetic field is increased. This is due to
the formation of the fractional quantum Hall states, which have a characteristic energy gap and do
not allow the electrons to easily move around and occupy lower energy states. The energy cost for
compressing the system is so high that it effectively prevents the system from compressing. This
property is in contrast to conventional conductors, where the electrons can easily move around and
occupy lower energy states when subjected to an external force, resulting in a decrease in resistance.
The (in)compressibility of a 2DES will become an important ingredient for the screening-based
microscopic picture of the QHE, that will be discussed in Chapter 4.2.

8Homogeniety in this context means, that the electron density is constant over the entire area of
the 2DES. In other words, the 2DES is uniform without any spatial variations in electron density.
The term ”homogeneous” is used to describe the system’s spatial uniformity. The concept of a
homogeneous 2DES is important in the discussion of the fractional quantum Hall effect because it
allows for a simpler theoretical treatment of the electronic properties of the system.
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the effective filling factor ν∗ = NA/N
∗
ϕ0

is integer. The relation of the real filling
factor ν to the fractional filling factor ν∗ is given by

ν =
ν∗

2pν∗ ± 1
and ν = 1− ν∗

2pν∗ ± 1
(3.26)

for electrons and holes, respectively. The number of flux quanta attached per elec-
tron (or its vorticity) is represented by the 2p. A hierarchy diagram of the primary
fractional states and their excitations is shown in Fig. 3.7.

As we have seen, the formation of fractional quantum Hall states is a delicate
many-body effect, that is only visible at temperature scales below the comparatively
small CF energy gaps and thus making it highly sensible to sample disorder, which
eventually smears out all signatures of the effect. Hence, the observation of the FQHE
is limited to the highest quality devices not governed by disorder effects and as of such,
the FQHE can be used as smoking gun evidence of the intrinsic equality of CVD-Gr
and Ex-Gr.

3.5 Discovery of the Integer Quantum Hall Effect

In the previous sections of this chapter, we established the concept of Landau quan-
tization of a 2DES into discrete energy levels at integer or fractional fillings in the
presence of large external magnetic fields. We now aim to investigate the impact of
Landau quantization on measurable magneto-transport properties such as the longi-
tudinal resistance Rxx and the Hall resistance Rxy. We also want to examine how
these properties would differ from the expectations of the classical Hall effect in low
magnetic fields, which we derived earlier (see Eq. (3.6)).

In an ideal homogeneous 2DES under Landau quantization, the Fermi energy as a
function of magnetic field (B) has a saw-tooth-like shape when following the energy
of a partly filled Landau level (LL) until it becomes completely unoccupied. An
exemplary occupation diagram of the spin-degenerate LL in Gr for a fixed charge
carrier density of n = 1.2× 1012cm−2 as a function of B is shown in Fig. 3.8(a). The
Fermi energy EF is represented by a red line and follows the dispersion of the nearest
LL until it becomes fully unoccupied. Then, it jumps down vertically to the next
lowest LL and continues to deplete it with further increasing B. All of this is due to
the increasing degeneracy of each LL nL with rising B, as stated in Eq. (3.16).

The jumps in the Fermi energy occur precisely at those values of B at which the
filling factor becomes an integer ν = i, satisfying Eq. (3.19), and are marked by dark
blue circles. The occupied states at these values are separated from the unoccupied
states in the next LL by the energy gap EG, defined by Eq. (3.15). As long as
the gap is much larger than kBT , the Pauli principle prohibits any scattering, and
the electron system becomes rigid or incompressible. In this scenario, combining the
equations for the resistances Eq. (3.6) with the filling factor Eq. (3.17) leads to the
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Figure 3.7: Fractional states as combinations of m and p follwing p/(2mp + 1) and
p/(2mp− 1) on the right and on the left half. All the depicted states were observed
experimentally in the years after the discovery of the FQHE [124].

measurable magneto-transport quantities of a Hall bar-shaped 2DES assuming the
following values:

Rxx = 0 and Rxy =
h

ie2
, (3.27)

and

σxx = 0 and σxy = i
e2

h
. (3.28)

These results indicate vanishing longitudinal resistance and conductivity (due to
absence of scattering) and quantized values for the Hall resistance and Hall conduc-
tivity. These quantized values of the conductivity are depicted in Fig. 3.8(b) by
blue circles together with the classical Hall curve σxy = nh/eB as gray dashed line.
However, it is important to note that the latter is only a guide to the eye and our
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Figure 3.8: (a) Energy dispersion of the first five LL in Gr as a function of magnetic
field B. The Fermi energy EF for a fixed charge carrier density n = 1.2× 1012cm2 is
plotted in red as a function of B over the LL. As the degeneracy of each LL increases
with B, EF jumps to a lower LL at the filling factors determined by Eq. (3.19), which
mark the points where the LL are either completely filled or empty (indicated by blue
circles). (b) Hall conductivity σxy as a function of magnetic field B. The classical
Hall curve following nh/eB is indicated as a gray dashed line. The blue circles mark
the points of complete filling corresponding to (a), where the conductivity becomes
necessarily integer, while it is not defined anywhere else.

considerations so far only yield finite (and in fact quantized) conductivity values at
points of complete LL filling, while it remains undefined everywhere else, as the sys-
tem is gapped out. With rising temperature, the Fermi function develops a finite
broadening and, therefore, at one point will allow the occupation of states beyond the
energy gap EG in the adjacent LL and, hence, imply an Arrhenius-type of activated
transport for the longitudinal resistance following

Rxx = R0 exp

(
− EG

2kBT

)
, (3.29)

where kB is the Boltzmann constant and T is the temperature. Yet again, these
results are practically not very useful, as they are valid only for singular points of

37



Chapter 3. Quantum Hall Effect I: Landau Quantization

LL filling at ν = i and undefined everywhere else. The Fermi level cannot be shifted
continuously between the points of integer filling as no states would be available to
be occupied in between. Without making further assumptions, that deviate from
an ideal homogeneous 2DES towards a realistic system, nothing more can be said
at this point. Therefore, in the following, we will switch to the experimental side
of magneto-transport investigations in the last century, which ultimately led to the
unexpected discovery of the quantum Hall effect.

The year 1930 marked a significant milestone in the field of quantized magneto-
transport. Lev Landau published his initial work on the harmonic oscillator spectrum
of free electrons under large magnetic fields [126], while Lev Shubnikov and Wander
J. de Haas conducted the first measurements of an oscillating magneto-resistance
in Bi wires at low temperatures [127]. Today, this effect, where the longitudinal
resistance in a 2DES oscillates with increasing magnetic field, and resistance minima
are found at integer filling ν = i, is known as the Shubnikov-de Haas (SdH) effect.
The investigation of this effect continued over the following decades, particularly after
the realization in 1966 that a 2DES could be achieved at the interface between a Si
crystal and an oxide layer via electrostatic gating. Scientists heavily investigated
the properties of such a system, and the observed magneto-resistance oscillations
were related to the formation of LL. Many of the properties of these measurements,
such as the magnitude of the oscillation extrema, were approximated by modeling
a broadening of the initially discrete LL via different scattering mechanisms. The
works of Tsuneya Ando reviewed the experimental and theoretical state of the art
at that time [93, 128–131]. In 1975, Ando even predicted the quantization of Hall
conductance based on approximate calculations but did not believe it to be correct
at the time [132]. Chapter 4 will discuss level broadening mechanisms based on
localization assumptions, which are essential for the conventional microscopic picture
of the QHE. However, neither theory nor experiment expected anything beyond an
oscillating magneto-resistance and an oscillation-modulated Hall resistance.

A major breakthrough in the study of the quantum Hall effect (QHE) occurred
in 1980 when Klaus von Klitzing, Gerhard Dorda, and Michael Pepper conducted
magneto-transport measurements in a Si-based metal-oxide-semiconductor field-
effect-transistor (MOSFET) Hall bar at the high magnetic field laboratory in Greno-
ble [133]. Initially, the experiment aimed to investigate the dominant scattering
mechanisms in the two-dimensional electron system (2DES) by examining the broad-
ening of the Landau levels (LL) that manifest in the Shubnikov-de Haas oscillations,
with the hope of identifying ways to enhance the charge carrier mobilities of Si-
MOSFETs in the future. To eliminate electron-phonon scattering, the measurements
were performed at liquid helium temperatures.

The results were strikingly different from the expected behavior. Rather than
oscillations in the magneto-resistance, the Hall resistance Rxy exhibited plateaus at
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Figure 3.9: Original QHE measurements on a Si MOSFET with channel dimensions
of 130 × 50 µm (l × w) from [133]. Hall voltage Vy and longitudinal voltage Vx as a
function of the applied gate voltage VG at a temperature of 1.5 K, a constant magnetic
field of 18 T, and a source-drain current I of 1 µA. Around integer values of filling
factor ν = i, the Hall resistance exhibits extended plateaus that precisely match
i · h/e2, while the longitudinal resistance drops to zero in the plateau regime. The
data represents the first observation of the integer quantum Hall effect. Reprinted
with permission from [133] ©1980 by the American Physical Society.

integer filling factors ν = i, remaining constant over a range of magnetic field B.
At the same time, the longitudinal resistance Rxx approached zero at the minima
over the same field range. Moreover, the plateau resistances precisely matched a
quantized relation determined by the natural constants e and h as Rxy = h/(ie), in
agreement with our expectation in Eq. (3.27). The relation Uxy = (h/ie2) · Ix was
confirmed with remarkable accuracy, even accounting for the finite input impedance
of 1 MΩ of the Uxy voltmeter. The authors titled their publication ”Realization of a
Resistance Standard based on Fundamental Constants” to highlight this achievement.
Subsequent experiments showed that the relation in Eq. (3.27) held true irrespective
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of sample dimensions, measurement configuration, impurity level (up to a limit where
the effect vanishes), or the material forming the 2DES and even up to filling factors
ν = 42 [42]. The Hall resistance always approached the value h/e = 25812 Ω around
ν = 1, which was named the von-Klitzing constant. The universality of the quantized
nature of the effect, irrespective of material properties, led to the term ”quantum
Hall effect” (QHE), with the case of integer filling factors known as the ”integer
quantum Hall effect” (IQHE). In recognition of his contributions, Klaus von Klitzing
was awarded the Nobel Prize in Physics in 1985.

Since the discovery of the IQHE, extensive efforts have been made to comprehend
the quantization phenomenon over broad ranges of carrier density or magnetic field,
along with the emergence of new QHE-related phenomena such as the FQHE [134].
These studies have been carried out in 2DES of progressively higher quality. Even
today, the field remains active, with researchers exploring new materials such as
Gr, which features a unique massless electronic system, enabling the observation of
an IQHE up to room temperature [33, 34, 135, 136], as well as various interaction-
mediated phenomena like the FQHE [10, 105]. In this work, we present measurements
of the FQHE in CVD-Gr, along with fundamental studies of the manifestation and
scattering mechanisms in the QHE regime at room temperature, highlighting the
continuing relevance of this field.

3.6 Summary

In this chapter, we have provided a comprehensive overview of the classical Hall
effect, its application to two-dimensional conductive systems in Hall bar structures,
and the semi-classical derivation of the quantization of a 2DES into discrete LL at
higher magnetic fields. We have also discussed the interaction-mediated degeneracy
lifting of the LL, the composition of the ground state of Gr, and the fundamental
mechanisms underlying the formation of fractional quantum Hall states. Moreover,
we have briefly explored the history of theory and experiments in magneto-resistance
measurements, culminating in the discovery of the IQHE. To facilitate understanding,
we have explained the mechanisms behind the formation of these effects before delving
into their concrete experimental signatures in transport measurements. These signa-
tures include a quantized plateau in Rxy of h/(νe2), with ν being either integer or
fractional, accompanied by a minimum in Rxx exhibiting Arrhenius-like temperature-
activated behavior that depends on the energy gap EG of the corresponding states,
as given by Eq. (3.29). All of these fundamentals are essential to understanding the
magneto-transport measurements conducted in this work.

In order to gain a comprehensive understanding of the plateaus formed in various
quantum Hall effects, we need to establish a microscopic framework of the QHE. So
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far, we have omitted this aspect. There are two predominant microscopic pictures
that have been developed since the discovery of the QHE. These pictures use consid-
erably different assumptions and result in different conclusions for charge transport
in the QHE regime. A detailed understanding of these pictures is key to correctly
interpreting the data presented in Chapter 9. Therefore, in Chapter 4, we will review
these pictures.
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Chapter 4

Quantum Hall Effect II:
Microscopic Pictures

In the last chapter, we discussed the behavior of a two-dimensional electron system
like Gr under the influence of magnetic fields, ranging from the classical Hall effect
at lower fields to the onset of the QHE at larger fields. Our discussion focused on
idealized, homogeneous 2D electron systems to emphasize the basic mechanisms at
play and introduce all relevant quantities that will be used throughout this work.
However, when exploring the original discovery of the IQHE by von Klitzing et al.,
it became apparent that the presented models need further development to explain
the formation of quantum Hall plateaus over extended ranges of magnetic field B or
charge carrier density n. These advanced models introduce additional assumptions
within a microscopic framework of the QHE. As one of the goals of this thesis is to
understand the role of disorder in the manifestation of the QHE at room temperature
in Gr, it is essential to comprehend the microscopic processes involved and review
the most common models. Since the discovery of the QHE, numerous microscopic
pictures have been proposed and can be grouped into two main branches of thought.
The first branch employs localization assumptions within a single-particle model and,
due to its historical prominence, is referred to as the conventional picture of the QHE.
This picture is reviewed in section 4.1. Over the last decades, this picture has been
challenged by an alternative approach that uses interaction-mediated screening in a
Landau-quantized 2D electron system to derive the formation of Hall plateaus and
other experimentally observable characteristics of the QHE. This screening picture
will be reviewed in section 4.2. Moreover, the roles of disorder and temperature,
along with their expected consequences for magneto-transport measurements, will be
discussed within each microscopic picture. The choice of microscopic pictures is not
arbitrary, as we will see that apart from different starting points, the conventional and
screening pictures come to different conclusions about the details of charge transport
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in the QHE regime, which will eventually manifest in appropriate measurements. The
screening picture is often underrated and omitted in most lectures and textbooks on
the QHE. However, it may prove to be crucial for conceiving and interpreting QHE
experiments in the present and the future.

4.1 The Conventional Picture

The conventional microscopic picture is based on the assumption that the transla-
tional invariance of a considered 2DES is broken, resulting in the localization of some
charge carriers in the system, while others are delocalized and extend throughout the
entire system. As will be demonstrated in the following, the formerly discrete LL
spectrum transforms into a series of broadened peaks with the extended states cen-
tered around the undisturbed LL energies, while localized states are shifted in energy
into the space between two adjacent LLs. A schematic illustration of this process
can be found in Fig. 4.1. The current through such a system is carried only by the
extended states, while the localized states (at zero temperature) do not contribute
to transport. Therefore, once the Fermi level is tuned into the area of the localized
states, the current through the system does not change until the extended states in
the next LL are reached.
The breaking of translational invariance is typically facilitated by charge disorder,
lattice defects, etc., which can be summarized as the sample disorder level. There-
fore, a remarkable aspect of the conventional picture lies in the fact that it necessarily
presupposes the imperfection of the system to result in universal and perfectly quan-
tized transport properties. In the following sections, we will discuss the mechanism of
localization using the simplest example of a single impurity, followed by an overview
of different types of impurity potentials that all induce a mobility gap. Subsequently,
the gauge arguments of Laughlin and Halperin are presented, elegantly showing that
extended states in a system carry a quantized current, which does not change upon
altering flux. Next, the edge channel picture is discussed, which is most illustra-
tive for understanding the conventional picture in real devices. Finally, the effects of
temperature and scattering are highlighted.

Localization by a Single Impurity Potential

Among the first works on the localizing effects of impurities in the quantum Hall
regime were those published by Prange1 in 1981 [137, 138]. His argumentation will
be outlined only briefly, and for a detailed understanding, one should consult the
mentioned references. Prange considered a 2DES channel of width W and length L
with a δ-function impurity potential located at a distance (x0, y0). Further, an electric

1Richard E. Prange (1932-2008) was an American physicist and among the most active con-
tributors to QHE research in its first decade, culminating in his well-received book on the QHE in
1990 [137].

44



4.1. The Conventional Picture

Ɛ 

D
O

S

(a)
N = 0 N = 1 N = 2

E = ħωG C

E  = E  - 2ΓA G

2Γ

EC

localized extended(b) (c)

x

y

x

y

potential
peaks/valleys

Figure 4.1: (a) DOS of a 2DES as a function of energy ϵ in a magnetic field B.
In the presence of disorder, charge carriers become localized, leading to broadening
of the previously discrete LLs into a series of overlapping peaks. The LL centers
are populated by extended states, while the tails contain localized states limited to
small areas. The mobility edge EC marks the transition from localized to extended
states on each side of a LL, and the distance from the LL center to EC is called
the LL broadening Γ. The intrinsic cyclotron gap EG = ℏωC is reduced to the
activation energy between the mobility edges of two adjacent LLs EA = EG − 2Γ.
(b) and (c) Schematic illustrations of localized and extended states in the disordered
potential landscape of a realistic 2DES. The red dotted lines represent localized states
occupied by trapped charge carriers on the equipotential lines of peaks and valleys
in the potential landscape, while the blue dotted lines represent extended states that
percolate through the entire bulk and can carry a net current across it.
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field is assumed in the y-direction, described by the potential eEy. Using the drift
velocity v = cE/B, the potential can be written in magnetic units2 as vy. Before
adding the impurity, the Hamiltonian takes the form Hν = H0+vy, the eigenenergies
of which are shifted harmonic oscillator states:

ψn,k = L−1/2 exp(ikx)ϕn,k(y + v), (4.1)

where k = 2πp/L with p being an integer and ϕn,k being the unshifted eigenstates of
H0. These states are localized in the y-direction but necessarily extended in the x-
direction as they follow the equipotential lines connected with the introduced electric
field. Then, the potential of a single scatterer, characterized by VI = λδ(x− x0)δ(y−
y0), is added. The eigenstates of Hv + VI can be expanded in terms of the states in
Eq. (4.1), and from that, one can obtain a relation which determines the energy level:

1 = λ
∑
n,k

|ψn,k(x0, y0)|2

ϵ− ϵn,k
, (4.2)

where ϵn,k = n + vk are the eigenenergies corresponding to Eq. (4.1). Every energy
ϵ that solves Eq. (4.2) must lie between the unperturbed levels ϵn,k. Further, there
exists one entirely localized state in each LL, and its energy is shifted considerably
(≈ λ) above or below the original LL position at νℏωC, depending on whether λ is
repulsive or attractive. The lowest of such states can be approximated as:

ψloc ∝ exp

(
−x

2 + y2

4

)
exp

(
ixy

2

)
, (4.3)

which means that they are centered at the position of the impurity. Since these
states are localized, they cannot contribute to the current through the channel, and
therefore, the latter also does not change whether a localized state is occupied or
not. All other states are extended and located closely around the unperturbed energy
levels. The current carried by the states is:

I = − e

h

∑
n,p

(ϵn,p+1 − ϵn,p) = − e

h

∑
n

(ϵn,pmax
− ϵn,pmin

) , (4.4)

where all occupied states are summed up, and n, pmax is the last occupied state at the
upper edge, and n, pmin is the first occupied state at the lower edge of the channel.
The current is, therefore, proportional to the electrochemical potential difference
between the upper and the lower edge but not on the exact number of extended
states - as long as all of them are occupied. Prange showed that the extended states

2The electric field E is expressed in terms of velocity units, while the magnetic field B is expressed
in terms of energy units. Specifically, in Gaussian units (which are commonly used in magnetostatics),
the electric field E has units of velocity (cm/s), while the magnetic field B has units of energy per
unit area (erg/cm2), and the velocity units are given by 1 v.u. = (cB)−1.
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carry an extra Hall current, which exactly compensates for that and is not carried by
the localized state, as electrons passing close to the impurity are accelerated.

Generalizing these considerations to M impurities in a system with N charge
carriers, for M < N , there will be N −M extended states unshifted in energy and
M localized states that are shifted away in energy. For M > N or different kinds
of potential, the density of states transforms from singular δ-functions to broadened
Landau bands of elliptical, Gaussian, or Lorentzian shape with extended states in
their centers around the original νℏωC and separated by an energy gap that is popu-
lated only by localized states (see Fig. 4.1). In this case, it still remains true that only
the extended states carry current at zero temperature and that the current remains
constant, as long as the occupation of extended states does not change regardless
of the occupation of localized states. Similar results were obtained even before the
discovery of the IQHE by Ando in renormalized weak-scattering calculations, showing
that the presence of an isolated impurity does not affect the Hall current [130]. This
aspect is fundamental for the creation of Hall plateaus, as it indicates that once all
extended states in a LL are filled and the Fermi level is shifted through the localized
states, the Hall current and therefore Rxy and σxy remain constant as well, while the
longitudinal signals Rxx and σxx drop to zero as no dissipative transport is possible
within the localized states. The localized states provide a reservoir that allows the
Fermi level to be pinned inside the cyclotron gaps. We can thus resolve the issue
we had in Chapter 3.5, where the Eqs. (3.27) and (3.28) were valid only for singular
points of filling. However, in order to show that the Hall current not only remains
constant within the localized states but is also of the right quantity to result exactly
in the before-mentioned equations, we have to recap some famous gauge invariance
arguments.

Gauge Arguments

The idea on which the following arguments are based is that the QHE is essentially
a bulk effect, as there is no evidence that changes in size, shape, connectivity, or
edge conditions lead to any changes in the fundamental quantum Hall characteristics.
Therefore, a favorable geometry can be selected for a theoretical consideration, and
general conclusions can be derived from it later on. The first to propose such argu-
ments in order to explain the exact quantization of the Hall plateaus was Laughlin3

in 1981 [139], whose line of thought will be presented in the following.

We start from a rectangular-shaped channel made of a 2DES (such as Gr) within
a homogeneous external out-of-plane magnetic field penetrating it and resulting in
a disorder-broadened LL spectrum - similar to the situation in a real device. A

3See footnote 6 in Chapter 3
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Figure 4.2: Schematic illustration of Laughlin’s Gedankenexperiment. (a) Initially, a
2DES channel with a source (S) and drain (D) contact transmits a current I, which,
under the influence of a perpendicular magnetic field B, induces a Hall voltage VH.
(b) The channel is rolled up around the y axis, resulting in S and D merging and the
current encircling the resulting cylinder, while the magnetic field still penetrates the
2DES perpendicularly at each point on the surface. The circular current induces a
magnetic flux Φ along the y axis. (c) A spherical view of the Laughlin-cylinder.

schematic illustration of this situation is shown in Fig. 4.2(a). Since we can omit
edges without losing generality, we virtually roll up the channel such that two of
its edges merge and a tube is formed, as shown in Fig. 4.2(b). The magnetic field
is transformed along with the tube such that it remains perpendicular to the tube
surface at every point. Further, we assume a current I to flow around the tube. Due
to the Lorentz force, B and I together will create a Hall voltage drop VH between the
ends of the tube, while the current generates a flux Φ that threads the tube.

We will now investigate how changes in Φ affect the other quantities in the system.
The current I equals the adiabatic derivative of the total energy U of the system
concerning the magnetic flux, which can be expressed as the derivative concerning a
uniform vector potential A directed around the tube such that

I = c
∂U

∂Φ
=
c

L

∂U

∂A
, (4.5)

where c is the speed of light and L is the circumference of the tube. This derivative
is zero for all localized states, as the only effect of A on these is an additional factor
of exp(ieAx/(ℏc)) to their wave functions, where x is the coordinate around the loop.
For the extended states, the gauge transformation in Eq. (4.5) is forbidden unless the
vector potential is of the form

A = n
hc

eL
= n

Φ0

L
, (4.6)
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where Φ0 is the magnetic flux quantum and n an integer. The wave function must be
single-valued when a particle is taken around a closed path. When a particle is taken
around a loop, its wave function acquires a phase factor exp(ie

∮
A · dl/(ℏc)), where

l is the path of the loop. This phase factor must be single-valued, which implies that∮
A · dl must be an integer multiple of 2πℏc/e. In the case of the extended states, the

wave function is not localized and can be taken around an arbitrarily large loop. This
means that

∮
A · dl can take on any value, and the wave function can only be single-

valued if A has the form given in Eq. (4.6), which ensures that
∮
A · dl is always an

integer multiple of 2πℏc/e when the loop encloses an integer number of flux quanta.
Therefore, the gauge transformation in Eq. (4.5) is only allowed for vector potentials
of the form given in Eq. (4.6) for the extended states.

This gauge invariance implies that the addition of one flux quantum results in the
mapping of the system onto itself. Further assuming non-interacting electrons, the
phase coherence allows a change in A to alter the total energy of the system by moving
the filled states towards one edge of the tube. Laughlin showed that the energy of a
state changes linearly with an increment ∆A, and therefore the derivative in Eq. (4.5)
can be substituted by ∆U/∆Φ0, where Φ0 is a flux quantum [139]. As by the gauge
invariance in Eq. (4.6), the energy difference in the system arises from the effective
transfer of n charge carriers from one edge of the tube to the other, and therefore
∆U = neVH. The expression for the current in Eq. (4.5) can then be modified to

I = c
∆U

∆Φ0
=
ne2VH
h

, (4.7)

which then results in a Hall conductivity of

σH = I/VH = n · e
2

h
. (4.8)

The original argument by Laughlin was later advanced and further generalized by
Halperin in a Corbino geometry [140]. In summary, this line of argumentation shows
that the quantized nature of the Hall plateaus is a consequence of gauge invariance and
the long-range phase rigidity of the wave functions around the tube, together with the
existence of a mobility gap. If the Fermi level lies in such a gap populated by localized
states, the longitudinal conductivity vanishes, and the transverse conductivity takes
the form of Eq. (4.8).

Localization, Scaling, and Topology

So far, we have recapped two concepts that allow us to grasp a rough understanding
of the manifestation mechanisms behind the QHE when the translational invariance
is broken by disorder. However, a realm of rich physics was left to be uncovered in
order to understand the localization/delocalization processes in real samples and how
different scattering mechanisms impact those. Next, we will outline some of these
processes, but leave details to the referenced literature.

49



Chapter 4. Quantum Hall Effect II: Microscopic Pictures

In the absence of magnetic fields, a scattering potential is characterized by its
resulting mean free path lmfp and its strength 1/(kF · lmfp). Different potentials equal
in these parameters result in roughly the same behavior [137, 141]. In a magnetic
field, these quantities are joined by the magnetic length lB and the cyclotron energy
ℏωC in characterizing the system. The QHE now arises if the impurity potential V (r)
can be written as

V (r) = VW + Vsc + VS. (4.9)

The first term is determined by the weakness condition max |VW(r)| ≡ V max <<
ℏωC [142]. The second represents a sum of scattering potentials. The requirement for
these potentials is that a potential-free region of width d >> lB percolates through the
system [141, 143]. The third potential term VS is characterized by |∇VS| << ℏωC/lB,
which is a smoothness condition [143].

The potential Eq. (4.9) creates a LL structure with mobility gaps between the
adjacent levels if it locally varies much less than ℏωC. In real samples, the weak po-
tential comes from impurities at a distance comparable to lB from the charge carriers.
The scattering potential arises from charged impurities, and the smooth potential is
created by inhomogeneities located at distances greater than lB away. The localiza-
tion properties of electron states in the quantum Hall regime, including descriptions
of the Landau model, the random matrix model, the tight-binding-Peierls model, and
the network model, are nicely reviewed by Kramer in [144].

Around the same time as the first observation of the IQHE, a significant ad-
vancement in the theory of electronic disorder was made by the discovery of weak
localization [145]. Abrahams et al. were able to adapt earlier scaling ideas concern-
ing electronic transport to the renormalization group framework. Together with the
concept of Anderson localization [146], this led to the formulation of a two-parameter
scaling theory by A.M.M. Pruisken, consistent with experimental data [147–152].

Laughlin’s argument above already implied that the QHE is of a strong topolog-
ical nature. The Hall conductivity is usually recognized as a topological quantum
number. Assuming periodic boundary conditions, it can be related via the Kubo for-
malism ([153, 154]) to a topological invariant called the Chern number nch, which is a
geometrical feature of the Hilbert space of the wave functions, as σxy = nche

2/h (see
e.g. Chapter 5.4 in [50] or Ref. [155]). Much of the initial work on the QHE in the
context of topology theory was done by Thouless4, which laid the groundwork for the
discovery, both theoretically and experimentally, of topological insulators, which have
an insulating bulk while their surface necessarily remains conductive [156–165]. 2DES
in the quantum Hall regime are considered 2+1 dimensional topological insulators in
the absence of time-reversal symmetry [166].

4David J. Thouless (1934-2019) was a British condensed-matter physicist. Together with
J. M. Kosterlitz and F. D. M. Haldane, he was awarded the Nobel Prize in Physics in 2016 for
theoretical discoveries of topological phase transitions.
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The Edge Channel Picture

A very illustrative picture of the QHE in real devices was developed by Büttiker5

in the years after the discovery of the effect ([167–171]), finalized in 1988 [172] and
further elaborated in great detail in Ref. [173]. He pointed out that the phase rigidity
used in the arguments by Laughlin and Halperin is not a fundamental requirement
and is limited to situations where the flux circumference is much smaller than the
inelastic scattering length. His model explains the QHE for large open channels with
contacts, where there is no phase coherence along the entire length of the channel.
Instead, the suppression of back-scattering within 1D-edge channels in high magnetic
fields drives the manifestation of quantized Hall resistance together with vanishing
longitudinal resistances. This absence follows naturally when imagining electrons that
semi-classically follow their field-induced cyclotron motion when approaching the edge
boundary of a channel. Upon reflection at the boundary or at a scattering center,
a charge carrier is forced to move along the channel in a series of semi-circles, while
carriers on the opposite edge are effectively moving in the reverse direction. This
motion pattern is commonly termed skipping orbits and the principle is shown in
Fig. 4.3(a). Due to this absence of back-scattering, the transport along the edges is
called quasi-ballistic. This suppression is valid as long as the scattering potential V (r)
varies smoothly on lB scales but rapidly compared to the dimensions of the channel.
For strong potentials, it is required that the centers are separated by more than a
distance of lB [172]. In the following, we will derive the QHE transport landmarks
from these initial considerations.

In a real transport channel, the energy of the system ϵ consists of the kinetic energy
of the Landau levels ϵLL as derived in Eq. (3.12) offset by the potential energy of the
disorder potential ED as ϵ(N) = ϵLL(N)+ED, where N is the LL index. A schematic
example of such a situation can be found in Fig. 4.3(a), where a cross-section of ϵ is
depicted for various N in the y-direction. Due to the confinement, ϵN must rise to
infinity towards the edges of the channel at y = ±W/2, while in the bulk, it remains
flat and modulated only by the disorder potential. If the Fermi energy is shifted into
the proximity of the undisturbed LL ϵLL(N), it will intersect with ϵ at various spots
within the bulk due to the disorder potential and necessarily once for every LL at each
channel boundary due to the confinement (as highlighted by the circles in Fig. 4.3(a)).
It can now be shown that carriers acquire a longitudinal velocity that is proportional
to the slope of the bending energy levels dϵ/dy as

v(ϵ) =
1

ℏ
dϵ

dy

dy

dk
. (4.10)

For strong magnetic fields, dy/dk is negative, resulting in carriers moving in the
positive longitudinal direction on the left edge of the channel and in the negative
direction on the right side of the right edge of the channel. As only one direction

5Markus Büttiker (1950-2013) was a Swiss physicist, famous for his works on the Aharonov-Bohm
effect, the Landauer-Büttiker transport formalism, and his multi-terminal formulation of the QHE.
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Figure 4.3: Schematic illustration of edge states and the Büttiker model in the quan-
tum Hall regime. (a) Edge channels are depicted in a 2DES channel between the
source (S) and drain (D) contacts. The longitudinal voltage Vx and the Hall voltage
VH are measured. The disorder potential ED induces peaks and valleys with steep
rises at the sample edges. Under Landau quantization, the LL energies are added
to ED for each level. The Fermi energy EF is within LL3. In the bulk, the double
crossings of EF with the peaks and valleys of the potential leads to localized states,
while at each edge EF cuts through each LL only once, creating 1D quasi-ballistic
channels along the edge. The quasi-ballistic nature is illustrated in the inset. (b)
The Büttiker model is applied to a six-port Hall bar device, where every port has a
potential µi, a transmission coefficient Ti, and a reflection coefficient Ri. The ports
are interconnected by 1D edge channels, and in an ideal QHE device, ports 1-3 have
the same potential µ1 and ports 4-6 have the same potential µ2, with all contacts
having R = 0 and T = 1.

52



4.1. The Conventional Picture

of motion around the channel per carrier type is allowed, the transport along the
edges is of a chiral nature, and the carriers are protected from disorder-mediated
localization. The same mechanism holds for the potential landscape within the bulk,
with the crucial difference that here, it results in carriers enclosing the local peaks
and valleys on closed loops and thereby remaining localized. Büttiker showed that
contacts along the edge of a channel, as used in a Hall bar geometry, also do not lead
to a distortion of the quasi-ballistic motion and the transition probability of a carrier
in the edge channels is 1 [172].

If the source and drain electrodes are biased by an external voltage VB to the
potentials µ1 and µ2, respectively, a current I enters the source and exits the drain
through single hot spots. In junctions between materials with a high charge carrier
density and Hall angle6 of nearly zero and a material with low charge carrier density
and Hall angle near 90◦, there will be a hot spot somewhere close to the interface
between the materials. The reason for this is that the material with nearly zero Hall
angle will have a very small Hall voltage drop along the interface compared to the
Hall voltage drop of the material with nearly 90◦ Hall angle. Since the interface will
follow the potential of the high charge carrier density material, the interface will have
a nearly constant electrostatic potential. Therefore, the material with nearly 90◦ Hall
angle is unable to drive a current j ∝ E/B through the interface. Thus, the current
passes along the contact and focuses into a single spot [174]. The existence of such
hot spots could be demonstrated nicely by bringing a layer of superfluid He on top
of the transport channel, where little fountains of He emerged at the locations of the
greatest electrical energy dissipation [175].

As the carriers from the source are injected into one edge only, and since neither
electrodes nor scattering centers can distort their path, the whole edge has the same
potential as the source. The whole channel edge on the left side relative to the current
direction is therefore on the potential µ1 and the whole right edge on µ2. Hence,
the measurement of the longitudinal voltage drop Vxx is zero, even if an effective
current I is carried along the edge and we obtain Rxx = 0. Between both edges,
there is now a potential difference of µ2 − µ1 which we can relate to the Hall voltage
VH = (µ2 − µ1)/e that is equal to the external voltage VB and in order to obtain the
corresponding Hall resistance, it remains to further quantify the current I. Büttiker

6The Hall angle is a measure of the angle between the direction of an applied magnetic field and
the direction of the induced Hall voltage in a material. It is defined as tan−1(AH/ρ), where AH is
the Hall coefficient and ρ is the resistivity of the material. The Hall angle depends on the mobility
and density of the charge carriers in the material, as well as the strength of the magnetic field. In
general, materials with a high charge carrier density and mobility have a small Hall angle, while
materials with a low charge carrier density and mobility have a large Hall angle. The Hall angle is
an important parameter in the study of the Hall effect andrelated phenomena, as it provides insight
into the behavior of charge carriers in magnetic fields.
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stated that the current flow can be treated similarly to a one-dimensional ballistic
conductor channel [50, 172, 173]. Each of those channels carries then a current of

I =

∫ µ2

µ1

D(ϵ) · e · v(ϵ)dϵ = e/h(µ2 − µ1) =
e2

h
VH , (4.11)

where D(ϵ) = (dϵ/dk ·2π)−1 is the one-dimensional density of states for spin-polarized
electrons, v(ϵ) is the longitudinal velocity defined in Eq. (4.10) and the integral goes
over all electrons between µ1 and µ2. Consequently, every one-dimensional edge
channel participates with e2/h in the conductivity. As can be seen from Fig. 4.3(a),
when the Fermi energy reaches the N -th LL, it intersects with exactly N bands
at each channel edge, resulting in N one-dimensional channels and therefore finally
σxy = N · e2/h and RH = h/(Ne2).

When the Fermi energy is located within the localized states, the Büttiker-picture
concludes that quantized current flows exclusively within 1D-channels along the edge,
while the bulk remains insulating and carriers there encircle valleys and peaks of the
potential landscape. The longitudinal resistance remains zero and the Hall resistance
forms a plateau as long the bulk is gapped out. Around half-filling of a LL, the
Fermi energy reaches the extended states at the LL-centers that can carry dissipa-
tive current and the bulk becomes conductive—therefore inducing non-zero Rxx and
dequantizing Rxy. The quantization within the cyclotron gap holds, as long as no
carriers scatter from the upper to the lower edge of a channel. Inelastic scattering
enables transitions from one of the circling bulk states to another, but since these
states lie at slightly different energies, the hopping from one loop to another has to
be activated by temperature. As stated before, the QHE relies on the breaking of the
translational invariance and Büttiker demonstrated that this is facilitated by disorder
in diffusive devices and by the edge potential in ballistic devices.

The original edge channel picture was further extended for the FQHE [176], fore-
shadowing the concept of incompressible strips, which we will discuss in section 4.2,
as well as for situations in which the gating effect leads to charge accumulation at
the edges of a channel in the QH-regime, and, thereby, to a non-monotonic bending
of the LL towards the edges. This results in the creation of additional edge channels,
that host currents flowing in the opposite direction relative to the regular edge modes
(and are therefore called upstream modes). Among the first to experimentally reveal
this phenomenon were van Wees et al. in 1995, when they attributed longitudinal
resistance minima unequal to zero in InAs/AsSb quantum wells to the presence of
anomalous counter-flowing edge states [177].

In Gr devices, various researchers found evidence for a charge accumulation at the
edges, the origin of which is still under active debate [174, 178, 179]. This charge
accumulation induces a non-monotonic LL bending, as described above, and counter-
flowing edge states are created. Several experiments have been performed where
the upstream modes in Gr were utilized, for example, to explain the electron-hole
asymmetry in the QH-regime, to reveal the role of overlapping 1D-contacts for the
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precision of QH-measurements in Gr, for the realization of a QH nano-interferometer,
and in relation to FQHE edge states [180–183].

Disorder and Temperature

In the previous sections, we discussed the microscopic basics of the manifestation
of the QHE mainly for zero temperature. The effects of finite temperature on the
magneto-transport properties within this framework will be examined next, as it is
crucial for interpreting the data obtained in Chapter 9. There, the expectations for
the role of disorder in the manifestation of the QHE at room temperature are put to
the test.

In real devices, the discrete spectrum of LLs is broadened into Landau bands due
to disorder-induced localization processes, as discussed earlier. Although the exact
shaping of these bands is a subject of intense discussion [93, 137, 184], including
ellipsoid, Gaussian, or Lorentzian shapes, the fundamental properties remain the
same. The centers of the LL at ϵ(N) are populated by extended states until the
upper and lower mobility edges at ϵ ± EC are reached, which mark the transition
energy to the realm of localized states that populate the tails of the LLs and, thereby,
the cyclotron gaps. When the Fermi level is tuned through such an LL by altering the
charge carrier density n or the magnetic field B, the Hall plateaus and minima in the
longitudinal resistance persist until EC is reached, upon which dissipative transport
is recovered.

The effects of disorder on the Landau bands are essentially two-fold and mediated
by either the short-range or the long-range parts of the disorder potential. The main
effect of the short-range part is the broadening of the LL centers, creating more
extended states and, therefore, shifting EC further away from the intrinsic LL energy
EN . This is reflected in a shrinking of the effective energy gap EG between adjacent
LLs. The intrinsic cyclotron gap ℏωC is reduced by the disorder parameter Γ, such
that EG = ℏωC− 2Γ, where Γ = |EC− ϵ(N)|. The effect of the long-range part of the
disorder potential lies in the localization of carriers within the cyclotron gap, where
more disorder results in a higher density of available localized states. Since both
effects are not correlated, i.e., a large number of localized states in the gap is not
necessarily accompanied by a large level broadening, the second effect is sometimes
referred to as a background disorder effect [93, 137, 185].

For Gr, most of the relations elaborated for classical 2DES above remain true.
Interestingly, although Gr usually has smaller carrier mobilities than cDES involving
GaAs, Martin et al. found in scanning single electron transistor measurements that
localization is not dominated by single particle (strong) localization but by Coulomb
interaction-driven charge rearrangements [186, 187], and that the single-particle model
is valid only in the case of strong disorder. Further differences arise from the non-
uniform spacing of the cyclotron gap between individual LLs (see Eq. (3.15)) and the
existence of special LLs at zero energy. A large part of the disorder acting in Gr on
SiO2 can be related to its rippled surface structure, which induces fluctuations of the
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Figure 4.4: Suggested improved caption: (a) and (b) Density of states of Gr in a
30 T magnetic field for high (a) and low (b) levels of long-range disorder, while the
short-range disorder level is similar in both cases. The Fermi-Dirac distributions for
different temperatures are overlaid in (a) to highlight the effect of temperature on the
level occupation. The red vertical lines indicate the shift in Fermi energy resulting
from a fixed increase in filling factor ∆ν away from ν = 2 for the different disorder
levels. The low-disorder case results in a narrower Hall plateau width compared to
the highly disordered system due to the mobility edge EC being closer to the Fermi
energy EF with an identical step in filling. The corresponding plateaus are shown in
an inset in (b).
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locally perceived magnetic field, and fluctuations in the perpendicular field component
broaden the Landau bands [185, 188–191].

The zero-LL in Gr is special insofar as it is topologically protected by the Atiyah-
Singer index theorem. The number of states inside this level is not determined
by the (locally fluctuating) perpendicular component of B, but only by the total
magnetic flux through the surface and, hence, LL0 is less affected by level broaden-
ing [34, 136, 192–194]. The topological protection is a consequence of the fact that the
wave function of a Dirac fermion in a magnetic field is described by a two-component
spinor, which has a geometric phase factor that depends only on the total magnetic
flux through the surface. This phase factor is related to the Berry phase (see Chap-
ter 2), which describes the geometric phase that an electron accumulates as it moves
adiabatically around a closed loop in the presence of a magnetic field. In contrast,
the higher Landau levels in Gr are not topologically protected, because their wave
functions are not described by two-component spinors, but rather by four-component
spinors, which do not have a simple geometric phase factor. As a result, the number
of states in the higher Landau levels depends on the details of the magnetic field dis-
tribution and is not determined solely by the total magnetic flux through the surface.
Furthermore, the topological protection of LL0 in Gr is related to the fact that it is a
zero-energy state, which means that the energy of the electrons in this level is exactly
at the Dirac point. This is a special feature of the zeroth Landau level, which does not
apply to the higher Landau levels, where the energy of the electrons is shifted away
from the Dirac point. Therefore, the topological protection of LL0 in Gr is a unique
property that is not shared by the higher Landau levels. The effect gets increasingly
dominant at larger magnetic fields when the intrinsic separation of the LL is large,
while for lower field, a mixing of LL via inter-level scattering is possible. The first
experimental evidence for a narrow LL0 in Gr was reported by Giesbers et al. [185].

We will now consider a finite temperature within our analysis. If the Fermi level
is located in the middle of the cyclotron gap, completely filling a LL, the longitudinal
transport is quenched entirely by the localized nature of the carriers. Upon increasing
temperature, the step in the Fermi-function determining the system’s occupation
widens and allows the population of states above the Fermi energy. If this widening
becomes significant enough compared to the effective gap EG, the mobility edge of an
adjacent LL is reached, and the first extended states are occupied. This is followed
by a continuous rise in the longitudinal resistance and a shrinking width of the Hall
plateaus – the latter resulting from fewer available unoccupied localized states within
which the Fermi level can be varied (see Fig. 4.4). The longitudinal resistivity is
therefore expected to show activated behavior following an Arrhenius law of the type

ρxx(T ) = ρ0 exp

(
− EG

2kBT

)
, (4.12)

where kB is the Boltzmann constant. In the first decade after the QHE discovery, the
temperature dependence of ρxx and ρxy was studied intensively in various different
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2DES. In the activated regime, it was found for some systems that the effective energy
gap EG was smaller than the intrinsic cyclotron gap ℏωC, as expected due to the LL
broadening. However, in some cases, the measured gaps exceeded the intrinsic ones by
almost 20%, suggesting the presence of additional mechanisms that open an energy
gap in the system. One such mechanism is the exchange interaction, which arises
due to the Pauli exclusion principle that prohibits two electrons from occupying the
same quantum state. This interaction can lead to the formation of a many-body
energy gap in the system, which is larger than the intrinsic cyclotron gap. Another
possible mechanism is the Coulomb interaction among the electrons, which can also
contribute to the opening of an energy gap in the system [195–198]. In some cases,
the resistivity at integer filling approached zero well before the Hall plateaus were
formed in GaAs devices [120], in InP [199, 200] and in InAs-GaSb [201], indicating
that the temperature-dependent mechanisms behind plateau formation and vanishing
resistance do not necessarily act on the same temperature scales.

At low temperatures, the Arrhenius activation is frozen out. The electrons may
hop from one localized state to another, called the nearest neighbor hopping (NNH),
and with increasing temperature, phonon-assisted variable range hopping (VRH) sets
in, where the electrons can hop between more distant localized states through the
emission and absorption of phonons. At the lowest temperatures, the resistivity scales
as

ρxx(T ) = ρ0 exp

(
−T0
T

)γ

, (4.13)

where T0 is the Mott-temperature and γ a dimensionless exponent. This exponent
was determined in measurements to be γ = 1/3 for B = 0 [202] and γ = 1/2 for
finite magnetic fields [203–205]. Measurements showing γ = 1/2 in the presence of
magnetic fields were also partially related to soft gaps induced by Coulomb inter-
action between localized states as proposed by the Efros-Shklovskii (E-S) hopping
model [206, 207]. Concerning ρxy, a series of evaluations were made extracting the
slope of the plateau dρxy/dn as a function of temperature, revealing an exponential
behavior ∝ exp(−T0/T ) when the longitudinal resistivity was not in an activated
regime and a linear behavior with ρxx when the latter was activated [197].

In the case of Gr, the relatively large LL spacing allows for probing hopping
transport in a single LL and localization on a wider energy range before the Arrhe-
nius activation sets in. Temperature-dependent measurements in Ex-Gr[106, 208],
epitaxial Gr [209], and CVD-Gr [210, 211] reveal E-S-like VRH with a γ = 1/2. Tran-
sitions from E-S to Mott-VRH provide strong evidence for the Polyakov-Shklovskii
suggestion that VRH alone describes the transport on the Hall plateaus and at the
plateau transition, except for narrow samples [208].
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4.2 Many-Body Screening Picture

The second major microscopic picture of the QHE is derived from the many-body
screening effects under the influence of slowly varying confinement potentials. Its de-
velopment began with some rather phenomenological works on the effects of screening
in the QHE and was soon fueled by experimental results that could not be explained
within the framework of the edge channel picture. Here, we will briefly discuss the
history of development in this field and its relevance for the QHE in Gr. This is
followed by an elaboration of the basic mechanisms of (in)compressible strip forma-
tion, current flow, and quantization of the resistances, as well as the common ways
to implement simulations of the screening environment in a channel. Afterwards, the
effects of temperature and disorder within the screening picture are highlighted.

Origins, Development and Recent Applications

Around the same time as the development of the single-particle edge channel picture
of the QHE, the first works appeared in which the electron-electron interaction and
the previously often omitted effect of screening in a 2DES in high magnetic fields were
investigated. Among others, Alexei L. Efros7 made significant contributions with in-
teresting and pioneering works on screening in 2DES [214–219]. These efforts were
taken further by Beenakker and Chang in 1990, who, in the quest for advancing the
edge-channel picture for the FQHE, first proposed that a 2DES transport channel in
the QHE regime under the influence of slowly varying potential splits up into com-
pressible and incompressible carrier liquids, resulting in a series of compressible and
incompressible strips running along the longitudinal direction [176, 220]. These rather
qualitative works were then further advanced by Chklovskii, Shklovskii, and Glazman
(CSG), who, under the assumption of perfect screening, calculated analytically the
widths of such incompressible strips [221, 222]. The question of where exactly the
current would flow in such a screening-induced landscape was the subject of some
debate. Chang argued that current must flow in the incompressible regions, as in the
compressible ones, the potential was perfectly flat due to the screening and therefore
drift velocities become zero [220]. Otherwise, in a numerical work, it was found that
the equilibrium current is distributed over the whole sample [223], while in the edge
state model the non-equilibrium current is assumed to flow in the incompressible
regions [176]. On the experimental side, the first works calling for an incorpora-
tion of many-body effects into model frameworks were reported in 1993, examining
current-bias characteristics of edge channels in disagreement with the single-particle
theory [224, 225]. These experiments and considerations all fueled the further devel-

7Alexei L. Efros should not be confused with his brother Alexander L. Efros, who is also a solid-
state physicist, or his son, the computer scientist Alexei A. Efros. Sometimes, Alexei is abbreviated
as A.L., while Alexander is abbreviated as Al.L. on publications. Works involving B. I. Shklovskii,
like the E-S VRH mentioned above, were usually authored by Alexei [212], while Alexander is famous
for theorizing the field of quantum dots [213].
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opment of the screening approach, which was heavily influenced by Rolf Gerhardts
and his co-workers on the theory side. In 1994, Lier and Gerhardts were the first to
calculate the distribution and widths of (in)compressible strips (IS/CS) under realis-
tic conditions and finite temperatures [226] and later the local potential and current
distribution [227]. Both works use a self-consistent theory of electro-chemical equi-
librium to calculate the screening effects instead of the ad-hoc assumption of perfect
screening in the CSG model. The next important advancement in this field were the
scanning gate measurements on 2DES transport channels in the QHE-regime, first
performed by Peter Weitz [228–230] and followed by Erik Ahlswede [231–233]. By
directly measuring the spatial Hall potential drop across a channel, the authors could
provide proof for the first time that current flow is not limited to 1D channels at
the edges (as predicted by the Büttiker picture), but essentially coincides with the
spatial positions of the IS as predicted by the CSG model. Furthermore, the cur-
rent flow shifts from the edges to the bulk, depending on the relative filling of a
LL. Similar findings were obtained by Yacobi et al. using a scanning single-electron
transistor [234].

The interpretation of the different Hall potential regimes once again inspired the
theory side to enhance their modeling for non-equilibrium situations when a current is
superimposed on a channel using a (computing time efficient) Thomas-Fermi Poisson-
approximation (TFPA) [235]. As the TFPA is applicable only if the potential is
sufficiently smooth (see below), it tends to predict IS down to unrealistic widths. To
further illuminate plateau formation, Afif Siddiki and Gerhardts in 2004 improved the
models by employing Hartree type calculations [236]. An important aspect of their
work is the employment of a local transport theory that describes dissipative currents
together with a local version of Ohm’s law, instead of the dissipationless currents that
were assumed before [227]. The model predicts non-overlapping magnetic field ranges
in which IS of integer local filling exist. The imposed dissipative current is confined to
these strips, resulting in the global resistances equaling the local (quantized) resistivity
within the strips and thereby creating the Hall plateaus.

In the following years, Siddiki and co-workers further investigated the roles of
short-range and long-range disorder on the IS and Hall plateaus [237–239] and later
focused on interaction mediated effects in high-quality 2DES like plateau asymmetries
and situations in which evanescent ISs at the edge become leaky and create so-called
overshoots in the Hall resistance [240–244]. Further works aimed at manipulating the
edge or bulk electrostatics by special gate architectures or inner contacts [245, 246].
A notable work was reported by Kendirlik et al., who found in Hall bars with two
inner contacts that for certain B-field ranges within a plateau, the bulk becomes
compressible (i.e., metallic), which strongly challenges the so far assumed topological
nature of the QHE within the single-particle picture [155, 247].

Reviews of several aspects of the screening picture can be found in [237, 248, 249],
but, unfortunately, no recent or more general reviews exist. This chapter aims to
fill this gap in order to help future students and researchers understand the screen-
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ing picture without having to browse all the primary literature. The relevance of
the screening picture is high, whenever narrow channels of high carrier mobility are
considered, which is the case for the Gr devices measured within this work.

The role of IS for the QHE in Gr has been omitted for quite a while, and many
review articles on the electronic properties explain the plateau formation within the
conventional localization picture and speak of incompressible electron liquids only in
the context of the FQHE [12, 13]. However, due to the highly interacting nature of
the carrier system in state-of-the-art heterostructures, the screening picture becomes
more and more important, and we will quickly mention the most important works and
fields of interest. On the front of spatially measuring (in)compressible landscapes in
Gr, a lot of pioneering work was done by Panos [174], revealing the expected structure
and dynamics of IS in Gr on a bare SiO2 substrate via scanning probe measurements.
His work further evidenced an accumulation of negative charges at the Gr edges, the
origin of which is still under debate. Spatial imaging of the IS within LL0 of Gr was
recently shown in sophisticated Kelvin probe measurements [250]. Furthermore, CS
and IS in Gr were used to measure magnetic monopole-responses [251].

Edge Reconstruction, Current Flow, and Resistance Quantiza-
tion

Free electrons will always rearrange themselves to screen and minimize potential fluc-
tuations, creating a rearranged electrostatic potential landscape. In transport devices,
these potential fluctuations can be caused by charged impurities and charges on the
substrate, by local gates, and, for the most part, by the outer boundaries of the
channel. Classical 2DES host a depletion zone at the sample edge, where n gradu-
ally decreases to zero. Gr can either be physically confined into a channel, creating
a hard wall potential at the edges, or it can be soft confined by gating [39]. The
strong electrostatic potential rearrangement at the edges is usually denoted as edge
reconstruction [252].

The situation becomes interesting when the 2DES undergoes Landau quantization
in a large magnetic field. In this case, the classical picture predicts that the LL bend
up continually towards the edges, while the carrier density n exhibits sudden step-like
changes until it reaches zero. This scenario is depicted in the left panel row of Fig. 4.5.
The Fermi level cuts through each energy level exactly once and thereby creates 1D
transport channels along the edge. This setting changes fundamentally once screening
is included. Instead of the usual local chemical potential µch(r), the local electrostatic
single-electron energy −e · ϕ(r) is also considered in the electrochemical potential
µelch = µch − e · ϕ(r). The CSG model shows that alternating CS and IS along
the edge are energetically favorable [221]. When n increases from the edge towards
the bulk, the first LL is gradually filled. Upon complete local filling, a considerable
amount of energy is required to occupy the second LL, and it is more favorable to
keep n constant over a finite width aν . Within this region of constant carrier density,
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Figure 4.5: Schematic illustration of different scenarios at the edge of a 2DES channel,
including the LL structure and charge carrier density. (a), (d), and (g) depict
Büttiker-like band bending and edge states due to the neglect of electrostatic energy.
(b), (e), and (h) show unperturbed depletion towards the edge, due to neglect of the
chemical potential. (c), (f), and (i) display screening-mediated edge reconstruction,
taking into account both the electrostatic energy and the chemical potential. Sections
of increasing and constant n alternate, resulting in compressible and incompressible
strips along the edge, which become wider towards the center of the channel. Partially
adapted from [174, 221].
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the LL energies bend downwards towards the bulk (see the right-hand row of panels in
Fig. 4.5), until it is more favorable to fill the second LL instead of keeping n constant.
The alternating sequence of regions with constant n and constant µelch continues until
the bulk filling level is reached. This scenario is depicted in the right row of panels
in Fig. 4.5. The compressibility κ of the electron system can be expressed in terms of
the derivative of the electrochemical potential with respect to the carrier density as

1

κ
= n22D

∂µelch

∂n
. (4.14)

In the regions with constant n, the so-defined compressibility falls to zero, while it
is finite elsewhere. Therefore, these regions are called incompressible and the regions
of constant µelch compressible. Along a transport channel, these regions result in
(in)compressible strips running parallel to the channel edge. In the incompressible
regions, the Fermi energy lies between the completely filled LLs underneath it and
the empty LLs above it, implying that the local filling there is integer valued. The
incompressibility further implies that due to the lack of available free states for the
carriers, they cannot rearrange themselves to screen off potential gradients, giving
them an insulator-like nature. In the compressible regions, however, rearrangement
and screening remain possible.

The groundbreaking aspect of the work of Chklovskii et al. [221] was their analytic
calculation of the positions yν and widths aν of the IS under the assumption of perfect
screening for a semi-infinite channel, given by

yν =
d0

1−
(

int(ν)
ν

)2 aν =
4yν
ν

√
int(ν)a∗B
πd0

, (4.15)

with the effective Bohr radius a∗B of the material with dielectric constant ϵ and the
screening length d0, which are defined as

a∗B =
4πϵ0ϵℏ2

e2m∗ and d0 =
4ϵ0ϵ|VBG|
πen

. (4.16)

In the case of Gr, the effective mass m∗ is not constant as in other 2DES (see
Eqs. (2.18) and (2.19)), but depends on the Fermi-wavevector kF =

√
πn, such that

m∗ = ℏkF/vF and therefore a∗B,Gr = 4πϵ0ϵℏvF/(e2
√
πn). The IS can only exist as

long as their width is greater than the magnetic length (a∗B > lB) as otherwise, they
become transparent for electrons in the compressible regions. For the usual screening
lengths obtained in 2DES or in etched Gr on a Si substrate, this means that only
the innermost IS is wide enough to manifest. Comparing the relation for d0 with the
definition of the lever arm αBG = ϵ0ϵ/(ed), where d is the gate spacer layer thickness,
one finds 4/πd = d0, or that the screening length should be roughly 30 % greater
than the gate spacer.
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The qualitative evolution of the width and position of the strips with magnetic
field is similar for every integer filling factor. With rising field, narrow IS form at the
edges of a channel and subsequently move inside towards the bulk while becoming
wider until they merge to a wide stripe in the center close to integer filling. Right
around integer filling, the IS vanish, leaving the whole bulk compressible. In the
following, the current distribution within an (in)compressible landscape and how it
leads to the quantization of the global resistances will be discussed.

Following the description in Ref. [237], the model system considered here is a
channel |y| ≤ d in the xy-plane, with translation invariance in the x direction. A

fixed current is imposed along the channel I0 =
∫ d

−d
dyjx(x, y), where the current

density follows Ohm’s law with a local resistivity tensor ¯̄ρ and a driving electric field
E⃗, which is defined as the gradient of the electrochemical potential µelch such that

¯̄ρ(r⃗)⃗j(r⃗) = E⃗(r⃗) ≡ ∇µelch(r⃗)/e, ¯̄ρ(r⃗) = [¯̄σ(n⃗)]−1, (4.17)

where the resistivity- and conductivity tensors depend only on the charge carrier
density n(y) and we write for the components ρyy = ρxx = ρL and ρxy = −ρyx =
ρH. In case of a thermodynamic equilibrium, where µelch is constant over the whole
channel, the current density vanishes. For a stationary current density, one obtains
∇j⃗(r⃗) = 0 and∇×E⃗(r⃗) = 0, and further with ∂xjx = 0 and ∂xEy = 0 follows ∂yjy = 0
and ∂yEx = 0, and therefore jy(x) ≡ 0 and Ex(y) = E0

x . Now using Eq. (4.17), we
can write

Ey(y) =
ρH(y)

ρL(y)
E0

x Ex(y) ≡ E0
x jx(y) =

1

ρL(y)
E0

x , (4.18)

and for the electro-chemical potential and the whole imposed current, we get

µelch(x, y) = µ0 + eE0
x

(
x+

∫ y

0

dy′
ρH(y

′)

ρL(y′)

)
I0 =

∫ d

−d

dy
E0

x

ρL(y)
. (4.19)

Using Eqs. (4.18) and (4.19), the current distribution and electro-chemical poten-
tial can be calculated for any given resistivity/conductivity model, such as for the
Drude case (see Chapter 3.1) ρL(y) = m∗/(e2τn(y)) and ρH(y) = ωCτρL(y), which
yields a jx(y) that is proportional to n(y) and a constant Hall field Ey(y) created by
a linearly varying potential.

This theoretical framework allows for the investigation of current distribution and
electro-chemical potential in various material systems, such as 2DES or Gr on a Si
substrate. The interplay between the resistivity and conductivity tensors, as well
as the charge carrier density, results in a rich landscape of current and potential
distributions that ultimately lead to the quantization of global resistances observed
in experiments.

Understanding these processes and the intricate behavior of the current distribu-
tion within an (in)compressible landscape is essential for the development of novel
electronic devices that take advantage of these unique transport properties. The
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work of Chklovskii et al. and subsequent research efforts have provided valuable
insights into the complex nature of quantum Hall systems and opened new avenues
for exploration and application of these phenomena in modern electronics.

In a system that undergoes Landau quantization, the presence of the cyclotron
gap suppresses any elastic scattering for zero temperature, and at integer filling of
the LLs, one obtains ρL(ν = i) = 0 and ρH(ν = i) = h/ie2 (see Chapter 3.5).
The local model assumes that these relations hold for IS of sufficient width with
integer local filling factor. When we now evaluate Eqs. (4.18) and (4.18) under these
conditions, we first note that the integral over 1/ρL(y) → ∞ and since I0 remains
finite, this implies E0

x → 0 and consequently the current density jx(y) → 0 and the
Hall field Ey(y) → 0 outside the IS. The Hall potential therefore drops only over
the IS in the channel, and every strip carries a fraction of the total imposed current
∆Ix proportional to the Hall potential drop ∆Φy across its width w = y2 − y1 such

that ∆Ix = ν e2

h

∫ y2

y1
dyEy(y) = ν e2

h ∆Φy, independent of the details of the potential
drop. When the channel hosts only IS with the same integer local filling factor ν = i,
the whole imposed current I0 consequently becomes proportional to the accumulated
Hall potential drop across the channel, which is exactly the Hall voltage VH, implying

I0 = ν e2

h

∫ d

−d
dyEy(y) = i e

2

h VH and leads to global resistances

RL ∝ E0
x → 0 and RH → h

ie2
, (4.20)

and thus the well-known quantized relation. The current I0 flows without dissipation
inside the strips, as the drift velocity of the carriers is a property of the eigenfunc-
tions solving the respective Hamiltonian [249]. From the arguments presented above,
we can postulate that as long as well-defined IS are inside a channel, the resistance
quantization should hold, resulting in extended Hall plateaus. The quantization nei-
ther depends on localization assumptions nor on a concrete conductivity model to be
plugged into Eq. (4.19). The latter only determines the transport behavior between
the plateaus.

Having now established an understanding of the IS formation and their dynamics
upon changing global filling via B or n, as well as the mechanisms of the current
flow within the resulting (in)compressible landscapes, we can now microscopically
describe the dynamics of a channel as probed via transport measurements together
with scanning probe mapping of the Hall potential across the channel in four regimes
(i)-(iv):

(i) Around integer filling and in the absence of an external bias, the screening-
induced (in)compressible landscape is roughly symmetric on both edges of the channel,
and the current integral in Eq. (4.19) becomes zero. Similar to the conventional edge
channel picture, in this equilibrium case, a persistent current encircles the channel as
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Figure 4.6: Schematics of LL bending in the transverse (y) direction of a trans-
port channel in the regime of an incompressible (a)-(c) and a compressible (d)-(e)
bulk, and the corresponding electro-chemical potential µelch as a red line. The first
row ((a)+(d)) shows the equilibrium situation without an externally imposed cur-
rent. The second row ((b)+(e)) shows the bending for a small Hall voltage drop VH
across the channel, driving an external net current in the x direction. The third row
((c)+(f)) represents a scenario where e · VH exceeds the LL spacing. The illustra-
tions above and below the energy diagrams show the corresponding equilibrium and
non-equilibrium situations in the bulk, with the arrows indicating the current flow. A
net current is generated by gradients of µelch and flows on both sides of the channel
in the same direction. Adapted from [249].
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well as islands in the potential landscape in the bulk. This situation is depicted in
panels (a) and (d) of Fig. 4.6.

(ii) In the non-equilibrium case, around integer filling ν = i, the Hall potential
drops over most parts of the bulk corresponding to a wide incompressible inner region
of local filling n limited by small CS at the channel edges, distributing VH. The global
resistances are quantized following Eq. (4.20). The LL bending in this situation is
shown in Fig. 4.6(b).

(iii) Increasing the bulk filling ν > n (e.g. by decreasing B) creates a compressible
region at the center of the channel, resulting in two separated IS with local filling n
around it, which move towards the edges upon further bulk filling. This case is illus-
trated in Fig. 4.6(e). Although further IS are theoretically possible from Eq. (4.15),
their widths are small compared to lB and hence are equilibrated by the CS around.
The current flow is limited exclusively to the innermost IS. The Hall voltage VH
causes an enhancement of the drop in µelch by a coefficient α ≈ 0.5 on one side of
the channel and a reduction of the drop by (1 − α) on the other side [249]. The

local dissipation-less current inside one IS is then enhanced to ∆Ix = n e2

h αVH and

decreased to ∆Ix = n e2

h (1 − α)VH in the other. Integration over the whole channel
then leads again to a dissipation-less net current in the x-direction, and the global
resistances remain quantized following Eq. (4.20). At high bias voltages, exceeding
the cyclotron gap several times (e · VH > ℏω), the bending of the LLs on the right
channel side (relative to the net current flow direction) is reversed, and the whole
current density in both the right and left IS are oriented in the same direction.

(iv) Further increasing the bulk filling moves the narrowing IS close to the edges.
At some point, scattering across the IS into the central compressible region and sub-
sequently to the opposing edge becomes possible. The voltage drop across the IS
decreases, and therefore the induced current also decreases. A gradient in µelch is cre-
ated in the x-direction, resulting in a drift of the electrons in the compressible regions,
accompanied by a Hall potential drop in the CS. Scattering between the edges and
the bulk de-quantizes RH, and the longitudinal potential gradient results in RL > 0.
Eventually, the IS lose all insulating abilities, and the channel behaves like a classical
(compressible) Hall system. Further increasing the bulk filling will bring us back to
(i) with ν = n+ 1.

It is crucial to note that as a consequence of Eq. (4.17), all net currents in the IS
are imposed via gradients in the electro-chemical potential µelch, and that the current
direction depends on the sign of the derivative. Hence, we can see from Fig. 4.6(c)
and (f) that in the non-equilibrium situations, the net current flows in the x-direction
on both sides of a channel. This is in contrast to the strictly counter-propagating edge
currents implied in the Büttiker picture.

Another important aspect is the role of contacts usually present at a Hall bar used
as electrodes to measure the voltages. In the Büttiker picture, the edge channels are
directly connected to the contacts and the fundamental requirement for a measure-
ment of the QHE is that an equal amount of carriers enters and leaves a contact,
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or likewise, that the transition rate T = 1. Scanning gate measurement in the con-
tact regions of a c2DES revealed fundamentally different results [249, 253, 254]. The
c2DES is depleted in front of the contacts, leading to a formation of (in)compressible
strips similar to those at the channel edges. However, in devices which show a QHE,
the IS do not extend into the contacts, implying the externally biased current does
not pass through the contacts. The contacts then only probe µelch in the outermost
compressible region. The authors in Refs. [249, 254] discuss in detail how special
contact geometries can be used to optimize the screening landscape and therefore the
measured precision of the Hall plateaus. It is to be expected that similar mechanisms
influence the measurement of the QHE in Gr devices - especially those employing 1D
side contacts with slightly overlapping metal on top [182].

Since in the equilibrium situation, the persistent current encircles a channel and is
carried by the IS, which themselves at no point connect to the contacts, the question
arises how and where the externally biased current in the non-equilibrium situation
is imposed onto the IS. This last ingredient is missing for a complete microscopic
picture of the QHE in the screening framework and lies in the hot spots in front of
the externally biased contacts, which we briefly mentioned before in the description of
the single-particle picture [175]. The carriers enter the channel at the left-hand side
of the source contact (relative to the transport direction) in the compressible region
and are then transferred into the IS through the local hot spot. The potential of
the source is distributed by the outermost compressible region along the left-handed
channel edge to the drain contact and even along it until it reaches the second hot
spot at its right-hand side. There, the carriers exit the IS and are transferred into
the drain contact. An illustration of the hot spots in a transport channel is shown in
Fig. 4.7(b). The presence of the hot spots was shown in experiments [175, 254, 255],
as well as in modeling of the current distribution [256].

We now have all the ingredients of the microscopic picture of the QHE in the
screening theory together. J. Weis and K. von Klitzing nicely summarize the micro-
scopic requirements for the QHE formation in the screening picture in contrast to the
conventional model in [249]:

The quantum Hall effect does not necessarily require disorder to be
present. The depletion at the 2DES edges and in front of the alloyed
contacts might be enough.

The CSG expressions for the positions and widths of IS are a good approximation
for T = 0 K and without further disorder assumptions. However, since we are in-
terested in real samples at finite temperatures up to room temperature and with
varying degrees and types of disorder, we need to involve modeling and self-consistent
calculations to obtain the (in)compressible landscapes. In the following sections, an
overview of the common ways to implement such calculations is presented, followed
by a review of the influences of temperature, short- and long-range disorder on the
dynamics of IS, obtained from such calculations. However, note that all the above-
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Figure 4.7: (a) Schematic illustration of the evolution of the (in)compressible land-
scapes as the magnetic field B is increased. Starting from an entirely compressible
bulk, the Hall resistance begins to develop a plateau once the first narrow incompress-
ible strip (IS) is stabilized at the edges of the channel, resulting in an edge-dominated
plateau. As the IS broadens, moves towards the channel center, and merges with
increasing B, a mainly incompressible channel bulk is formed, with compressible
droplets inside, leading to a bulk or disorder-dominated plateau as long-range dis-
order causes an elongation of the plateau across the point of integer filling ν = i.
Eventually, all incompressible regions disappear, and the whole channel becomes com-
pressible again. (b) Illustration of hot spots forming at the current-inducing contacts,
which allow carriers from the leads to enter the IS. Adapted from [249].

discussed mechanisms and dynamics remain valid, as long as incompressible regions
exist in 2DES.

Theoretical Modeling of (In)compressible Landscapes

After Chklovskii et al. set out with an analytical approach assuming perfect screening
to calculate the positions and widths of IS, Lier et al. were the first to model the
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Figure 4.8: Schematic illustration of the self-consistent calculation loops used in the
study. The magnetic field B, temperature T , imposed current I, and average charge
carrier density < n > are fixed parameters. The inner loop calculates the poten-
tial V (y), effective chemical potential µ∗

0, and carrier density n(y) using a suitable
approximation (e.g., the Thomas-Fermi approximation), for a given electro-chemical
potential µelch. The carrier density is then used in the outer loop to calculate the
conductivities via Ohm’s law and the electro-chemical potential via integration. The
loop is repeated until convergence is achieved. Adapted from [248].

screening in a self-consistent way, which also allowed investigating the role of tem-
perature [221, 226]. They considered an equilibrium of the electro-chemical potential
µelch = µch(n)− eϕ(y) and used an iterative loop to first calculate the charge carrier
density n from µch(y) and ϕ(y), followed by a recalculation of ϕ(y) via the Poisson
equation and µch(y) from the filling of the DOS. This process is usually repeated
until the solutions converge. In a second loop, a local version of Ohm’s law can be
included, allowing the modeling of non-equilibrium situations with an imposed cur-
rent. An illustration of the nested self-consistent calculation loops can be found in
Fig. 4.8.

Among the easiest ways (in terms of computation time) to calculate n(y) is by
using the Thomas-Fermi approximation (TFA)

n(y) =

∫ ∞

−∞
dϵD(ϵ)f(ϵ+ eϕ(y)− µch(y)), (4.21)

where f(E) = (1 + exp(ϵ/kBT ))
−1 is the Fermi function, and D(ϵ) is the density of

states. In the simplest case, the DOS can be approximated as a series of delta functions
at the LL energies En and thus omitting any collision broadening assumptions as

D(ϵ) =
gs

2πl2B

∑
n

δ(ϵ− ϵn), (4.22)

where gs is the spin degeneracy. The TFA yields good results as long as the potential
varies slowly on the scale of lB, or likewise, as long as no relevant length scales are
comparable to the spatial extent of the wavefunctions. As a consequence, one has to
keep in mind that the TFA will predict strips with unrealistically small widths.
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In a situation where the potential varies significantly on the scale of lB, a more
complex calculation of n(y) must be employed using a Hartree approximation, where
the electrostatic potential is inserted into Schrödinger’s equation[

1

2m

(
p⃗+

e

c
A⃗
)
+ ϕ(y)

]
Φλ(r⃗) = EλΦλ(r⃗), (4.23)

where A⃗ is the vector potential describing the magnetic field. Using the Landau gauge
A⃗ = (0, Bx, 0) and a substitution for the center coordinate Y = −l2Bk, the electron
density becomes [236]

n(y) =
gs

2πl2B

∑
n

∫
dY f(En(Y )− µch(n) + eϕn,Y (y))|ϕn,Y (y)|2. (4.24)

The self-consistent nested loops for a non-equilibrium situation are arranged as fol-
lows [248]: The magnetic field B, the temperature T , the external current I, and
the average carrier density < n(y) > are fixed. Initially, µch(y), ϕ(y), and n(y) are
calculated, e.g., using the TFA in the inner loop. In the outer loop, the carrier den-
sity is then plugged into the local version of Ohm’s law ¯̄σ(n(y)) (see Eq. (4.17) and
Eq. (4.19)) giving the conductivities and by integration over the current inducing field
µch, which is then entered into the inner loop.

Using such calculations, a lot of the dynamics in the evolution of (in)compressible
landscapes could be derived, finally shedding light on so far unresolved features in
experiments, such as plateau dips or overshoots [240–244, 257]. Furthermore, fun-
damental insights into the role of short- and long-range disorder potentials for Hall
plateau width dynamics as a function of temperature could be made. The main
findings will be presented in the next section.

Temperature and Disorder

The screening-mediated formation of IS, wide enough to allow a quantized Hall mea-
surement, emerges even for vanishing levels of sample disorder at low enough tem-
peratures. However, it is of great importance for metrological measurements of the
plateau quantization as well as for the investigation of the role of disorder for the
manifestation of the QHE at room temperature in the scope of this thesis to under-
stand the interplay of different types of potential variations (i.e., types of disorder) in
the evolution of IS-widths and, consequently, plateau widths, with temperature.

The temperature is straightforwardly included into the model via the Fermi func-
tion f(ϵ) as used in Eq. (4.21). Lier and Gerhardts were the first to model the
temperature dependence of a 2DES in a screening environment [226]. They found
that with increasing temperature, the IS shrink in width until the whole channel be-
comes compressible. The slope of the electrochemical potential in the compressible
region increases proportional to temperature because screening by electrons becomes
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less effective, while the width of the incompressible regions decreases linearly with
increasing temperature. This shrinking can be expressed relative to the cyclotron gap
ℏωC. The IS were nicely pronounced up until around 0.06 · ℏωC and fully vanished at
T > 0.1 ℏωC. Since the quantized nature of the global resistances crucially depends on
the existence of well-insulating IS, the Hall plateaus are expected to follow a similar
trend respective to the gap with temperature. These results can be referenced as a
lower boundary for the critical temperature of the QHE, valid for systems dominated
by screening effects instead of localization.

The disorder potential can be included into the calculations either via the DOS
Eq. (4.22) or by direct integration into Schrödinger’s equation Eq. (4.23). For the
DOS, both Gaussian approximations [235] for collision-broadened LL, as well as the
self-consistent Born approximation (SCBA), have been employed [93, 128, 236]. Com-
pelling reviews on the matter can be found in [237, 248]. The results can be summa-
rized as follows:

(i) Short-range disorder, like that caused by charged impurities with Gaussian
potentials, leads to a shrinking of the IS widths, similar to an increase in temperature
as discussed above. This corresponds to the case of strong LL-broadening in the
conventional picture, which shrinks the effective cyclotron gap down and thereby leads
to an occupation of the first extended states in an adjacent LL at lower temperatures
compared with the unbroadened case.

(ii) The long-range part of a disorder potential, on the other hand, leads to a
stabilization and extension of the Hall plateaus. It creates regions of the bulk with
slightly varying local doping, which in the QHE case leads to these regions becoming
incompressible at higher magnetic fields (or lower filling likewise) compared with a
homogeneous bulk. As long as sufficiently large parts of the bulk are incompressible
and allow a drop of the Hall potential across them, the Hall resistance remains con-
stant, and, therefore, the plateaus are enhanced towards the high field side. This case
corresponds to the background density of localized states in the conventional picture.

An example of the separation of a given potential into long- and short-range com-
ponents can be found in Fig. 4.2. The initial potential in (a) as created by randomly
distributed donor impurities can be split up into a short-range part approximated by
Gaussians in (b) and a long-range part approximated by a Fourier analysis in (c),
where the summation of both parts in (d) closely resembles the original potential in
(a).

We can, therefore, expect that in a device with vanishing long- and short-range
disorder, the QHE will be facilitated mainly by the edge IS, and the plateau widths
would approach an intrinsic lower limit ∆σxy,0 at a given base temperature, as well as
a lower limit for their critical temperature TC,0. With increasing long-range disorder,
the plateaus are then extended towards the high field side such that ∆σxy > ∆σxy,0
and consequently, the critical temperature of the plateaus would rise TC > TC,0.
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(a) (b)

(d) (c)

Figure 4.9: (a) Schematic illustration of an external potential generated 90 nm below
a plane containing ten Coulombic donors. (b) Same situation but with Gaussian
donors. The range of the Gaussian potential is determined by the spacer thickness.
(c) The low-rank Padé (LRP) of the Coulomb potential profile, where only the lowest
two Fourier components are back-transformed to configuration space. (d) Gaussian
potential profile plus the LRP of the Coulomb potential used for comparison of the
potential landscape. Reprinted with permission from [237], ©World Scientific Pub-
lishing Company.

4.3 Summary

In this chapter, we reviewed in detail the common microscopic pictures developed over
the decades after the discovery of the IQHE and their assumptions and characteristic
properties. The conventional model can be split into a bulk picture, which assumes
disorder-broadened LL hosting extended states in their centers that have finite ampli-
tudes at every point in the infinite 2DES and localized states in the LL tails that have
finite amplitudes only in narrow regions with closed trajectories on equipotential lines
of the disorder potential. Hall plateaus appear as the localized states are gradually
filled up, while the extended states and therefore the conductivity remain unchanged.
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The quantization of it can be derived from the arguments by Laughlin and Halperin
as long as we can assume periodic boundary conditions.

For real samples with boundaries, the conventional picture was extended by
Büttiker’s edge states. He adapted the Landauer approach, in which conduction is
interpreted in terms of the transmission and reflection of charge carriers and extended
it to open systems by including contact terminals. In the QHE-regime, the LL bend
up at edges due to the confinement and are crossed by the Fermi level, creating
one-dimensional quasi-ballistic channels at the edges connecting the sample terminals
with a transmission rate of 1, while the bulk remains gapped out. The Hall plateaus
again arise from the gapped natures of the sample bulk, while the quantization of
the Hall signal directly follows from the assumption of integer-numbered ballistic
1D channels. The effect of temperature in the conventional framework lies in the
broadening of the Fermi function within the cyclotron gap, resulting in activated
transport. The sample disorder level increases the reservoir of localized states that
can be gradually filled until the extended states are reached, thereby ceteris paribus
increasing the disorder level results in a widening of the Hall plateaus.

Both the bulk and the edge state picture within the conventional framework are
single-particle pictures, neglecting any electron-electron interaction effects like screen-
ing. As the screening length is usually a few times smaller than λF, it was assumed
that screening plays no role. Upon realizing that a pool of charge carriers, in fact,
produce a long-range Coulomb interaction, the first screening models predicting IS
and CS were developed by Chklovskii et al. to describe the FQHE as well as the
IQHE. Later on, the purely analytical and simplified model by CSG was enhanced by
self-consistent calculations of the (in)compressible landscapes as a function of tem-
perature by Gerhards and coworkers, who deduced that the currents are confined to
the IS regions. This was followed by the works of Siddiki and coworkers, who included
the finite extent of the wavefunctions into the self-consistent models, leading to effects
like evanescent IS and overshoots in plateaus. In the screening picture, the plateaus
arise from the existence of IS that isolate the opposing compressible sample edges,
while the quantization follows from the constant inter-valued filling factor in the IS
regions that carry the current. With increasing temperature, the IS shrink in width
and thereby allow activated transport across them. Increasing the long-range part of
the disorder potential leads to an enhanced filling range in which IS are present in the
device and hence ceteris paribus widen and stabilize the plateaus on the bulk side.

The predictions of the screening picture for the locations and widths of IS are in
precise agreement with scanning probe experiments, contradicting the conventional
edge channel picture. Furthermore, it explains several phenomena like the plateau
overshoot and dip effect, the finite impedance within a transport channel bulk probed
by inner contacts. The latter strongly challenges the interpretation of a QHE system
as a topological insulator. It resolves many shortcomings of the single-particle picture,
like its limitation to systems with periodic boundary conditions. It should be taken
into account for any QHE measurement in interacting electron systems in order not to
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overlook important effects at play, and there is much room for comparing experiments
to calculations or, in short, it is of great relevance for the future of any QHE-related
research.

With the knowledge we reviewed here, we are now well-equipped to interpret the
magneto-transport measurements presented in Chapter 8 and 9.
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Chapter 5

Chemical Vapor Deposition

The fundamental exploration and industrial application of the many fascinating prop-
erties of Gr necessitate reliable production processes and techniques. While the me-
chanical exfoliation of natural graphite (also called scotch tape method) has been the
workhorse for fabricating the highest quality Gr devices for fundamental research, this
technique is far from being reliable or scalable. It involves considerable amounts of
expensive human labor and produces a lot of waste, as most exfoliated flakes are not
monolayer and hence discarded. Several top-down approaches based, for example, on
the liquid phase exfoliation of bulk graphite, yielding Gr-based powders or solutions,
were developed and have already found their way to applications as chemical additives
or conductive inks [258]. However, the resulting material has a different morphology,
hosting at best multilayered flakes with varying thickness and diameter, which share
almost none of the outstanding electrical, mechanical, or optical properties of ideal
MLG sheets. Therefore, the demand for a process that yields exfoliation-grade Gr in
a scalable and reliable manner is enormous. Two such techniques emerged after the
discovery of Gr, one of which is the epitaxial growth on single-crystalline SiC1 and
the other is the chemical vapor deposition (CVD)2 on metal substrates from carbon
precursors [265]. The chemical interplay between carbon and metal surfaces has been
studied for more than 40 years on metals such as Ni, Cu, Co, Ru, Pt, Rh, Pd, Ir,
etc. [266], although the research was predominantly aimed at understanding surface
effects, rather than at growing singular basal layers of graphite. After the first demon-
stration of large-area growth of MLG with decent quality on Cu foils in 2009 by the

1See, for example, Refs. [259–261] for the pioneering works in this field, as well as the recent
publications by Walt A. de Heer’s group for the contemporary state, e.g. Refs. [262–264].

2The term CVD was introduced in 1960 by John M. Blochner to contrast the process from
physical vapor deposition (PVD) methods that involve chemical reactions. CVD, in general, has
become an important process for the deposition of high-quality, high-performance thin solid films in
the semiconductor industry for applications like light-emitting diodes or power electronics.
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Ruoff group3 [7], the research interest in CVD-Gr greatly increased and eventually
left other competing technologies behind. The reasons for this boom lie partially in
the comparatively simple means required to achieve CVD-growth of Gr on metals like
Cu or Ni, such that even high school grade chemistry equipment was demonstrated
to suffice for this purpose [268]. For this reason, many research groups working with
Gr set out to build their own CVD systems, either to investigate the CVD process
itself or the resulting Gr and its applicability for their regular Gr research. Seeking
to attain a similar end, we once set out to build a CVD system for our institute
and later on eventually invented our own dry transfer process [8], which in the end
played a crucial role both in the fabrication of the Gr devices presented in this work
and no less in proving the equality of the intrinsic capabilities of CVD-Gr and Ex-Gr
(see Chapter 8). To fully grasp the extent of the relevance of these findings, it is
mandatory to review in detail the basic growth mechanisms and kinetics of the CVD
process, together with a summary of the most recent advancements in overcoming
adverse growth effects degrading the quality of CVD-Gr, as well as an overview of
the most common transfer methods. The focus will lie on the CVD growth of Gr on
metal foils, as, for now, this branch of research is the closest to achieving the much
sought-after industry-readiness4. Most of the knowledge depicted here will be ap-
plied when we discuss the actual CVD growth and transfer carried out for this thesis
in Chapter 6 and upon judging the perspectives of CVD-Gr in general and of our
dry-transfer process at the end of this chapter and in Chapter 10.2.

5.1 Typical Gr-CVD Setups and Processes

A typical CVD setup for the growth of Gr consists of the following functional parts:
The reaction chamber hosting the substrate on which the growth is facilitated and
which is heated via a heating system, while the atmosphere inside it is controlled via
a gas mixing station on one side, allowing the injection of various process gases. The
other side of the reaction chamber is usually connected to a pump rack, which is
used to control the total pressure within the system. The reaction chambers often
consist of quartz tubes of varying diameter, and the heating is facilitated by resistive
heating elements outside the tube (hot wall reactors). Alternative approaches can be
realized by directly and exclusively heating the metal substrate, e.g. via inductive
heating (cold wall reactors). As we will see below, the latter yield more homogeneous

3Rodney S. Ruoff (*1957) is an American physical chemist currently based in Korea with an
astonishing h-index (exceeding 170). Most of the major breakthroughs in the CVD-Gr research field
have been achieved by his group, and to get an overview of the state of the art in this field, it is
usually a good starting point to read his most recent publications. His personal perspectives on
Gr [267] as well as his talks on CVD-Gr (e.g. https://www.youtube.com/watch?v=F63vXCV7q4I) are
very worthwhile.

4Interested readers can find more information and references on the fascinating branches of CVD-
Gr research in recent reviews on growth of single-crystal Gr, on CVD-Gr growth on thin metal films,
on Gr/metal interfaces, and on CVD-Gr transfers in [258, 269–272].
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5.2. Growth Mechanisms and Kinetics

growth results but are also more complex to build (and hence more expensive) than
the former. Over time, Cu has emerged as the go-to substrate for Gr growth, due
to its comparatively low carbon solubility (e.g. Ni has a carbon solubility of 0.9 %
at 900 ◦C, while Cu has only 0.00074 % at 1020 ◦C) and the ease of transfer of
the deposited Gr, especially on foils, which can be scaled up even to a roll-to-roll
process [273]. The process gases in most Gr-CVD systems already contain the carbon
precursor in the form of CH4 (methane), but, in principle, various carbon-containing
precursors from gases over liquids to solids can be made to work5. Using CH4 gas as
a carbon precursor has the advantage of good thermal stability, preventing pyrolysis
(thermal decomposition) at high temperatures, which turned out to be a prerequisite
for high-quality Gr deposition6. The other process gases either act as active agents
(like H2) or achieve specific partial and total pressures in the system, while they
themselves are inert (like Ar). The partial and total pressures also determine the
output ranges required of the mass flow controllers (MFC) in the gas mixing station,
as well as the pumps setup in the pump rack. The growth can be realized either by a
low-pressure CVD (LPCVD) process with total pressures in the mTorr range (which
usually requires an additional turbo molecular pump) or at higher pressures in the
10-100 Torr range up to atmospheric pressure (APCVD).

A typical CVD process starts with the mounting of the growth substrate within the
reaction chamber, followed by the sealing of the system and the creation of a defined
atmosphere by starting the flow of some process gases together with the pump(s). The
substrate is then heated up to a desired growth temperature under the permanent
flow of gases and annealed either passively (only by temperature) or actively (e.g. by
H2, which removes most of the oxygen from it) for time spans between minutes and
days. This is followed by the actual growth stage, where the precursor is injected into
the system, which decomposes and facilitates the formation of Gr crystals on top of
the substrate surface (see below for details on the growth mechanisms and kinetics).
Afterwards, the system is cooled down, the pumps are stopped, and the reactor is
filled with an inert gas, such that the substrate can be dismounted safely. As the Gr
is of little use while being on top of the growth substrate, it is usually detached from
it and placed on an arbitrary substrate using a transfer process (see below).

5.2 Growth Mechanisms and Kinetics

Two predominant growth mechanisms have been identified for Gr growth on catalyz-
ing metal substrates: the surface segregation/precipitation process of carbon, result-
ing in the growth of multilayered Gr, and the surface adsorption process, yielding
MLG [266, 275]. While the first process governs growth on metals with finite carbon

5A collection of exotic carbon precursors, including various foods, insects, and waste, that were
all successful in the growth of Gr can be found in [274].

6As we will discuss below, pyrolysis leads to the unwanted formation of amorphous carbon in
the reaction chamber and on the growth substrate.

79



Chapter 5. Chemical Vapor Deposition

CH4

metal catalyst

dissociation

dissolution

graphene layer

precipitation

surface segregation

surface adsorbtion

pyrolysis

amorphous
carbon

(a)

(b)

(c)

Figure 5.1: Schematic illustration of the two predominant growth mechanisms of Gr.
(a) At high enough temperatures, carbon-containing precursor molecules (e.g. CH4)
dissociate on the surface of a metal catalyst material. The resulting carbon atoms
are partially dissolved in metals with finite carbon solubility (e.g. Ni). (b) In such a
case, upon lowering the temperature the carbon solubility is reduced and the excess
carbon species precipitate at the surface, forming Gr multilayers. Even when the
whole area is covered, adlayers can continue to grow underneath the initial layer,
as long as carbon species are expelled from the metal bulk. (c) On metals with a
low carbon solubility (e.g. Cu), the growth is dominated by a surface adsorption
process, where the dissociated carbon species traverse the metal surface until they
are attached to monolayer graphene crystals at a nucleation site. Once the catalyzing
metal surface is covered, the growth is terminated and no adlayers can appear. During
both growth mechanisms, the temperature-induced pyrolysis of carbon precursors can
lead to contamination of Gr with amorphous carbon.

solubility like Ni, the latter determines Gr growth on Cu surfaces. The catalyzing
effect of the metal surface breaks up the CH4 molecules, and the resulting C atoms
are absorbed by the metal surface until the carbon solubility for a given temperature
is reached. Afterwards, a closed monolayer of Gr forms on top of the metal surface,
starting from so-called nucleation sites. When cooling down the reaction chamber,
the carbon solubility of the substrate is reduced and, consequently, carbon atoms are
expelled from the metal bulk, forming additional Gr layers underneath the initial ones.
In the case of Cu substrates, almost no carbon is absorbed into the metal surface and
the growth is governed by a self-limiting surface adsorption process. The self-limiting
character is enhanced by using a low methane partial pressure, which allows molecular
decomposition only at the metal surface. The surface adsorption process is always
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present on metal substrates, while the segregation/precipitation process is limited to
metals with high enough carbon solubility. In an atmosphere with higher amounts of
methane, or when using precursors less stable at high temperatures, finite pyrolysis
can create enough C species to form small adlayers or amorphous carbon on top of the
first monolayer, as found in hot wall APCVD processes. The predominance of either
of the two growth mechanisms can be revealed by alternating injection of 12CH4 and
13CH4 gas during the growth stage and subsequent mapping of the Raman G-peak
of the obtained Gr crystals, the position ωG of which is sensitive to different masses
of carbon isotopes. The segregation-mediated growth of multilayered Gr results in a
mix of the isotopes in the final crystal, while the surface adsorption mechanism leads
to alternating annuli of isotopically pure areas [7, 266].

The surface adsorption growth also allows the formation of adlayers underneath
the initial layer if gas molecules or decomposed intermediate species diffuse into the
interface between the as-grown layer(s) and the Cu surface. This higher-order growth
process is quenched once all neighboring initial Gr domains merge, and the C diffusion
stops. Another higher-order adlayer growth mechanism was first described by Hao et
al., taking into account the finite remaining solubility of C in Cu, which, especially
in Cu enclosures (see below), results in C diffusing from one surface of the Cu to the
other and to the Cu/Gr interface, forming Bernal-stacked adlayers underneath the
initial Gr layer [276]. As the CH4 molecules need to completely decompose before the
C can enter the Cu bulk, oxygen impurities on the surface further play a key role in
the growth of bilayer Gr (BLG).

The growth always starts from nucleation sites, and the number of such nuclei
per surface area is called the nucleation density. Such sites can be formed by the
reduction of hydrocarbon particles, at metal grain boundaries or nanoparticles, or
from amorphous carbon formed by the pyrolysis of the precursor. On polycrystalline
foils, one usually aims at reducing the nucleation density as far as possible to achieve
large Gr grain sizes, and, to this extent, substrate surface pre-treatments, as well as
a low CH4 partial pressure and higher temperatures, are favorable.

To summarize, the growth of Gr on metal surfaces consists of the following stages:
(i) gas phase reactions, (ii) adsorption and dehydrogenation of C-containing species,
(iii) diffusion on metal surfaces and/or dissolution in the bulk, (iv) aggregation of C-
containing species to nucleate Gr at nucleation sites, and (v) 2D Gr growth. All stages
mentioned above are impacted by the growth temperature, the reaction chamber
pressure, the gas composition and their partial pressures, the time for each stage, and
conditions of the substrate like purity, roughness, crystalline orientation, and chemical
condition. Changes in these parameters result in different nucleation densities, domain
sizes, domain morphologies, growth rates, layer numbers, stacking orders, and physical
and electrical quality of the Gr sheets.

Increasing the temperature and decreasing the methane partial pressure decreases
the nucleation density, allowing for larger individual crystals. Pre-oxidation treat-
ments can further reduce nucleation by passivating existing nucleation sites and at
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the same time increase the growth speed as oxygen vacancies help to fully decom-
pose the CH4 [266, 277]. Cu foil enclosures further reduce the methane partial pres-
sure and prevent net Cu evaporation, resulting in a smoother surface and hence less
nucleation. The growing domain morphologies depend on the growth mechanisms.
Compact hexagonal shapes result from an edge-attachment limited growth, while
dendritic domains grow by a diffusion-limited process. H attached to the graphene
edge increases the energetic barrier for further C ad-atoms, and hence the H2 to CH4

ratio is crucial for achieving optimal growth conditions. Air leaks into the system and
gas desorption from the chamber walls can also have a significant impact on the Gr
growth [266].

5.3 Growth Reactors

The growth reactors used in CVD processes are an often neglected part in the puz-
zle that needs to be solved in order to obtain pleasing Gr growth results7. It is
a well-known phenomenon in the CVD-Gr community that the external and global
growth parameters, like the reactor temperature, total pressure, and relative gas flow
rates/composition, cannot be adapted one by one between different CVD systems,
even when the setup consists of similar functional parts. Time-consuming process
optimization steps have to be carried out to adapt a given process from published
literature. The researchers operating hot wall CVD systems, like quartz tubes within
furnaces, usually have only poor knowledge of the internal and local distribution of
temperature, pressure, and gas flow, as these parameters are complicated to measure
in a meaningful way. The lack of adaptability, therefore, implies that the sometimes
stated assumption of a laminar gas flow and a homogeneous temperature distribution
(at least over the extent of the substrate metal foil) due to the predominantly ra-
diative heating are invalid. Only recently, a work was published which simulated for
the first time the reactor conditions during Gr growth, using a computational fluid
dynamics toolbox [278]. Carried out for outer parameters that result in the growth
of adlayer-free single crystal MLG films on Cu(111) foils (see Ref. [279]), the authors
found that the reactor flow is in a turbulent regime and that the temperature profile of
the Cu foil exhibits large gradients that depend on the total pressure, the total mass
flow rate, and the composition of the process gases, as well as on the interfacing area
where the foil touches the reactor chamber and the relative position of the foil inside
the tube. Growth reactors under ideal and real conditions are illustrated schemati-
cally in Fig. 5.2. These results imply that cold-wall reactors should be favored over
hot-wall systems for reproducible and scalable growth processes. As cold-wall systems

7In fact, this problem is more severe in small, lab-sized CVD setups used for graphene research.
On the other hand, the major selling points of commercial systems for industry-scale CVD of semi-
conductors are their advanced technological solutions. These solutions ensure highly precise and
homogeneous temperature profiles and gas flows, and are achieved through showerhead or planetary
reactor designs.
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Figure 5.2: (a) Schematic illustration of an ideal growth reactor. The gas flow is
laminar and homogeneous everywhere inside the growth reactor, and the catalyst
metal foil exhibits a homogeneous temperature profile at the growth temperature.
(b) In a realistic growth reactor, the gas flow is partially turbulent, and the flow
profile depends crucially on the position and shape of the catalyst foil inside the
chamber, which then results in a temperature gradient in the gas flow direction on
the foil.

tend to be more expensive, a cold-wall-like behavior could be implemented in hot-wall
systems by optimizing the Ar gas flow during growth.

5.4 Catalyst Metal Foils

Over the years, a number of growth substrate-related phenomena were reported, each
of which has unwanted effects on the resulting Gr crystals. It was shown that folds
and wrinkles in the Gr, together with grain boundaries as well as additional layers
on top of the initial monolayer, all tend to significantly decrease the charge carrier
mobilities achievable at room temperature [279, 280]. Therefore, it is worthwhile to
discuss the state-of-the-art understanding of these phenomena and how they can be
avoided.
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Surface Smoothness

Obtaining a smooth Cu surface is key to achieving large single crystal (SC) Gr areas.
As Gr preferably nucleates at small dents in the metal surface or its grain boundaries,
making the surface smoother and overall more homogeneous reduces the nucleation
density. Grooves on a rough Cu substrate trap more carbon residuals than a flat
landscape, thereby causing the formation of amorphous carbon Gr fragments. Ultra-
smooth surfaces, on the other hand, can prevent or reduce the incidence of cracks and
wrinkles during subsequent Gr transfer stages [281, 282]. The purity of a metal foil
was also shown to impact growth results, as on 99.999 % Cu foil an identical growth
process yields MLG while on 99.8 % Cu foil, only BLG was grown [271]. Methods to
clean and polish the substrates include baths in organic solvents, chemical etchants,
electropolishing and electroplating, mechanical polishing, metal evaporation, and pre-
oxidation, which also speeds up the growth [266, 277].

A very handy workaround to achieve the growth of millimeter-sized SC Gr flakes
in most hot wall reactors without dramatically reducing the CH4 flow8 lies in the
fabrication of Cu foil envelopes (so-called enclosures) [283]. The space inside the
enclosures is sealed off from the reactor chamber by crimping the edges, and gases
can enter it only by diffusion through the folds and the Cu bulk, resulting in a very
low CH4 partial pressure. Furthermore, due to the equilibrium of Cu evaporation and
re-adsorption, the surface is smoothened, and the Cu sub-grains become very large.
As a consequence, the nucleation density is very low, allowing the growth of large SCs
of Gr.

Obtaining Single Crystal Foils

The commercially available metal foils for Gr growth are usually polycrystalline with
Cu grain sizes in the range of microns. After the CVD growth process, the small
grains are usually found to have merged into bigger ones, resulting in a patchwork of
grains with diameters of tens of microns to millimeters. As the Gr lattice orientation
follows the crystal orientation of the underlying metal surface during growth, the grain
boundaries in the foil will be reproduced in the Gr lattice, decreasing its electrical
and mechanical qualities. The only way to overcome these grain boundaries lies in
the employment of SC metal growth substrates. The (111) planes of many metals
have very small lattice mismatches to Gr (3-4 % for Cu(111), 1 % for Ni(111)),
allowing heteroepitaxial growth. As single crystal metals are usually obtained either
by crystal growth (like the Czochralski method) or by deposition of thin metal films
on oriented inorganic substrates, they are very expensive and of limited size - and
thereby not suited for industry-scale production of Gr and even beyond the budgets
of many research groups. Hence, the growth on such surfaces was not investigated
exhaustively for years. This changed drastically when Jin et al. in 2018 introduced a

8To reduce the CH4 partial pressure, while at the same time keeping a constant H2/CH4 ratio,
one either has to use very precise MFCs or work with a mixture of Ar/CHa as a precursor.
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Figure 5.3: (a) Schematic illustration of a commercially available polycrystalline
Cu(XXX) foil surface as received. (b) + (c) Suspending the foils in a long-term
annealing process induces the formation of a Cu(111) nucleus on one side of the foil,
and the size of this grain gradually extends until the whole foil is turned into SC
Cu(111).

colossal grain growth method that can be used to transform standard commercial foils
like Cu, Ni, Pt, Pd, as well as alloy foils like Cu-Ni, into SC foils with a homogeneous
(111) direction [284]. The polycrystalline foils are suspended in a quartz tube and
consequently annealed under H2 gas flow close to their individual melting points. A
schematic illustration of this process is shown in Fig. 5.3. The authors argue that the
driving mechanism behind the SC formation is most likely the minimization of the
surface energy of the foils, which results from the elimination of stacking folds during
the rotation of the pre-existing grains (The (111) plane has the lowest surface energy
in an fcc-lattice). During normal CVD growth, which is performed also close to the
melting point of, e.g. Cu, the surface energy minimization is not the only relevant
mechanism at work, but rivaled by the thermal stress building up from the contact
points of the foil with the quartz tube - explaining why the formation of a colossal
SC surface is not observed there. The suspended mounting of the foils in the reaction
chamber, therefore, is the key ingredient, as most of the thermal stress is released.
The work of Jin et al. enabled the industry-scale production of (111)-oriented metal
foils9 and likewise enabled the CVD community (or at least the Ruoff group and
their collaborators) to further investigate the CVD growth of Gr on SC substrates.
Many of the other breakthroughs summarized in this chapter were achieved on such
foils, like the ultra-fast growth of meter-sized SC graphene [287] on Cu(111) foil or
on Cu-Ni(111) alloy foils [288], and the growth kinetics on oriented substrates were
investigated in detail [289].
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50 µm

bunched Cu steps

flat Cu surface

Figure 5.4: Microscope image of a Cu foil partially covered by an MLG crystal grown
by CVD. The Gr-covered areas show a network of bright lines corresponding to steps
in the Cu surface. No such steps are visible on the bare Cu surface.

Step Bunching

Despite various extensive pre-treatments of the catalyst foils and the annealing pro-
cess of the foils near the melting point of Cu, a rough Cu surface is typically found
underneath the Gr after growth, while uncovered Cu areas remain almost atomically
smooth [291–296]. Upon closer inspection, this roughness mainly consists of steep
steps in the Cu surface that, depending on the Cu surface facet, growth parameters,
and the number of Gr layers on top, range from 3 to 50 nm. Considering that a single
atomic step in Cu(111) has a height of around 0.21 nm, this implies that these macro
steps are 15 to 250 times higher. This phenomenon is called step bunching (SB). An
optical image of a step bunching network is shown in Fig. 5.5. These steps were orig-
inally attributed to the large mismatch between the thermal expansion coefficients of
Cu (αCu ≈ 2 ·10−5K−1) and the negligible, and even negative, one of Gr [297], which,
upon cooldown from the growth temperature to ambient conditions, would induce a
compressive strain of ≈ 2 % in the Gr. However, a comprehensive investigation by
Yi et al. provided evidence that compressive strain is not the driving mechanism
behind SB, as the strain of Gr crystals manually transferred onto Cu foils, followed
by subsequent heating cycles, did not change, although SB took place underneath the
Gr [290]. Instead, the step bunching of singular or smaller steps into macro steps in
the Cu surface is proposed to be based on two ingredients: temperature-activated fast
diffusion of Cu ad-atoms beneath the Gr and a driving force that makes the agglom-
eration in a single macro step energetically more favorable. This driving force lies in
the bending of the Gr sheets at the steps. For multiple singular steps, the Gr sheet
has to bend more often than for one big step in the Cu surface. Furthermore, with
an increasing number of Gr layers, the corresponding energy gain in the reduction
of steps increases, such that the average bunched step height should also increase,
which is in agreement with evaluations of CVD-grown bilayer and trilayer Gr on Cu

9Which also resulted in valuable patents claimed by Jin and Ruoff [285, 286].
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Figure 5.5: (a) The process of the Cu(111) surface SB beneath a Gr layer. A series
of schematic images from top to bottom showing the increase in height of the highest
step in each configuration, marked by black arrows with H = 1, 2, 4, 8, and 16. (b)
The relative energy variation of bare Cu (black line) during the SB process. (c)
Schematic illustrations showing the different ways of bending the Gr overlayer during
the SB process. (d) Formation energies of bare Cu (black line), Cu covered by single-
layer Gr (SLG, red line), bilayer Gr (BLG, black line), and trilayer Gr (TLG, green
line) as a function of step height. Reprinted with permission from [290] ©2018 by
the American Physical Society.

foils [290]. A schematic illustration of the SB process together with calculations of
the relative energy and a formation energy as a function of step height are shown in
Fig. 5.5. While in the standard polycrystalline Cu foil, the SB manifests in a network
of randomly connected steps, the CVD growth on large Cu(111) surfaces leads to
centimeter-long, parallel steps that are distanced up to 50 µm [279]. Furthermore,
the phenomenon of SB is not limited to Gr, but should be a general side effect of
2D material growth on metal foils. The only ways to avoid SB lie in avoiding any
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strain-free graphene

graphene under
compressive strain

1320 K ≈ 1020 K  300 K

strain

0 -2.0 %-0.7 %folds ripples and remaining strain

Figure 5.6: Schematic illustration of a possible folding mechanism of the Gr during the
CVD process. After the growth stage, the Gr is strain- and fold-free. Upon lowering
the temperature, the induced compressive strain increases until at ≈ 0.7 % the so-
created wrinkles in the Gr sheet fall over, resulting in folds. At room temperature,
these folds remain present together with further wrinkles. Adapted from [298].

initial steps on the Cu surface, as well as in reducing the growth temperature, as the
diffusion of ad-atoms is then exponentially reduced.

Folds and Wrinkles

The aforementioned SB leads to the formation of wrinkles and folds in the overlying
Gr sheet. The underlying mechanisms could be nicely studied for the highly ordered
fold formation during the epitaxial growth on Cu(111) [299]. Upon cooldown, the
mismatch in the expansion coefficients leads to the formation of tall wrinkles on top
of the bunched Cu(111) surface steps, which fall over, partially fracture, and bind
to the Gr surface. A schematic illustration of the fold formation upon decreasing
temperature or likewise increasing compressive strain on the Gr sheet is shown in
Fig. 5.6. The experimental findings are supported by molecular dynamics simulations
of the induced von Mises10 stress as a function of the compressive strain, which yield
a fracture strength of ≈ 70 GPa for MLG, while folds in BLG might twist or doubly
fold, but never show fractures in their structures. Although the authors mention
several worthwhile transport experiments that could be performed with the highly
ordered folds of MLG on Cu(111) [300–302], the folds in general remain an obstacle
to be overcome for the scalable production of MLG.

A breakthrough in that field was recently reported by Wang et al. in Ref. [298],
where they showed the growth of SC, large-area, fold-free MLG on Cu-Ni(111) alloy
foils (with 20.0 at.% Ni). Using an alloy instead of pure Cu(111), as well as employing
ethylene instead of methane as a carbon precursor, allowed them to grow Gr at
temperatures below the onset threshold of excessive step bunching, which for their

10Named after the Austrian mathematician Richard von Mises (1883-1953), who should not be
confused with his brother, the famous economist and sociologist Ludwig von Mises, whose works
were touched upon in Chapter 1.
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system was at ≈ 757◦C (1030 K). Alloys might therefore be a deciding factor in the
future success of large-scale synthesis of high-quality Gr.

In summary, step bunching and the formation of folds and wrinkles are challenges
that need to be addressed for the scalable production of high-quality graphene. Under-
standing the underlying mechanisms, as well as exploring alternative growth methods
and materials, such as alloys, can help in overcoming these obstacles and pave the
way for the large-scale synthesis of graphene and other 2D materials.

Adlayers

Another bothersome side effect, which can be traced back to the catalyzing metal foil,
is the growth of additional layers (adlayers) on otherwise MLG crystals. The presence
of such adlayers is mentioned in the great majority of CVD-Gr related publications
and, thereby, poses an important challenge that needs to be overcome on the road to
industry-ready growth processes. To decrease the number of adlayers, the influences
of surface roughness and cleanliness, the crystal orientation of the growth substrate,
and the growth parameters (like methane to hydrogen ratios) have been investigated.
Electro-polishing Cu foils before growth removed up to 95 % of adlayers [303], while
similar effects could be obtained by oxidizing the Cu foils in air prior to growth, as
adlayer feedstocks created by organic contaminants can be removed this way [304].
Moreover, growth on Cu(111) facets generally shows less adlayer growth [305]. The
fundamental mechanism behind the formation of additional layers, as well as recipes
to prevent it entirely, were discovered only recently [279]. The nucleation of adlayers is
facilitated exclusively by carbon atoms that are dissolved in the Cu bulk even prior to
growth, rather than by surface carbon which enters the foil due to the decomposition of
the methane precursor gas which feeds the actual growth of both the initial monolayer
and the adlayer. The bulk carbon is present in most commercially available Cu
foils and is introduced most likely from oils used on rollers during the manufacture,
explaining why this phenomenon is observed so widely across the CVD community.
By removing bulk carbon from the as-received Cu foils through long annealing in H2

and Ar, or by using foils transformed into large single-crystal Cu(111) prior to growth
(see above), the authors were able to decrease the adlayer content to zero.

Growth Within Sapphire/Cu(111) Interfaces

In the introduction to this chapter, it was already mentioned that direct growth on
insulating substrates is far behind the growth on foils in most commonly accepted mea-
sures of quality [306]. For example, in Ref. [307], an oriented sapphire substrate was
annealed under high temperatures. H2 flow was acting as an etchant to reconstruct
the surface into Al-rich terraces that could then catalyze methane decomposition and
subsequent Gr growth. Wafer-scale growth of poly-crystalline Gr was achieved this
way with mediocre carrier mobilities. However, very recently, a process was developed
that allows the direct growth on sapphire substrates, combining many of the discussed
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(1) carbon diffusing (2) graphene growth (3) plasma cleaning (4) Cu removal

Figure 5.7: Schematic illustration of Gr growth during plasma-enhanced CVD on
sapphire/Cu(111) interfaces. A Cu foil is bonded onto a sapphire surface and annealed
into a Cu(111) single crystal. CH4 dissociates at the upper Cu surface, partially
diffuses into the Cu foil, and forms MLG on both Cu surfaces. In a plasma cleaning
step, the MLG on the upper surface is removed to allow further carbon diffusion to
the sapphire/Cu(111) interface. Finally, the Cu foil is removed by a dip in liquid
N2, followed by rapid heating. Reprinted with permission from [280] ©2022 Springer
Nature Limited.

techniques and resulting in wafer-scale SC ultra-flat MLG [280]. A schematic illus-
tration of this growth process is shown in Fig. 5.7. A poly-crystalline 25 µm Cu
foil is electro-polished and subsequently fused onto an Al2O3(0001)-substrate. Next,
the Cu foil is long-time annealed under H2 flow into a Cu(111) SC. While the upper
Cu-side shows the usual surface steps (that eventually bunch after Gr growth), the
Cu(111) at the interface to the sapphire substrate is atomically smooth. During the
following growth step, carbon atoms from the decomposed precursor gas enter the Cu
layer and partially diffuse through it to the sapphire/Cu(111) interface, initiating Gr
growth both within the interface and on the top side of the Cu. As the growth on
the top side is much faster than within the interface, a closed layer of Gr eventually
seals off the Cu from absorbing more carbon species that could facilitate interface
growth. Therefore, the growth process is paused several times, and an O2-plasma is
ignited, which removes the top side Gr entirely. After a couple of such cycles, the
whole interface area of a 2”-Al2O3(0001) wafer is covered by monolayer Gr. In con-
trast to the top side, the Gr does not grow epitaxially with the Cu(111) surface but
aligned with the super-lattice potential that results from the Al2O3(0001) and the
Cu(111). The Gr is adlayer- and fold-free and grows into an SC. The second major
breakthrough of this work lies in their ingenious method of removing the Cu(111)
foil: The as-grown substrate is immersed in liquid nitrogen for several minutes and
subsequently transferred within seconds to a chamber heated to 500 ◦C. Afterwards,
the Cu foil looks crumbled and can be removed by tweezers, leaving the MLG on the
Al2O3(0001) substrate11. The authors argue that small amounts of liquid nitrogen

11It is very worthwhile to watch the schematic videos showing the plasma-enhanced growth and
liquid nitrogen-induced separation of the Cu foil in the supplementary materials of https://www.
nature.com/articles/s41563-021-01174-1
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Cu
CVD graphene

carrier

target substrate

(1) transfer with support layer (carrier)

(2) transfer without support layer

furnace

(3) direct growth

Figure 5.8: Schematic illustration of the three possible transfer strategies possible for
CVD-Gr. (1) is the transfer using a support (carrier) layer like the commonly wet
transfer employing PMMA membranes or the dry transfer method. (2) summarizes
transfer processes without a carrier and (3) all methods, which grow Gr directly on
the target substrate from a precursor (indicated in red).

enter the Gr/Cu(111) interface and expand upon heating, which then decouples the
foil. The Gr shows homogeneous carrier mobilities of around 104 cm2/(Vs) at room
temperature, which is very good for Gr on a bare substrate. The authors further
state that this process can be adapted to grow BLG, hBN, or to subsequently grow
hBN and other 2D materials on top of the initially grown Gr layer. The relevance
and potential of these findings cannot be underestimated.

5.5 Transfer Methods

As the ultimate goal of all production processes of Gr is to obtain the material on an
insulating substrate, a transfer process after the growth stage is required. The three
possible transfer strategies are illustrated in Fig. 5.8. The first strategy is the transfer
using a support layer (or carrier), the second is the transfer without a carrier, and
the third is the direct growth on the target substrate. The fundamental requirements
for an ideal transfer process are that it separates Gr from the growth substrate and
subsequently moves it onto a target substrate, both without decreasing the intrinsic
structural and electronic quality of the material. These processes usually make use of
a support layer and can be furthermore grouped into wet, semi-dry, and dry transfers
depending on which chemicals are involved.

The role of the support layer is to ensure the structural integrity of the Gr once it
is separated from the growth substrate, as metal-etching agents might otherwise crack
the vulnerable sheets due to their strong surface tension. An ideal support layer does
not by itself degrade the quality of Gr, is flexible enough to allow lamination, and
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can easily be removed without residues after the transfer is finished. Among the most
widely used support layers are polymers like poly-methyl-methacrylate (PMMA),
but there were also several reports of organic or metallic support layers that were
successfully employed to transfer CVD-Gr [272, 308]. The adhesion between Gr and
a carrier polymer is proportional to the surface energy as described by the modified
Hertz theory [309]. The surface energy of the polymer furthermore plays a crucial role
in the amount of residues, cracks, and folds that are created in Gr. A lower surface en-
ergy results in a weaker binding force and subsequently easier detachment of Gr with
fewer residues. However, a finite amount is still required to allow conformal contact
of Gr, resulting in fewer cracks and folds after transfer. A typical PMMA transfer
is illustrated in Fig. 5.9(a) and consists of the following stages: (i) spin-coating and
baking of PMMA on top of the metal/Gr, (ii) floating of the metal/Gr/PMMA on
top of an etching agent until the metal is fully removed, (iii) ”fishing” of the floating
Gr/PMMA membrane with the target substrate and subsequent lamination to its
surface, e.g. by heating, and finally (iv) the removal of the PMMA by solvents like
acetone and isopropyl alcohol (IPA). The stages of this transfer could be similar for
any kind of substrate metal and support layer with modifications only in the involved
chemicals. Although this method is scalable and shows good reproducibility, it is
very cost-intensive as the growth substrate is completely dissolved12. Moreover, the
quality of the derived Gr is impacted, as the different thermal expansion coefficients
of Gr and polymers tend to introduce cracks and folds and as the PMMA tends to
leave small residues that are hard to remove. Spin-coated PMMA on Gr can be di-
vided into three categories, namely (i) thick PMMA layers with disordered structures
facing the air, (ii) PMMA with almost 2D characteristics in direct contact with Gr,
and (iii) thin PMMA layers between (i) and (ii) - of which only (i) is fully dissolved
by an acetone treatment [281]. Different polymers or substances have been tested
to overcome these shortcomings of PMMA, the most recent of which is the use of
paraffin wax at temperatures not exceeding 40 ◦C [310]. Alternatives to the etching
of the metal substrate lie in the so-called bubble transfer, where either O2 bubbles are
transferred into the Gr/metal interface [311] or H2 bubbles are created right at the
interface electrochemically [312]. In both cases, this results in the detachment of the
Gr/support membrane from the metal surface. Most crucially, the growth substrates
can be recovered and used for re-growth, which dramatically decreases the production
costs. As liquid chemicals get into direct contact with the Gr during both the removal
of the metal substrate and the support layer in the processes described above, they
are classified as a wet transfer processes. Alternative support layers like thermal
release tape allow their detachment from the Gr on the target substrate only by
increasing the temperature and without involving any further chemicals [294]. This
is very relevant for scalable manufacturing, like the already demonstrated roll-to-roll
process in [294], as well as for any target substrate, that is sensitive to water or any

12In order to produce 1 g of Gr, one would need around 300 kg of the commonly used 25 µm thick
Cu foil [296].
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other chemical involved in removing the support layer. Such transfers can be called
semi-dry13.

The first fully dry transfer, where the transferred Gr does not get into direct con-
tact with any solvents was reported by Banszerus et al. in 2015 [8] and is illustrated in
Fig. 5.9(b). The authors used exfoliated hBN crystals on top of a polymer stamp to di-
rectly pick the Gr up from the growth substrate (Cu foils). This process only relies on
the van-der-Waals forces between Grand the hBN being greater than the binding en-
ergy of the Cu/Gr interface. The resulting hBN/Gr heterostructure can be laminated
onto arbitrary substrates (e.g. another hBN crystal on SiO2). The details of this pro-
cess as applied within this work can be found in Chapter 6. This process combines
several advantages, like the re-usability of the growth substrate together with the
contamination-free nature of the dry pick-up and the quality-enhancing properties
arising from the use of hBN crystals, which manifest in the outstanding electronic
properties reported in [? ]. A crucial success factor of the dry-transfer lies in the
weakening of the Cu/Gr interface. It can be attained by the oxidation of the Cu in
the interface, as naturally occurring on the Cu foils after several days post-growth in
ambient conditions. As this process is crucial for the success of the dry transfer and
as ambient conditions sometimes do not suffice (see Chapter 6), we will briefly recap
what is known about the interface oxidation on Cu so far.

5.6 Copper Oxidation

A variety of compounds can be formed by different pathways from Cu and O, including
CuO, Cu2O, CuO2, and Cu2O3. The predominance of each of these compounds
depends on the temperature, atmosphere, and potential reaction agents present at
the Cu surface - such as Gr. When a clean Cu surface is heated within an atmosphere
of pure O2, layers of Cu2O start to form from ≈ 150 ◦C on, while above 320 ◦C
mainly CuO is formed [313]. The oxidation process can be monitored optically by the
gradual color change from bright orange to darker orange. When repeating a similar
heating process with partially Gr-covered Cu foil, we notice immediately that the Cu
areas underneath the Gr remain bright and shiny. The Gr acts as a barrier for the
O2 molecules and therefore protects the surface underneath it from direct thermal
oxidation. Oxygen species can enter the interface only via the Gr edges or partially
through nucleation sites [314].

The situation changes considerably when the atmosphere hosts a finite humidity.
As mentioned before, Cu foils with isolated Gr flakes on their surface under ambient
conditions show only a very slow oxidation of the bare Cu surface with time, while
the Cu underneath the Gr is gradually oxidized, starting from the edges and contin-
uing towards the flake center until the whole Gr-covered area is oxidized. Optically,

13In reviews like [272, 308] such processes are classified as dry, which is very misleading, considering
the existence of truly dry transfers like the one applied within this work.

93



Chapter 5. Chemical Vapor Deposition

copper foil

graphene
crystals SiO2

1035 °C

Si
++

Cu
CVD graphene

PMMA

Cu etchant DI water

target substrate

acetone/IPA

wet transfer dry transfer(a) (b)

Figure 5.9: Schematic illustrations of support layer based transfer processes. (a)
Commonly used wet transfer process. The Cu foil with the as-grown Gr on top is spin-
coated with a PMMA layer and subsequently the Cu is dissolved in a suitable etchant.
Afterwards, the Gr/PMMA stack is fished with the target substrate and finally, the
carrier is removed in acetone and IPA leaving the Gr on the target substrate. (b)
Dry van-der-Waals pick-up process, that uses hBN crystals on top of a PVA/PMMA
membrane to directly peel the Gr sheet from the Cu surface. The hBN/Gr half-
sandwich can subsequently be placed on arbitrary substrates like another hBN crystal
avoiding the direct contact of the Gr with any chemicals. Reprinted with permission
from [8] ©2015 American Association for the Advancement of Science.

the contrast manifests in the opposite way as before - the Gr-covered areas appear
dark on the bright bare Cu surface. The underlying mechanisms of this adverse
oxidation were investigated in detail for the first time in [296]. Using isotopically
labeled H2O and O2, followed by Raman spectroscopy and time-of-flight secondary
ion mass spectroscopy measurements, the authors proved that the oxide underneath
the Gr was formed exclusively from water vapor in the atmosphere. The respective
Raman measurements are shown in Fig. 5.10, where panel (a) shows the Raman
spectra recorded on the bare Cu surfaces of three different Cu foils, while panel (b)
shows the corresponding spectra recorded on Gr crystals grown on the foils. The
foils were treated either with regular water and air (black lines), 18O-labeled water
and normal air (red), or 18O-labeled air and normal water. As the positions of the
appearing Raman peaks of the oxides are sensitive to the atomic mass of the oxygen,
the incorporation of 18O leads to shifts away from the reference positions for normal
air and water. As can be seen from Fig. 5.10, only the red curves show significant
shifts of the oxide peaks. From this, the authors concluded that the oxidation of the
Cu/Gr interface is mediated predominantly by water or water vapor. They further
showed by XPS measurements that the oxidation occurs in steps, where it starts
with Cu2O, followed by a metastable layer of Cu(OH)2 on top of the Cu2O, and
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finally ends with a transition of the Cu(OH)2 to a more stable CuO layer [296, 315].
In this, the Gr plays the role of a chemical reaction agent. It dissociates the H2O
molecules at the crystal edge, and the oxygen species can subsequently enter the
interface and gradually contribute to its oxidation. During this process, the Gr
edge gets functionalized, which can be visualized by the sudden appearance of a
Raman D-peak in the edge region. The crystal orientation of the Cu surface plays
an important role in the speed of the oxidation process, as the oxygen species can
only penetrate interfaces that are not too strongly coupled. This can be nicely vi-
sualized by the adverse oxidation contrast on Cu sub-grains [316], and the oxidation
capabilities together with interface strength were investigated as a function of the
Cu surface orientation [317, 318]. Quite recently, the water-mediated oxidation of
SC Gr/Cu(111) was investigated [315], where the authors found that such strong
interfaces can only be penetrated by oxygen species via the bunched Cu steps (see
above). When these steps are avoided, and the Cu surface is ultra-flat, the oxidation
is completely quenched.

(a) (b)

Figure 5.10: (a) Raman spectra of bare Cu foils post growth. (b) Similar spectra on
an MLG sheet grown on the respective foils. The foils were treated with 18O-labeled
water and 18O-labeled oxygen gas. Reprinted with permission from [296] ©2017
American Chemical Society.

5.7 CVD Growth of hBN and Bilayer Graphene

For the sake of completeness, we will briefly review the state-of-the-art in the CVD
growth of hBN and bilayer graphene (BLG), although neither of them are used within
this thesis.
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As hBN is used as an insulating substrate material, growing only one layer of
polycrystalline material is usually not desirable for applications. For many years,
however, hBN growth was limited to small-grain-sized monolayers or rough multi-
layers with varying numbers of layers, which were not feasible for the production of
high-quality heterostructures. The advent of large-scale single-crystal (SC) substrates
(see above) at least led to the growth of SC monolayer hBN on Au(111), Cu(111),
and Cu(110) [319–321]. A major breakthrough was reported very recently in [322].
The authors demonstrated the uniform SC growth of trilayer hBN on single-crystal
Ni(111) for the first time. The growth mechanism on Ni works by the dissociation of
borazine gas, followed by the B species dissolving into the Ni surface. hBN islands
subsequently nucleate and grow epitaxially on the Ni(111) surface. The growth was
shown to be surface-mediated rather than precipitation-mediated. Excess B species
in the Ni bulk fall out as a Ni23B6 layer underneath the as-grown hBN. The au-
thors mentioned that, depending on the parameter windows, up to 5 layers could
be grown as a single crystal. Combined with a reasonable transfer process, a couple
of these crystals stacked on top of each other could already suffice for high-quality
heterostructure production. Further breakthroughs in the near future are highly likely.

Meanwhile, the growth of BLG as adlayers on initial monolayers has been observed
since the beginnings of the CVD-Gr research, and their favorable growth conditions
and mechanisms have been investigated [276, 323–325]. While on the scales of tens of
microns, these CVD BLG crystals were shown to achieve similar qualities as their top-
notch exfoliated counterparts [326], on larger scales, the formation of AB/BA stacking
domain walls precluded the large-scale exploitation of the tunable bandgap, which
can be induced in BLG via dual-sided gating. Therefore, a challenge for the CVD
growth of BLG remains in achieving single-crystal material with homogeneous stack-
ing throughout. Quite recently, some promising advances were made by the growth
of large-area SC AB-bilayer and ABA-trilayer Gr in [327], where the authors used
Cu/Ni(111) alloy substrates that, depending on the Ni content, favored the growth
of two or three layers of Gr. For the growing field of twisttronics, it is worthwhile
to mention the works in [328, 329], which achieved the growth of twisted BLG with
varying twist angles either by hetero-site nucleation as well as by folding Cu(111) foils.
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5.8 Summary

Over the past decade and a half, there has been a tremendous amount of research
done on CVD growth of graphene on copper foils. With new publications being
submitted every day, it can be a challenge to review this field in a comprehensive
way. In this chapter, we have covered the fundamental growth mechanisms and the
main challenges in producing scalable high-quality material.

The most notable advancements in CVD graphene growth include the develop-
ment of technology to obtain single-crystal substrates from polycrystalline foils and
the use of Cu/Ni alloys instead of mono-metallic substrates for fold-free, adlayer-free
growth of single-crystal monolayer and multilayer graphene, as well as for growing
high-quality hBN. Additionally, significant improvements have been made in the
transfer of as-grown materials to target substrates, and wafer-scale production of
high-quality graphene heterostructures is now within reach. This marks the maturing
of graphene to a stage where its unique properties can be exploited in commercial
applications.

Despite the fact that decent carrier mobilities can already be achieved in CVD
graphene, a significant fraction of the research community remains in doubt about
whether the intrinsic quality of CVD graphene can truly equal that of the highest-
quality exfoliated reference material. Contamination and disorder, introduced either
by the remaining growth substrate atoms or during the transfer process, might lead to
a cut-off in the high-end capabilities of the resulting graphene crystals, which are not
reflected in Raman measurements or carrier mobility extractions. Therefore, the only
pragmatic way to prove the equivalence of intrinsic qualities lies in demonstrating that
the same high-end phenomena known from exfoliated graphene are also achievable in
CVD graphene. Hence, one of the main goals of this thesis is to demonstrate the
FQHE in dry-transferred CVD graphene heterostructures. Having covered all the
details of CVD growth and transfer of graphene in general, we can move on to the
actual fabrication processes and improvements made to them, necessary to obtain
hBN/CVD-Gr/hBN heterostructure devices of the highest possible quality.

97





Chapter 6

Fabrication of High Quality
CVD Graphene Devices

This chapter has been published in parts in:

Fractional quantum Hall effect in CVD-grown graphene
M. Schmitz, T. Ouaj, Z. Winter, K. Rubi, T. Taniguchi, K. Watanabe, U. Zeitler,
B. Beschoten and C. Stampfer
2D Mater. 7, 041007 (2020) (or: arXiv: 2005.08938)
©2020 IOP Publishing Ltd

Individual contributions:
C.S., M.S. and U.Z. conceived the experiment. M.S. fabricated the sample with
the help of Z.W. and T.O.. M.S. performed the experiments with the help of T.O.
and analyzed the data. K.W. and T.T. synthesized the hBN crystals. All authors
provided input to data analysis, discussed the results and assisted in manuscript
preparation.

6.1 Introduction

In this chapter, we describe the techniques and processes used to fabricate high-quality
hBN/CVD-Gr/hBN heterostructures. These heterostructures consist of a monolayer
Gr crystal sandwiched between two hBN crystals, referred to as the bottom and top
hBN, respectively, and are placed on a Si/SiO2 chip. We begin with a description of
the exfoliation method used to obtain hBN crystals, followed by the growth of MLG
flakes using our CVD system. We then describe the Raman-monitored oxidation of
the Cu/Gr interface, as well as the dry van-der-Waals (vdW) pick-up of the Gr from
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the Cu foils and subsequent stacking and cleaning in our transfer system. The result-
ing hBN/CVD-Gr/hBN heterostructures are characterized using Raman mapping,
and structurally sound areas are selected for device patterning. We also include a
critical analysis of the changes in CVD growth process parameters, followed by a
brief summary.

6.2 Exfoliation of 2D Materials

The mechanical exfoliation of 2D materials, also known as the scotch tape method,
was first introduced by Novoselov et al. in 2004 to obtain MLG [4]. Since then, it has
become the standard method for producing high-quality crystals of various 2D ma-
terials, including Gr and its multilayers, hBN, and transition-metal dichalcogenides
(TMDs).

The method involves placing a bulk crystal of the 2D material onto an adhesive
tape, which is then folded and unfolded onto itself. With each fold, the material is
distributed further across the tape and thinned out due to the cleaving effect. After
a given number of foldings nfolds, the tape is pressed onto a target substrate for
time tsub and finally peeled off, leaving a number of individual crystals (or flakes)
on the substrate surface with wide distributions of diameters and thicknesses. The
substrates are then investigated with optical microscopy to find suitable flakes for
further device fabrication. The diameter and thickness distributions, which can be
interpreted as the yield of an exfoliation, depend on many factors, including the
morphology of the initial bulk crystal, nfolds, tsub, the angles and speed of the tape
peel-off, and the temperature. Some systematic studies of these influences have been
reported [330], but they are always of qualitative character, and universal parameters
for desired quantitative exfoliation yields cannot be given. This explains the highly
artistic and imprecise nature of the process, as well as the demand for controlled
scalable production methods such as CVD (see Chapter 5).

The exfoliation substrates for the top hBN flakes for the dry pick-up of CVD-
Gr consist of a glass slide covered by tape and several polymers, which are described
below. The standard substrates used for exfoliation of bottom hBN and graphite flakes
within this thesis are Si wafers with 90 nm thermally grown SiO2 layers. This thickness
is chosen so that the 2D materials, around their desired respective thicknesses, create
favorable color and contrast in the visible optical range. The 4-inch wafers are cut
down into several slides in the centimeter range to allow for efficient exfoliation.
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4" Si wafer

Figure 6.1: (a) Optical image of a typical thermal release tape prepared for the
exfoliation of hBN. The tiny bulk hBN crystals are stored in the boxes on the upper
right corner of the foil. (b) A single bulk hBN crystal is place in the middle of one side
of the tape (highlighted by dashed cricle). (c) The tape is folded over several times,
each time exfoliating hBN crystals onto different parts of the foil. (d) Homogeneously
covered tape after nfolds = 4 foldings ready for the exfoliation onto a substrate. (e)
partially cut-down 4-inch Si wafer. The slides on the right side are pressed onto an
exfoliation tape and after subsequent peel-off act as initial substrate for the exfoliated
2D materials.

For all the heterostructures fabricated in this work, the hBN was exfoliated from
bulk material produced by a high-pressure, high-temperature process in Japan1 [53].
A typical exfoliation process is illustrated in Fig. 6.1. A single millimeter-sized bulk
crystal is placed on thermal release tape (Nitto BT-150P-LC) and homogeneously
distributed on the tape surface with an initial set of 4 − 6 foldings, while avoid-
ing overfolding of crystals onto each other as much as possible. This is followed
by nfolds = 3 − 5 additional foldings for out-thinning the crystals. Afterwards, the
tape is laminated to Si wafer-slides or dry-pick up substrates for tsub = 10 min, fol-
lowed by a slow peel-off under a small angle. Such an exfoliation can yield up to
101 usable hBN crystals per Si wafer slide. Usability in this context means that a
given crystal is of a homogeneous thickness of around 10 − 40 nm, has a diameter
in the range of 10 − 100 µm (special requirements for flake geometry might apply),
shows neither cracks, folds, nor excessive contamination, and is isolated from neigh-
boring flakes. The flake thickness and their optical blue-channel contrast have an
almost linear relationship for the substrates used here. Hence, atomic force micros-

1This process was developed by Kenji Watanabe (*1962) and Takashi Taniguchi (*1959). For
over a decade, they intensely researched Gr, 2D materials, and heterostructures, and were the only
suppliers of high-quality hBN bulk crystals. Agreements assuring them co-authorships on any pub-
lication using their materials helped them become some of the most cited researchers ever [331].
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(a) (b)graphite crystal

n  = 8folds

Figure 6.2: (a) Optical image of a thermal release tape prepared for the exfoliation
of graphite and Gr crystals. A graphite crystal of several millimeters in diameter
is placed in the center of one side of the tape. (b) The same tape after nfolds = 8
foldings, ready for the exfoliation onto substrates.

copy (AFM) measurements of the actual thicknesses of flakes can be used to create
a contrast-to-thickness reference table, which can be consulted for judging individual
flake thicknesses during microscopic investigation of the substrates.

For the exfoliation of graphite or Gr flakes, bulk crystals of natural graphite
(Graphenium Flakes by NGS Naturgraphit) with diameters up to centimeters are
placed on thermal release tape (Ultron Systems article No. 1008R) and distributed
similarly to the hBN process, followed by nfolds = 6 − 10 and tsub = 5 min. Optical
images of a thermal release tape before and after the preparation for graphite/Gr ex-
foliation are shown in Fig. 6.2. Optical microscope images of typical hBN, graphite,
and Gr exfoliation onto Si/SiO2 substrates are shown in Fig. 6.3. While hBN crystals
below 100 nm appear in shades of blue, graphite flakes appear dark purple with de-
creasing contrast for decreasing number of layers. On our substrates, a Gr monolayer
has a green channel contrast αGr = 6−8 %, and we found that for small integer num-
bers of Gr layers nl, αnl

= nl · αGr, allowing for quick determination of layer number
via contrast measurement rather than the more time-consuming Raman measurement
(see Chapter 2).

In this work, we focused on thicker graphite flakes of at least 10 nm, which can be
utilized as gate electrodes. If such graphite gates are too thin, they might undergo a
Landau quantization of their charge carrier system under high magnetic fields, which
precludes their gating abilities. Despite that, the requirements for graphite flakes are
quite similar to those for hBN flakes as stated above.

6.3 CVD Growth of Monolayer Graphene Crystals

The CVD setup used in this work consists of a tube furnace (PI-KEM OTF-1200X-
III-C) with three separately controllable heating zones with resistive heating elements,
qualifying it as a hot wall reactor, with a maximum applicable temperature of 1200 ◦C.
Images of the CVD setup and a close-up of the central heating zone are shown in
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Figure 6.3: Optical microscope images of typical exfoliation results on Si/SiO2 sub-
strates. (a) Overview of an hBN exfoliation. Multiple crystals of various thicknesses
(encoded by color and contrast) and dimensions are obtained. Suitable crystals for
Gr encapsulation range between 15 nm and 50 nm in thickness. (b) Close-up of a
suitable hBN crystal from (a). (c) MLG, few-layer graphene (FLG), and graphite
appear as different shades of gray, eventually turning into purple and dark blue with
increasing layer number.

Fig. 6.4. The furnace can be opened via hinges to remove the reaction chamber or to
facilitate rapid cooldown. The reaction chamber is a quartz tube 100 cm in length and
has an inner diameter of 8 cm. On the upstream side, the quartz tube is connected to
a gas mixing station that hosts MFCs for the process gases Ar, H2, and CH4, while
the downstream side is connected to a turbomolecular pump followed by a rotary vane
pump. The Cu growth substrates are positioned in the center of the reactor chamber
via a small quartz boat that can be moved by a steel rod. The chamber also hosts
two heat shields made of Cu, situated at the outer ends of the left and right heating
zones, to reduce radiative heat losses.

As a growth substrate enclosures are folded from 25 µm thick poly-crystalline Cu
foil(Alfa Aesar 46365, 99.8 %).Therefore, a 7.6 × 12 cm long piece of foil is cut and
subsequently cleaned and pre-etched in acetone, IPA, FeCl3 (Sigma-Aldrich 31233)
solution (7 g per 200 ml DI water) and DI water for 2 min each, followed by dry
blowing with a nitrogen gun. The foil is then folded in half and the edges are crimped
by folding them over two times over a width of 7 mm with a glass slide, yielding an
enclosure of ≈ 4× 6 cm. Optical images of the different stages of the folding process
are shown in Fig. 6.5.

The Gr in this work was grown using an LPCVD process with a pre-growth anneal-
ing step, as discussed in the following. A process diagram of the reactor temperature
as a function of growth time is shown in Fig. 6.6. Two enclosures were loaded into the
reaction chamber at once. The quartz tube was closed, and the pumps were started.
During the initial evacuation, the enclosures expanded due to the remaining air inside
them greatly expanding due to the under-pressure in the chamber. Once the turbo
pump ran at full speed, a flow of 15 sccm of H2 was introduced, and the heating
elements were ramped up to 1035 ◦C over a period of 45 min. The system remained
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Figure 6.4: (a) Overview picture of the CVD setup used in this work. A gas mixing
station with MFC units for each process gas is connected to the left flange of the
quartz tube in the CVD reactor. The tube sits in a three-zone furnace that can
be opened via a hinge mechanism. The right-hand (downstream) side of the quartz
tube is connected to a pump rack that consists of a rotary vane pump and a turbo
molecular pump. At both sides of the tube, close to the flanges, movable heat shields
made of Cu plates limit radiative heat losses to the outside and the flanges. (b) Close
up of the quartz tube in the central heating zone of the furnace. For a growth process,
one or two Cu enclosures are loaded into a quartz boat and moved to the center of
the heating zone.

(a) (b) (c) (d)

Figure 6.5: Optical images of the enclosure folding process. (a) A rectangular piece
of Cu foil is cut and subsequently cleaned and pre-treated with different chemicals.
(b) The foil is folded along the short side. (c) the edges are folded over twice using
a microscope slide. (d) Final enclosure ready for CVD growth of Gr crystals on the
inside.
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Figure 6.6: Reactor temperature T as function of process time t for a typical LPCVD
process used in this work. The first our consists of a heating up and annealing the Cu
enclosures under H2 flow, followed by a 3 h growth stage and subsequent cool down
under combined H2/CH4 flow.

at the target temperature with an unchanged gas flow for 15 min as an annealing step
prior to growth, to reduce contamination and Cu bulk carbon content and to increase
the Cu grain size. For the growth stage, a mixed flow of CH4 and H2 (5 sccm and
45 sccm, respectively) was injected over a growth period of three hours. Afterwards,
the system was rapidly cooled down under an unchanged gas flow by switching off the
heating elements and subsequently opening the lid of the furnace. Once the tempera-
ture was under 100 ◦C, the process gasses and the turbo pump were switched off, and
the chamber was slowly flushed with Ar gas. Upon flushing, the enclosures deflated
again as the under-pressure vanished.

6.4 Forced Interface Oxidation

After growth, the enclosures are removed from the reactor chamber, cut open along the
crimped edges, and unfolded. Using dark-field optical microscopy [293], the individual
Gr crystals on the foils can be investigated. Fig. 6.7 shows a bright field and a dark
field microscope image of a Cu foil after a 24 h growth process. While the contrast of
the Gr flakes is hardly visible in the bright field image, they become easily recognizable
in the dark field image, even revealing several aligned adlayers underneath the initial
monolayer crystal. The outside of the enclosure is fully covered with a closed layer
of MLG and multiple adlayers, while on the inside, due to the reduced CH4 partial
pressure, both the nucleation density and the growth speed are low enough to produce
isolated MLG crystals with sizes around 200 µm.

During the development of our dry-transfer process, in which parts of our CVD
system were installed in a provisional way2, storing the unfolded enclosures under
ambient conditions for at least one full day was usually enough to induce Gr-mediated

2The process gas bottles were stored inside the lab and connected via hoses to the gas mixing
station.
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Figure 6.7: (a) Bright field microscope image of a Cu foil after growth. (b) Dark field
microscope image of the same foil revealing a huge MLG crystal with several aligned
adlayers underneath it. Parts of the monolayer crystal contour are highlighted by a
dotted line in both images.

oxidation - i.e., rapid oxidation of the Cu/Gr interface, while the uncovered areas
of the Cu foils remained unchanged (see Chapter 5.6). However, after upgrading
our CVD lab3, we noticed two changes in the process: (i) to achieve similarly sized
MLG crystals as before inside the enclosures, the gas flow had to be increased from
1.3/45 sccm CH4/H2 to the above stated 5/45 sccm. (ii) even after weeks stored
under ambient conditions, the Cu/Gr interfaces did not show complete oxidation.
While (i) could be overcome by adjusting the gas flows, (ii) became a severe problem,
as the success of our dry-transfer depends crucially on the weakening of the Cu/Gr
interface by its oxidation.

The oxidation problem could finally be resolved by building a Cu foil storage
chamber (which we called the humidifier) with controllable atmosphere. To this end,
a desiccator with a water reservoir at the ground and a stage for the Cu foils was
mounted on top of a hot plate. The temperature and humidity inside the chamber
could monitored via respective sensors. After at least 48 h at > 99 % relative humidity
and temperatures around 30 ◦C, most of the Gr crystals showed oxidized interfaces
underneath them again4. Optical images of Gr flakes on Cu foil with partial and fully
oxidized Cu/Gr interfaces, as well as of the humidifier setup, are shown in Fig. 6.8.

To further monitor and study the progression of the oxidation, a blue (457 nm)
laser was added to our confocal room-temperature micro-Raman system. A standard
Raman laser excitation wavelength of 532 nm (green) cannot be used to characterize
Gr on copper as it creates a broad photoluminesence (PL) emission peak from the
underlying Cu, which dominates the emission spectrum [332]. When using the shorter

3The gas bottles were moved to a cabinet outside the building and all hoses were replaced by
metal capillaries.

4A discussion of the reasons behind occurrence and resolving the issues will be given in Chap-
ter 6.9
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Figure 6.8: (a) Optical image of Gr crystals on a Cu foil with partially oxidized Cu/Gr
interfaces. (b) Humidifier setup that was developed to store the Cu enclosures in a
heated high humidity atmosphere after growth. It consists of desiccator partially
filled with water, that is placed on a hot plate. The foils are stored on a stage and
covered by a glass dish to avoid precipitation of water. (c) After sufficient time in
the humidifier, the interfaces of most flakes could be oxidized homogeneously.

excitation wavelength, the PL emission from the Cu is shifted to larger wavenumbers,
thereby allowing to analyze all relevant Raman peaks up to 3000 cm−1. The water
intercalation and oxidation process can thus be monitored as shown in Fig. 6.9(c).
Raman spectra recorded at the oxidized and non-oxidized areas (black and red spectra
in Fig. 6.9(c), highlighted by color matching circles in Fig. 6.9(a)) show both the char-
acteristic Gr Raman G and 2D peaks at ωG = 1582 cm−1 and ω2D = 2720 cm−1 [66].
The absence of the defect-related D-peak around 1340 cm−1 in the spectra indicates
that the Gr is grown defect-free [82] and remains virtually undamaged by the oxi-
dation process. In further comparison of the two spectra, we denote the emergence
of a variety of intense peaks visible in the left part of the black spectrum. These
peaks can be attributed to Raman-active modes of various Cu oxides formed at
the Cu/Gr interface [296, 333], where the three most prominent peaks are due to
cupric oxide CuO (500 cm−1), cuprous oxide Cu2O (640 cm−1) and copper hydrox-
ide Cu(OH)2 (800 cm−1) and the less prominent peaks (422 cm−1, 1284 cm−1) are
overtones of the Cu2O mode (see also Chapter 5.6). All these peaks are absent in the
red spectrum, which has been taken at a spot where the Cu surface is not yet oxidized.

As the oxidation process proceeds with time and the oxide layer underneath the Gr
grows in thickness, the intensity of these peaks relative to the Gr modes rises. The
oxidation process in water-saturated air essentially works by the functionalization
of the Gr edge by water molecules forming oxygen-containing groups like hydroxyl,
which in recombination allow the formation of Cu2O [296]. This mechanism allows
an advanced quantification of the oxidation status of the Cu/Gr interface in addition
to microscope imaging, as the relative intensity of the Cu2O peaks rise with ongoing
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Figure 6.9: (a)Optical image of CVD-Gr crystals on a Cu foil after a partially oxidized
Cu/Gr interface. Scale bar is 25 µm. (b) Schematic illustration of the mechanical
delamination process. (c) Raman spectra recorded with two different laser excitation
wavelengths (457 nm and 532 nm, see color legend) at the locations highlighted by
color matching circles (red and black) on the partially oxidized/non-oxidized Cu/Gr
areas shown in panel (a) and on a final hBN/CVD-Gr/hBN heterostructure in (blue
and green Raman spectra were measured at the circle in Fig. 6.14(a)). The spectra are
shifted by constant offsets in intensity for comparability (see colored ticks on the right
axis) and the black dashed spectrum is a scaled-down version of the black spectrum.
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oxidation. As illustrated in Fig. 6.9(b), the Gr crystal can only be delaminated from
the Cu surface oxide by means of a dry transfer technique using a soft stamp based
on hBN [8] or other 2D materials [334].

6.5 Dry-Transfer of CVD Graphene

Once the Cu/Gr interface is sufficiently weakened, the dry-transfer can be initiated.
The principle behind it is similar to the dry stacking of Ex-Gr flakes into heterostruc-
tures, where a transparent polymer stamp is used both as a supportive and adhesive
substrate for 2D crystals, which subsequently are used to pick up Gr from exfoliation
substrates only by van der Waals interaction [51, 57].

The transfer slides for the CVD dry-transfer are fabricated by cutting microscope
glass slides (ROTH 0656, 76 × 26 × 1 mm) in half, cleaning them in acetone and
IPA, and subsequently laminating a layer of tape onto their surface (Pritt Klebefilm).
In the next step, a solution of poly-(vinyl alcohol) (PVA) (Sigma-Aldrich 363065) in
water is drop-coated onto the slides and left to dry out. Afterwards, the slides are
spin-coated with 50 K PMMA (AR-P 639.04) and baked out on a hot plate at 145 ◦C.

The slides are then used as a substrate for hBN-exfoliation. A schematic illustra-
tion of the CVD dry-transfer process, as well as several images of the setup and the
transfer materials during the different process stages, are shown in Fig. 6.10. The
hBN crystals appear in different shades of gray depending on their thickness, which
is in contrast to our usual SiO2 substrates as shown above. Once a suitable hBN
crystal is identified via microscopy, a box section around it is cut with a knife into the
polymer stack. The PVA/PMMA-box (the so-called transfer stamp or membrane)
with the hBN crystal on its top surface can then be peeled off from the glass slide
using tweezers. Special attention needs to be paid in order not to twist or fold it.

For the actual transfer, an old optical lithography machine is used to align and
subsequently bring into contact the transfer stamp with a desired Gr crystal on a
copper foil. The transfer stamp rests on the upper part of the mask aligner chamber
on top of a polydimethylsiloxane (PDMS) (Gel-Pak 4) cushion, providing adhesion as
well as the necessary flexibility, while still being transparent. The Cu foil is marked
near the desired Gr flake and cut into a roughly 5× 5 mm wide piece and placed on
the movable lower stage of the mask aligner.

The Cu foil is moved upwards in close proximity to the transfer stamp, while the
target hBN-crystal and the Gr flake are inspected by the on-light microscope of the
lithography system. The flakes are aligned by moving the Cu foil micro-mechanically
until the hBN crystal is situated directly above a promising section of the Gr flake.
The Cu foil is then moved upwards again until an interference pattern indicates close
proximity to the transfer stamp. The Cu is heated to 125 ◦C and brought into contact
under pressure, and kept in contact for at least 2 min. Afterwards, the heating is
switched off, and the stamp/Cu stack is removed from the lithography machine. The
hBN crystal on top of the Cu foil can be investigated by optical microscopy again,
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Figure 6.10: (a)-(f) Schematic illustration of a typical CVD dry-transfer process. (a)
hBN crystals are exfoliated onto a PVA/PMMA covered glass slide. Suitable crystals
are identified, and a stamp is cut around. (b) Such a stamp is then mounted in the
mask aligner on a PDMS support layer, aligned, and brought into contact with a Gr
crystal on Cu foil. (c) Upon detachment, the fraction of the Gr that is in contact
with the hBN is peeled off the Cu foil. (d) The hBN/Gr half sandwich is aligned and
finally brought into contact with another hBN crystal, previously exfoliated onto a
Si/SiO2 substrate and baked. (e) Afterwards, the PDMS is removed, and (f) the PVA
and PMMA polymers are dissolved in hot water and acetone, leaving an hBN/CVD-
Gr/hBN heterostructure on the Si/SiO2 substrate. (g), (h) Optical images of an
isolated PVA/PMMA stamp on top of a PDMS cushion and a Cu foil, as well as both
mounted and aligned within the mask aligner system. (i)-(l) Optical microscope
images of the transfer materials in the different stages. (i) Top hBN crystal on top
of a PVA/PMMA stamp. (j) The same hBN crystal stamped onto a Gr crystal on
a Cu foil (see dotted outline of the hBN). (k) Bottom hBN crystal on a Si/SiO2

substrate. (l) Final hBN/Gr/hBN heterostructure on the Si/SiO2 substrate. All
scale bars represent 50 µm.
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before the Cu foil is peeled off from the transfer stamp. The stamp then hosts an
hBN/Gr half-sandwich. This half sandwich can be investigated on the stamp by
Raman spectroscopy and AFM to quickly check if the transfer was successful. The
criteria for the latter are: (i) there is MLG on the hBN, that is (ii) a closed layer
and of (iii) good structural quality (low 2D-peak width). When the oxidation of the
Cu/Gr is incomplete, Raman mapping often shows patchy Gr of poor quality on the
hBN after transfer, highlighting once again the great importance of this aspect for
the success of the dry transfer. The half sandwich structure obtained from the CVD-
dry pick up can be placed on a multitude of substrates. In former works, the mask
aligner of the optical lithography machine was used by replacing the Cu foil piece with
e.g. a Si/SiO2 wafer slide with exfoliated hBN crystals. The hBN/Gr half sandwich
can be aligned with the bottom hBN on the slide and subsequently be brought into
contact, followed by a heat-induced lamination of the stamp onto the chip at 150 ◦C
for 2 min. After dissolving the PVA/PMMA stamp in DI water and acetone, this
yields an hBN/CVD-Gr/hBN heterostructure.

6.6 Stack Refining by PC Stacking

A crucial aspect of the hBN/Gr interfaces is that during the stacking process, con-
tamination like hydrocarbons [335], water [336, 337], or air [338] can become trapped
between the materials and, due to the self-cleaning interface forces [339, 340], ag-
glomerate into so-called bubbles that reach diameters up to micrometers [338, 339].
As the bubble-free areas in between are of superior structural and electronic quality,
it usually suffices to pattern electronic transport devices there and discard the rest
of the stacks. However, when considering a scalable CVD dry-stacking process, it
is mandatory to either avoid the formation of such bubbles or develop strategies for
their removal. The only way to completely avoid hydrocarbons, air, and water would
be to facilitate the transfer/stacking process under ultra-high vacuum (UHV) condi-
tions, probably involving an annealing step and heating to remove any contamination
from the 2D-material surfaces. Such a UHV bonder could be realized for wafer scale
processing, once the growth and transfer process and especially the oxidation of the
Cu/Gr interface is fully understood and controllable. However, at this point, such
a machine is far beyond the scope of this work. Therefore, the focus in this thesis
was laid on cleaning Gr/hBN interfaces for enhanced device performance over larger
areas than previously achievable.

In order to increase handling capabilities, our highly-precise micro-mechanical
transfer system was adapted for the stacking of the hBN/Gr half-sandwich onto the
bottom hBN and all further stacking steps, instead of the mask aligner of the optical
lithography machine. Furthermore, a process for the mechanical removal of bubbles,
as first described by Purdie et al., was adapted [341].
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Figure 6.11: (a) Optical image of the micro-mechanical transfer system. It consists
of a substrate stage with an on-light microscope mounted above and a transfer arm,
that can be moved as well as tilted. (b) The old transfer arm that was used for
PVA/PMMA membrane transfer processes was replaced by a specially designed new
transfer arm, allowing transfer with PC membranes on top of glass slides. (c) Side
view of a transfer process. The transfer arm holding a stamp is positioned above a
substrate hosting 2D materials on the substrate stage and carefully lowered towards
it until the stamp gets into contact.

The transfer system was specially designed for the dry stacking of exfoliated 2D
materials into heterostructures with micro-mechanical control over the alignment,
as well as the contact angle. Optical images of the transfer system are shown in
Fig. 6.11. It consists of a substrate stage, a transfer arm, an optical on-light mi-
croscope, and several secondary units, like a heating mechanism, a vacuum pump,
and computer software. The substrate stage holds a bottom substrate via vacuum
suction and can be moved in the laboratory table plane (i.e., X- and Y -direction)
via micro-manipulators. It can also be rotated either micro- or macroscopically and
features a resistive heating unit together with a temperature sensor, allowing for
desired temperatures between room temperature and 200 ◦C to be set via a LabView
program. Using this machine, flakes can be aligned and stacked with a precision
down to ≈ 1 µm (depending on the skill level of the operator). Furthermore, the
adjustment of the transfer arm tilt and the precise temperature setting allows a high
degree of control over the contact angle and speed during the lamination, which is
not possible in the mask aligner. The transfer arm is mounted via vacuum suction
on a mounting tower, allowing it to move in all directions, as well as to set a tilting
angle in X − Z- and Y − Z-directions separately.

At the beginning of this work, the standard method for transferring involved the
fishing of PMMA membranes with specially designed metal-fishing tools attached to
the transfer arm via vacuum suction. A detailed description of this process can be
found in [31]. However, these fishing tools were incapable of holding the compara-
tively larger CVD transfer stamps, and hence a novel transfer arm was developed
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that can accommodate larger membranes. A side-to-side comparison of the old and
the new transfer arm with the corresponding membrane fishing tool, as well as a
transfer slide with a stamp mounted on it, is shown in Fig. 6.11(b). The new transfer
arm consists of a metal arm similar to the old one but with a square-shaped and
cut-out head section, using vacuum suction along all four sides to hold a 0.13 mm
thin 2× 2 cm cover glass. The transfer membrane can then be mounted on the lower
side of the cover glass, e.g., via an adhesive PDMS cushion layer. The cut-out in the
head of the transfer arm allows viewing flakes on the bottom substrate and on the
transfer membrane simultaneously just by varying the focus point. The new transfer
arm enables the exploration of a multitude of alternative polymers for transferring
that cannot be used by a fishing tool, is much easier to operate, and also increases
reproducibility.

The bubbles within the interfaces are not fixed but can be moved around along
the interface by mechanical forces easily with increasing temperature. This hap-
pens naturally while stacking heterostructures, as the lamination process on a heated
substrate applies respective mechanical forces on the interface and also drives the
agglomeration of smaller contamination into larger bubbles [338, 339, 341]. Purdie et
al. even demonstrated that at high enough temperatures, bubbles could be removed
entirely from heterostructures by picking up a stack and subsequently laminating it
very slowly onto the substrate, again at high temperatures [341]. By laminating the
hBN/Gr slowly and controlled onto the bottom hBN, the amount of contamination
could be reduced, along with cracks and folds that, in some cases, appeared randomly
when using the mask aligner. However, as the initial dry pick-up from the Cu foil
could not be adapted to work in the transfer system5, the contamination within the
upper hBN/Gr interface cannot be affected in this way, and we found that the temper-
atures suitable for PVA/PMMA membranes were not high enough to move bubbles
within the stacks.

A rough orientation for the temperature range in which a polymer is operable is the
glass-transition temperature Tg, which marks the transition from a hard and brittle
”glassy” state to a viscous, more liquid-like state with increasing temperature. The
glass transition temperatures of PVA and PMMA are Tg,PVA = 85 ◦C and Tg,PMMA =
105 ◦C, from which we see that our lamination temperature of 125 ◦C is already
well into the viscous regime of the polymer stack, and increasing temperatures even
further will result in a breakdown of their structural integrity. Therefore, to increase
the applicable temperature window, the employment of a novel membrane polymer
with a higher glass-transition temperature is required. One of the major fabrication-
related advancements of this work lies in the adaption of poly(bisphenol A carbonate)
(PC) membranes, as used by Purdie in [341], for our transfer system, to improve the

5Probably the transfer system cannot apply enough pressure to push the rigid PVA/PMMA
stamps into good contact with the Cu foil. Attempts with these membranes, as well as with PC
membranes (see below), either showed no Gr transferred at all or small patches only.
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quality and ease of use, not only for CVD-related structures but for most 2D-material
stacking processes done within our group. This replaces the PVA/PMMA membranes
as go-to materials for dry-assembly.

PC has a high glass-transition temperature of Tg,PC = 147 ◦C allowing functional
operation up to 185 ◦C within our set-up. Furthermore, it can be removed without
residues in CHCl3 (chloroform). For the membrane creation, a PC solution is pro-
duced by mixing 7 g of PC-granulate (Sigma Aldrich 428132) with 93 g of chloroform,
followed by inductive stirring for 24 h. This 7 %wt solution is spin-coated onto pre-
cleaned glass slides at 500 rpm without pre-acceleration and subsequently soft-baked
at 50 ◦C for 5 min. Although PC could withstand much higher baking temperatures,
it was found that above 60 ◦C, the adhesion to the glass substrate became so strong
that the polymer could not be detached from it again without ripping or exhaustively
straining it. The soft bake is followed by another 10 min resting in air and the cutting
of the PC layer into a grid of roughly 5 × 5 mm membranes using a scalpel. These
membranes can than be carefully peeled off by tweezers. When stored under clean
room conditions, such a PC-membrane grid can be consumed over period of several
months without noticeable quality degradation.

PC Pick-Up Process

A PC membrane pick up as developed for our transfer system is described in the
following: A 5 × 5 × 2 mm3 piece of PDMS (Gel Pak 4) is placed in the center of a
cover glass. A PC membrane is peeled from the carrier glass slide by tweezers and
rested on top of the PDMS. The cover glass is then placed on a hot plate at 120 ◦C
for 10 s which helps to laminate the PC membrane homogeneously onto the PDMS
and flattens upstanding edges. Before mounting the cover glass with membrane stack
underneath the new transfer arm, the head section of the transfer arm is calibrated
to be plan parallel with the substrate stage using the tilting screws. A defined tilting
angle is set in the Y Z-direction, such that when the transfer arm is lowered, the
transfer membrane goes into contact with the substrate at its lower end (respective
to the system operator), along a straight line (the so-called contact front) in the
X-direction. Upon further lowering down, the contact front will move upwards in
the Y -direction, allowing precise control over the lamination direction and its speed.
A schematic illustration of the following transfer steps is shown in Fig. 6.12. A
substrate is fixed on the substrate stage such that the desired flake or heterostructure
on its top surface is located roughly in the center of the microscope image. Then,
the transfer arm is positioned over the substrate, such that flake or heterostructure is
centered in the lower third of the PC membrane. The temperature regulation of the
substrate stage is set to 110 ◦C6 and the PC membrane is lowered gradually until it

6Note, that in literature reports, PC membranes can successfully pick up MLG and hBN crystals
even at temperatures as low as 50 ◦C [341] but for our system and substrates the pick-up success
rate was found to be much higher when using increased pick-up temperatures.
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Figure 6.12: Schematic illustration of the different transfer processes possible in the
transfer system. (a) Instead of using the mask aligner for the final lamination, the
PVA/PMMA stamp with hBN/Gr underneath (see Fig. 6.10(d)) is mounted under-
neath the transfer arm on a PDMS cushion attached to a cover glass slide, resulting
in a much higher alignment precision. (b)-(e) Typical (multi-)stacking process using
a PC stamp on top of PDMS cushion. The stamp is laminated onto the desired 2D
material (2DM) at temperatures of around 110 ◦C and subsequently lifted up, de-
taching the 2DM from the substrate. (c) Another substrate with a 2DM is mounted
on the substrate stage and the stamp with the first 2DM is aligned and subsequently
laminated followed by a lift up. This step can be repeated indefinite times. (d) Once
the heterostructure is stacked completely, it is laminated onto the target substrate
at temperatures above 160 ◦C, baking the PC stamp onto the substrate and thus
allowing to remove the transfer arm and PDMS. (e) After dissolving the PC stamp
in chloroform, the final heterostructure resides on the target substrate.

gets into contact with the substrate at its lower edge. From this point on, the further
lamination can be controlled either via the Z-micro-manipulator screw of the transfer
tower or by further increasing the temperature, where the latter method allows finer
control but requires more time. Once the contact front has moved across the flake or
heterostructure, the temperature can be decreased or the transfer arm can be moved
upwards to reverse the lamination into a delamination of the PC membrane. Eventu-
ally, the flake or heterostructure is detached from the substrate and rests on the PC.
In case the pick up is repeatedly unsuccessful or if already assembled heterostructures
shall be picked up, a slightly different procedure can be applied. Therefore, once the
membrane is in contact with the substrate, the temperature is gradually increased to
145 ◦C and kept there for 2 min, afterwards it is lowered to 110 ◦C again. Bringing
the PC membrane so close to its glass-temperature increases its adhesive forces,
as well its capability to cover the whole flake or heterostructure smoothly by the
reduced rigidity of the membrane. Upon the subsequent temperature decrease the
membrane becomes more rigid again and detaches the flake or heterostructure from
the substrate. Caution has to be paid, as at temperatures above 145 ◦C, the PC
membrane adheres so strongly to the substrate, that upon cooldown and lifting of
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the transfer arm, it detaches from the PDMS and is laminated to the substrate.

PC Multi-Stacking

Once the transfer arm is lifted up far enough, the PC membrane detaches completely
from the substrate and the substrate can be exchanged for another one, that either
hosts another 2D material flake for subsequent hetero-stacking or a acts as the final
substrate (e.g. markered chips). In the former case, the next material to be picked
up, is positioned underneath the first material on the PC membrane and rotated if
necessary. Using a software tool, the outlines of both the upper and the lower flakes
can be traced digitally at their individual focus points, allowing a micrometer-precise
pre-alignment. Subsequently, the transfer arm is lowered again, and the above de-
scribed pick-up process is repeated. This time, the 2D-materials are slowly laminated
on top of each other and subsequently detached from the bottom substrate. During
the pick-up, the alignment of the flakes needs to be permanently monitored, as both
the mechanical lowering and the heating leads to shifts of both the transfer head and
the substrate in the XY -plane on the range of micrometers. Such aligned and con-
trolled stacking of 2D materials on top of each other can be repeated for an indefinite
amount times with the new transfer arm an the PC membranes, such that complex
heterostructures can be built with relative ease, benefiting the whole research group7.

Final Lamination and Bubble Removal

When a flake or heterostructure is laminated onto its final substrate, the process is
slightly different to lamination during the pick-up. In case of this thesis, the final
substrate is always a 7 × 7 mm2 Si/SiO2 chip with a 285 nm thick oxide-layer and
a pre-patterned grid of Cr/Au electron-beam-lithography (EBL) markers. For this
work, the chips also host pre-patterned macroscopic bond pads and attached leads
connecting them to a 200 × 200 µm2 region in the center of the chip reducing the
number of EBL and metalization steps required later on (see below). A schematic
illustration of the bubble removal process, together with several microscope images
taken at various process steps is shown in Fig. 6.13. The heterostructure on the PC
membrane is located above the center of the chip and gradually lowered. Once the
membrane gets into contact with the chip, the temperature is increased to 185 ◦C,
which in our transfer system takes at least 10 min. During the heating, the contact
front advances in Y -direction until the whole membrane is laminated onto the sub-
strate. Upon lifting the transfer arm up, the PDMS detaches form the PC on the
substrate and the substrate with the flake or heterostructure on top can be removed

7It has to be noted here, that the success of the stacking by and large depends on the skill level
and experience of the operator and many factors play into it that cannot be described verbally,
rendering the whole process a form of art that every user performs slightly different.
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from the transfer system.

For the cleaning of the interfaces of the heterostructure, the advancement of the
contact front across the heterostructure and therefore its lamination onto the chip
is upon increasing temperature is prohibited by carefully lifting the transfer arm
upwards, such that the contact fronts always remains in front of the heterostructure
until the substrate has reached the target the target temperature. Then, the transfer
arm is lowered carefully, such that the contact front approaches and subsequently
traverses the heterostructure as slowly as possible. The bubbles in the interface are
then moved by the contact front until they are eventually pushed out at the edges of
the structure, leaving clean interfaces behind. Once the contact front has traversed
the whole heterostructure, the PC membrane can entirely be laminated onto the chip.

The bubble removal was found to work reliably if performed as described above,
however, sometimes the operator loses control over the contact front at too low tem-
peratures or laminates the heterostructure too quickly, which can result in incomplete
cleaning or even the destruction of the heterostructure. Furthermore, it was found,
that when the constituting 2D materials have defects in their surface (like larger holes
in the Gr), the bubbles tend to get trapped in these and cannot be moved any more.
Likewise, observing, that a bubble does not move at all upon lamination usually is a
strong indication, that the Gr has structural defects at the location of the bubble.

After lamination and subsequent detachment of the PDMS layer, the chips can
be removed from the transfer system. The PC membrane is dissolved in a chloroform
bath for 5 min, followed by further cleaning steps in acetone and IPA for 2 min each
and subsequent blow dry with a nitrogen gun. Afterwards, the heterostructures on
the chips are ready for further characterization via Raman mapping and device pat-
terning. For this work, the hBN/CVD-Gr/hBN heterostructures, that were initially
assembled using PVA/PMMA stamps, were picked up entirely from the exfoliation
substrates by PC membranes and laminated onto chips removing all bubbles not
trapped in holes. The usable Gr areas of high quality within the heterostructures
could therefore be expanded.

6.7 Device Patterning

In order to transfer a heterostructure consisting of multiple 2D-material crystals into
a device, that can be measured in a low temperature transport setup, several pattern-
ing steps have to be performed, including the identification of suitable areas within
the heterostructure, the etching of the heterostructure into a device and finally the
electrical contacting via metal evaporation. These steps will be described in the fol-
lowing.

117



Chapter 6. Fabrication of High Quality CVD Graphene Devices

hBNbubbles

hBN

transfer arm
PDMS
PC stamp

110 °C

110 °C

180 °C

contact front

180 °C

(a)

(b)

(c)

(d)

(e)

Si/SiO2

20 µm

(f)

(g)

(h)

(i) (j) (k) (l)

in contact

suspended
contact front

stack

Figure 6.13: (a)-(e) Schematic illustration of a typical bubble removal process. (a)
An already assembled hBN/Gr/hBN heterostructure with bubbles inside the 2D in-
terfaces is aligned with a PC stamp on a PDMS cushion under the transfer arm and
brought into contact at temperatures inside the usual transfer window. (b) The whole
heterostructure is picked up from the substrate. (c) The temperature is increased to
at least 180 ◦C while the stamp is lowered down slowly again. Eventually it goes into
contact along the contact front. The contact front moves further and further along
the stamp until the stack is slowly laminated onto the substrate at high temperature,
upon which the bubbles are pushed out of the interfaces. (d) In the end, the whole
stamp is in contact with the substrate and backed to it. (e) Subsequently, the trans-
fer arm can be raised, the PDMS detaches and the PC stamp can be dissolved in
chloroform, leaving the cleaned stack behind. (f)-(h) Optical microscope images of
the bubbles removal process in progress. In (f) the contact front has just reached the
stack in the center. The areas where the PC is in full contact appear in light green,
while the areas, where the stamp is still suspended above the substrate appear in
gray. (g) The contact front moved half the way across the stack, taking most of the
bubbles along with it. (h) Full stack laminated into contact. (i)-(l) Optical bright-
and dark field microscope images of a stack before and after a bubble removal process.
All scale bars represent 20 µm.
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Figure 6.14: (a) Optical microscope image of a finished hBN/CVD-Gr/hBN het-
erostructure (scale bar is 5 µm). (b) Raman spectrum recorded at the location
marked by the circle in (a) with a 532 nm laser. (c) Raman map showing the 2D line
width Γ2D of the Gr layer encapsulated in the heterostructure shown in (a) (scale bar
is 5 µm).

Raman Mapping

The first step on the way to a high quality device is recording of a high resolution
Raman spectroscopy map of the heterostructure. A grid of Raman spectra (see
Chapter 2.5) is recorded across the area of the heterostructure, where a measurement
is performed every 500 nm. The characteristics of the spectra like the peak positions
ω and their FWHM Γ can be plotted as a color-coded map. The analysis workflow
usually involves mapping of Γ2D in the range of 15 to 25 cm−1 and the identification
of homogeneous areas of below 20 cm−1. Considering maps of e.g. ΓG, the previously
identified areas are then checked for holes or cracks.

Fig. 6.14(b) shows a representative Raman spectrum of the sandwich shown in
Fig. 6.14(a) recorded with a laser wavelength of λ = 532 nm. The spectra exhibit
the characteristic Raman hBN peak at ωhBN = 1366 cm−1 as well as the Raman G
and 2D peaks of graphene that were discussed in Chapter 2.5 [66, 67, 82, 86]. The
low frequency copper-oxide peaks present in Fig. 6.9(c) have disappeared entirely
and the D-peak remains absent within the entire heterostructure. This highlights
the contamination-free and non-invasive nature of our dry transfer process. A dif-
ference of around 20 cm−1 in the 2D peak position ω2D recorded with the blue and
green laser, respectively, can be explained by the energy-dispersive nature of the 2D
peak [342].

Since the overall Raman intensity yield from the green laser excitation is much
higher than the intensity obtained from the blue laser and to allow a comparison with
previous works, we discuss further examinations with the green laser only. The 2D-
peak exhibits a narrow FWHM of 17 cm−1. This value is comparable to other reported
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high mobility samples obtained from both exfoliated and CVD-Gr [8, 9, 57]. The
positions of the Raman G and 2D peaks around ωG = 1582 cm−1 and ω2D = 2680 cm−1

point to an overall low doping concentration of the Gr [73]. Fig. 6.14(c) shows a
spatial map of Γ2D recorded on the hBN/CVD-Gr/hBN heterostructure shown in
Fig. 6.14(a). Γ2D is lowest at regions where the Gr is fully encapsulated in hBN with
values around 17 cm−1 indicating very small nanometer-scale strain variations over
the entire Gr layer [29, 38]. Areas with the lowest mean Raman 2D line width values
are considered for devices and such an area is indicated by the white doted line in
Fig. 6.14(c).

Device Design, EBL, RIE and Metal Evaporation

The relevant maps together with optical microscope images of the heterostructures
are then imported into a EBL mask editing software and aligned with the grid of
EBL markers, that were pre-patterned on the chips. Subsequently, the final device
geometry and the leads connecting it with the bond pads are designed in different lay-
ers. The process of device patterning and contacting involves standard electron beam
lithography (EBL) with reactive ion etching (RIE) and metal evaporation. Schematic
illustration of the device patterning and contacting process steps together with optical
microscope images of a heterostructure in certain of these steps are shown in Fig. 6.15.
PMMA is spin-coated onto the samples followed by an EBL step and development
(see Appendix A for details). After development, the areas exposed to the electron
beam are not covered by PMMA anymore. For the device shaping, a Hall bar shaped
pattern is written on pre-identified areas of high quality in the heterostructures and
after the development a 25 nm thick layer of Al is evaporated onto sample, followed
by a lift off step. The remaining Hall bar shaped Al on top of the heterostructure
then acts as an etching hard mask in an Ar/SF6 RIE step. Afterwards the Al hard
mask is stripped (AR 300-47), leaving just the patterned heterostructure on the chip.

In order to contact the heterostructures, PMMA is again spin-coated followed by
an EBL step defining small contact leads connecting the pre-structured leads around
the device with the contacts ports at the device itself. After development, these
samples are metalized with 5/95 nm Cr/Au followed by a lift of step. Some of the
devices, fabricated for this work were covered after the initial RIE patterning with
an additional hBN crystal, that was transferred on top using a PC membrane. The
additional layer is used to seal-off and protect the fragile Gr edges at the boundaries of
the heterostructure from contamination present in atmosphere as well as in one of the
measurement systems. In order to contact the device, the contact leads are written
and developed by EBL as described above. Prior to metalization, an additional RIE
step with Ar/CF4 gas is carried out that etches through the protective hBN and
the heterostructure allowing to contact the Gr. All contacts to the Gr inside the
heterostructures are 1D side contacts as first reported by Wang et al. with contact
resistances in the few kΩ regime [57]. After successfully contacting the devices, the
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Figure 6.15: Schematic illustration of the different fabrication process steps required
to pattern and contact Gr heterostructures. (a) Initial hBN/Gr/hBN heterostructure
on the Si/SiO2 substrate. (b) Two PMMA resists with different chain lengths are
spin coated onto the substrate. (c) A mask is written via electron beam lithography.
(d) The resist are developed. Afterwards, the written areas are removed and the
trenches feature undercuts. (e) An Al hardmask is metalized onto the substrate. (f)
In a lift off process, the Al is removed everywhere except for the written areas. (g)
Reactive ion etching (RIE) etches the heterostructure down, where it is not covered by
the hard mask. (h) The remaining Al on top of the heterostructure is removed with a
stripping agent. The patterning of the device is completed. (i) For the contacting of
the device, another resist stack is spin coated onto the substrate, (j) a mask written
via EBL in the edge region of the device, (k) the mask is developed and (l) Cr/Au
is metalized onto the substrate. (m) After a final lift off step, the patterned device
features one dimensional side contacts, leading to macroscopic bond pads. (n)-(p)
Optical microscope images of a heterostructure in various stages of device fabrication.
(n) Heterostructure with Al hard mask on top after lift off (corresponding to (f)).
(o) Patterned device with with contact lithography after development (corresponding
to (k)). (p) Final device with contacts after lift-off (corresponding to (m).

chips can be glued into standard chip carriers using silver lacquer and wire-bonded
using a wedge bonder.
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6.8 Graphite-Gated CVD-Graphene Devices

During the time of this thesis major breakthroughs in the performance of mono- and
bilayer Gr devices could be achieved by using closely spaced graphite crystals under-
neath the bottom hBN as back gate electrodes [39, 40]. On the quest for achieving the
highest possible quality devices, adapting such graphitic bottom gates for CVD-Gr
devices was therefore very appealing. The most simple way to realize such a de-
vice would be to exfoliate a suitable8 graphite flake and pick it up in the last step
of a PC-dry stacking process as described above. However, specially for the CVD-
Gr, this methodology has several short comings. As mentioned before, the CVD-Gr
heterostructures obtained by our dry transfer are not of a homogeneous quality but
sometimes host holes, folds or regions bad quality in between the good ones. All these
adverse areas are usually excluded via Raman mapping and the devices are fabricated
only in the good areas. On a graphite bottom gate, the Raman signal of the Gr is
overlayed by the response of the graphite making it difficult to obtain the same pre-
cision of information on the structural quality. One can only hope that high quality
areas of Gr by chance are located on top of the bottom graphite. Even if that by
chance is the case, it can still happen that the Gr leads connecting the active chan-
nel area to metal contacts are of adverse quality. For this work a series of graphite
gated CVD-Gr heterostructures were fabricated. However, all of them showed adverse
transport behaviour, when subjected to a magnetic field, that indicates the presence
of structural defects and therefore they are not further discussed here.

6.9 Changes in our CVD System

After refurbishing and permanently installing our CVD set-up in the labs, two adverse
changes in the derived Gr crystals on the Cu foils became apparent:

(i) The obtained crystals were very small in diameter, requiring a substantial in-
crease in the CH4 flux from 1.3 sccm to 5 sccm for identical growth times to
yield the same diameters as before.

(ii) The Cu/Gr interfaces of the crystals rarely oxidized by themselves under ambi-
ent conditions anymore. In many cases, even after weeks of storing in air, there
was no sufficient oxidation underneath the Gr to allow successful dry-transfer.

When attempting to identify the causes of such changes, it is important to dis-
tinguish between statistical and systematic variations in the process. In each CVD
process, there are statistically varying parameters that we can neither control nor

8Such a graphite flake should be of an homogeneous thickness without folds or cracks and fur-
thermore should be of an roughly rectangular shape with the shorter side being smaller than the
width of the heterostructure, such that contacts can be fabricated to the Gr without short-cutting
the graphite gate, and the longer side exceeding the length of heterostructure, such that the graphite
itself can be contacted.
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measure, such as the tightness of the Cu enclosures, the distribution of Cu grains in
the foil, and the position of the foil within the reactor along with the heat shields.
These factors can significantly impact the gas flow patterns and local temperatures
of the Cu enclosure (see Chapter 5.3). Since the aforementioned changes manifested
quite suddenly and persisted over many growth cycles, it is unlikely that any of the
statistically varying parameters can be attributed to them, and we must consider
systematic influences.

One possible factor might be the reconstruction of the gas lines from Teflon hoses
connecting the gas bottles inside the lab to the CVD system, to standard metal
capillaries and moving the gas bottles into a cabinet outside the building. The old
hoses might not have been perfectly tight, allowing a finite inflow and mixing of air
with the process gases. As discussed in Chapter 5.2, the presence of oxygen species
leads to an increased decomposition rate of the CH4 molecules, thereby considerably
increasing the growth speed. The reconstruction of the gas lines might have stopped
any air leaks present and thus explain the substantial reduction of the obtained Gr
crystals.

Regarding point (ii), our knowledge from Chapter 5.6 suggests that water-
mediated oxidation of the Cu/Gr interface necessarily requires bunched steps in
the Cu surface with folds in the Gr sheet along them, allowing oxygen species to
percolate into the interface. The absence of interface oxidation, therefore, implies
that step bunching is either reduced, or that the Cu surface facets, and hence the
Cu/Gr interface, exhibit an increased homogeneity, allowing only partial oxidation
along isolated steps/wrinkles. In that sense, it might be that by increasing the homo-
geneity of the whole process through reconstructing the setup, we actually lowered
the output rate of transferable Gr. However, the fact that with our humidifier, we can
forcefully oxidize most interfaces implies that there is likely a bottleneck limiting the
O2 transport into the interfaces under ambient conditions, while we are still far from
achieving the large area single-crystal Gr flakes produced on single-crystal Cu(111)
foils that show no oxidation at all when bunched steps are avoided (see Chapter 5.4).

6.10 Summary

In this chapter, all the required techniques and processes needed to fabricate CVD-Gr
into state-of-the-art heterostructures were presented, including conventional exfolia-
tion of 2D materials, the CVD growth and transfer, as well as stacking and device
patterning. Besides well-established and proven processes, several advancements and
adaptations were developed within this work, such as the acquisition of a blue Raman
laser to study and control the oxidation of the Cu/Gr interface, the adaptation of our
transfer system for the stacking of hBN/CVD-Gr half sandwiches that involved the de-
sign of a new transfer arm, and most importantly, the adaptation of a PC membrane-
based stacking process for all kinds of 2D materials. This process is much easier
to conduct and even allows the mechanical lamination-induced cleaning of material
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interfaces at high temperatures. Using these means, a series of hBN/CVD-Gr/hBN
devices of the highest structural quality were fabricated on silicon chips, ready to be
further characterized in low-temperature magneto-transport measurements. These
measurements will be described in the subsequent chapters.
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Chapter 7

Measurement Systems

The electrical magneto-transport measurements that form the main core of this work
were performed in sophisticated cryostat systems in our labs in Aachen as well as in
the facilities of the High Field Magnetic Lab (HFML-EMFL) in Nijmegen. In this
section, the individual systems and measurement devices will be described briefly.

7.1 VTI System

All pre-characterizations on the CVD-Gr devices were performed in a variable-
temperature-insert (VTI) system within our laboratories in Aachen. A schematic
drawing of the VTI system is shown in Fig. 7.1(a). The VTI consists of an insert
stick, holding the sample and the cryostat around it. The insert is a long metal rod
with a chip socket at its tip, an array of DC measurement lines leading to connector
boxes at the upper end of the stick, and metal heat shieldings. The cryostat itself
consists of multiple concentric chambers and a superconducting magnet coil. The
chambers include a sealing vacuum shield on the outside, a liquid N2 shield reservoir,
a liquid 4He bath reservoir, and the inner chamber. The inner chamber is connected
to a pumping system and a He recovery line. In use, both the N2 and the He reservoirs
have to be refilled regularly. A sample in its chip carrier is pushed into the chip socket
of the insert, which is subsequently slid into the inner chamber of the cryostat and
sealed off. The inner chamber is pumped down, and via a needle valve connecting the
4He bath to it, a small flow of He can be set, which, due to the pumping, evaporates
near the sample. Base temperatures of down to 1.6 K can be stabilized at 7 mbar
of chamber pressure. Higher temperatures can be achieved either by increasing the
chamber pressure or via a resistive heater at the bottom of the chamber. In this
way, temperatures up to room temperature can be stabilized with relative ease in the
system. The magnet allows applying perpendicular magnetic fields of up to 9 T, as
long as the magnet rests in the liquid He bath and hence remains superconductive.
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Figure 7.1: (a) Schematic drawing of the VTI system. The device chip carrier is
placed on the tip of an insert that is mounted inside the inner vacuum chamber
(IVC). The IVC is connected to a liquid He bath via a needle valve and is constantly
pumped on from the top. By adjusting He flow into the IVC and the IVC pressure,
together with a resistive heater, temperatures between 1.6 K and room temperature
can be realized. Thermal insulation is provided by a liquid N2 shield and an isolation
vacuum at the outer shell of the cryostat. A superconducting magnet coil sits inside
the He bath that can apply perpendicular magnetic fields up to 9 T. (b) Overview
picture of the VTI setup without an insert mounted inside the cryostat. (c) One of
the inserts used in the VTI system, with two connector boxes attached to it at the
bottom and the fragile chip socket on its head.

7.2 HFML Systems

After having worked for years with lab-sized cryostats and measurement systems like
the VTI, it was a thrilling experience to measure transport devices twice within the
facilities of the HFML in Nijmegen. It is one of the few places on earth, where high
static1 magnetic fields above 30 T can be created and employed for various disciplines
of fundamental research.

The facility hosts several resistive Bitter electromagnets, which can create fields
of up to 38 T and is currently developing a hybrid magnet system that can reach up
to 45 T. Electromagnets are temporary magnets that are magnetized by the magnetic
field produced by an electric current I through a conductor like a wire. They obtain
their magnetic properties only while the current is flowing, and the strength of the
generated field depends on the current, with its direction determined by the right-
hand rule. When a current-carrying conductor is wound n times around a bore, a
magnetic field of B = µnI is created perpendicular to the bore area, where µ is the
permeability of the bore material. This principle is applied for coils in consumer

1Pulsed magnetic fields can be created, that over pulse lengths of 10 ms exceed 300 T in single
turn (the magnet is destroyed during the pulse) systems and 100 T in multi-shot systems.
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Figure 7.2: (a) Schematic of the high magnetic field installation at the HFML. The
magnet is powered by enormous DC currents of up to 40 kA. The Joule heat created
thereby is dissipated via three (I-III) thermo-coupled water circuits to the outside
atmosphere. Cycle I takes the heat away from the magnets and transfers it to cy-
cle II, where big reservoirs of cold water are used to store it. The heat from the
reservoirs is transferred to cycle III which finally dissipates it to the outside via a
large cooling tower. (b) Optical image of one of the Bitter coil discs used in the
electro-magnets. (c) Overview picture of one of the measurement Cell, consisting of
the magnet standing on the floor, with a big stage round it and a cryostate on top of
it, as well as a pumping rack, liquid gas vessels and the measurement rack. (d) Side
view of the electro-magnet under the stage. The DC power lines are connected from
behind, while huge pipes connect to the sides for the water cooling the magnet. (e)
Close up of the head of the insert used for the measurements performed within this
work. It hosts a mechanical rotator and a chip socket connected with 20 DC lines, in
which a chip carrier can be mounted.
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electronics as well as for the sophisticated electromagnets used in research, where
the conductive material is either superconducting wire (like in our VTI system) or a
Cu-alloy. Superconducting wires have the advantage that the huge currents necessary
to create fields in the 101 T range can be passed without dissipation through them,
and hence can be integrated into lab-scale cryostats. However, due to the critical
fields of the superconducting materials, they are limited in the maximum applicable
fields to around 30 T in state-of-the-art systems. Resistive magnets are limited only
by the Joule-heating power P = I2R, which is dissipated within them. The Bitter
magnets, as adapted for the HFML systems, consist of Cu-alloy sheets stacked up
in a helix with insulating plates in between and a central bore with a diameter of
32 mm. Aligned holes run through both metal and insulator sheets from the bottom
to the top of the helix and are used to pass large amounts of cooling water through
the magnet. An image of such a coil sheet is shown in Fig. 7.2(b). Besides the
electromagnets themselves, the remainder of the HFML technical facility consists of
the huge installation that generates the direct current (up to 40 kA at a voltage of
550 V for up to 22 MW of power) for the magnets from the Dutch power grid and,
at the same time, pumps up to 170 l/s of deionized cooling water under a pressure
difference of 30 bar through the coils and into big reservoirs, finally dissipating the
absorbed heat from the reservoirs through large cooling towers to the air outside [343].
A schematic of the installation around the electromagnets is shown in Fig. 7.2(a).

The operation time of the magnets is limited only by the available amount of cold
cooling water in the reservoirs, which usually suffices to run one of the magnets at
maximum field for roughly three hours. The HFML hosts half a dozen electromagnets
with a stage and small laboratory space around them (called Cells), all connected
to the installation, allowing multiple groups to set up (and perform without field)
measurements in parallel, while only one magnet is actively used at a time. The
usage is regulated between the groups in morning, evening, and night shifts of 6.5 h
of magnet time each and a maintenance slot around lunchtime. The measurement
shifts, together with the limited amount of cooling water per session, force the users
to optimize all measurements for maximum efficiency.

The HFML has a wide variety of measurement systems readily available that can
be plugged onto any of their magnets and probe either optical, mechanical, magnetic,
or electro-transport properties of various samples. In the following, the cryostats used
for this work are briefly described.

7.3 Single Shot 3He Cryostat

For the measurements in Chapter 8 in Cell 2 with the 38 T magnet, where a low base
temperature of 300 mK and no more than 30 K for temperature-activated transport
were required, we chose to use a single-shot 3He cryostat. The sample is mounted in
a leadless chip carrier on the tip of an almost two-meter-long probe stick that hosts
20 DC lines, several heat shields, and a mechanical rotation mechanism. An optical
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image of the probe head can be found in Fig. 7.2(e). After a sample is installed,
the probe is slipped into the cryostat, which is mounted on top of the magnet but
decoupled from it to reduce vibrations at the sample. The cryostat hosts a vacuum
and liquid N2 thermal shield, a liquid He bath, as well as connections to introduce
liquid He into the inner space to adjust the sample temperature. The probe inside
the cryostat reaches down the bore such that the sample is located at the center
of the magnet, where the magnetic field is the strongest and homogeneous. The
measurement rack is connected via a long multi-pole cable and a connector box, and
a pumping system is connected to respective ports at the cryostat. Both liquid He
and N2 have to be refilled regularly once the system is cooled down. In use with
regular 4He, the system temperature can be lowered to around 1.2 K, similar to the
VTI system, by pumping on the injected 4He gas. If one wants to go below these
temperatures, the 4He is pumped out completely from the inner chamber, and a single
shot of 3He is injected and subsequently pumped, allowing to establish temperatures
of down to 300 mK. The 3He and 4He spaces are separated by a vacuum and thermally
connected via a copper cone. For temperatures above 4.2 K, where the 4He is liquid,
a resistive heater is installed on the probe, allowing the system to stabilize up to
30 K. The temperature can be read out via a thermal resistor at low fields or via
the system pressure at larger magnetic fields, as the finite magneto resistance of the
thermal resistors leads to significant errors in the readout then.

7.4 Flow Cryostat

For the measurements presented in Chapter 9 performed in Cell 4, we chose to use
the flow cryostat system. The probe used to mount the sample was identical to the
one used in the single-shot system. While this cryostat also hosts vacuum and liquid
N2 thermal shields, the way it uses Helium to cool the sample is different. Liquid
4He is pumped via a needle valve and a capillarity through a Cu-sinter on the bottom
of the insert, which acts as an evaporator. The temperature of the 4He gas passing
along the sample is stabilized by the gas flow rate and the power dissipated in the
evaporator and the heating works in different ranges. The range from 2 - 4.2 K can
be reached by pumping on the liquid 4He alone, while in the range of 4.2 - 160 K,
the temperature is stabilized by the flow rate of He gas from the bath at liquid He
base temperature. The range between 160 - 320 K can be accessed by flowing He
gas along the sample, where the reservoir is at liquid N2 temperature. Especially in
the transition regimes between the ranges, it can be quite challenging to stabilize a
desired temperature.
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7.5 Measurement Set-Ups

All measurements were performed using a similar set of voltage sources and lock-
in amplifiers, controlled via a measurement software from a computer. As voltage
sources for gating, we used Yokogawa DS200 units, while for applying bias voltages
and measurement of the respective currents and voltage drops across the samples,
a set of Stanford Research 830 lock-in amplifier units were used. In order not to
disturb the fragile effects at low temperatures, a constant bias measurement scheme
was employed in all measurements. Therefore, the output signal of one of the lock-
in amplifiers is transmitted into a home-built IV-converter, which applies the bias
symmetrically with a gain of 1/10000 across the source and drain ports of a device
and at the same time translates the current flowing into the source and out of the
drain port into voltage signals (amplified by an adjustable gain), that can be probed
again by a lock-in. This way, knowing the bias voltage Vbias and drain-source current
I, the 2-terminal resistance and conductance can be calculated as R2T = Vbias/I
and G2T = 1/R2T. The Vxx and Vxy signals are measured directly by additional
lock-ins, and can be calculated into further quantities by the expressions mentioned
in Chapter 3.1. The lock-in frequency is chosen with respect to the capabilities of
the individual measurement system. In the VTI, with its short cable lengths and
absence of mechanical noise, a higher frequency of 213 Hz was applied, as it allowed
faster gate sweeping and therefore a higher data acquisition rate. However, in the
HFML systems, with the considerably longer cable lengths and the overall increased
noise level due to the mechanical oscillations coming from the magnets, the lock-in
frequency had to be reduced to 17 Hz and the gates were swept slower as well. The
thermal resistors, as well as the heaters, were read-out and controlled by Lakeshore
temperature controllers. To test the contacts of a sample in the chip socket of the VTI
insert or an HFML probe, a Keithley 2401 source meter was employed. To control,
program, and catalog the measurements, the Labber Software environment was used
throughout.
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Fractional Quantum Hall
Effect in CVD-grown
Graphene

This chapter has been published in parts in:

Fractional quantum Hall effect in CVD-grown graphene
M. Schmitz, T. Ouaj, Z. Winter, K. Rubi, T. Taniguchi, K. Watanabe, U. Zeitler,
B. Beschoten and C. Stampfer
2D Mater. 7, 041007 (2020) (or: arXiv: 2005.08938)
©2020 IOP Publishing Ltd

Individual contributions:
C.S., M.S. and U.Z. conceived the experiment. M.S. fabricated the sample with
the help of Z.W. and T.O.. M.S. performed the experiments with the help of T.O.
and analyzed the data. K.W. and T.T. synthesized the hBN crystals. All authors
provided input to data analysis, discussed the results and assisted in manuscript
preparation.

8.1 Introduction

We have seen in Chapter 5 that the branch of research dealing with the scalable
production of high-quality MLG for industrial purposes has matured considerably
over the years since the first demonstration of CVD growth of Gr on Cu foils. How-
ever, from the early days of the Gr synthetization on, it was doubted whether the
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so-derived material could match the high-standard of Ex-Gr. The growth process at
high temperatures accompanied by the step-bunching of the Cu and the formation
of wrinkles and folds might have detrimental influence on the intrinsic quality of
the resulting crystal lattice. Moreover, in the subsequent transfer of the Gr onto
arbitrary substrates, there might be contamination and residues stemming from the
metal growth substrate, the transfer carrier material or the etchants and chemicals
involved in the process, all of which might decrease capabilities of the produced
graphene.

Using our dry-transfer process, we could already demonstrate that CVD-Gr is
able to compete with the transport properties of highest-quality exfoliated devices
with average carrier mobilities exceeding 100,000 cm2/(Vs), mean free paths of up
to 28 µm and well-developed integer quantum Hall states at moderate magnetic
fields [8, 9, 326, 344]. These works essentially proved, that the transfer process indeed
has a tremendous effect on the resulting material quality and that by employing only
van-der-Waals forces to facilitate the pick-up a high initial quality is maintained.

Still, the fascinating variety of delicate, interaction-driven phenomena like the
observation of an increasing number of CF states (see Chapter 3.4) [10, 11, 345–347],
achieved by the progress in the device fabrication of Ex-Gr heterostructures, has so
far not been reported in CVD-Gr. The absence of CF-states in the so far measured
LL-spectra might indicate a cut-off in the upper end of achievable intrinsic quality
or of CVD-Gr or of the dry-transfer technique. It is therefore of great importance to
establish whether the already high carrier mobilities observed in CVD-Gr [8, 9, 348]
also translate into sufficiently low residual charge carrier fluctuations, high enough
homogenieties and quantum mobilities allowing for the clear emergence of correlation-
induced states.

In this chapter, measurements on dry-transferred CVD-Gr heterostructures are
presented, that show fractional quantum Hall states comparable to Ex-Gr devices.
The activation gaps extracted from these experiments are in good agreement with re-
ported values for silicon-gate based samples and promise even richer CF-state spectra
when using latest generation of graphitic gating technologies as well as macroscopic
devices promised by a CVD-Gr based technology [39]. We have therefore provided
evidence that CVD-Gr intrinsically equals the quality of its exfoliated counterpart
and that potential quality degradation can mainly attributed to transfer techniques.
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8.2 Low-Temperature Magneto-Transport Measure-
ments

Transport measurements were performed partially in the VTI system in our labs in
Aachen as well as in the single-shot 3He cryostat system at the HFML in Nijmegen
(see Chapter 7 for details on the systems and the measurement techniques). When
cooled down to 4.2 K the device showed a low overall doping (n = 5×109 cm−2, with
the CNP situated close to zero gate voltage, VCNP = −0.8 V) and low residual charge
carrier inhomogeneities of n∗ = 5×109 cm−2, see Figs. 8.1(a) and (b). These findings
are in good agreement with spatially-resolved confocal Raman measurements on the
heterostructure as well as with earlier works on dry-transferred CVD-Gr [8, 9].

Fig. 8.1(c) shows the charge carrier mobility µ as function of charge carrier density
n for two different temperatures extracted using the Drude formula σ = neµ, where
σ is the electrical conductivity. Close to the CNP, the mobility at 4.2 K increases to
values around 350,000 cm2/(Vs) and around 250,000 cm2/(Vs) at 220 K. In agreement
with earlier work [39], we observe a slight discrepancy in quality for the two carrier
types and will therefore only focus on the electron governed regime for the remainder
of this work.

After demonstrating the high electronic quality of the device, we next discuss
magnetotransport measurements with the magnetic field applied perpendicular to
the Gr device. Fig. 8.1(d) shows the Hall conductivity σxy as function of back gate
voltage VBG at a fixed magnetic field of 2.5 T. Even at this low magnetic field, the
onset of degeneracy lifting into integer quantum-Hall states is well visible. This lifting
becomes clearer at higher magnetic fields as shown by the Landau fan diagram in
Fig. 8.1(e), which shows a false-color plot of the differential Hall conductivity dσxy/dν
as function of the filling factor ν and the magnetic field B. The former is given by
ν = (VBG − VCNP)αh/(eB) with VBG being the back gate voltage and h the Planck
constant. The lever arm of the back gate α = 6.34×1010 cm−2V−1 was extracted from
quantum Hall measurements and is in good agreement with the value obtained from
the parallel plate capacitor model (CBG/A; see above). The Hall conductivity displays
well-developed integer quantum Hall plateaus arising from spin- and valley splitting
(see Chapter 3.3) and furthermore reveals clear indications of states at fractional
filling factors p/3 even below 8 T, as highlighted by the dashed lines.

8.3 High Field Measurements

FQHE-states can be attributed with a CF filling factor ν∗ that can be related to the
integer quantum Hall filling factor ν by Eq. (3.26). In order to study these fractional
states in more detail, the device was further characterized at magnetic fields up to
35 T. It should be mentioned at this point that the sample changed slightly after
the first cool-down around the CNP. In particular, in contrast to Fig. 8.1(e), the 1st
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Figure 8.1: (a) Four terminal resistance Rxx as function of back gate voltage VBG

at a temperature of 220 K (red) and 4.2 K (black). (b) The inverse four terminal
resistance 1/Rxx as function of the charge carrier density n. The intercept of two lines
following the regimes of constant slope provides an estimate of the residual charge
carrier fluctuations n∗ = 5× 109 cm−2. (c) Carrier mobility µ as function of charge
carrier density n for |n| > 5 × 1010 cm−2. (d) Hall conductivity σxy as function of
back gate voltage VBG at a perpendicular magnetic field of B = 2.5 T (T = 1.8 K).
The black arrows highlight the integer conductance plateaus due to the lifting of
the fourfold Landau level degeneracy. (e) Landau fan diagram. Differential Hall
conductivity dσxy/dν as function of filling factor ν and magnetic field B recorded at
T = 1.8 K.
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Figure 8.2: (a) Hall conductivity σxy and resistance Rxx as function of magnetic
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visibility.

LL now also becomes clearly visible (see below). Fig. 8.2(a) shows the four terminal
resistance Rxx as well as the Hall conductivity σxy as a function of B (logarithmic
scale) at a fixed back gate voltage of VBG = 3 V and a temperature of 300 mK. First
signatures of the 7/3 state already appear below 3 T and more clearly pronounced
FQHE states start to develop at higher magnetic fields.

Figs. 8.2(b) and 3(c) show the Hall conductivity σxy and the corresponding longi-
tudinal conductivity σxx as a function of filling factor ν at B = 35 T. Well developed
plateaus at all ν = p/3 fractional filling factors are visible. Moreover, we can identify
all 2-flux CF-states (2p = 2) up to ν∗ = 4 ordered symmetrically around half filling
in σxy as well as in σxx. Even more, we denote plateaus at ν =5/7 and 4/5 which
can be identified as 4-flux CF hole states (2p = 4) with ν∗ = 1, 2 centered around
ν = 3/4. We emphasize, that it is certainly interesting to investigate the 4-flux CF
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Figure 8.3: (a) Bulk resistance Rxx,min of the 4/3 state corrected by an offset R0 =
390 Ω (see text) as function of inverse temperature 1/T at a constant magnetic field of
30 T. The dashed line shows a fit of the temperature activated model Rxx,min −R0 =
R exp(−∆ν/2kBT ). The inset illustrates the vanishing bulk resistance dips when
increasing T from 300 mK to 20 K. (b) Extracted activation gaps ∆ as function
of magnetic field for the 2/3 and 4/3 fractional quantum Hall states. Dashed lines
represent linear fits.

states [347, 349] in more detail and to compare them to other semiconductor FQHE
systems [350–355]. Indeed, the perspective to grow macroscopic Gr samples using
CVD does open this avenue.

These results indicate an outstanding material quality considering the fact
that a rather simple Si++/SiO2 gate/gate oxide was used instead of the state-of-
the-art graphitic gating approaches, which allow for precise tuning of the sample
edge [40, 43, 356, 357] or omit the edge completely when using Corbino geometries
or electrostatically defined channels [358–360].

8.4 Activation Gap Measurements

In order to further quantify the robustness of the observed FQH states, we performed
temperature dependent activation gap measurements for the most pronounced frac-
tional filling factors ν = 2/3 and ν = 4/3. A set of back-gate traces was recorded at
constant magnetic fields for a range of temperature steps. An Arrhenius-like temper-
ature activated model is used to fit the data where the minimum of Rxx at a given
filling factor ν is assumed to follow Rν

xx,min = R exp(−∆ν/2kBT )+R0, where kB is the
Boltzmann constant, ∆ν is the activation gap and R0 is a resistance offset. Fig. 8.3(a)
shows a fit of the Rxx minimum minus the offset R0 at 4/3 filling as a function of
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temperature between 300 mK and 20 K at B = 30 T; the corresponding resistance
traces are shown in the inset. The extracted results for ∆2/3/kB and ∆4/3/kB as
function of the magnetic field are shown in Fig. 8.3(b). The activation gaps increase
roughly linearly with magnetic field reaching a value of 29 K and 24 K, respectively,
at B = 35 T. This behaviour is in good quantitative agreement with other studies
on FQHE states in Gr, where values in the range of 30 to 60 K were reported for
∆2/3/kB [39, 359] and 16 K for ∆4/3/kB [11]. Assuming the B-field dependence
being purely given by the CF-Zeeman energy (reduced by LL broadening) following
∆ν = 1

2µBgB + Γν , where µB is the Bohr magneton and g is the Landé g factor,
we can interpret the intercepts Γν as a measure of the disorder-induced LL broad-
ening. In our device we extract Γ values between 6 and 8 K, which is in agreement
with values of around 10 K on Ex-Gr reported in other studies [11, 39, 359]. The
extracted values of the g factor, ranging between 2.7 and 3.4 are roughly a factor 2
smaller compared to values reported in Refs. [39, 359]. Since the g factor is known to
strongly depend on the electron-electron interaction renormalization [361] this value
may crucially depend on the electrostatic environment substantially influenced by
the different gating technologies.

8.5 Summary

In summary, we have demonstrated the presence of fractional quantum Hall states in
CVD-Gr underlining the high electronic quality of this material when assembled into
heterostructures by a dry transfer process. Neither CVD growth on Cu substrates nor
the oxidation of the Cu surface via water intercalation nor the dry transfer process
induce enough disorder to quench the interaction-driven formation of CFs. Even
though using a conventional silicon gate to tune the carrier density, CF states emerge
even at moderate magnetic fields below 3 T. The full spectrum of 2-flux states up to
ν∗= 4 could be identified at B = 35 T as well as several 4-flux states. The results are
unambiguously proving that the high quality of CVD-Gr equals that of mechanically
exfoliated graphene flakes. Therefore, a new generation of large-area ultra high quality
devices might be achieved using scalably grown 2D materials to dry-transfer CVD-Gr
and open the door to a deeper understanding of the interaction effects driving the
emergence of CF states in Gr.
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D1 D4 D7 & D8

(a) (b) (c)

Figure 9.1: Representative images of the different device geometries used for this work.
(a) SEM image of Ex-Gr device D1 on bare SiO2 [185]. (b) Optical image of the
hBN/Ex-Gr/hBN heterostructure Hall bar D4. (c) Optical image of the hBN/CVD-
Gr/hBN heterostructures D7 and D8. The scale bars represent 5 µm, 10 µm and
10 µm.

D.V., V.C. and M.S. fabricated the Gr devices and performed the transport measure-
ments. J.A.D.-N., A.M.-R. and J.S.-S. provided technical assistance in the cleanroom
processing. C.S.A.M. and K.R. provided technical assistance during the high-field
experiments. K.W. and T.T. provided single crystals of hBN. B.B., C.S. and E.D.
supervised the experimental work. D.V., V.C., M.S., and S.P. performed the data
analysis. M.I.K. provided theoretical input for the interpretation of the results. S.P.
wrote the manuscript with input from all the co-authors.

9.1 Introduction

In Chapter 8 we could finally prove that the quality of CVD-Gr matches that of the
exfoliated reference material in all relevant transport properties. This legitimizes the
use of CVD-Gr devices together with others obtained from exfoliation for the system-
atic evaluation of specific transport phenomena in a meta analysis without having
to fear systematic errors arising from the production method of the Gr. Two such
meta-analysis will be presented in this chapter, where high-field magneto-transport
measurements at temperatures ranging from 4 K to 300 K are evaluated for a set
of Gr devices with varying degrees of sample disorder. The aim of the first study is
to investigate the role of disorder in the manifestation and the temperature-induced
breakdown of the QHE at room temperature (RT) and to test the validity of the
microscopic models concerning the temperature dependence that we discussed in
Chapter 4, while the second work investigates the predominant scattering mecha-
nisms in the RTQHE regime.
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Name Stacking order l x w [µm2] µcold [ cm
2

Vs ] µwarm [ cm
2

Vs ] n*cold [ 1
cm2 ] n*warm [ 1

cm2 ]

D1 Gr 1.5 x 0.5 15’000 (4 K) 10’000 (220 K) 1.60×1011 2.00×1011

D2 Gr 1.5 x 0.5 10’000 (4 K) 10’000 (297 K) 1.00×1011 1.20×1011

D3 hBN/Gr/hBN 3 x 1.5 64’000 (4 K) 60’000 (220 K) 4.20×1010 6.96×1010

D4 hBN/Gr/hBN 4.5 x 1.5 65’000 (25 K) 65’000 (220 K) 2.37×1010 5.21×1010

D5 hBN/Gr/hBN 3 x 1.5 - 161’000 (220 K) - 3.70×1010

D6 hBN/CVD-Gr/hBN 4 x 2.3 350’000 (4 K) 240’000 (220 K) 5.00×109 3.17×1010

D7 hBN/CVD-Gr/hBN 5 x 5 >800’000 (4 K) 250’000 (220 K) 2.50×109 4.00×1010

D8 hBN/CVD-Gr/hBN 5 x 5 >800’000 (4 K) 100’000 (220 K) - -

Table 9.1: Overview of the devices considered for this work including the stacking
order, channel length and width (l, w), charge carrier mobilities µ, and residual
charge carrier fluctuations n∗ at low as well as at high temperatures for electrons.

Device Fabrication

We examine an ensemble of electronic transport devices created using various fabrica-
tion processes (see Table 9.1 for details). Two Hall bar-shaped devices (D1 and D2)
were assembled by exfoliating monolayer Gr onto bare Si/SiO2 substrates [185, 362].
Three additional Hall bar-shaped devices (D3 to D5) were constructed using dry
transfer techniques to encapsulate exfoliated Gr between two hBN crystals on Si/SiO2

substrates [51, 363]. Lastly, one Hall bar-shaped device and two square-shaped de-
vices (D6 to D8) were assembled using dry-transferred CVD-Gr, encapsulated in hBN
crystals on Si/SiO2 with an extra step to remove contamination from the hBN/Gr
interfaces as described in Chapter 6. All samples were patterned into devices and con-
tacted using electron beam lithography, reactive ion etching, metal evaporation, and
lift-off processes. For the hBN encapsulated devices, we employed one-dimensional
contacts following [57]. The devices have SiO2 gate oxide thicknesses of 300 nm,
ensuring a similar screening and gating environment with screening lengths around
250-300 nm [364] and gate lever arms of approximately αBG = 7 × 1010 cm2V−1.
Micro-Raman spectroscopy was utilized in D6-D8 as a non-invasive method to spa-
tially map the structural properties of the heterostructures, enabling the selection
of areas with the highest quality for devices [38, 66]. D7 and D8 were shaped into
squares (5x5 µm, see inset in Fig. 9.3(a)) with eight contact leads to allow for a larger
channel width compared to a Hall bar in a roughly quadratic area of high structural
quality.

9.2 The Role of Disorder in the Temperature-Induced
Breakdown of the QHE

In Chapter 4, we provided a detailed recap of the two primary microscopic models
that have been developed since the discovery of the IQHE. The first model is based on
disorder-induced localization of charge carriers, enabling the pinning of EF between
collision-broadened bands and the formation of quasi-ballistic one-dimensional chan-
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Figure 9.2: (a) Longitudinal conductivity σxx as function of charge carrier density n
for multiple devices of the ensemble at a temperature of 220 K on a double-logarithmic
scale. Intersection points of the linear subsections of the curves (horizontal for low
densities and positive sloping for higher densities) yield the amount of residual charge
carrier fluctuation n∗ (marked by vertical lines). (b) Drude mobility µ as function
charge carrier density n for the same devices as in (a).

nels where EF intersects the up-bend LL at the channel edge [137, 172]. The second
model considers the screening effects between charge carriers, resulting in landscapes
of compressible and incompressible regions within a channel, the topography of which
depends on the filling factor [248, 249]. Although the conventional view that disorder
is a necessary prerequisite for the QHE has been challenged at low temperatures by
integer valued Hall plateaus (HPs) still emerging in the highest quality 2DES where
disorder vanishes [365], the role of disorder in the manifestation of the QHE at high
kBT up to room temperature (RT) has yet to be investigated.

From Chapter 2 and 3 we have learned that Gr serves as an ideal candidate for
studying the QHE at elevated temperatures due to its massless carrier system pro-
viding large intrinsic cyclotron gaps of ℏωC ≈ 2300 K at 30 T, along with high and
relatively temperature-independent carrier mobilities up to 106 cm2/(Vs) [57, 185].
The DOS of Gr from LL−2 to LL2 (LLN denotes the N-th LL) at a magnetic field of
10 T is shown in Fig. 9.3(a). Since its discovery in 2004, the QHE has been demon-
strated in Gr at both cryogenic temperatures and RT (RT) [33, 105, 135, 136], and
advanced fabrication techniques have substantially improved the structural quality
and disorder level of Gr devices, enabling the investigation of intricate interaction-
driven phenomena like the FQHE as demonstrated in Chapter 8. Fig. 9.3(b) highlights
the measurable differences in Gr devices with varying disorder levels by showing Rxx

and σxy for device D2 (high disorder) and D7 (low disorder), at a constant magnetic
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and transversal conductivity σxy as function of applied back gate voltage VBG for D2
(purple) and D7 (orange) at 4 K.

field and energy intervals identical to Fig. 9.3(a) (controlled by the back gate voltage
VBG). D2 exhibits overall broader HPs, while D7 reveals additional HPs at all integer
values of e2/h, idicative of an interaction-driven degeneracy lifting [105]. The ability
of various fabrication techniques to significantly alter the disorder level in Gr, coupled
with its intrinsic LL spectrum, establishes it as an ideal vehicle for exploring the role
of disorder in the temperature induced breakdown of the QHE up to RT.

In this study, we present the first coherent experimental investigation of the QHE
at elevated temperatures in relation to sample disorder. Specifically, we showcase
magneto-transport measurements for a set of Gr devices fabricated using different
techniques, resulting in varying degrees of disorder while maintaining similar device
dimensions and screening lengths. We compare the extracted activation energies with
the temperature dependence of the HP widths, serving as separate indicators of LL
broadening and the number of localized states present in the devices.

Our observations reveal a distinct trend of overall wider HPs and increasing break-
down temperatures with increasing disorder levels. Meanwhile, the activation gaps
across all devices remain of a comparable magnitude. Notably, a RTQHE is ex-
clusively observed in the most disordered devices. We discuss our findings within
the frameworks of both the conventional single-particle picture and the screening-
mediated picture. Consequently, we provide the first experimental verification of the
previously unproven assumption that a finite amount of disorder is necessary for the
manifestation of the QHE at RT.

Results

All devices were characterized using low-temperature magneto-transport systems, en-
abling temperature settings between 4 K and 300 K while applying perpendicular
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Figure 9.4: (a) Longitudinal resistance Rxx as a function of back gate voltage VBG for
different temperatures in device D7. Inset: Schematic of the square-shaped device as
well as the measuring scheme. (b) Longitudinal resistance Rxx as a function of back
gate voltage VBG for different temperatures at a fixed magnetic field of B = 20 T.
The inset shows the extracted minimum resistance Rxx,min at filling factor ν = 2 as a
function of inverse temperature T−1. The blue line shows the result of a temperature-
activated fit to these data, yielding an activation energy EA = 1270 K. (c) Hall
conductivity σxy as a function of back gate voltage VBG for different temperatures
T at a magnetic field of B = 20 T. The horizontal extent of the HPs is denoted as
∆σxy. The highest measured temperature at which a HP shows a horizontal extent
is defined as the breakdown temperature TB. All panels use the color coding of the
temperatures shown in (b).

magnetic fields of up to 30 T. Preliminary characterizations at zero and low magnetic
fields were conducted to examine the basic electronic properties of the devices. The
individual groups contributing to this study used different numbers of temperature
steps between 4 K and RT, which is why some of the relevant quantities cannot be
extracted at the same temperatures for all devices.

Fig. 9.4(a) shows the longitudinal resistance Rxx as a function of applied back-gate
voltage VBG for the highest quality device (D7) at different temperatures between 4 K
and RT. We observe a sharp peak in resistance at the charge neutrality point (CNP)
around a back-gate voltage VCNP = 2 V, revealing a low overall residual doping of the
device. The back-gate voltage can be converted into the charge carrier density n using
n = (VBG − VCNP)×αBG, where αBG is the gate lever arm. Very low residual charge
carrier fluctuations n∗ (5× 109 cm−2 at 4 K to 3× 1010 cm−2 at RT) indicate a high
overall homogeneity of the sample and a low level of disorder [8, 9]. At 4 K, we note
that the measured four-terminal voltage switches sign at finite carrier densities and
becomes negative, indicating ballistic transport present in the sample. The carrier
density at the zero crossings, together with the diagonal length of the square (5.6 µm),
provides us with a lower limit for the carrier mobilities of 800,000 cm2/Vs using
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lmfp = (h/2e)µ
√
n/π as the elastic mean free path; h is Planck’s constant and e is the

electron charge [9]. The negative four-terminal voltages remain up until around 100 K,
indicating ballistic transport up until that temperature and a transition to a diffusive
transport regime above it. Even at 220 K, the mobility remains remarkably high
(250,000 cm2/Vs, as deduced from a van-der-Pauw measuring scheme), underlining
the extraordinary high quality of the device [366]. The low- and high-temperature
carrier mobilities for all other Hall bar shaped devices were extracted using the Drude
formula σ = neµ and are summarized, along with the corresponding residual charge
carrier fluctuations n∗, in Table 9.1. The devices D1 and D2 exhibit the lowest
carrier mobilities and largest residual carrier fluctuations, while D3-D6 range in the
intermediate regime and D6-D8 host cutting-edge mobilities and low n∗. As shown in
Fig. 9.4(b)+(c), when subjected to a perpendicular magnetic field, the sample displays
quantization into LLs, visualized by distinctive minima in Rxx in Fig. 9.4(b) and
lateral HPs in the Hall conductivity σxy at integer filling factors in Fig. 9.4(c) [105].
Similar measurements were performed on all considered devices (see Table 9.1 for an
overview).

As the temperature increases, the Rxx minima at integer filling factors ν be-
gin to rise, and the HPs in σxy shrink in width. The temperature dependence of
the minima is well described by an Arrhenius-type activation mechanism Rxx,min =
R0 exp (EA/2kBT ), where EA is the activation energy to the extended states of the
adjacent LLs and kB is the Boltzmann constant, as seen in the inset of Fig. 9.3(b),
in agreement with earlier works [185]. Fig. 9.4(c) shows how the HPs shrink in their
horizontal extend ∆σxy with increasing temperature. In the phase transition from
quantum Hall to conventional Hall transport, the critical temperature TC is used to
characterize the point at which the transition occurs [184]. However, due to the lim-
ited number of temperature points in our experiments, we often find one trace above
and one below TC. Consequently, we denote the highest temperature below TC as
breakdown temperature TB, for our analysis (e.g. 96 K in Fig. 9.4(c)). Above TB
only a slight change in slope of σxy remains in D7 (e.g. at 120 K), or the classical Hall
curve is recovered entirely, in contrast to previous reports of a RTQHE in Gr [136].

In order to better understand the role of disorder level in the formation of RTQHE,
we compare the magneto-transport properties of various devices at large magnetic
fields, as a function of temperature. The results are summarized in Fig. 9.5(a),
where we present the extracted activation energies EA as a function of magnetic
field B. We also include the expected cyclotron gaps for massless Dirac fermions
EG(B) = vF

√
2ℏe|BN |, where vF is the Fermi velocity as a dashed line. The ex-

tracted activation energies, within their error bars, are consistent with one another
and closely match the expected energies, particularly at large B. Fig. 9.5(b) displays
the ν = 2 HP widths ∆σxy at 4 K as a function of B for different devices. While
∆σxy remains roughly constant with B for a specific device, we note substantially
lower overall widths in devices with lower disorder levels. Fig. 9.5(c) showcases TB
as a function of B for various devices. Unfilled symbols indicate that no breakdown
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temperature was found in within the measured temperature range (TB /∈ Tmeas), ei-
ther because the HPs did not vanish at the highest measured temperatures (D1+D2)
or since the HPs already vanished at the lowest measured temperature (D3+D4).
The most disordered devices exhibit RTQHE, while the HPs in high-quality devices
disappear completely well below 200K. Fig. 9.5(d) further highlights this contrast by
comparing the Hall conductivities σxy at the highest measured temperatures at 30 T
for different devices. In D1 and D2, the HP is still clearly pronounced around RT,
while in D3, D4, and D6, there remains only a slight change of slope in the signal
around ν = 2 and a straight line for the devices D7 and D8. Fig. 9.5(e) and (f) display
scatter plots for various devices at B = 20 T, with Fig. 9.5(e) depicting ∆σxy at 4 K
against the corresponding low-temperature values of n∗, and Fig. 9.5(f) illustrating
TB against the corresponding high-temperature values of n∗.

Discussion

Different fabrication techniques and device designs enable the creation of transport
devices with various levels of disorder within the same active material. Although
the dimensions of these devices vary, all fall within the micrometer range, classifying
them as narrow transport channels. With identical 300 nm gate oxide thicknesses
leading to similar screening lengths, disorder remains the sole crucial parameter that
varies between the samples. An investigation of the scattering mechanisms for dif-
ferent disorder levels at elevated temperatures is discussed in a separate work [363].
Investigating the influence of modified screening environments, such as advanced close
graphite gates, gate-defined channels, or substrates with distinct dielectric constants,
is beyond the scope of this work and further experiments are necessary to explore
these aspects [39, 117]. The disorder within the devices arises from various factors,
including substrate-induced electron-hole puddles, wrinkles, fixed contamination at
the interface, and disturbances from the sample edge. Encapsulation in hBN crystals
by employing dry transfer techniques alters the electrostatic environment, flattens the
Gr, relieves strain, and localizes contamination within bubbles [51, 57, 367]. Bubbles
can be either expelled from a heterostructure [341] or circumvented when shaping de-
vices in conjunction with areas of low structural quality, identified through methods
like micro Raman spectroscopy [38, 82].

When ranked by carrier mobilities, D1 and D2 (Gr on bare SiO2) demonstrate the
lowest quality, followed by D3-D5 (hBN/Gr/hBN heterostructures) in the intermedi-
ate range, and D6-D8 (hBN/CVD-Gr/hBN) representing the highest quality devices.
The key findings from the temperature-dependent magneto-transport measurements
are as follows: Although the activation energies were comparable within their er-
rors across all devices and approached the expected cyclotron gaps at the highest
magnetic fields, the HP breakdown temperature decreases with diminishing disorder
levels. Notably, extended HPs at RT were exclusively found in the lowest quality
devices (D1+D2). It is important to note that disorder remains the only crucial pa-
rameter exhibiting significant variation between the devices, as dimensions, substrate,
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√
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as a function of B at T = 4 K for different devices. (c) Breakdown temperature
TB as a function of B for different devices. Unfilled symbols indicate that, in the
measured temperature interval, no HP matches the definition of TB. The gray dashed
line indicates 0.06 · EG(B). (d) σxy as a function of filling factor ν at the highest
measured temperatures and B = 30 T for different devices. The traces are offset
horizontally for clarity. (e) ∆σxy versus the corresponding residual charge carrier
fluctuation level n∗ at 4 K and B = 20 T for different devices. (f) TB as a function
of n∗ extracted close to RT at B = 20 T.

and screening lengths are comparable. Consequently, we can rule out influences such
as charge transfer, observed in epitaxial Gr, which leads to exceptionally broadened
HPs [368].

Next, we will interpret our results within the framework of the two primary micro-
scopic models discussed in Chapter 4 to explain the manifestation of the QHE. In the
conventional single-particle framework, these findings can be attributed to varying
levels of bulk disorder between LLs with similar broadening. Fig. 9.6(a)+(b) display
the DOS for the Gr system, ranging from LL0 across ν = 2 to LL1 in a constant
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All states outside EC are localized (drawn in red). To highlight the effect of different
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Due to the different magnitudes of the localized state background, a fixed step in filling
∆ν away from ν = 2 results in different shifts in the Fermi energy, as indicated by the
red vertical lines. For low disorder, an identical step in filling already moves the Fermi
energy close to EC, and subsequently the resulting HPs are much narrower in width
compared to the high disorder case. The corresponding HPs are shown as an inset in
(b). (c) Schematic of the edge reconstruction resulting in alternating compressible
(blue) and incompressible (gray) strips in the screening-mediated picture of the QHE,
together with the corresponding energy and charge carrier density cross-sections ϵ(y)
and n(y). (d) HPs as a function of ν at 4 K and B = 30 T for a set of devices,
together with schematic illustrations of the classical, edge, bulk, and LRPF-stabilized
regimes.

magnetic field of 30 T. We assume a Gaussian shape for the LLs and account for
differences in disorder by a varying magnitude of the localized state background
(large in (a) and small in (b)), independent of the LL broadening. The LL centers are
occupied by extended states, which are limited in energy by the mobility edge EC on
both sides of the peak (dark blue color). Outside of EC, localized states (red color)
populate the region. LL0 exhibits minimal broadening, as it is protected against
disorder by the Atiyah-Singer index theorem, first demonstrated in Gr by Giesbers
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et al. [185]. This is consistent with our data, as the extracted activation energies EA

across all devices in Fig. 9.4(a) are similar within the error margins and independent
of their respective bulk disorder levels due to the negligible broadening (for LL1, we
plot a broadening of Γ = 400 K, in line with [185]). In a system with a high density
of available disorder-induced localized states, a fixed change in the filling ν = 2+∆ν
(e.g., by a constant fixed amount of back gate voltage) leads to only a small shift
of the Fermi energy EF (as highlighted by the vertical black and red dashed lines in
Fig. 9.6(a)). Several such steps can be made before EF reaches EC of the adjacent
LL, which causes the breakdown of the Hall conductivity quantization (see inset
in Fig. 9.6(b)). On the other hand, in a low-disorder device, the same change in
filling ∆ν shifts EF considerably closer to EC, reaching it within another step as
shown in Fig. 9.6(b). As a result, this leads to a much narrower HP compared to the
high-disorder case. This model effectively explains the individual low-temperature
HP widths depicted in Fig. 9.4(b) and (e).

As the system temperature increases, the occupation function F (E) broad-
ens around the Fermi energy EF, as depicted for three different temperatures in
Fig. 9.6(a). The Hall conductivity quantization at elevated temperatures can persist
only if the occupation does not reach the mobility edge EC, and a finite HP width will
be maintained if a sufficient number of unoccupied localized states remain between
EF and the adjacent LL’s mobility edge. Within this framework, we deduce that with
decreasing bulk disorder levels, we can expect a lower breakdown temperature TB
for the HPs, which is well-represented in the data shown in Fig. 9.4(c) and (f). Fur-
thermore, we conclude that the higher-quality devices in our study lack an adequate
number of available localized states within the cyclotron gap to enable the formation
of a HP at RT, while the highly disordered devices D1 and D2 still exhibit the effect,
as illustrated in Fig. 9.4(d).

The other microscopic picture of the QHE focuses on screening and interactions,
where the key factor is the gradual change in carrier density towards the sample edges
in narrow channels, rather than disorder-induced localization. The screening concept
in the context of Gr has been explored in various studies, including scanning probe
measurements on Gr/SiO2 [174], research on Gr edge reconstruction [252], charge ac-
cumulation at the edges [178], edge-to-bulk correspondence [364], and more recently in
relation to non-topological currents and interaction mechanisms in the ground state of
LL0 [250, 251]. It is important to interpret our findings within this framework as well.

In the screening model, the LLs don’t merely bend upwards near the boundary
edge to form quasi-ballistic channels at each LL’s intersection with EF. Instead,
interactions and screening reconstruct the edge potential into a series of plateaus,
producing a pattern akin to a wedding cake, as depicted in Fig. 9.6(c) [249]. Upon
partial filling of a LL, a conductive compressible strip (CS) of constant energy
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forms, bordered by insulating incompressible strips (IS) of constant charge carrier
density, which bend up in energy towards the channel edges. The presence of IS
enables the Hall potential to drop across a transport channel by effectively isolating
the opposing compressible edges from the bulk and driving a Hall current within
the IS, which results in the measurable QHE transport characteristics. The QHE
dynamics are then dictated by the positions, y, and the widths, w, of the ISs,
which can be calculated either analytically for simple geometries or by sophisticated
self-consistent models, which also take the effects of temperature and disorder into
account [221, 237, 248]. A key conclusion from both computations and experiments
is that the screening-induced (in)compressible landscape is dynamic as the system
is tuned through a HP, undergoing dynamic transitions between various regimes, as
shown in Fig. 9.6(d) [237, 242, 249]. When approaching a HP from the high filling
factor side, narrow IS form at the channel edges, while the bulk remains compressible.
As ν reduces further, the IS at the edges widen and migrate closer to the channel
center until they merge, creating a wide incompressible region in the bulk center
around integer global filling. Further reduction in ν below inter filling ultimately
disrupts the QHE, turning the channel fully compressible and resulting in classical
Hall transport behavior [249]. When the width of an incompressible strip falls below
the spatial extent of the electron wave functions and the average distance between
carriers (given by the magnetic length lB and the Fermi wave vector λF), electrons
can tunnel through the incompressible strip. This results in the current diffusing
across the entire Hall bar, thus restoring the classical Hall effect [248]. The effect
of increasing temperature on the formation of (in)compressible regions manifests in
a shrinking of the IS-widths and thereby resulting in decreasing HP widths until
both IS and HPs vanish entirely [226]. The disorder potential plays an ambivalent
role in the dynamics of HPs as it can be split into short-range potential fluctuations
(SRPFs) and long-range potential fluctuations (LRPFs) [237]. While SRPFs tend to
induce a reduction in the HP width due to collision-broadening the LLs, LRPFs serve
to stabilize and extend their widths to filling factors lower than integer values. This
extension due to the LRPFs is realized as different regions of a transport channel
reach local integer filling only when the global filling is already below integer value,
and thus prolonging the duration of quantized transport [237].

Upon revisiting our devices, we note that the similar activation energies portrayed
in Fig. 9.5(a) imply a uniform presence of SRPFs across all devices. As a result, any
variations detected in the magneto-transport dynamics can be ascribed to differing
magnitudes of LRPFs and we further note, that n∗ should function as a valuable
gauge of LRPFs [38]. Hence, we can interpret Fig. 9.5(b) and (e) as testament to the
HP width-extending effect of LRPFs on the bulk-regime side, a phenomenon further
underlined by the finite extend beneath integer filling of the HPs shown in Fig. 9.6(d).
Devices with stronger LRPFs are predicted to host both wider IS and HPs at reduced
temperatures, but also to sustain these up comparatively higher temperatures. This
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prediction is in good agreement with our extractions of TB in Fig. 9.5(c) and (f) and
underlined further by solely devices D1 and D2 exhibiting a RTQHE in Fig. 9.5(d).

A key distinction between the conventional and the screening picture of the QHE
is that the latter permits the formation of narrow HPs even in the complete absence
of disorder [249]. Therefore, we deem it worthwhile to explore whether in our highest-
performing devices, the QHE is driven by disorder at all. As evident from Fig. 9.6(d),
the HP of our highest-quality device, D7, is significantly narrower compared to D1
and D2. Moreover, the authors in Ref. [226] calculate that in a disorder-free system,
the IS at the channel edge reach a critical temperature of ≈ 0.06 ·EG, beyond which
they lose their insulating properties, resulting in a HP breakdown. This temperature
is illustrated as a gray dashed line in Fig. 9.5(c), and we can observe that TB of
D7 aligns well with this threshold. On the other hand, Fig. 9.6(d) reveals that all
HPs extend below integer filling, indicating stabilization by LRPF. Additionally, we
performed self-consistent calculations for disorder-free Gr resulting in ∆σxy = 0.011
which is approximately an order of magnitude smaller than those of D7. Therefore,
we conclude that at least within our device ensemble, the QHE is driven by localiza-
tion or, likewise, LRPFs.

Conclusion

In conclusion, we present temperature-dependent magneto-transport measurements
for an ensemble of Gr devices, each fabricated using different techniques resulting
in varying levels of disorder. In the absence of a magnetic field, these variations
manifest as different carrier mobilities and residual charge carrier fluctuations. At high
magnetic fields, we observe a clear correlation between increased HP widths and their
temperature-induced breakdown, and higher levels of disorder. Notably, the RTQHE
is only observed in the most disordered devices. Our results can be interpreted by both
the conventional single-particle framework, which assumes backgrounds of disorder-
induced localized states of varying magnitudes, as well as by the screening model,
which explains our findings by varying levels of LRPFs. Finally, we can confirm
the hitherto unproven assumption that disorder is a necessary component for the
manifestation of the QHE at elevated temperatures up to RT.

9.3 Role of Electron-Phonon Mediated Scattering
in the QHE at RT

In Gr, the large LL separation allows at RT the coexistence of the QHE together with
a non-negligible population of acoustic phonons with a wave-vector commensurate to
1/lB. In the following, we will demonstrate that Gr encapsulated in hBN realizes a
novel transport regime, where dissipation in the QH phase is governed predominantly
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by electron-phonon scattering. After investigating the HP dynamics in the previous
section, we will now focus on the thermally activated transport at filling ν = 2 up
to RT of the same device ensemble, showing that the high magnetic field behaviour
correlates with the zero field charge carrier mobility. By these means, we extend
the well-accepted notion of phonon-limited resistivity in ultra-clean Gr to a hitherto
unexplored high-field realm.

Introduction

The use of hBN as atomically-flat encapsulating dielectric, as we already saw above,
permits a drastic reduction of extrinsic disorder in Gr devices [367], leading to zero-
field transport regimes dominated by either electron-electron [369], electron-hole [370]
or electron-phonon (e-ph) interaction [57], which manifest over different carrier den-
sity and temperature ranges. Towards RT the scattering of electrons with acoustic
phonons was theoretically identified as the main intrinsic contribution to the electrical
resistivity in Gr [371–373], implying a charge carrier mobility exceeding 105 cm2/(Vs)
at low charge carrier concentration (n < 1012 cm−2). While such figures could
already be inferred from early data on disordered Gr on bare SiO2 surfaces (µ ≈
105 cm2/(Vs)) [374, 375], at present, the reach of the zero-field acoustic-phonon limit
is firmly established as a generic property of high-quality Gr devices [57], also when
encapsulated in hBN crystals from different sources [60] or engineered to high doping
levels (n > 1013 cm−2) [376]. Notable exceptions to the cleanness-implies-high-RT-
mobility scenario are suspended Gr samples, where flexural phonons dramatically
contribute to carrier scattering leading to a T 2 behaviour of the resistivity [377], and
rotationally faulted Gr bilayers close to magic-angle, showing strong phonon-driven
T -linear resistivity [378]. The difference between freely suspended Gr and Gr encap-
sulated in hBN is due to the fact that in the latter case van-der-Waals interaction
between Gr and substrate makes flexural phonons harder, suppressing an intrinsic
ripping stability [12]. This work adresses the fundamental question whether the e-ph
mechnaism in clean Gr could also govern the electrical transport in the QH regime
CITE at temperatures close to RT. Previous literature on RTQHE in Gr on exclusively
SiO2-supported devices precluded such investigations [105, 136, 185].

Results

The interplay of the LL spacing EG and the thermal energy kBT governs the basic
phenomenology of the electrical transport in the QHE regime. When kBT << EG

the localized bulk together with the quasi-ballistic edge channels, or likewise the
incompressible strips isolating the compressible edge region (see Chapter 4) lead to
zero longitudinal resistivity ρxx (see Fig. 9.7(a), upper panel). As the temperature
increases and kBT ≈ EG, thermal excitation of extended bulk states or likewise of
carriers across incompressible strips exponentially restores bulk conduction and car-
rier scattering (Fig. 9.7(a), lower panel), resulting in a finite value of the longitudinal
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resistivity minimum at integer filling according to ρxx = ρ0 exp(
−EG

2kBT ) (or Eq. (4.12)
for R). The pre-factor to the the exponential term ρ0, which is often not consid-
ered explicitly, determines the magnitude of the temperature activated resistivity
(shaded yellow area Fig. 9.7, lower) and contains information regarding the disorder
potential [379, 380]. In perpendicular magnetic fields, e-ph scattering requires lattice
vibrations with a wave-vector in the order of the inverse magnetic length [381], which
defines a third energy scale relevant to our problem Eph = ℏvs/lB, where vs is the
sound velocity in the material. In conventional 2DES, the small EG leads to a com-
plete suppression of the QHE within a few K [137], where the Eph-controlled phonon
population can be considered negligible. The necessary condition kBT >> Eph, as
sketched in Fig. 9.7(b), is instead fulfilled by Gr in RTQHE regime. Under this cir-
cumstance, the temperature activated resistivity (shaded dark cyan area in Fig. 9.7)
should directly relate to e-ph scattering [381]. Fig. 9.7(c) shows a representative
measurement of the RTQHE, acquired at B = 30 T in an hBN/Gr/hBN back-gated
Hall bar (D4). The Hall conductivity presents weak slope changes around filling
factors ν = ±2, while the shelves-like features at low charge carrier concentration
originate from the onset of electron-hole in LL0 [382]. The resistivity exhibits two
sizeable minima in addition to the pronounced maximum at the CNP (Fig. 9.7, inset),
indicative of temperature activated QH states. In the following, we will focus on the
magnitude of ρxx in RTQHE regime and identify the underlying mechanism.

Fig. 9.8 shows the main transport characteristics of the devices measured at
zero magnetic field and at elevated temperatures. Fig. 9.8(a) shows the RT charge
carrier mobility of three encapsulated devices, calculated using Eq. (2.25), as func-
tion of n. All the mobility curves are well above the typical values for Gr devices
on bare SiO2 substrates (gray shaded area) over the whole n range. Importantly,
sample D5 shows a µ(n) dependence comparable to the data of [57] (dash-dotted
line), demonstrating the standard fingerprint of phonon-limited RT mobility in zero
magnetic field [60, 376]. Note that, although Wang et al. employed a 15 µm-wide
van-der-Pauw device, e-ph scattering imposes a ≈ 1 µm upper bound to the electronic
mean free path at B = 0 and RT [57]. Therefore, the zero-field e-ph limit can also be
realized using narrow Hall bars, provided that their channel widths exceed one micron
(this condition is fulfilled in all devices considered here, see Table 9.1). The overall
high quality of the samples is also supported by the observation of the FQHE at low
temperatures (see e.g. Chapter 8 for D6). In Fig. 9.8(b) we explore the correlation
between the carrier mobility µ and the residual charge carrier fluctuations n∗. We
consider data T = 220 K, where clear thermal activation is observed in the RTQHE
regime. The residual disorder, which is indicated by n∗, which, in our devices remains
well below the typical observations for Gr on SiO2. In addition, as for Refs. [29, 383],
the linear 1/µ(n∗) dependence (see shaded area in Fig. 9.8(b)) indicates scattering
from long-range potentials, attributed to random strain variations generic to Gr on
substrates [38]. We can therefore conclude, that our device ensemble (i) spans a
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(a)

(b)

(c)

D4

Figure 9.7: (a) Schematics of temperature-dependent transport in conventional quan-
tum Hall systems, such as 2DESs in semiconductors. At low T (relative to the LL
separation, upper part), the electrical current is carried by chiral edge states, lead-
ing to zero longitudinal resistance. At higher T (lower part), thermally-excited bulk
states give a finite resistivity due to disorder scattering (yellow shading), with negligi-
ble contribution from lattice vibrations. (b) At RT, Gr supports both the QHE (due
to large inter-LL spacing) and predominant e-ph scattering in high-mobility samples,
enabling the realization of a different transport regime, with phonon-mediated dissi-
pation at high magnetic fields (dark cyan shading). (c) ρxx (black) and σxy (red) as
a function of the back-gate voltage (corrected by a 5.2 V offset from the CNP), mea-
sured in hBN-encapsulated sample D4 at B = 30 T and T = 295 K. Inset: zoom-in
of ρxx in the vicinity of filling factor ν = 2 (the dark cyan shading indicates the finite
value of the resistivity minimum).

low-disorder range unexplored in previous RTQHE experiments, and (ii) present a
well-defined disorder type, with increasing impact along the D6 to D3 sequence.

Next, the sample temperature is used as an experimental knob to control the
excitation of both phonons and bulk-extended electronic states (or likewise states
in IS) in strong magnetic fields. In Fig. 9.9(a) we sketch the effect of increasing T
on the DOS in Gr at B = 30 T. Towards RT, the broadening of the Fermi-Dirac
distribution around the Fermi energy EF ensures excited charge carriers from both
LL0 and LL1 across EG (or likewise the shrinking in width of the IS). Accordingly,
the local resistivity minimum at ν = 2 leaves zero and increases continually, as shown
in Fig. 9.9(b). Fig. 9.9(c) shows a complete picture of the temperature dependence
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(a) (b)

D4
D3

D5

D1

D4
D3

D5
D6

D4
D3

D5
D6

Figure 9.8: (a) RT carrier mobility (calculated according to the Drude model) as
a function of the carrier concentration, for three hBN-encapsulated devices. The
reference dash-dotted line are data from Ref. [57], indicating a carrier mobility lim-
ited by electron-acoustic phonon scattering. The grey-shaded area shows the typical
mobility for SiO2-supported Gr devices, 1 − 2 × 104 cm2/(Vs). (b) Inverse of the
high-temperature (220 K) field-effect mobility as a function of charge inhomogeneity
n∗, for hBN/Gr/hBN devices D3-6. The shaded area covers a linear fit to the data, as
in Ref. [29], ± one standard error on the best-fit intercept and slope. Inset: Log-Log
plot of the longitudinal conductivity of sample D3 as a function of the carrier density,
exemplifying the extraction of n∗ (black arrow).

of ρxx for the devices D3-D5, at selected magnetic fields. In addition to our data, we
show reference points from D1 (black diamonds, Gr on SiO2), and two theoretical
calculations defining different dissipation limits (continuous lines). In both cases we
take an activation energy equal to EG/2, as this was shown to be accurate for high
magnetic fields (see Fig. 9.9 and [185]) and should hold true for clean Gr with reduced
LL-broadening. The upper line (yellow) assumes the universal conductivity pre-factor
due to long-range disorder (2e2/h) [380], multiplied by a factor 4 taking the LL de-
generacy of Gr into account (see Chapter 3.3). The lower line (dark cyan) is based
on the work by Alexeev et al. [381], who calculated the conductivty mediated by two-
phonon scattering for Gr in the RTQHE regime. The relevant e-ph process conserves
the LL number, but modifies the in-plane electronic momentum. We note that this
phenomenology is fundamentally different from that of magneto-phonon oscillations,
recently discovered in extra-wide Gr devices [384], which rely on resonant inter-LL
scattering at T < 200 K. Here, two-phonon scattering within each LL contributes
with a conductivity pre-factor σ0 = σN(T/300 K)(B/10 T)1/2, which depends both

155



Chapter 9. Room Temperature Quantum Hall Effect in Graphene

(a)

(b)

(c)

D4
D3

D5
D6

D1

Figure 9.9: (a) DOS of Gr as a function of energy, at B = 30T (with a realistic value
of LL broadening of 15 K). On top of the DOS we show the Fermi-Dirac distribution,
with EF positioned in the middle of LL0 and LL1, at two different temperatures,
representative of the experimental range considered. (b) Temperature-activated lon-
gitudinal resistivity in the vicinity of ν = 2, measured in sample D3. (c) Minimum
of ρxx at ν = 2 as a function of temperature, for the hBN-encapsulated devices. The
yellow and dark cyan continuous line are theoretical calculations based on Ref. [380]
and Ref. [381], respectively (the shading covers resistivity values within the two the-
oretical calculations). The magnetic field is 30 T (25 T) in the main panel (inset).

on temperature and magnetic field (in contrast to the constant pre-factor commonly
assumed in QHE studies). In the ν = 2 state, the predominant contribution to the σN
terms comes from the LL0 (0.65 e2/h, one order of magnitude larger with respect to
N = 1, 0.06 e2/h) [381]. Strikingly, the resulting activated behaviour, not including
any free parameter, is well approximated by our devices, while the reference data
from Gr on bare SiO2 follow the long-range disorder limit. The qualitative agreement
between theoretical calculations and experimental data, together with the contrasting
behavior with respect to previous reports [185], indicate that Gr/hBN heterostruc-
tures support an e-ph-dominated transport in the RTQHE regime. Arrhenius-type
fits to the conductivity [385], confirm the contrasting magnitude of the pre-factor for
the two generations of the Gr devices, as well as the correctness of the assumed gaps
(see Fig. 9.9).

Despite the presence of long-range potentials (Fig. 9.9(b)), our data clearly in-
dicate that the e-ph pre-factor does not simply add up to the standard long-range
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disorder term. To elucidate this point, we quantitatively analyze the the deviation
from the phonon-mediated limit in the different devices. We proceed by fitting the
data from D3-D5 (only two high T curves are acquired for D6 due to experimental
limitations) with a generalized relation (Fig. 9.10, inset), which adds to the theoretical
e-ph dependence from Ref. [381] an activation part with a constant pre-factor (ρD).
This term is intended to account for the effect of residual disorder, and it is the only
free parameter in the fits. In Fig. 9.10 we plot the extracted ρD for the three samples
at different magnetic fields, as function of the n∗ parameter (averaged between the
electron and hole side). The linear ρD(n

∗) behaviour observed here (shaded area in
Fig. 9.10) indicates that the random strain variations inducing the CNP broadening
are also responsible for ρxx exceeding the e-ph limit in the RTQHE. Notably, the only
device to display an exact e-ph-type dependence (D5, ρD ≈ 0), is also the one to show
a Drude mobility comparable to the zero-field e-ph limit [57]. Taking into account the
sample-dependent correction due to residual disorder, we proceed with a quantitative
investigation of the field and temperature dependence of the conductivity pre-factor
in the samples, revealing the expected B1/2 behaviour of the e-ph term (see the SI
of [363]). However, we note that the simplified pre-factor proposed in Ref. [381] is
the result of several approximations and, more importantly, it neglects the effect of
disorder. To better understand the interplay between the different scattering mecha-
nisms underlying the activated resistivity, in the SI of [363], we also discuss additional
data at lower temperature (down to 50 K) and magnetic field (down to 1 T). We find
that ρD drastically increases toward low T , with the activated resistivity exceeding
the e-ph limit by more than one order of magnitude in a clean sample. However, as
the temperature and magnetic field are increased, ρD progressively drops (i.e., the
activated resistivity tends toward the e-ph limit), suggesting a temperature-driven
crossover between regimes dominated by either disorder or e-ph interaction (the latter
being realized only close to RT). White it is not surprising that the e-ph limit works
as a lower bound to the activated resistivity of real samples, the non-universality
(i.e. the sample and temperature dependence) of the disorder contribution deserves
particular attention in future theoretical treatments of the RTQHE in Gr.

The physics of Gr is essentially determined by its deviations from flatness (ripples),
due to either thermal fluctuations associated to flexural phonons for freely suspended
samples or to roughness of substrate like for Gr on SiO2[12]. In both cases, ripples
induce inhomogeneity of the electron density creating electron and hole puddles in
the vicinity of the CNP [386, 387]. In particular, for the case of Gr on SiO2 the
amplitude of induced inhomogeneity of the charge carrier density is estimated as
3 × 1011 cm−2 [387], in agreement with the above cited experimental values for n∗.
This makes the system strongly disordered, and any intrinsic scattering mechanisms
become irrelevant. Oppositely, the hBN substrate is atomically flat and at the same
time suppresses intrinsic ripples which increase the RT carrier mobility by an order of
magnitude and makes intrinsic scattering mechanisms dominant [12]. Indeed, exper-
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Figure 9.10: Correlation between the temperature independent pre-factor to the ac-
tivated resistivity and n∗ (220 K) for devices D3-5. The shaded area is defined as
in Fig. 9.8(b). The error bars correspond to ± one standard error from the fits
shown in the inset. Inset: fit to the minimum resistivity as a function of temperature
(continuous lines), using the generalized formula including both e-ph and disorder
contributions, at B = 25 T.

imentally measured n∗ for our samples is an order of magnitude smaller than what
is supposed to be induced by ripples at RT. This results in an essentially different
picture of QHE physics at high enough temperatures.

Conclusion

In conclusion, we presented experimental evidence of predominant e-ph scattering in
the QH regime. This is realized by uniquely combining strong magnetic fields, high
temperatures and hBN-encapsulation of Gr. Although the RTQHE in Gr has long
been known, we showed that mitigation of disorder via van-der-Waals engineering
provides novel insights on the transport mechanisms in this phenomenon.

9.4 Summary

In this chapter, our encapsulated CVD-Gr devices were used as top-notch references
in an ensemble of transport devices fabricated by different techniques resulting in
varying degrees of disorder. Measuring the device ensemble at varying temperatures
in high magnetic fields up to 30 T allowed us to investigate in two different works
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the manifestation and temperature-induced breakdown of the RTQHE as well the
predominant scattering mechanisms in this regime. The interpretation of the findings
of these studies allowed us to apply all the insights into the microscopic pictures of
the QHE gained in Chapter 4. The long-range part of the disorder potential proved
to be an essential ingredient in both topics. We provided conclusive experimental
evidence for the first time, that LRPFs facilitate the stabilization of the HP resulting
in the perseverance of the QHE up until RT in the most disordered devices on bare
SiO2, while the effect vanished already at few percent of the cyclotron gap in high-
quality encapsulated heterostructures. Furthermore, we could show, that decreasing
the LRPF level shifts the predominant scattering mechanism in the RTQHE regime
from extrinsic (disorder mediated) to intrinsic (electron-phonon mediated). Future
studies analogue to the ones presented in this chapter, but with devices employing
different screening lengths, might provide extremely interesting further insights for
the conditions and influences of the Gr edge on the manifestation and temperature-
induced breakdown of the QHE and moreover take the devices closer to the disorder-
free limit. These experimental efforts should go hand in hand with detailed self-
consistent modelings of the investigated systems.
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Chapter 10

Summary and Outlook

10.1 Summary

In 2009, CVD-Gr emerged as the most promising candidate for scalable industrial
applications of the material. However, due to the wet transfer methods commonly
employed to prepare CVD-Gr on arbitrary substrates after growth, the quality of Gr
decreases, leading to devices with much poorer electrical performance in transport
measurements. Lacking non-invasive transfer methods for comparison, researchers
were led to believe that the intrinsic quality of CVD-Gr was inferior to Ex-Gr.

In 2015, we demonstrated that the intrinsic quality of CVD-Gr must be consid-
erably higher than expected when a dry transfer method, relying only on van der
Waals forces, is used to directly fabricate the as-grown material into hBN/Gr/hBN
heterostructures. Dry-transferred CVD-Gr devices were shown to achieve on average
very high carrier mobilities, well comparable to state-of-the-art exfoliated reference
devices. However, the question remained whether this comparability of basic trans-
port properties also implied that the intrinsic qualities were truly equal.

These considerations mark the starting point of this thesis, which aimed primarily
to provide evidence for the equality of CVD-Gr and Ex-Gr. To this end, the LPCVD
process as well as the dry-transfer and the 2D fabrication process were optimized to
obtain heterostructures of the highest structural quality. Methods were introduced
to monitor and forcibly control the oxidation of the Cu/Gr interface for reliable dry
pickup, including blue Raman spectroscopy on the Cu foil using a blue laser and
a humidifier setup. To allow a deeper understanding of our CVD process, the dry
transfer, and their perspectives for the future, a detailed review of the state of the
art of the CVD-Gr research field was presented in a separate chapter of this thesis.
Several adaptations and enhancements were made to our 2D material transfer system
to enable highly precise heterostructure assembly and removal of contamination-
containing bubbles from the heterostructure interfaces afterward. As a result, a new
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transfer arm was designed, allowing the transfer system to be used for sandwiching
CVD-Gr half-stacks and introducing PC membranes to stack heterostructures from
scratch or pick up already assembled ones to remove bubbles from their interfaces.
As a result of these enhancements, several hBN/CVD-Gr/hBN heterostructures of
the highest structural quality were built on top of SiO2 substrates and processed into
transport devices. After pre-characterizations in our facilities, these devices were
measured in a high magnetic field laboratory, where signatures of the FQHE were
visible at magnetic fields below 3 T, and at 35 T, fractional states with an effective
CF filling factor ν∗ = 4 could be clearly resolved along with higher-order (4-flux)
states. Activation gap measurements revealed that the p/3 states had gaps of up
to 30 K, comparable to those in the best Ex-Gr heterostructure devices on SiO2

substrates. We thus provided evidence for the first time that the quantum mobility
in our CVD-Gr samples matches that of exfoliated material and, therefore, that the
intrinsic quality of both is equal.

Achieving this fundamental goal enables us to use our CVD-Gr devices in an
ensemble of other Gr devices based on Ex-Gr, fabricated by different techniques and
device geometries that result in varying degrees of sample disorder level. Temperature-
dependent high magnetic field measurements were carried out on all these devices,
allowing us to compare the dynamics of several interesting Gr transport properties
in the QHE regime with respect to the disorder level. In the first study, the manifes-
tation dynamics of the RTQHE in relation to the disorder level was investigated by
evaluating the Hall plateau widths at filling factor ν = 2 as a function of tempera-
ture. Although the extracted activation gaps were comparable in all devices at various
magnetic fields, the plateaus at base temperature shrank in width with increasing
device mobility, as did the breakdown temperature at which the plateaus vanished.
A pronounced RTQHE was only observed in the lowest quality devices fabricated on
bare SiO2 surfaces, while the plateaus disappeared well below 150 K in the highest
quality devices at 30 T. The observed dynamics confirm for the first time that the
long-range part of the disorder potential (which is strongest in our lowest mobility
devices) leads to a stabilization of the Hall plateaus at room temperature, which
can be understood as an increased density of localized states in the conventional
microscopic picture of the QHE or as an extension of incompressible regions above
integer filling located in the channel bulk in the screening picture frame of the effect.
To elucidate the often-neglected role of the microscopic pictures of the QHE, the
most important aspects of the conventional single-particle picture and the interaction
and screening-mediated picture are reviewed in detail in Chapter 4 of this thesis.

In a second study, the predominant scattering mechanism in Gr channels in the
RTQHE regime in relation to the disorder level was investigated for the first time.
Evaluating the resistivity minima at filling factor ν = 2 and introducing a non-
constant pre-factor in the Arrhenius formula allowed us to locate the devices between
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a purely disorder-mediated and an intrinsic, electron-phonon scattering-mediated
regime. The strongly disordered devices on bare SiO2 matched the expected dy-
namics for disorder-mediated scattering, while with increasing device mobility, we
observed a continuous shift towards a purely electron-phonon-mediated scattering
regime, where our CVD-Gr devices were most closely fitting the intrinsic scattering
model.

This thesis, therefore, presents significant advancements and comprehensive re-
views in the fields of CVD process engineering and 2D material fabrication, as well
as in the realm of high magnetic field transport physics in Gr and the quantum Hall
effect in general. It paves the way for future research and technological developments.

10.2 Outlook

The findings of this work, along with the reviewed research and models on the QHE
and CVD, enable us to outline open questions, possible future experiments, and per-
spectives on the future potential of technologies like our dry transfer. Some of these
thoughts will be discussed in the following.

Quantum Hall Effect in Graphene

The unique electronic properties of Gr lead to fascinating consequences, such as a
QHE observable at RT and a wide array of intricate many-body phenomena at low
temperatures. The interaction-driven nature of these effects necessitates the adoption
of suitable microscopic models to fully understand their consequences and conceive
new experiments. Therefore, the relevance of the screening picture of the QHE for
future research cannot be emphasized enough, and efforts should be made to un-
derstand the formation of (in)compressible landscapes and their dynamics at various
fillings in Gr systems. Many open questions remain concerning the microscopic condi-
tions at the Gr channel edges, usually obtained by etching, as various works imply an
edge-agglomeration of electrons leading to the well-known electron-hole asymmetries
in transport measurements. The conclusive explanations for the charge accumula-
tion are missing so far, and thus, the Gr edges cannot be modeled without remaining
doubts in self-consistent calculations. Experimental investigations of the IS formation
at the edges in the QHE regime could be one way to gain information on the edge
potentials and might be realized in combined transport and scanning probe or STM
measurements on exposed Gr sheets. Another aspect to explore would be the screen-
ing length, which is predominantly determined by the gate dielectrics and thickness.
Performing similar measurements like the ones shown in Chapter 9 of this work in
devices with close graphitic gates, or even in gate-defined channels would provide
valuable insights. Lastly, it is, of course, possible to tune the interaction strength
in the Gr itself by employing materials with high dielectric constants like SrTiO3
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(ϵ ≈ 30000 at 1.6 K) and investigate how the QHE manifestation is altered micro-
scopically in the ground state as well as for higher LL. Effects of evanescent IS could
also provide valuable insights, and all the mentioned experiments should be supported
by self-consistent calculations.

Perspectives of the Dry Transfer of CVD Graphene

As of now, chemical vapor deposition remains the most promising candidate for
achieving scalable growth of high-quality Gr for high-tech applications. Our work
on the dry transfer process is of significant pioneering character, first by providing a
proof-of-work along with a demonstration of the greatly increased device performance
of so-transferred mono- and bilayer Gr [8, 9, 326]. In this thesis, several process op-
timizations were carried out to gain control over the water-mediated oxidation of
the Cu/Gr interfaces and improve the transfer mechanics, which ultimately allowed
proving the intrinsic equality of CVD-Gr and exfoliation-derived material [388]. This
allows us to envision the remarkable properties of Gr being exploited to an even
greater extent in the future. However, it is crucial to evaluate whether our dry trans-
fer has the potential to be adapted on scales much larger than the tens of micrometers
scale given by the size of the exfoliated hBN crystals used for pick-up.

To achieve the final goal of high-quality Gr heterostructures on wafer-scale, an
ideal dry-transfer process must fulfill three requirements:

(a) Wafer-scale single-crystal adlayer- and fold-free monolayer Gr on top of a smooth
metal surface.

(b) Wafer-scale single-crystal 2D materials like hBN with sufficient thickness on a
carrier substrate.

(c) A strategy to weaken the metal/Gr interface homogeneously over the entire
covered area.

From the extensive review of the state-of-the-art in CVD growth in Chapter 5, we can
conclude that requirements (a) and (b) have been fulfilled in recent years. However,
our detailed understanding of the water-mediated oxidation process of Cu(111)/Gr
surfaces implies that for a perfectly smooth Cu surface without step-bunching-induced
wrinkles in the Gr sheet, the reactive oxygen species from dissociated water molecules
cannot percolate into the interface and drive its oxidation (i.e. (a) precludes (c)).
This issue can only be resolved either by modifying (a) or (c) again. One could, for
example, explore the wide range of Cu surface orientations and try to find others
than (111) that match the properties of (a) (as was done, e.g. in [318]), or investigate
techniques for weakening the interface that do not rely on water-mediated oxidation.
In this regard, the growth of Gr in the interface between a sapphire substrate and
Cu(111) with a liquid N2 mediated detachment of the Cu [280] could turn out to be a
significant breakthrough, as the Gr might already be picked up and encapsulated by
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wafer-scale 2D materials in a controlled environment. One can imagine adapting the
concept of wafer bonding machines for this purpose, realized in ultra-high vacuum
conditions to reduce the contamination with hydro-carbon species and water usually
present in the air. However, it is evident that with our current LPCVD setup and
growth process on the inside of Cu enclosures, we can hardly participate in the quest
for a perfect dry-transfer, as we cannot match the state-of-the-art technology and
processes for either requirement (a) or (b). In order to increase the outcome and
quality of our CVD process, it would be desirable to adapt, if possible, some of the
knowledge presented above. The annealing process used to transform polycrystalline
Cu foil into single-crystal Cu(111) foil could be adapted for our system to step up
from the foil used at the moment. Furthermore, it might be worthwhile to aban-
don the enclosure growth approach, as several relevant growth parameters like the
partial pressures inside the enclosures can neither be monitored nor controlled. For
maximized reproducibility as well as Gr orientation homogeneity, adapting a growth
process on pre-annealed plain Cu(111) foils would be optimal. Therefore, higher
total pressures together with much lower CH4 partial pressures should be established
to obtain a low nucleation density. Switching to MFCs with lower minimum flows
and/or gas mixtures (e.g. H2 with 5 % CH4) would be required. To avoid contami-
nation with amorphous carbon, mimicking the conditions in cold-wall reactors would
be beneficial, i.e., by implementing inductive heating of the metal substrate. This
might also help to establish a more homogeneous temperature across the metal foil.

By addressing these challenges and optimizing the CVD and dry transfer processes,
we can move closer to realizing the full potential of Gr for various applications. The
advancements made in this thesis set the stage for future research and development
in the fields of CVD process engineering, 2D material fabrication, and high magnetic
field transport physics in Gr and the quantum Hall effect in general. With continued
improvements and innovations, we can expect to see even greater progress in the pro-
duction and application of Gr, paving the way for new technologies and applications
in electronics, photonics, and other emerging fields.
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Appendices

A Fabrication Details

Process Description of process steps

CVD
growth of
monolayer
graphene

1. Cu foil preparation (a) Cut the foil into 7.6 × 12 cm pieces
(b) Process the foil in ammonium persulfate solution (3-7 g/200 ml), 2

subsequent DI water baths, acetone, and IPA for 2 minutes each.
Blow dry afterward.

(c) Bring the short edges of the foil together and start folding the edges
over with a 7 mm width, then crease with a glass slide. Afterward,
refold all three edges again and crease with a glass slide.

2. CVD growth (a) Place 2 Cu enclosures on the glass boat and move it to the center of
the reactor tube. Mount the Cu heat shield on the left side of the
reactor and connect the flange.

(b) Start the rotary vane pump and evacuate the system. The enclosures
should inflate. Open the Ar, H2, and CH4 MFCs and valves to clear
potential gas contaminants. Afterward, close them off again and start
up the turbo pump.

(c) Set a flow of 15 sccm H2 and start the oven heating system, ramping
the reactor temperature up to 1035 ◦C in 45 minutes, and close the
lid of the oven.

(d) After reaching growth temperature, anneal the enclosures at a
constant flow for another 15 minutes to reduce and remove
contamination.

(e) Initiate graphene growth by setting a flow of 5/45 sccm CH4/H2 for
3 hours.

(f) Stop the heating system and carefully open the lid of the oven for
rapid cool down. Once at room temperature, switch off the process
gases, stop the pumps, and flood the reactor chamber with Ar gas
until ambient pressure is reached. Remove the flange and take out the
enclosures.

3. Interface oxidation (a) Cut open the enclosures along the over-folded edges and inspect the
growth result using dark field microscopy. If needed, flatten them off
using a microscope slide.

(b) Place the opened enclosures on the stage of the humidifier and cover
them with a Petri dish to avoid direct precipitation of water drops
onto it.

(c) Close the desiccator and start the hot plate underneath. Store the
enclosures in the humidifier for 48h at 30 ◦C and 99

(d)Monitor the Cu/Gr interface oxidation via optical microscope and
Raman spectroscopy with the 457 nm laser.
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Process Description of process steps

Dry pick-up
of CVD-Gr

1. Prepare transfer slides (a) Break a glass slide in half with a diamond razer and cover the upper
side with Pritt tape. Smooth the tape using Kim wipes

(b) Drop coat PVA solution (13 %) onto the slides with a pipette and
smear it until the whole surface is covered with a thick homogeneous
layer

(c) Set slides on hot plate first at 98 ◦C to dry the PVA out, afterwards
bake for 10 minutes at 110 ◦C

(d) Spin coat PMMA (50K) onto the slides with 3000 rpm for 60 s
(e) Bake on hot plate for 10 minutes at 110 ◦C
(f) Prepare an hBN tape and exfoliate hBN crystals onto the PMMA

surface of the slides
(g) Identify suitable hBN flakes with an optical microscope, take

meaningful pictures and cut a square shaped box (4 mm) around
them using a sharp knife

1. Dry pick up in the
mask aligner system (a) Identify a suitable graphene crystal with fully oxidized Cu/Gr

interface on the Cu foil in the microscope, acquire meaningful images
and mark the flake region by making scratch

(b) Cut the foil down to a small square around the scratch and flatten it
using a microscope slide. Mount the foil on the lower stage of the
mask aligner

(c) Fix a microscope slide across the cut out section of the upper stage of
the mask aligner using tape and place a PDMS cushion in its center

(d) Carefully detach the PVA/PMMA stamp with the marked hBN
crystal on it from its slide using tweezers and place it on top of the
PDMS cushion

(e) Mount the upper stage inside the mask aligner such that the
PVA/PMMA stamp is facing downwards

(f) Locate the hBN crystal and the graphene on the Cu foil and align
them using the micro manipulators of the lower stage

(g) Use the z-screw to bring the Cu in close proximity of the hBN stamp
(h) Set the stage heater to 120 ◦C and bring the foil into contact with

the stamp, such that the hBN sits on the graphene. Leave in contact
at this temperature for 2 minutes

(i) Switch-off the heating system and, once the temperature is below
80 ◦C, move the lower stage down

(j) Remove the Cu/stamp from the mask alinger, acquire microscope
images if necessary and carefully detach the stamp from the Cu foil
using tweezers

Sandwich
completion
using the
transfer
system

1. Prepare bottom hBN
crystal

(a) Cut a 4 inch Si/SiO2 wafer down into slides suitable for exfoliation
using a diamond scratcher

(b) Prepare an hBN tape press the wafer slides onto it.
(c) After peeling the tape off after 10 minutes, inspect the slide surface

with a microscope and identify suitable hBN crystals. Acquire
meaningful images and mark the hBN flake region with a marker pen
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Process Description of process steps

2. Stacking in the
transfer system

(a)Mount the slide with the bottom hBN on the substrate stage of the
transfer system and move the desired hBN crystal into the center using
the stage mechanics

(b)Mount a PDMS cushion on top of a cover glass and place the
PVA/PMMA stamp with the hBN/CVD-Gr on its surface on it

(c) Vacuum mount the cover glass with the PVA/PMMA stamp facing
downwards under the new transfer arm, such that the stamp is in its
center

(d) Identify the hBN/CVD-Gr on the stamp and pre-align it with the
bottom hBN on the substrate stage using the transfer tower mechanics.

(e) Bring the transfer stamp and the bottom hBN in close proximity using
the z-screw of the transfer tower. Carefully adjust the alignment.

(f) Heat the transfer stage to 120 ◦C and slowly bring the stamp into contact
with the substrate, laminating the hBN/CVD-Gr onto the bottom hBN.

(g)While still in contact, rise the temperature to 140 ◦C and bake the stack
for 5 minutes.

(h) Lift the transfer arm up, detaching the stamp/substrate from the PDMS
cushion.

2. Removing the
stamp (a) Dissolve the PVA in hot DI water (90 ◦C) for 10 minutes

(b) Dissolve the PMMA in acetone and subsequently clean in IPA for 5
minutes each, followed by blow dry with a nitrogen gun

Bubble
removal

1. Preparing PC
stamps

(a) Drop coat PC solution (7 %wt. in chloroform) onto glass slides cut in
half and spin coat for 1 minute at 500 rpm without pre acceleration

(b) Slowly dry the slides on a hot plate at 50 ◦C for 10 minutes and leave
them in air for at least 1 hour afterwards.

(c) Cut square shaped stamps into the PC layer with sharp knife

2. Stack
pickup/Bubble
removal

(a) Mount a substrate with the to be cleaned heterostructure on top on the
substrate stage of the transfer system

(b) Detach a PC stamp from its slide using tweezers and place it on a PDMS
cushion mounted in the center of a cover slide

(c) Mount the transfer stamp on the bottom side of the new transfer arm
with stamp facing downwards in its center

(d) Align the stamp over the heterostructure, such that it will sit in the
center of the lower third of the stamp

(e) Preheat the substrate stage to 110 ◦C, and bring the stamp into contact
with the heterostructure. While in contact, raise the temperature to
145 ◦C and decrease it to 110 ◦C again

(f) Carefully rise the transfer arm, detaching the stamp with the
heterostructure from the substrate. At this point, the substrate can be
exchanged, e.g. for a markered chip

(g) Move the transfer arm down again until the lower end of the stamp gets
into contact with the substrate. Then set the heating system to 185 ◦C
and during heating stop the contact front of the stamp from advancing by
carefully moving up the transfer arm.

(h) Once the temperature is above 180 ◦C use the z-screw to move the
contact front across the heterostructure slowly laminating it onto the
substrate. Movable bubbles will follow the contact front. The stamp will
go into full contact with the substrate.

(i) After baking for 5 minutes at maximum temperature, deactivate the
heating system and rise the transfer arm, such that the stamp/substrate
detach from the PDMS.

2. Removing the PC
stamp (a) Dissolve the PC stamp in chloroform for 5 minutes, follwed by cleaning

in acetone and IPA for 2 minutes each and blow dry with nitrogen gun
afterwards.
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Figure B.1: (a) and (b) Extracted activation energies EA for different integer filling
factors ν as function of the magnetic field times the sign of filling B sign(ν) for D7
and D8.

B Supplementary Material RTQHE

Breakdown Temperature

B.1 Activation of the Interaction-Mediated Landau Levels

The measurements on D7 and D8 performed in the HFML as presented in Chapter 9
were complemented by respective transport studies in our VTI system covering the
phase window between 1.6 K and 300 K in temperature and 0 to 9 T in magnetic field.
From the longitudinal resistance data, the activation energies EA were extracted using
(4.12) for different integer filling factors and the results are shown in Fig. B.1. The
considerable error bars on some of the values resulting from fitting indicate, that the
applied method might have to be reevaluated. Since we found evidence in Chapter 9,
that our HQ CVD-Gr devices well approach the limit of intrinsic electron-phonon
scattering at higher temperatures, these effects should be included in the model.
However, due to the square shaped geometry of D7 and D8, the required resistivity
cannot be calculated right away and van-der-Pauw evaluations following Eq. (2.23)
yielded no constant calibration curves. Owing to these difficulties, a deeper analysis
of these data cannot be presented within this work but might be investigated in future
measurements, that could also compare them with activation energies from similar
devices using a gate defined channel geometry like [39].
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B.2 Plateau Overshoots on the Bulk Side

Upon closer inspection of the Hall conductivities of D7 in Chapter 9 a buckle-like
feature appears on the lower filling/charge carrier density side, that gets more pro-
nounced (the height of the buckle increases) with increasing magnetic field. Fig. B.2
shows the evolution of the Hall plateaus of D7 with temperature for fixed magnetic
fields from 10 T to 30 T. At 10 T, no adverse behavior is noted. At 20 T the lowest
temperature curves slightly detach upwards from the otherwise linear slope in be-
tween the plateaus at the higher temperatures. At 20 T and 30 T the a pronounced
buckle is visible, with an amplitude increasing with decreasing temperature.

The origins of this buckle could not be clarified in the frame of this work, how-
ever, they resemble the overshoot features recognized as an effect of evanescent IS as
described in Chapter 4.2. While in the works of Siddiki et al., the overshoots were pre-
dominantly visible on the edge-dominated, low magnetic field side of the Hall plateaus
in conventional 2DES transport channels, in our CVD-Gr, the feature manifests on
the bulk-dominated side of the plateaus as a dip in the resistivity. Although a similar
mechanism basing on the interplay of leaky IS of different filling factor that coexists
at the same magnetic fields, a quantitative elaboration to which these data could be
compared is so far missing from the theory side and offers future potential.
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C List of samples

name picture device info measurements
D1

2 µm

• 1 Channel, 1.5× 0.5 µm
•Gr

•Chapter 9

D2

2 µm

• 1 Channel, 1.5× 0.5 µm
•Gr

•Chapter 9

D3-D5

5 µm

• 3 Channels, 3 × 1.5 µm, 4.5 ×
1.5 µm, 3× 1.5 µm,

• hBN/Gr/hBN

•Chapter 9

D6

5 µm

• 1 Channel, 4× 2.3 µm
• hBN/CVD-Gr/hBN

•Chapter 8
•Chapter 9

D7-D8

10 µm

D7 D8
• 2 Channels, 5× 5 µm
• hBN/CVD-Gr/hBN

•Chapter 9
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