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List of symbols and abbreviations

List of symbols and abbreviations
δmn

Kronecker delta

ε0 , εr vacuum permittivity, ε0 ≈ 8.854 ·
10−12 F/m, or relative permittivity
 −1 
M
inverse effective mass tensor
µ

mobility, or chemical potential

ν

Landau level filling factor

ρ (E) density of states
ρij

resistivity tensor component

σ , σij spin index, or conductivity tensor component
θi,r

angles of incidence or refraction

Ce

capacitance per area, normalized by e
elementary charge

A

area

B

magnetic field in Teslas

C

capacitance

e

elementary charge, e ≈ 1.602 · 10−19 C

E, EF energy, Fermi-energy

nLL

electron density belonging to a specific
Landau level

R

reflectance, or reflection probability

r

reflection coefficient

Rxx , Ryx (RH ), Rc longitudinal,
(Hall), contact resistance

transverse

T

transmission probability, or temperature

V

measured or applied voltage

V0

potential barrier

VBG

backgate voltage, applied to the usual
doped Si backgate

Vbog

bottom gate voltage

Vb , VSD , VDC DC voltage bias
VD

Dirac-point voltage: gate voltage value
where absolute carrier density is minimal

Vg , ∆Vg any gate voltage; gate voltage periodicity, or difference with respect to an
offset

Ex,y

electric field

F

force

Vxx , Vyx (VH ) measured longitudinal, transverse (Hall) voltage

G

conductance

vF , v

h, h̄

Planck’s constant, h ≈ 6.626 · 10−34 Js,
h
reduced Planck’s constant h̄ = 2π

Fermi velocity of graphene, vF ≈ 1.1 ·
106 m/s in single-particle picture;1,2 or
group velocity

I

charge current

W

width

j

charge current density

k, k

wave number, wave vector

kB

Boltzmann’s constant, kB ≈ 1.381 ·
10−23 J/K= 8.617 · 10−5 eV/K

L

length

N

Landau level index, or charge number
on a quantum dot

n

signed electron density over area (negative for hole carriers), or refractive index with respect to air

2DEG (2DHG) two-dimensional
(hole) gas
AC

electron

alternating current

AFM atomic force microscopy
ALD

atomic layer deposition

BLG

bilayer graphene

BNC

Bayonet Neill–Concelman connector

CNP

charge neutrality point/Dirac point

CVD, LPCVD chemical vapor deposition,
low-pressure CVD
3

List of symbols and abbreviations

p, n

hole or electron doping in a sample volume or area

D

drain electrode

DC

direct current

DoP

Department of Physics of the Budapest
University of Technology and Economics

p-Si, p:Si p-doped, conductive silicon

density of states

DOS

PMGI Polymethylglutarimide
PMMA Poly(methyl methacrylate)
PVA

Poly(vinyl alcohol)

DQD double quantum dot

PVD

physical vapor deposition

e-beam electron-beam

QD

quantum dot

EBL

electron-beam lithography

QH (QHE) quantum Hall (effect)

ESD

electrostatic discharge

QHC quantum Hall channel

FP

Fabry-Pérot

RMS root mean square

GNR graphene nanoribbon

S

HAS

Hungarian Academy of Sciences

SdHO Shubnikov-de Haas oscillations

hBN

hexagonal boron nitride

SEM

scanning electron microscope

ITPMS Institute of Technical Physics and
Materials Science of the Hungarian
Academy of Sciences

SET

single electron transistor

SLG

single-layer graphene

LL

Landau level

STM

scanning tunnelling microscopy

LOR

lift off resist (used for suspending
graphene)

STS

scanning tunnelling spectroscopy

source electrode

UVO ultraviolet-ozone

The above descriptions are the most common uses of the listed notations, unless stated otherwise
in the main text.
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Introduction
Light waves are capable of interference: they can strengthen or extinguish each other, similarly to
waves in water. But a century ago, it was realized3–5 that energy carried by electromagnetic radiation
- such as visible light - is absorbed in matter not in arbitrarily small but well-defined, discrete quantities, meaning light can behave like a particle. Nowadays the wave-like and particle-like properties of
light are exploited simultaneously in lasers and LEDs in countless areas of electronics and photonics.
On the other hand, particles - such as electrons6,7 or even fullerene8 and larger molecules - are capable of interference, a definitive wavelike property. It is also possible to perform other types of optical
experiments with electrons, to create electron lenses, mirrors and waveguides using electric and magnetic fields. This can be exploited - most easily in the solid state and in two dimensions - to design
electronic devices that operate according to the principles of optics, offering new functionalities.
Electron optics devices require that charge carriers (electrons or holes) propagate in a ballistic
way, without scattering, and that their phase - an important quantity describing the state of the wave remains unimpaired, which calls for materials of very high purity. This has been achieved in the past
few decades: semiconductor heterostructures have been created that host a conducting, quasi twodimensional (2D) electron or hole layer called a 2D electron/hole gas (2DEG/2DHG). Cooled to low
temperature, the ballistic mean free path - the average distance without scattering - can be well above
10 µm; in comparison, in most metals it is on the scale of nanometers. The mean free path is closely
related to the charge carrier mobility µ, which is often used to characterize the electronic quality
of semiconducting devices. Mobility in the 105 -107 cm2 /Vs range corresponds to micron-scale or
larger9 mean free paths, owing to the high crystalline quality and cleanliness of the semiconductors
involved.
The discovery of graphene, the first freestanding 2D material,10,11 was a surprise to solid state
physicists since 2D crystals were assumed to be unstable.12–15 As electrons in graphene are naturally
confined to a plane, and their mobility even in early samples was found to be several thousand cm2 /Vs,
it showed promise in electron optics. Moreover, charge carriers behave as massless Dirac particles,
exhibiting a solid state analogue of a relativistic phenomenon called Klein tunnelling,16–18 while lack
of a band gap enables the fabrication of p-n junctions using local gate electrodes,19–23 expanding
the range of possibilities in electron optics compared to 2DEGs. In addition, 2D Dirac fermions in
a magnetic field produce an anomalous integer quantum Hall effect (QHE)1,24 observable even at
room temperature.25 In the QHE, current is carried by propagating states that are also capable of
interference, and their trajectories can be controlled with electric fields.
Graphene is a promising material for designing future spintronic devices, as well. These exploit the intrinsic magnetic moment (spin) of electrons or holes - instead of their charge - to carry
and store information, and the spin state is retained over relatively long distances and time scales in
graphene.26,27 The spin of charges localized to potential wells called quantum dots (QDs) can serve
as so-called quantum bits or qubits,28–33 which are the would-be building blocks of quantum computers: proposed computation systems able to efficiently solve certain kinds of difficult calculations
by exploiting the laws of quantum mechanics.34–36 However, since graphene lacks a band gap, it is
impossible to confine electrons to an island by electrostatic repulsion as in 2DEGs. Hence, in order
to fabricate graphene QDs, one needs to open a gap, for instance by fabricating nanoscale ribbons.
Moreover, graphene nanoribbons of a certain edge type may serve as spin-filters37 or thin conducting
channels in future nanoelectronic devices.
The goal of this PhD work was to develop methods to increase mobility and mean free path, create
a band gap and QDs in graphene, and design nanoribbons with a well-defined edge structure, in order
5
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to use graphene as a platform for various electron optic and quantum electronic devices. Chapter 1
gives an overview on the basic properties of graphene including the field effect - the ability to tune
the doping (and thus conductivity) with a voltage-biased gate electrode - and the anomalous QHE by
presenting low-temperature measurements on a device prepared on SiO2 , the most common substrate.
These demonstrate that ballistic transport is hindered by absorbants in graphene and various forms of
disorder in the oxide layer, and the mean free path is limited to a few hundred nanometers. Chapter 2
describes various etching techniques to fabricate nanoribbons. Transport experiments on such devices
show that they are strongly influenced by disorder in the SiO2 substrate. In an attempt to find a better
substrate, further graphene samples have been designed and fabricated on SiNx , as well, as detailed
in Chapter 3. However, they exhibit similar mobility to SiO2 -supported graphene. Therefore, a new
platform is required to achieve high mobility.
A solution to overcome the limitation of the substrate is to remove it. By suspending and annealing graphene,38–40 ultra-high mobility can be achieved, surpassing that of all supported devices: suspended samples have mobilities on the scale of 106 cm2 /Vs, and mean free paths of several microns.∗
The Author has collaborated with researchers at the University of Basel to combine a polymer-based
suspension technique with local gates in order to study diverse phenomena on high-quality devices
with gate-defined doping profiles. Chapters 4 and 5 describe the fabrication technique, as well as
measurements in the quantum Hall regime that demonstrate the tunability of trajectories of currentcarrying quantum Hall states. Chapter 6 presents the conductance signatures of QDs induced by
remanent disorder in suspended samples in the quantum Hall regime. These results suggest that the
gaps between Landau levels forming in a magnetic field can be exploited to achieve electrostatic
confinement and create QDs artificially. Finally, Chapter 7 reviews a series of experiments on a suspended p-n junction of exceptional quality. Charge transport in the device is completely altered by the
introduction of a magnetic field, which diverts linear ballistic paths onto curved trajectories via the
Lorentz-force, influencing the total current. These findings are important steps towards understanding
and designing graphene electron optics and quantum electronic devices.

∗ Another solution is to use a crystalline hexagonal boron nitride (hBN) substrate.41 Graphene on - or encapsulated in hBN layers may also exhibit µ in the 105 -106 cm2 /Vs range.42
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Chapter 1

Electrical transport properties of bulk
graphene
In this Chapter, the basic properties of single and bilayer graphene are described, from the crystal lattice to the conductance and valence band structures and Landau levels. The field effect and
quantum capacitance are introduced, as well as the transport characteristics of diffusive graphene,
the definition of charge carrier mobility, and Klein tunnelling. Finally, the classical and the quantum
Hall effect, and the transition in between are illustrated with measurements on a SiO2 substrate. The
origins of the QHE, and the Landauer-Büttiker picture are presented to explain the observed experimental signatures. Most importantly, these measurements demonstrate the influence of the various
defects and imperfections of the SiO2 substrate on the mobility, limited to around 104 cm2 /Vs in
the sample presented here; in comparison the highest observed43 value in a SiO2 -supported device is
2.5·104 cm2 /Vs. Accordingly, the onset of the QHE is observed in relatively large magnetic fields of
3-4 T, and zero-field transport is diffusive. Scattering events occur every few hundred nanometers,
which is inadequate for electron optics applications.

1.1

Crystal lattice and band structure

Dirac fermions
Single-layer graphene (SLG) is a quasi∗ two-dimensional layer of hexagonally arranged carbon
atoms with an interatomic distance of a = 1.42 Å. Fig. 1.1a depicts the two-atom unit cell in red
with the conventional notation of the A and B sublattices, and base vectors a1 and a2 of the resulting
triangular lattice:
√ 
a √ 
a
a1 =
3, 3 , a2 =
3, − 3 .
(1.1)
2
2
The reciprocal lattice is also triangular, with reciprocal base vectors
√ 
2π  √ 
2π 
1, 3 , b2 =
1, − 3 .
(1.2)
3a
3a
Fig. 1.1b shows the hexagonal Brillouin zone with high-symmetry points Γ and M, while the six
corners together add up to two inequivalent points called Dirac-points, K and K’:




2π
2π
1
−1
(1.3)
K=
1, √ , K’ =
1, √ .
3a
3a
3
3
b1 =

A single carbon atom has six electrons in the 1s2 2s2 2p2 arrangement. However, in graphene
and graphite, three of the four electrons on the second level hybridize to form three sp2 bonds with
the electrons of neighboring atoms, made up of radially symmetric s and approximately in-plane
∗ Real graphene crystals have nm-scale intrinsic ripples15 even when suspended, which make it stable against thermal
fluctuations.
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(a)

(c)
A B
a1
a
a2

y

σ σ
σ

4
2

x
(b)

−π
a

Ek

π ky b
a
1
K
Γ M
π
a
K’
b2
−π
a

0
-2
kx

4 2

0
ky -2

4
2
0
-2 kx
-4 -4

Figure 1.1: (a) The hexagonal lattice of SLG with A and B sublattices in black and grey, respectively,
with a unit cell highlighted in red. The vertical edges of the illustration (without the dangling bonds)
correspond to the zigzag orientation/edge type, while the horizontal ones to the the armchair type.
(b) The Brillouin zone with high-symmetry points indicated. (c) Conductance and valence bands of
0
π-electrons from
√ Ref. 44, with energy in units of t ≈ 2.7 eV, with t = −0.2t (see Eq. 1.4), and kx , ky
in units of 1/ 3a.
px,y wave functions. While these σ bonds hold the lattice together, pz -type states of the remaining
electrons are bound more weakly, producing π bonds and the electronically relevant valence and
conductance bands. They are the reason why graphite layers are so weakly coupled, held together
only through van der Waals forces, making graphite so easily cleavable to produce single layers. Neglecting the on-site energy, the second-quantized Hamiltonian based on atomic pz states with nearest
neighbor and next-nearest neighbor (nnn) hopping amplitudes t and t 0 takes the form44




0
+
+
H = −t ∑ a+
b
+
h.c.
−
t
a
a
+
b
b
+
h.c.
.
(1.4)
σ
,
j
σ
,
j
σ
,
j
∑
σ ,i
σ ,i
σ ,i
hi, ji, σ

hhi, jii, σ

Here hi, ji and hhi, jii indicate nearest neighbor and next-nearest neighbor carbon atoms indexed by
i and j, σ is the spin degree of freedom, a, b, a+ , b+ are annihilation and creation operators to pz
states of atoms on the A and B sublattices, and h.c. means the Hermitian conjugate of all prior terms
of the equation. The resulting dispersion relation has two bands,
E± (k) = ±t

3 + f (k) − t 0 f (k) ,

p

(1.5)

where k is the wave vector, and
√

f (k) = 2cos
3ky a + 4cos

!
√


3
3
ky a cos
kx a .
2
2

(1.6)

Since the A and B sublattices consist of equivalent atoms, there is no band gap: Fig. 1.1c shows that
the conductance and valence bands (E+ and E− , respectively) meet at the K and K’ corners of the
Brillouin zone, defined in Eq. 1.3.
In charge-neutral graphene, each carbon atom has one π-electron. They completely fill the valence
band, and the Fermi energy EF is located at the Dirac-point. By convention, the origin of the energy
axis is chosen to be here. The areal density n of electrons is also set to zero at this point, also called
the charge neutrality point (CNP). Neglecting nnn hopping, the dispersion relation is linear in the
vicinity:
E± (k) ≈ ±h̄

3ta
|k|,
2
|{z}
vF
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(1.7)

1.1. Crystal lattice and band structure

where the wave number k is measured from one of the Dirac-points (|k|  |K(0) |); from here on, k
will always refer to this relative wave number. The indices ± denote the conductance and valence
bands, and vF is the Fermi velocity1 of 1.1 · 106 m/s. The zoom in Fig. 1.1c shows that the band
structure is conical, forming the so-called valleys around K and K’. In case of external doping, EF is
shifted from zero, and the relation between doping n and Fermi wave number kF is given by
kF = |k| =

p

|n|π.

(1.8)

In low-bias electronic measurements only the low-energy states - with linear dispersion - contribute to charge current. In most samples, environmental effects result in density inhomogeneities,
varying the local energy of the Dirac-point. However, in high-quality devices very low average |n| can
be reached (∼109 cm−2 ). At such low energies electron-electron interactions renormalize the Dirac
cone because of weakened screening, increasing vF threefold.2
To get an approximate single-particle Hamiltonian for the linear dispersion regime of the two valleys, the following transformation can be defined by introducing annihilation and creation operators
on the sublattices for wave vector k:
1
1
aσ , j = √ ∑ e−ikR j aσ ,k , a+
∑ eikR j a+σ ,k ,
σ, j = √
N k∈BZ
N k∈BZ

(1.9)

and similarly for b, b+ , where N is the number of unit cells, and R j is the lattice vector pointing to
site j on sublattice A (or B). After linear approximation near the corners of the Brillouin zone, one
arrives at two real-space, or first-quantized, differential equations
σ · p̂] ψK (r) = EψK (r) ,
vF [σ
σ ∗ · p̂] ψK 0 (r) = EψK 0 (r)
vF [σ

(1.10)

for the wave functions in each valley, with the vector-like quantities σ (∗) built of Pauli matrices:
σ = (σx , σy ) and σ ∗ = (σx , −σy ). Despite a similarity to the 2D massless Dirac equation, the Paulimatrices represent the so-called pseudospin, corresponding to the ψK (0) (r) spinor wave functions’
components on the A and B sublattices, while the equations are spin-degenerate. Corresponding
effective Hamiltonians acting on wave functions in momentum-space44 are
HK
HK 0

= h̄vF σ · k,
.
= h̄vF σ ∗ · k

(1.11)

As a result of the Dirac-like nature, low-energy electrons in graphene are chiral, meaning the pseudospin direction - the distribution of charges on the two sublattices - is linked to an axis determined
by the momentum direction and the valley.

Landau levels
In a magnetic field B applied perpendicularly to the SLG sheet, the two-dimensional Dirac equation in the vicinity of one K point reads44
σ · (p̂ + eA)] ψ (r) = Eψ (r) ,
vF [σ

(1.12)

with e > 0 denoting the elementary charge, and A the magnetic vector potential. Using the Landau
gauge A = (−B · y, 0), and the ansatz ψ (x, y) = eikx φ (y) with wave number k in the x direction, we
get the dimensionless differential equation


0
ξ + ∂ξ
φ 0 (ξ ) = E 0 φ 0 (ξ ) ,
(1.13)
ξ − ∂ξ
0
p
p
with φ 0 (ξ ) = lB φ (y (ξ )) and y(ξ ) = lB ξ + lB2 k, where lB = h̄/e|B| ≈ 25.66 nm/ |B [T] | is the
magnetic length.∗ The off-diagonal elements multiplied by a 2−1/2 factor can be interpreted as the
∗ Square

brackets [] are used to denote a quantity’s unit of measurement.
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creation and annihilation operators of a one-dimensional harmonic oscillator. The eigenvalue problem
is then straightforward: the two components of φ (y) are 1D harmonic oscillator solutions centered
around a guiding center at
yk = lB2 · k,

(1.14)

and the Landau level (LL) eigenenergies for Eq. 1.12 are:
q
(1.15)
EN = sgn (N) 2eh̄v2F |NB|
p
for arbitrary integers N, giving EN ≈ ±36.28 meV · |NB [T] |, as long as the linearization in Eq. 1.7
is valid. The same energies apply to the K’ valley: this way, including the spin degree of freedom,
all Landau levels are fourfold degenerate at a single k value if one neglects Zeeman splitting and
electron-electron interactions (for details, see Section 4.3). Therefore, the maximum charge carrier
density a LL can accommodate is |nmax | = 4e|B|/h. Unlike semiconductor 2DEGs, these LLs are
not equidistant, and can be found in both the conductance and the valence bands, with a level at zero
energy belonging to both electrons and holes. Consequently, SLG exhibits a so-called half-integer
quantum Hall effect with Hall-resistance plateaus at anomalous fractions of the resistance quantum
h/e2 :
Rxy =

1
h
,
4 (N + 1/2) e2
|
{z
}

(1.16)

1/ν

for integers N. The Hall-conductance step structure is
σyx = νe2 /h,

(1.17)

where the filling factor ν is the signed number of LLs full of electrons (counting from E = 0) with
the degeneracies taken into account. It can be calculated from the electron areal density n via
nh
.
(1.18)
eB
Due to the existence of a zero-energy LL that belongs to both valence and conductance bands, the
filling takes on values of ν = ±2, ± 6, ± 10, ... at quantum Hall plateaus. For details, see Section 1.3.
ν=

Bilayer graphene
Bilayer graphene (BLG) consists of two graphene layers on top of each other, usually in the socalled Bernal or AB stacking arrangement, illustrated in Fig. 1.2a. While single-layer graphene has
a linear dispersion relation near K and K0 (Eq. 1.7), BLG has parabolic conductance and valence
bands (E± = ±h̄2 |k|2 /2m) in its valleys as illustrated in Fig. 1.2b. Although the band structure lacks
an intrinsic gap, applying a perpendicular electric field using top and bottom gate electrodes breaks
the symmetry of the two layers,45 resulting in a tunable band gap ∆. This effect has been used for
creating quantum dots and gapped p-n-p junctions.46–48 However, layer stacking domain walls in the
crystal caused by the natural relaxation of mechanical strain may locally close this gap, forming quasi
one-dimensional conducting channels,49,50 and destroying the confinement potential of QDs. Without
stacking faults, a switching of the external electric field can artificially achieve 1D channels.51
Bilayer graphene has a Landau level structure52 of
EN = ±h̄ωc

p

|N (N − 1) |,

(1.19)

where the cyclotron energy is h̄ωc = h̄e|B|/m ≈ 2.14 meV · |B [T] |, using the effective mass m ≈
0.054me of bulk graphite,53 which is much lighter than the electron mass me . Similarly to the singlelayer case, most LLs are fourfold degenerate at a single k value if the Zeeman effect and Coulomb
interaction are neglected. The exception is the level at zero-energy: it has an eightfold degeneracy
since it contains both the N = 0 and N = 1 levels, resulting in a filling factor sequence ν = ±4, ±
8, ± 12, ... for QH plateaus.
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(a)

(b)

(c)

A
EF

B

EF

∆

E
A

k

Figure 1.2: (a) Bernal (AB) stacking of graphene layers from Ref. 54. (b) Illustration of BLG’s
quadratic low-energy dispersion relation. (c) A perpendicular electric field introduces a band gap ∆.
(b) and (c) are from Ref. 45.

1.2

Field effect

Geometric and quantum capacitance
Electron density∗ n - usually measured in units of cm−2 - can be tuned by using graphene as
one plate of a capacitor, and applying a gate voltage VBG on the other plate, such as a doped silicon
backgate. The "plates" are separated by an insulating dielectric layer such as SiO2 , as depicted in
Fig. 1.3a. The induced charge carrier density is expected to depend linearly on VBG :
n = Cegeom (VBG −VD ) ,

(1.20)

where Cegeom [cm−2 /V] is the capacitance from geometric electrostatic considerations, normalized by
area and the elementary charge e. The offset VD in Eq. 1.20 can be explained by an extrinsic doping
caused by the substrate and absorbants: reaching the charge neutrality point (CNP) - where the average absolute density |n| is minimal and the average EF is zero and located at the Dirac-point - requires
a compensating VD voltage on the gate. For an infinite plate capacitor with a dielectric thickness d
and relative permittivity εr ,
ε0 εr
Cegeom =
.
ed

(1.21)

This equation is usually adequate to estimate n in the bulk of samples with a size greater than d.
A more accurate formula for n (VBG ) can be achieved if the finite density of states (DOS) is taken
into account: normalized by area, it is ρ (E) = dn/dE = 2E/h̄2 v2F π for SLG at B = 0 magnetic field.
When a gate voltage VBG is applied, the Dirac cone is shifted in energy as depicted in Fig. 1.3b (here
VD = 0 is assumed). If graphene had a large ρ (E) like metals, the gate-induced density n (VBG )
would barely shift its Fermi energy with respect to the band structure (EF ≈ 0). The band shift eVgeom
- the potential energy difference between the plates - would be approximately the chemical potential
difference eVBG , and the normalized differential capacitance Ce = dn/dVBG would be given by purely
geometric electrostatic considerations (Eq. 1.21). However, for intermediate or small DOS the EF
change of the Fermi-energy - depending on n via Eqs. 1.7, 1.8 - cannot be neglected. Since
eVBG = EF + eVgeom ,

(1.22)

the potential energy drop eVgeom is smaller than eVBG , therefore the electric field in the dielectric,
the density n, and the capacitance Ce are smaller than in the case of a metallic capacitor plate. After
differentiating Eq. 1.22 with respect to n and dividing by e, we get
1
1
1
=
+
,
Ce eρ (EF ) Cegeom

(1.23)

∗ Charge carrier density n in this thesis is always interpreted as the signed density of electrons, i.e. n > 0 in the
conductance band and n < 0 in the valence band.
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where the first term on the right is the reciprocal of the so-called quantum capacitance contribution,
and depends on theR gate via EF (n(VBG )). Thus the density is determined implicitly by the integral
e
))dV . However, quantum capacitance is significant only where ρ (E) ≈
equation n(VBG ) = 0VBG C(n(V
55
0: near the Dirac-point or between Landau levels.56 Otherwise, Eq. 1.20 is a good approximation.

(a)

(b)

graphene

I

B

VH

VBG

Vxx

y

8 µm

x

SiO2
Si backgate

eVBG
backgate

EF
eVgeom
gate
oxide graphene

Figure 1.3: (a) Four-terminal and Hall measurement setup in a perpendicular magnetic field B. The
atomic force microscope (AFM) image used in the schematic - from Ref. 57 - has been taken on a
sample lying on a typical, 300 nm thick SiO2 gate dielectric, grown on a doped Si wafer. Graphene
is colored light brown, while the SiO2 surface is dark brown. The device has been etched into a
six-terminal, so-called Hall-bar geometry, contacted using electron-beam lithography (EBL, see Section A.4 in the Appendix for details), and thermally cleaned (Sec. 2.1). The longitudinal voltage drop
Vxx over the 8 µm long and 1.3 µm wide stretch of SLG is measured simultaneously with the transverse (Hall) voltage VH while driving a current I through the sample, as a function of VBG applied to
the doped Si backgate. (b) Gating graphene: since the density of states near the CNP is much smaller
than in a metal, the band shift eVgeom is smaller than eVBG , and Ce < Cegeom .

Conductivity, Hall effect, mobility
In the zero temperature and zero bias limit, one expects that conductivity σxx is zero at the Diracpoint, while the longitudinal resistivity ρxx is infinite, since the density of states is zero. However,
evanescent modes with imaginary wave numbers bring about a minimum conductivity σmin 58–60 and
a finite ρxx peak around n = 0.
Inhomogeneities in the dielectric substrate - such as surface roughness, dangling bonds, lattice
defects, or charge traps - along with fabrication residues and absorbants on the flake locally dope
graphene and shift the band structure, resulting in spatial inhomogeneities of the Dirac-point energy
and the carrier density, while their average doping is characterized by the voltage VD . Therefore, the
mean free path lm may be decreased below device dimensions, making transport diffusive. In this case
the dependence of conductivity on the average charge carrier density n is measured by the mobility
µ:
σxx = σyy = |n|eµ,

(1.24)

using the relaxation-time approximation of Boltzmann’s equation.61 The above equation is, of course,
invalid if |n| is so small that the Fermi wavelength λF = 2π/kF is increased beyond lm , and the
quasiclassical approximation no longer holds; this typically occurs in the vicinity of the average CNP
where σxx = σmin . The mobility gives the mean free path via
lm = µ h̄kF /e.

(1.25)

In accordance with Eq. 1.24, the sheet resistivity ρxx is a hyperbolic function of |n|, with a finite
peak at the average CNP. It is often measured in the four-terminal setup illustrated in Fig. 1.3a to
exclude contact resistances, calculated from the differential longitudinal resistance Rxx = dVxx /dI via
Ohm’s law: ρxx = ρyy = RxxW /L, using the width W and the length L of the sample. Fig. 1.4a shows
12
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a low-frequency lock-in measurement (see Sec. A.5 in the Appendix) of ρxx and the corresponding
σxx on the W =1.3 µm and L = 8 µm device shown in Fig. 1.3a as a function of the gate voltage VBG at
4.2 K temperature, in a perpendicular magnetic field of B =0.5 T. The effect of the weak B field on ρxx
and σxx is negligible, while the Lorentz-force induces charge accumulation near the sample edges,
creating a transverse electric field and an observable voltage across the width of the device: the Hallvoltage VH , which can be used to estimate n(VBG ), Ce and µ. The electric fields in the graphene plane
are related to the current densities by the resistivity tensor ρ, which is the inverse of the conductivity
tensor σ :

E=

Ex
Ey




=ρ· j=

ρxx ρxy
ρyx ρyy



jx
jy


.

(1.26)

The Hall-resistivity (or resistance, since it is independent of size) is given by
RH = VH /I = ρxy = −ρyx = B/ne.

(1.27)

Thus the electron density n can be calculated, and is shown, along with ρxy , in Fig. 1.4b as a function
of VBG .
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Figure 1.4: (a,b) Four-terminal and Hall measurements on the device of Fig. 1.3a at 0.5 T, from Ref.
2 + ρ 2 (red), calculated
57. (a) Longitudinal resistivity ρxx (black) and conductivity σxx = ρxx / ρxx
xy
using Hall-resistivity ρxy shown in black in (b). Electron areal density n (VBG ) is calculated using
Eq. 1.27, and plotted in red in (b). By fitting a line (blue) to n(VBG ), the normalized capacitance
Ce ≈ (7.46 ± 0.05) · 1010 cm−2 /V and the Dirac-voltage VD ≈ (3.6 ± 0.1) V, defined in Eq. 1.20, are
extracted. (c) The Dirac-point energy of SLG on SiO2 based on scanning tunnelling spectroscopy
(STS) measurements, taken from Ref. 62.
Increasing the disorder induced by fabrication residues and the substrate results in a higher spatial
inhomogeneity of the Dirac-point’s energy, therefore it increases the minimum conductivity σmin and
decreases the slope of σxx (n), which corresponds to lower mobility and mean free path, and more diffusive transport. The modulation62,63 of the Dirac-point energy ED may be as much as 100 meV for
graphene flakes supported by SiO2 as shown in Fig. 1.4c, which means a δ n ≈ 6 · 1011 cm−2 density
fluctuation and a ∼8 V wide ρxx (VBG ) peak if the dielectric is 300 nm thick (as most common). Even
when the average density and thus ED are set to zero by applying VD to the gate, charge puddles form
that have a lateral size on the order of 10 nm. Furthermore, surface roughness produces a strain profile
in graphene, further modulating ED and creating a pseudomagnetic field64,65 that acts on the pseudospin - the electron distribution on the two sublattices, also contributing to diffusive transport. As a
result, the mobility of devices on SiO2 rarely exceeds 2 · 104 cm2 /Vs, corresponding to about 230 nm
mean free path at n = 1012 cm−2 , even after thermal or current annealing to get rid of residues.66
For example, the mobility estimated from the measurements in Figs. 1.4a,b - calculated by fitting a
line (blue) to the electron or hole sides of σxx (VBG ) in panel (a) - is µe ≈ (8300 ± 100) cm2 /Vs for
electrons and µh ≈ (10700 ± 200) cm2 /Vs for holes.
Mobility can be improved - besides annealing - by choosing a different supporting material such
as hexagonal boron nitride,41 or by getting rid of the substrate and suspending the device, as detailed
13
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in Chapter 4. In these high-quality graphene samples the mean free path at liquid He temperature
is only limited by the size of the device (typically 1-2 µm), and mobility may reach 106 cm2 /Vs,
while the relation between conductance G and density (away from the Dirac-point) is given by the
semiclassical Sharvin formula67,68 instead of Ohm’s law:
e2 kF (n)W
·
,
h
π
where kFW /π = W /(λF /2) is the number of transverse modes.
G=4

(1.28)

Klein tunnelling
Due to the linear dispersion relation of single-layer graphene, and the Dirac-like Hamiltonians of
Equations 1.10 and 1.11, low-energy carriers act in a quasi-relativistic way. Thus, the analogue of a
relativistic phenomenon, Klein-tunnelling16,17 can be observed in a solid state environment.
Using local gate electrodes, gapless p-n junctions can be created: with hole doping on one side,
and electron doping on the other. Fig. 1.5a shows the band structure and electron occupation across
an n-p-n junction defined by the potential barrier of height V0 in Fig. 1.5b. In non-relativistic quantum
mechanics, free electrons (with quadratic dispersion relation) of kinetic energy EF <
√ V0 tunnel across
the barrier with a transmission probability that is exponentially decaying with V0 − EF and the
barrier width. However, a normally incident Dirac-electron of SLG will carry on in the region of the
barrier as a hole with opposite k as illustrated in the middle panel of Fig. 1.5a, but with the same
positive group velocity (red slope), meaning the −e charge is transmitted with unity probability. The
other possibility is backscattering to an electron state with opposite group velocity (green slope, in
the left panel of Fig. 1.5a) which, according to Eq. 1.11, would require flipping the pseudospin, i.e.
changing the distribution of the two-component wave function on the sublattices. However, in the
absence of a scattering potential with a wavelength component on the scale of the lattice constant,
this process, and therefore backscattering, is forbidden, at least at normal incidence.
(c)
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Figure 1.5: (a) Dirac cones in n-p-n doped areas. (b) p-doping in the middle region is induced by
a potential barrier of height V0 . (c) Illustration of electron transmission through an n-p junction for
normal (θ = 0) and general incidence, from Ref. 69. (d) Transmission probability through a step-like
n-p-n junction for electrons with EF =80 meV as a function of incidence angle θ shown in (c), for
potential barriers with heights of V0 =200 meV (red curve) and 285 meV (blue curve), and width
100 nm. (a) and (d) were taken from Ref. 17.
Considering a single p-n or n-p junction with a gradual change in potential, Klein tunnelling for
normal incidence can also be explained by applying Ehrenfest’s theorem. Along the axis x perpendicular to the barrier, using the electrostatic force Fx = −dV0 /dx acting on the particle, the time derivative
of the group velocity is


dvx  −1 
1 ∂ 2 E(k)
= M xx · Fx , with M −1 ij = 2
.
(1.29)
dt
h̄ ∂ ki ∂ kj
In
 the
case of normal incidence (ky = 0) the relevant component of the inverse effective mass tensor
M −1 xx ∼ ky2 /|k|3 is zero. Therefore v̇x = 0, the group velocity is constant, and the charge propagates
v̇x =
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through the potential gradient without reflection, as illustrated in Fig. 1.5c. In other words, Kleintunnelling results in unity transmission probability T = 1. However, at general incidence T depends
on the incidence angle θ , as shown in Fig. 1.5d calculated for step-like n-p-n junctions.
If the size of an n or p-doped region is smaller than the mean free path, Fabry-Pérot interference
may occur due to reflections on p-n, n-n’ or p-p’ junctions formed by gates or contact electrodes.18,70
Klein tunnelling plays an important role here, as a smooth p-n junction has a narrow angle-dependent
transmission probability profile18,69,71 around θ = 0:
2 /|F |
x

T (θ ) = e−π h̄vF (kF sinθ )

,

(1.30)

thus the distribution of the wave vectors of transmitted trajectories is sharpened, electron waves are
collimated, and interference fringes appear in the conductance. With the help of this Klein-collimation
at p-n junctions, signatures of the bending of ballistic trajectories in a magnetic field can be observed
in transport measurements (see Refs. 18, 19, 21 and Chapter 7). In bilayer graphene, however,
the quadratic spectrum brings about a full reflection of electrons normally incident on a potential
barrier.17,48

1.3

Quantum Hall effect

Graphene is a two-dimensional electron (and hole) system, but unlike semiconductor 2DEGs and
2DHGs, it lacks a band gap, and the available carrier density range is much larger. Therefore, the
quantum Hall effect1,24,72,73 can be studied in a wider range of parameters.
When a perpendicular magnetic field B and an in-plane current I is applied to a contacted SLG
flake, a Hall voltage VH can be measured across its width - the transverse direction with respect to
the current. At first the Hall resistance RH = ρxy = VH /I increases linearly with B, as described in
Eq. 1.27. However, if the field is high enough, this linearity is broken, and plateaus of h/e2 ν appear
where the Landau level filling factor ν (defined in Eq. 1.18) is approximately ±2, ± 6, ± 10, ...,
as shown in red in Fig. 1.6a. Moreover, so-called Shubnikov-de Haas oscillations (SdHO) appear in
ρxx (black curve in Fig. 1.6a), whose local minima coincide with the
zero
 plateaus in ρxy , and reach
2 + ρ2
2 /h here.
in high B. Therefore the Hall conductance σyx = ρxy / ρxx
exhibits
plateaus
of
νe
xy
These features also appear as a function of the carrier density n tuned by the gate voltage VBG , as
displayed in Fig. 1.6b. Between σyx plateau regions, ρxx exhibits peaks. Plateaus and peaks form
fan-like structures when plotted as a function of B and VBG , as illustrated in Figs. 1.6c,d, since they
follow lines of constant ν. In the following, it is explained how the behavior of ρxx and σyx is related
to the LL filling factor, and a quantitative picture is given on their values.

Propagating states
In a magnetic field the Landau levels form as described in Eqs. 1.15 (1.19 in the case of bilayer
graphene). If a graphene flake is finite along a direction (here denoted as y), the hard-wall confining
potential at the flake edges causes the spin and valley-degenerate LLs to bend up74–76 or down, depending on whether they belong to the conductance or the valence band, respectively. The 0th level,
belonging to both, splits in two, as illustrated in Fig. 1.7a. In this 1D hard-wall confinement, a wave
function can be written as a plane wave along x, multiplied by a parabolic cylinder function77 - a
generalized version of the Hermite-polynomial based harmonic oscillator solution of Eq. 1.13 - with
argument y.
If the carrier density n in the bulk of the device is such that the number of full, degenerate LLs
is an integer, the filling factor ν takes on values of ±2, ± 6, ± 10, ... in SLG as its LLs are fourfold
degenerate, and each non-degenerate LL can accommodate a density of e|B|/h at most. In the case of
BLG, ν = ±4, ± 8, ± 12, ... , since its zero-energy LL is eightfold degenerate, as mentioned already
in Sec. 1.1. The Fermi level EF is located between two LLs, and excitable charge carriers can only
be found near the edges, where the bent levels intersect EF . Since the wave function guiding center
along the y axis, yk is proportional to the wave number k in the x direction (see Eq. 1.14), the Landau
levels are bent74–76 as a function of k, as well as y. Consequently, the states at the EF intersection
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Figure 1.6: Quantum Hall measurements on the SiO2 -supported device shown in Fig. 1.3a, from
Ref. 57. (a) Longitudinal resistivity ρxx (black curve) and Hall resistance ρxy (red) as a function of
magnetic field B at VBG = 30 V backgate voltage. Local minima of Shubnikov-de Haas oscillations
(SdHO) in ρxx and plateaus in ρxy are denoted by the corresponding LL filling factor ν (purple numbers), while black numbers index a partially filled LL according to Eq. 1.15. (b) ρxx (black) and Hall
conductance σyx (red) at B=12 T. Landau level/SdHO and plateau numbering scheme is the same as
in (a). (c), (d) Landau fan diagrams of ρxy and ρxx , respectively, as a function of B and VBG , with ν
and LL indices N indicated. ρxy , ρxx in (a) are line traces along the right edges of the maps in (c) and
(d), respectively, while part of the measurement in (b) corresponds to the top edge of (c,d).
near the edge - indicated by circles in Fig. 1.7a - have a finite group velocity parallel with the edge.
These so-called edge states propagate along the perimeter of the device as illustrated in Fig. 1.7b. The
charge circulation direction depends on the orientation of the magnetic field and the sign of the carrier
density. Since all the states at an edge propagate in the same direction, short-range backscattering is
suppressed.
Figure 1.7b shows a five-terminal Hall-bar measurement geometry equivalent to the setup in
Fig. 1.3a, with uniform electron doping, a current I injected in contact 4, and a magnetic field B
in the z direction. Current flows in the x direction, while the majority of electrons propagate in the −x
direction. Accordingly, contact 1 on the right has a higher chemical potential µ1 than contact 4 on the
left. The rest of the electrodes is connected to voltmeters which are assumed to be ideal, thus these
contacts are floating. In the absence of backscattering, the electron edge states leaving electrodes 1
and 4 retain their original chemical potentials µ1 , µ4 , colored red and orange, respectively. As a result,
the chemical potentials of the floating contacts are µ3 = µ2 = µ1 and µ5 = µ4 . The four-point measurement shows zero voltage drop between side contacts 2 and 4: Vxx = (µ2 − µ3 )/e = 0, therefore
ρxx = 0. However, the Hall-voltage across the device is finite: eVH = µ1 − µ4 . Current I is determined
by the difference between the electron flow of edge states from electrode 1 on the bottom, and the
flow from electrode 4 on the top.
In order to calculate the value of RH = ρxy in a five or six-terminal Hall-bar, and also to set up
a description for general multi-terminal systems, first we need to determine the relation between the
current of a single edge channel and the chemical potential µ of the contact it leaves. If all contacts
16
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Figure 1.7: (a) Landau level structure including the chemical potentials of electrodes 1 and 4 of the
setup in (b): a Hall-bar geometry at filling ν = 6, with current injected in contact 4 and grounded in
#1, and voltmeters between two pairs of floating contacts. Due to LL bending, propagating states (red
and orange arrows) are formed at the edges, where the chemical potentials intersect - in this example the 0th and 1st LLs, as highlighted by red and orange circles. Because of the Landau gap, edge states
are spatially separated by insulating regions. States with positive group velocity (vx ∝dE/dk > 0)
propagate to the right on the top edge, and retain the chemical potential of electrode 4 (orange), while
those with negative group velocity - on the bottom edge - have the chemical potential of electrode 1
(red). (c) Illustration of the general scattering processes described in Eq. 1.32.
were at the same chemical potential µ0 , but the potential of the chosen channel were increased by µ,
the current it carries would change by
Z W

IN =

0

q
j(y)dy =
A

Z W
0

∑ vN (k, y)dy =
k

vout

qW
A

1 ∂ EN (k) q
= µ
∂k
h

∑ h̄
k

(1.31)

vout

Here W is device width (the dimension perpendicular to the current), j is current density, A is device
area, q is the electron charge −e, and N is the LL index of the edge state in question with dispersion
EN (k). The condition vout refers to states with such a group velocity vN ∝ ∂ EN /∂ k that electrons leave
the contact in the energy window [µ0 , µ0 + µ], equivalent to the red rectangle in Fig. 1.7a defined
by [µ4 , µ1 ]. We have exploited the fact that vN (k, y) actually has only one variable, enabling the
integration over the device width. The solution is calculated by switching from sum to integration by
k, and then to integration by energy. Naturally, a negatively biased contact (like electrode 1 compared
to electrode 4) has µ > 0, corresponding to outgoing electrons and I < 0: an incoming current.
For arbitrary multi-terminal geometry and scattering, the net current Ii going out of a contact
designated i is given by
"
! #
Mi M j
q Mi
Ii =
(1.32)
∑ (δmn − Rii,mn ) µi − ∑ ∑ ∑ Tij,mn µ j ,
h m,n
m n
j( j6=i)
based on the Landauer-Büttiker picture.78–80 Ii is given by (1) currents going out of contact i without
being reflected back to an incoming mode m with probability Rii,mn (first sum), and (2) the currents
coming in from the rest of the contacts, described in the second sum where Tij,mn is transmission
probability from outgoing edge mode n at contact j to incoming mode m at contact i. The scattering
processes are illustrated in Fig. 1.7c. M j is the number of edge modes leaving contact j, related to
the number of EF and Landau band intersections counting all degeneracies which, when doping is
uniform, is given by |ν|.
Current and voltage sources of the actual multi-terminal system determine certain currents and
chemical potentials, while others are described by the system of linear equations defined by Eq. 1.32.
Ideally, an outgoing channel is not reflected back into its source contact (Rii,mn = 0), and there is no
scattering between edge states: all transmissions are Tij,mn = δmn if there exists a state m propagating
directly from contact j to i. Therefore, the relation between currents and chemical potentials for
uniform doping and |ν| is ideally
17
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h
Ii = µi − ∑ µ j .
q|ν|
j( j6=i)

(1.33)

j→i

Here j → i means that the sum contains the electrodes from which edge states propagate to i.
Considering the case of Fig. 1.7b, the offset of chemical potentials can be set so that µ1 = 0
(making µ4 negative) since only their differences matter. Below we prove the validity of the colors of
contact chemical potentials and their corresponding edge states, and the related prediction ρxx = 0,
by applying Eq. 1.33. The net current I4 leaving contact 4 (equal to I) is I4 = q|ν| (µ4 − µ3 ) /h, since
edge states only arrive from contact 3. At the same time, I2,3,5 = 0 is a given, for contacts 2,3 and 5
are connected to voltmeters and are floating. Therefore, the system of equations in matrix form is





I1
0
1
0
0
0 −1
 0 



0
0
0 
 q|ν|  −1 1

  µ2 
 0 =


 0 −1 1
0
0 
(1.34)


  µ3  .
h 
 I4 



 0
µ4
0 −1 1
0
0
µ5
0
0
0 −1 1
The system returns I1 = −I4 as expected, and also µ2 = µ3 = µ1 = 0, and µ5 = µ4 . The longitudinal
resistance Rxx = Vxx /I ∝ µ2 − µ3 = 0, while the Hall resistance is
RH = ρxy =

VH
µ3 − µ5
1 h
,
=
=
I
eI4
ν e2

(1.35)

as was shown in Eq. 1.16. Correspondingly, the Hall conductance (or conductivity) is σyx = νe2 /h.
These expressions are valid for hole doping (ν < 0) as well as electron (ν > 0): in the former case,
charge propagation directions are opposite, therefore the chemical potentials on top and bottom edges
in Fig. 1.7b are determined by electrodes 1 and 4, respectively: edge states with their color schemes
are basically turned upside down, and VH changes sign.

The significance of disorder
Strictly speaking, however, all of the above is valid only when ν = nh/eB is exactly ±2, ± 6, ±
10, ... (in SLG). When the filling factor is even slightly different from these values, a Landau level
becomes partially filled, and EF jumps to that LL’s energy, for the density of states is finite only there
(the contribution of edge states to the DOS is negligible). Hence, plateaus of σyx would not be visible.
The solution is that a disorder potential V (x, y) is always present in real samples. If the characteristic length scale of potential features (hills or valleys) is larger than the magnetic length lB , adding
V (x, y) to each LL is a good approximation,81 as illustrated in Fig. 1.8a. As a result, the originally
Dirac-delta like DOS peak of an LL widens, making it possible for EF to lie between LLs if ν is only
approximately an integer∗ as depicted in Fig. 1.8a. Propagating states are illustrated in Figs. 1.8b-d as
a LL is being filled from empty (panel b, ν = 6) to roughly half filling (panel d, ν = 8).† Although EF
intersects the disorder-broadened LL multiple times in Figs. 1.8a,c (low filling, ν ≥ 6), the states at
these potential hills or valleys are localized,80 the bulk is practically insulating, and net current is still
carried by ν = 6 propagating states, and backscattering remains suppressed. Therefore, Hall plateaus
and regions of ρxx = 0 in Fig. 1.6b are stabilized around integer ν due to disorder.
When a LL is far from being full or empty, the bulk of the sample conducts diffusively due to
a high number of disorder-induced states which are no longer localized, as illustrated in Fig. 1.8d.
Due to cross-scattering between them, ρxx exhibits peaks as shown in Fig. 1.6b, numbered according
to the current partially filled LL at EF . Since the density that a Landau level can accommodate,
nmax = 4eB/h increases with the field, the nonzero ridges of ρxx in Fig. 1.6d spread out in a socalled Landau fan, following lines of constant, half filling (ν = 0, ±4, ±8, ... for SLG) described by
e BG /eν. Along the same lines, plateau transitions can be observed in ρxy (Fig. 1.6c). Due to
B = hCV
∗ Integer

filling always refers to an integer number of full LLs: ν = ±2, ±6, ... (SLG) or ν = 0, ±4, ±8, ... (BLG).
related to low/empty or high/full filling of a Landau level is to be interpreted always in the electron picture,
even for valence band LLs: for example, ν= -1.8 in SLG would be called low filling of the 0th LL.
† Phrasing
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Figure 1.8: (a) Energy diagram at a fix x coordinate of Landau levels N =1 and 2 with added disorder
potential V (x, y), which widens their density of states ρ (E). (b)-(d) Propagating and localized states
at the different Fermi levels - and thus different fillings - drawn in (a). Panels (b) (ν = 6) and (c)
(ν ≈ 6) show that near integer filling, ballistic edge transport is maintained80 by disorder: though
new states become available in the Landau gap, they are localized, do not affect edge states, and
stabilize a Hall resistance plateau to h/e2 ν and ρxx to zero. (d) In contrast, around half filling, the
bulk of the device is conducting, and backscattering is possible.
the large first Landau gap, the quantum Hall effect may even be observed at room temperature in high
enough B fields.25
The onset field B0 of the quantum Hall effect is determined by the amount of disorder, and correspondingly the mobility µ. Roughly, if the average time between scattering events is longer than
it takes to finish a quasiclassical cyclotron orbit, or equivalently µB  1, the QHE can be observed.
Fig. 1.6a shows that when the magnetic field is decreased below a threshold value (here B0 ≈ 6 T)
determined by µ, the profile of ρxx degrades to SdHO, and ρxy soon becomes linear in B, described
by the classical Hall effect (HE). The relations between device size, the characteristic length scale
of disorder potential features, and the magnetic length lB also affect the transition between the HE
and the QHE. For example, the quantum Hall (QH) plateaus in Fig. 1.6b become less well-defined
with increasing |ν| since with a larger number of channels the insulating area in the bulk decreases,
increasing the chance of backscattering via its localized states. However, low enough disorder (high
mobility) permits the onset of the QHE at as low as 30-60 mT (see Refs. 19, 82 and Section 4.3).
It may also destabilize (narrow down) QH plateaus, while enabling electron-electron interactions to
dominate: therefore plateaus may appear at intermediate integer, or even fractional filling factors. The
former is caused by the lifting of the spin and valley degeneracies83–87 (see Sec. 4.3), while the latter,
fractional QHE88–90 is likely due to the formation of composite fermions.85,91,92
When graphene is gated to modify its electron density, the flake works approximately as a capacitor plate. Since it is finite in size, charges accumulate near the edges, making the expression for
geometric capacitance per unit area in Eq. 1.21 invalid in their vicinity. In the quantum Hall regime,
|ν| ∝ |n| is also increased close to the edges, therefore a LL may be filled locally while it is still only
partially filled in the center of the device: consequently, quantized plateaus may be observed even
when the bulk is still conducting.93,94 This phenomenon is absent in semiconducting heterostructures,
for the confining potential of a 2DEG is smooth.95
Using multiple gate electrodes, the filling factor profile in real space can be modulated so that
propagating QH states are created in the bulk, as explained in Chapter 5. The trajectories of conducting channels are also affected by the quantum capacitance of the LLs’ density of states (Fig. 1.8a and
Eq. 1.23), electrostatic screening,95 or, especially in suspended samples, mechanical strain.96 These
effects are less relevant for states propagating at hard wall potentials (real edges), or in supported
samples. The effects of screening are detailed in Section 6.2.
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Chapter 2

Nanoribbons on SiO2
Low spin-orbit coupling26 and low concentration of 13 C nuclear spins make graphene a promising
platform for the realization of long-lifetime spin qubits.28,29,31,33 However, from an application point
of view, Klein tunnelling and the absence of a band gap hinder effective electrostatic confinement of
electrons, which makes the fabrication of quantum dots - to serve as qubits - challenging. Creating
ribbons or QDs with a width W of a few nanometers provides a way to generate a band gap due
to one dimensional confinement.97 Furthermore, graphene nanoribbons with zigzag edges (defined
in Fig. 1.1) exhibit a gap and antiferromagnetic ordering at the edges,37,98 and are expected to be
half-metallic in a transverse electric field, therefore could be used as spin filters in spintronics and
quantum electronics. Wider (W > 10 nm) zigzag ribbons are gapless and may serve as ballistic
conducting channels, for example for interferometers, Cooper-pair splitters, or beam splitters.
In this Chapter, various methods of graphene nanoribbon (GNR) fabrication techniques are explored in order to produce high-quality ribbons with W ranging from a few 10 nm to a few 100 nm.
Two plasma etching techniques are presented that differ in the way graphene is masked for shaping.
Two further methods - carbothermal etching (CTE) and AFM lithography (AFML) - are investigated
that can produce GNRs with zigzag edges. After contact fabrication, low-temperature (4.2 K) measurements of the two-terminal differential conductance G are performed as a function of backgate
(Vg ) and DC bias (VSD ) voltages with a setup similar to that in Fig. A.5b in the Appendix, used to
determine the mobility and the nature of electronic transport. Although the width of GNRs here is too
large to expect a confinement gap greater than 20-30 meV97 (if any), backscattering and localization
due to various types of disorder - with the assistance of the gap - often cause insulating behavior besides low mobility. While the yield of both plasma etching techniques and CTE was found to be low
in producing non-disordered, high-quality GNRs, promising results have been achieved with AFML:
such ribbons have relatively good mobility, limited only by the SiO2 substrate.
Fabrication and characterization techniques are described in Chapter 7.4 in the Appendix. All
width, length and edge roughness measurements were carried out by AFM (Sec. A.3). Part of the
Raman spectra and most AFM images displayed here and in Chapter 3 have been taken with the
help of Péter Neumann, Gergely Dobrik, Péter Kun and Gábor Magda at the Institute of Technical
Physics and Materials Science (ITPMS) of the Hungarian Academy of Sciences (HAS), who also
assisted with the fabrication of GNRs in Sections 2.3 and 2.4. Other Raman spectra have been taken
by Katalin Kamarás at the Wigner Research Centre for Physics (HAS). Fabrication of the devices
here and in Chapter 3 took place at ITPMS, while transport measurements were carried out at the
Department of Physics (DoP) of the Budapest University of Technology and Economics. A few
transport measurements were carried out with the assistance of Miklós Csontos from the DoP.

2.1

Plasma etching with PMMA mask

This Section presents measurements on GNRs fabricated via the most common method: the combination of electron-beam lithography (EBL) using a poly(methyl-methacrylate) (PMMA) resist, and
plasma etching. The demonstrated ribbons are typical examples of a series of devices, all fabricated
in the same way. The specifics of EBL and plasma generation recipes used here are detailed in Sec21
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tion A.4 in the Appendix.
After etching and mask removal, wafers are often thermally annealed in order to get rid of fabrication residues for AFM imaging as well as Raman characterization. For annealing, wafers are put
in a quartz tube, which is then placed in a furnace, and heated to 300◦ C for 1-2 hours. The ends of
the tube are either left open to air, or connected to a gas system to produce a 500 SCCM∗ flow of
Ar. Raman spectra of plasma etched GNRs exhibit no disorder-induced D peak even in unannealed
samples† , however, if many EBL and annealing steps are performed, the intensity of the D peak grows
comparable to that of the G peak, as illustrated in Fig. 2.9d.
Figures 2.1a,b show a series of ribbons, fabricated on a 300 nm thick SiO2 substrate, before and
after contacting, respectively. The characteristic edge roughness of these GNRs is 10-15 nm.‡ The
ribbon highlighted by a dashed blue rectangle in Fig. 2.1a was approximately 550 nm long and 105 nm
wide, while the one highlighted by a green box was 550 × 80 nm. Their two-terminal conductance G
at 4.2 K, measured with low-frequency lock-in technique as a function of the gate voltage Vg applied
to the doped Si backgate, is plotted in Fig. 2.1c. Their hole mobilities of ∼1000 and 600 cm2 /Vs, respectively, were estimated using G(Vg ), the above dimensions, and the capacitance to the Si backgate
(∼ 7.46 · 1010 cm−2 /V, see the caption of Fig. 1.4b), the latter corrected for finite size effects based on
Ref. 99. The resistance contribution of the wide graphene sections visible in Fig. 2.1a were omitted
in the calculations, for their resistance contribution is negligible compared to that of the narrow part.
Contact resistances Rc were unknown due to the two-terminal nature of the measurements. Due to the
voltage drop over Rc , conductances were underestimated, as were the σxx conductivities and therefore
the mobilities of the ribbons, since

σxx =

1
− Rc
G

−1
·

L
.
W

(2.1)

Nevertheless, the relative error is expected to be low, as Rc is usually in the range of a few kΩ.
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Figure 2.1: (a) AFM scan of graphene nanoribbons etched with an Ar-O2 plasma. The ribbons
highlighted by blue and green rectangles are approximately 105 and 80 nm wide, respectively, and
550 nm long. (b) Scanning electron microscope (SEM) image of the same set of ribbons (dark grey)
after contacting with Au electrodes with Ti sticking layer (light grey). The AFM-scanned area of (a)
is highlighted by a black dashed rectangle. (c) Conductance curves of the two ribbons highlighted in
(a) with the same color-coding, as a function of backgate voltage Vg at 4.2 K. Inset shows a zoomed
image of the GNR highlighted in green, with a scale bar of 500 nm.
Figure 2.2a displays the conductance of another ribbon with a size of 400 × 110 nm. In spite of
a better aspect ratio it is even less conducting than the two before, and has a very low mobility of
∼25 cm2 /Vs. Significant fluctuations with an RMS amplitude of roughly 0.05 e2 /h can be observed;
the amplitude of fluctuations for the ribbons of Fig. 2.1 was approximately 0.1 e2 /h in comparison.
∗ Standard

Cubic Centimeter per Minute, i.e. 1 cm3 /min flow rate of gas in the standard state: 298.15 K, 101325 Pa.
edges do give rise to a D peak as mentioned in Section A.2 in the Appendix, but require a long integration
time, as the laser spot size is 500 nm or larger.
‡ Edge roughness estimates based on AFM scans are only qualitative here, as they are largely affected by a water
meniscus or residues sticking to the the AFM tip, as well as its finite curvature.
† Disordered
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Figure 2.2: (a) Conductance of a 400 × 110 nm nanoribbon at 4.2 K, with a few Coulomb-peaks in
the transport gap enlarged in the inset. (b) Conductance in the vicinity of the Dirac-point as a function
of Vg and DC bias voltage VSD applied between source and drain electrodes. The transport gap ∆Vg
in (a) and (b) is highlighted by a red arrow, while the source-drain gap ∆VSD by a yellow one. (c) A
schematic diagram of a band gap (∆Econ ) opening due to confinement across the narrow width of the
ribbon, and the formation of quantum dots along its length due to disorder, from Ref. 100.

The mobilities of these three ribbons are extremely low compared to the best values of 22.5·104 cm2 /Vs achieved for bulk graphene on SiO2 , which can be attributed to the increased sensitivity of conductance to the disorder of edges and also of the substrate, since scattering centers often
cannot be avoided due to the narrowness of the ribbon. However, this does not explain that two of
the presented ribbons (green curve in Fig. 2.1c, and Fig. 2.2a) exhibit near the Dirac-point a mostly
zero-conductance region of size ∆Vg . This so-called transport gap is highlighted by a red arrow in
Fig. 2.2a, and has intermittent peaks as shown in the inset. The map in Fig. 2.2b depicts the conductance of this GNR as a function of both Vg and DC bias VSD , the latter applied between the two
(source and drain) contacts as has been illustrated in Fig. A.5b in the Appendix. Here a source-drain
gap of size e · ∆VSD appears, highlighted by a yellow arrow. The question arises: what causes these
features and the striking differences between GNRs of such similar size?
Zero-conductance regions with intermittent peaks in G(Vg ), and diamond-like patterns in
G(Vg ,VSD ) have been observed in several GNRs100–105 as well as graphene islands connected to bulk
graphene by narrow ribbons,106–111 and have been attributed to transport through quantum dots (QDs).
The G(Vg ,VSD ) stability diagram of a single QD consists of a series of rhombus-like features called
Coulomb diamonds, with Coulomb peaks along the VSD = 0 line, as illustrated in Fig. B.1d in the Appendix. Simple ribbons sometimes exhibit periodic Coulomb peaks in G(Vg ) and regular diamonds
in G(Vg ,VSD ) in certain gate voltage ranges, indicating the domination of a single QD, however, they
mostly show features like those in Fig. 2.2b, which can be interpreted as overlapping Coulomb diamonds of various sizes, caused by several dots. Scanning probe measurements112 also indicate that
charge carriers can be localized in random positions along a ribbon as well as in an island, further
supporting the theory that GNRs tend to behave as a series of random QDs.
QDs are formed in a GNR through the conjunction of multiple effects. The first is the opening
of a confinement gap ∆Econ due to size quantization, which depends on the ribbon’s edge type37,97,98
as well as the width. However, the roughness and chemical functionalization of GNR edges prepared
with plasma etching113,114 make ∆Econ random along its length, preventing the observation101 of a
correlation between orientation and the source-drain gap ∆VSD . Furthermore, e∆VSD is often much
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larger than the expected ∆Econ : it is determined by other quantities as explained below.
The second reason of QD formation is that the disorder potential induced by substrate disorder
and fabrication residues modulates the carrier density and Dirac-point energy as shown in Fig. 1.4c,
and also the conductance and valence band energies as illustrated in Fig. 2.2c. In contrast to the bulk
case, however, electron or hole doped puddles are separated by insulating, gapped regions acting as
tunnel barriers, resulting in the formation of a series of QDs.
In the energy range of the confining potential wells (indicated by the red arrow of ∆EF
in Fig. 2.2c), current through QDs is permitted only if their charging levels (see Eq. B.2 and
Figs. B.1c, B.2d-i in the Appendix) are aligned with each other and the chemical potentials of the
electrodes. As the level spacing of a random QD - the charging energy Ec - can be several meV,
this so-called Coulomb blockade explains the mostly insulating transport gap with the random peaks
within. With increasing |Vg | the bands can be shifted so much that EF is no longer intersected by the
confinement gap, and current is no longer blocked. Therefore, the transport gap ∆Vg is related to the
magnitude ∆EF of the disorder potential.100
Current may also flow if the difference between the source and drain chemical potentials, eVSD ,
is large enough to overcome both ∆Econ and the charging energies of the Coulomb-blockade. Since
the modulation ∆EF of the edges of the valence and conductance bands is larger than the expected97
∆Econ , the source-drain gap is determined by the largest charging energy: e∆VSD = 2Ecmax . Based on
this, Ecmax of the ribbon of Fig. 2.2a,b is nearly 40 meV, corresponding to a size100 of approximately
46 nm.
The low mobility, Coulomb-peaks, transport and source-drain gaps of the plasma-etched GNRs
of Figs. 2.1 and 2.2, and also of several other devices not presented in this thesis, indicate that the
employed fabrication method creates disorder and causes the formation of multiple random quantum
dots, thus the ribbons cannot be considered high-quality conducting channels. The values of minimum
conductance, mobility, ∆Vg and ∆VSD vary from device to device, as well as between fabrication
batches, indicating that confinement and the QD network are sensitive to factors (edge roughness,114
local substrate inhomogeneities) that cannot be controlled. The randomness of the GNRs’ and QDs’
behavior clearly show the limitations of this technology. Therefore, further techniques have been
explored with the aim to create high-mobility GNRs with reduced disorder and well-defined edges,
as described in the following Sections.

2.2

Plasma etching with Al mask

Electron-beam lithography has a resolution limit that depends on the attributes of the SEM and
to some extent the lithographic recipe. Close to this limit - such as when making GNRs around
W =100 nm width - the significance of imperfections increases. A GNR is defined by a stretch
of unexposed PMMA: this rectangle may become irregular, for instance, due to partial exposure
by scattered electrons from nearby exposed features of the mask, a phenomenon referred to as the
proximity effect of EBL. The rectangular mask usually has a thickness of d = 300 − 400 nm, with
a width in the range of 50-200 nm that will define the GNR width. This aspect ratio, illustrated in
Fig. 2.3a, makes the mask structurally weaker, prone to collapsing, which is further enhanced by the
trapezoid cross-section, the result of electrons spreading through PMMA from the focused beam.115
Although a thinner PMMA layer could circumvent both problems, always present thickness variations
would be relatively high, and so would width fluctuations due to over- or underexposed PMMA
since the proper electron dose depends on d. Furthermore, nm-size patches of not fully exposed and
developed PMMA in the vicinity of edges may result in corrugated and pitted, holey edges. All in all,
these variations and imperfections in the mask supposed to protect graphene create an edge roughness
of as much as 20 nm, increase electron scattering, and also randomize the confinement gap.
In order to circumvent the above issues, a hard mask technique was developed that uses a metal
layer instead of a polymer to protect graphene from plasma. First, a PMMA mask is created to define
the shape of the hard mask. In contrast to the previous technique, the polymer is exposed where
graphene will have to be protected. After development, the whole wafer is coated with 20-40 nm
thick Al by e-beam evaporation, then the PMMA is removed with acetone, thus the metal on top is
24

PMMA (b)

d

Si/SiO2

Alu
m

ene

W

grap
h

grap
h

ene

(a)

iniu
m

2.2. Plasma etching with Al mask

Si/SiO2

Figure 2.3: (a) Illustration of a PMMA mask for a GNR. The characteristic undercut is caused by
electron scattering within the polymer during exposure. (b) A hard metallic mask made of Al. Both
serve to protect a stretch of graphene during exposure to plasma.
lifted off. As a result, an Al hard mask covers graphene where PMMA was exposed by electronbeam, as depicted in Fig. 2.3b. The next step is the same as previously: unprotected graphene is
etched using an Ar-O2 plasma. Finally, the Al mask is removed in a 5 m/m% solution of phosphoric
acid (H3 PO4 ) in water at ∼ 75◦ C during 20 min, rinsed in distilled water, and finally blow-dried with
nitrogen. Figs. 2.4a,c show photographs with enhanced contrast after mask removal of a ribbon (on
a wafer designated 701a) and a four-terminal device (on wafer 701b), respectively, while Fig. 2.4d
depicts the Raman G peak intensity map of the latter. An SEM image of an Al test mask designed
for a four-terminal device can be seen in Fig. 2.4b. In spite of expectations, the edge roughness of
the mask is 12-20 nm, comparable to that of PMMA-defined ribbons, although it may prevent pitted
edges.
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Figure 2.4: (a) Contrast-enhanced optical photo of a 400 nm long and 160 nm wide ribbon that has
been plasma-etched using an Al mask. (b) SEM image of an Al mask (without graphene) for a fourterminal device which is ∼470 nm wide at the center, and is connected to four wider legs through
250 nm narrow branches. (c) Contrast-enhanced photograph of a four-terminal SLG structure after
mask removal. The four pieces of SLG on the left and right (denoted as SG1-4 in panel (b)) are
to serve as side gates for the branches. Darker areas are graphene multilayers. (d) Raman G peak
intensity map of the flake in (c): the higher intensity of multilayers is demonstrated by the bright
yellow areas. (e) Raman spectrum (with 532 nm excitation laser wavelength) of the thinnest areas of
the flake in (c): before EBL and etching (green), and after the H3 PO4 bath (blue), the latter integrated
over the blue area in (d). (f) Two-terminal differential conductance at 4.2 K as a function of backgate
voltage Vg of the ribbon in (a) (blue), and of the branches of two devices similar to the one in (c) with
floating side gates, both on a wafer designated 812.
Raman spectroscopy measurements have been performed to determine whether the Al mask and
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its removal in H3 PO4 create disorder in the graphene lattice. Fig.2.4e displays two Raman spectra of
the device from panel (c) before any lithography and masking (green) and after the acidic bath (blue),
scaled to match their G peak intensities. A disorder-related D peak is introduced by the process,
whose height is a relatively small 7% of the G peak. As EBL solvents and plasma etching do not give
rise to an observable D peak, its appearance is possibly caused by remnants of Al, functionalization
by the acid, or the initial e-beam irradiation during exposing the PMMA mask. Although the edges
may contribute to a D peak in the spectrum of this device, it is unlikely, since their contribution could
not be distinguished from background noise in spectra taken - with similar parameters - on larger
etched regions.
After creating contact electrodes with lithography, measurements were performed at 4.2 K. The
two-terminal conductance of the 400 × 160 nm ribbon designated 701a in Fig.2.4a, and the conductance between various legs of two identical four-terminal devices - on a wafer numbered 812 - are
shown in Fig.2.4f. Except for the ribbon’s, all curves slope downward with increasing Vg , suggesting
the voltage VD corresponding to the charge neutrality point (see Eq. 1.20) is outside the range of the
measurement, and the four-terminal devices are strongly hole-doped. The small variations between
the curves, and the slightly different behavior of ribbon 701a can be attributed to the effect of impurities in different fabrication batches, and inhomogeneities in the SiO2 substrate. The mobility of
the GNR is approximately 200-300 cm2 /Vs, with a 0.07 e2 /h RMS fluctuation. Mobility is reduced
compared to the 550 nm long and 80-105 nm wide ribbons of Fig. 2.1 in spite of a greater width and
smaller length, a further sign of increased disorder.
The four-terminal devices were fabricated in order to investigate the possibility of current guiding
with side gates, and of using etched graphene on SiO2 as e.g. a beam mixer in Hanbury BrownTwiss experiments with Cooper-pairs. Fig. 2.5 show preliminary lock-in measurements on a device
on wafer 701b, in a setup where one terminal is biased with a small AC voltage (Vac ), and current is
measured simultaneously in two other legs (IL , IR ), as depicted in Fig. 2.5a. Conductances are defined
as GL,R = dIL,R /dVac . The effect of graphene side gates (VL,R ) on the current distribution between the
left (L) and right (R) branches was investigated at Vg = 0. Figs. 2.5b,c show that the conductances
GR,L of the right and left branches are tuned by as much as 14% by side gates in the investigated
voltage range, while Fig. 2.5d shows the total conductance GT = GR + GL . The latter decreases
almost monotonously with increasing side gate voltages, as expected of hole-doped devices. GR(L)
mostly decreases with increasing right (left) side gate voltage as well, however, it is also affected
by the left (right) gate due to conductance changes in the left (right) branch as the branches are
measured simultaneously. Furthermore, horizontal or vertical fluctuations can be observed in the
conductance maps, originating in the right or left branch, respectively. Fig. 2.5e, depicting the ratio
of the conductances, reveals that the current injected at the biased terminal can be equally distributed
between the two branches (GR /GL = 1), producing a beam splitter with a ratio tunable around 50%
by side gates.
In order to gain further information on the nature of transport, a magnetic field B was applied
perpendicularly as illustrated in Fig. 2.5a. Fig. 2.5f displays conductances GT (black, left axis) and
GR,L /GT (blue and green respectively, right axis) at zero gate voltages as a function of B. Disorder
in graphene is clearly too high for the observation of the quantum Hall effect - expected as plateaus
in GT as explained in Section 4.3 - even at 15 T. Nevertheless, with increasing B the relative current
in the right branch is reduced, while in the other it increases; at opposite field, the current of the left
branch decreases. These approximately correspond to the Onsager relations. In this specific case,
the Lorentz-force tends to direct the diffusively propagating charges into one branch or the other,
depending on the sign of the field, equivalently to the classical Hall effect. Although the total current
- proportional to GT - decreases symmetrically for both field orientations, asymmetries in the branches
result in asymmetries in GL,R (B).
The measurements presented above suggest that mobility and doping are reproduced during fabrication. However, in some fabrication batches the graphene flake often rolled up or became creased
after mask removal in H3 PO4 . Although first batches such as 701a or 701b were stable, flakes rolled
up more and more frequently in later samples. A non-monotonous side gate response of successfully fabricated four-terminal devices among these later batches indicate that besides the fabrication
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Figure 2.5: Current dividing in device 701b. (a) Schematic of the measurement geometry: one terminal is biased (Vac ), and currents IR,L are measured. (b), (c) Conductances GR,L = dIR,L /dVac as a
function of side gates VL,R with Vg = 0. (d) Total conductance GT = GR + GL . (e) Ratio GR /GL of the
conductances. (f) GT (black curve, left axis) and GR,L /GT (blue and green, right axis) as a function
of a perpendicularly applied magnetic field B (as shown in (a)), with all gates grounded.
yield, electronic quality also declined. These results suggest that the Al-masking technique - like
PMMA-masking - is inadequate to fabricate high-quality graphene nanostructures.

2.3

Carbothermal etching

In the previous two Sections, graphene nanoribbons fabricated by plasma etching were presented.
As a result, edge disorder was introduced to graphene, which results in a fluctuating confinement
gap depending on the local atomic structure of the edges, and contributes to random quantum dot
formation. In this Section, a fabrication method is explored that employs high-temperature annealing
to anisotropically oxidize graphene at defects such as crystal grain boundaries and edges. This socalled carbothermal etching (CTE) technique results in edges parallel with the zigzag crystallographic
orientation.116,117
CTE constitutes annealing the sample in a pure (99.99%) Ar gas flow. The wafer is placed in a
quartz tube, which is then put into a furnace. The gas exhaust from the tube is run through a H2 SO4
bath to avoid a back-flow of outside air into the system. First, the gas tubes are rinsed with Ar, then
heated to 300◦ C for 1-2 hours of pre-cleaning, the same process used to remove EBL residues before
taking AFM scans. Then the furnace is heated to 720◦ C, the temperature necessary for CTE, and kept
there for several hours. Finally, heating is gradually turned down, and the quartz tube and sample are
left to cool while keeping up the Ar flow.
CTE requires defects in the graphene lattice in order to start oxidation, and obtains oxygen most
likely from the SiO2 substrate itself. In Ref. 116, hexagonal holes were grown in graphene around
randomly occurring or AFM-made point defects, while trenches - with edges parallel with the zigzag
direction - were etched along grain boundaries. In order to fabricate zigzag GNRs efficiently and
at predefined locations, CTE was combined with lithography: in the work of Neumann et al.118
(including the Author), defects were created artificially using O2 or Ar-O2 plasma, and in one case
Ar+ ion irradiation, in areas defined by EBL. This Section shortly reviews these results, then presents
the continuation of that research as well as final conclusions.
Figures 2.6a,b show AFM scans of a flake with an EBL-defined antidot lattice etched by plasma
and ion irradiation, after thermal cleaning in Ar at 330◦ C to remove organic residues from lithography.
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Figs. 2.6c,d illustrate that after CTE, many of the originally elliptic holes exhibit a roughly hexagonal
shape, whose edge orientations - highlighted by white lines - differ by integer multiples of 60◦ from
certain edge directions of the flake itself, indicated by black lines in Fig. 2.6a. As these tend to be
important crystallographic directions such as zigzag or armchair,119,120 this suggests that edges are
indeed zigzag oriented. However, the holes are often irregular, likely because organic residues from
EBL processes adhered to their edges - as confirmed by AFM imaging in Fig. 2.6b - and locally
delayed the orientation-selective oxidation of the lattice in CTE treatments.

(a)

(b)

1 µm

200 nm

(c)

5 µm

(d)

Figure 2.6: (a) AFM scan of a graphene flake with antidot lattices etched into it in multiple areas.
Black lines at an angle of 120◦ are drawn parallel with two edges of the flake, suggesting these
are parallel with either the zigzag or the armchair direction. White lines indicate all the equivalent
orientations. (b) A zoom of the region in (a) highlighted by a dashed white rectangle, with the
images of two holes enlarged. Lighter colors around the edges correspond to higher regions caused
by lithographic residues. (c) and (d) show the same area as (b) after 2 and 4 hours of total CTE
treatment, respectively. Scale bars are as in (b). The evolution of the same holes, highlighted by
dashed squares, is displayed as well. White lines, parallel with those in (a), indicate orientation
selectivity of the hole edges. Images are based on the work of Neumann et al.,118 and also on Ref.
57.
Figure 2.7 shows another sample fabricated with EBL and CTE, along with its Raman spectrum.
Since zigzag edges do not contribute to the D peak117,121 around 1348 cm−1 , the peak here - with half
the height of the G peak - confirms that disorder is introduced during the fabrication steps in the bulk
and possibly the edges, unlike the case in Ref. 117.
(b)
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Figure 2.7: (a) A second flake with EBL and plasma-defined holes after CTE. White hexagons are
guides to the eye. Small dark spots may indicate a different interaction between AFM tip and substrate, not necessarily pits in the surface. Images are based on the work of Neumann et al.,118 and also
on Ref. 57. (b) Raman spectrum (with 488 nm excitation laser wavelength) of the sample exhibits a
strong D peak, pointing to the presence of disorder.

In order to produce higher quality zigzag nanoribbons, disorder can be reduced by omitting EBL
- except for fabricating contact electrodes later - so that solvent residues that may affect anisotropic
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oxidation are not present on the crystal during CTE. Instead of EBL and plasma, defects were created
- to serve as kernels of hexagons - by puncturing the graphene sheet via applying a large force with a
hard AFM tip (similarly to Ref. 116), a technique called AFM indentation. Fig. 2.8a shows four holes
in a graphene flake created with this method, highlighted by dashed white circles. Fig. 2.8b,c depict
one of these holes, and one from another flake, after 2 hours of CTE, showing the results of anisotropic
etching: a hexagon and a rhombus, with characteristic 120◦ and 60◦ angles. The indentation in the
center, in the SiO2 substrate itself, indicates the large force that was required to puncture the graphene
lattice. In the series of experiments there was one wafer from which the flake entirely disappeared
during CTE. This increased oxidation was caused most likely by contamination on the sample or
quartz tube surface, or in the Ar atmosphere (water vapor for instance), in spite of the precautions
listed above. 2505

(a)

(b)

(d)

(e)

2 µm

500 nm

(c)
100 nm

500 nm

100 nm

Figure 2.8: (a) Holes fabricated in SLG by AFM-indentation, highlighted by dashed white circles. (b)
The upper left hole in (a) after 2 hours of CTE. Although dark to light colors correspond to increasing
height, color contrast here is opposite due to different AFM scanning conditions.122 (c) A hole from
another device after 2 hours of CTE. (d), (e) The four holes in (a) after 16 hours total of carbothermal
etching.
Since the hole diameters grow at about 12-18 nm/h, a long time is needed to fabricate nanoribbons between AFM-indented holes that are located several hundred nanometers from each other.
Figs. 2.8d,e show the four holes with a spacing of 1 µm from Fig. 2.8a after 16 hours total of CTE
treatment. The outlines of the holes have become slightly curved, suggesting small inhomogeneities in the substrate, for instance - locally affect the oxidation of a receding edge, and the resulting imperfections cause deviations from a straight line over time. A newly formed trench can also be observed,
highlighted between blue dotted lines, whose abrupt ending excludes the possibility that it is a grain
boundary. Instead, it might be the result of the buildup and relaxation of mechanical strain during
the heating and cooling of graphene and SiO2 , creating a deformation in the graphene sheet which is
susceptible to the CTE reaction.
The above results suggest that - in spite of the promising achievements published in Ref. 116 CTE is a sensitive technique that can be ruined by issues of strain, substrate disorder, contamination in
the gas system, or on the sample (unrelated to lithography), the latter remaining even after cleaning at
300-330◦ C in Ar. As edge imperfections seem to accumulate over time, it seemed prudent to decrease
the necessary duration of heat treatments. Therefore in the next device, the series of AFM-indented
holes were placed close to each other. After a three and an additional two-hour long CTE process, they
grew to well-defined hexagons as depicted in Fig. 2.9a, with an edge roughness significantly lower
than plasma-etched GNRs: 3-5 nm. For electronic measurement of the ∼85 nm long and 40 nm wide
ribbon highlighted by a white dashed circle, the neighboring ribbon and certain nearby graphene areas
had to be etched away by plasma to prevent short-circuits, with the lithographic etch mask aligned
very precisely with respect to the graphene flake.
As graphene is degraded when scanned with an electron beam even if covered in PMMA, a square
grid of Ti/Au (gold on titanium sticking layer) markers on the wafer is used as reference during EBL
alignment, while the etched flake is outlined in the digital EBL design with respect to the grid based
on optical micrographs and AFM scans (methodology is detailed in Ref. 57). Usually, the predefined
200 µm period marker grid of a wafer is adequate to find the flake, align the SEM, and achieve a mask
accuracy of 100 nm or better, depending on the SEM. However, the accuracy of the flake’s outline in
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the design depends on the optical and AFM images: the former has an error margin of several hundred
nanometers, and the latter rarely encompasses EBL markers, and can only be aligned with an optical
picture.
Therefore, small Ti/Au markers with 25 µm spacing were fabricated in the vicinity of the area
in Fig. 2.9a, and their AFM scans were used to achieve the necessary accuracy. Still, as only two
(neighboring) ribbons were created, it was safer to destroy one of them instead of trying to fit in
an etch line for separation: hence at the end of plasma etching, only a single GNR was achieved.
Afterwards the flake was thermally cleaned at 300◦ C, then scanned by AFM to confirm whether the
etch mask had been properly aligned. Ideally, the third lithography step of creating metallic leads
would be the final one; however, based on AFM images, etch masks and contact electrodes were
not perfectly aligned at first, moreover etching was not always successful. Therefore the device went
through EBL, etching and thermal annealing (before each AFM imaging) more than ideally necessary.
The SEM image in Fig. 2.9b shows that in the end, the edges of the graphene sheet around the ribbon
(highlighted by a dashed white circle) are ragged, and do not follow the straight lines of etch masks.
It is possible that thermal annealing at 300◦ C fixes some organic residues to the graphene surface that
later cannot be removed by Ar-O2 plasma, resulting in random outlines within the etched areas.
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Figure 2.9: (a) A series of holes after two CTE steps of 5 hours total, and (b) a final SEM image after
all EBL, etching, annealing and contacting steps. Dark grey is SiO2 , light grey is a metallic contact,
intermediate grey is graphene. (c) Conductance at 4.2 K of the ribbon highlighted by the white
dashed circle in (a) and (b). (d) Raman spectra of the flake after subtraction of a linear background,
and normalization to match G peak intensities. The black spectrum was taken between the two CTE
treatments, while the red and green one after EBL, etching and contacting: at the same (final) stage
as in (b). All spectra were measured with an approximately 1 µm laser spot size, the black and red in
the vicinity of the ribbons, while the green one further away.
Low-temperature measurements on the final single ribbon showed a conductance below 0.1 e2 /h
over the applied gate voltage range, as displayed in Fig. 2.9c. The comparison of Raman spectra taken
between the three and two-hour CTE treatments to spectra taken at two spots after EBL, provided in
Fig. 2.9d, show the appearance of a D peak at least 19% the height of the G peak (red curve) or
larger (green curve). As an ideal zigzag GNR of this width has no band gap98 to result in QD-like
characteristics, these results indicate that while CTE on this timescale works mostly well, multiple
lithography steps and thermal cleaning processes at 300◦ create edge and bulk disorder, which lead to
the opening of a gap and strong localization. The rough outlines in Fig. 2.9b clearly show that lattice
degradation is macroscopic in scale.
To summarize, carbothermal etching is capable of creating straight, zigzag-oriented edges in
graphene with length scales of a few hundred nanometers. However, CTE is extremely sensitive
to contamination, the fabrication process is long, complicated and has a low yield, moreover, multiple EBL and thermal cleaning steps introduce disorder and degrade the lattice integrity, all of which
make employing the CTE technique for routine fabrication of graphene nanoelectronics unrealistic.
Therefore another method with the potential to create regular nanoribbons, AFM lithography, was
next investigated.
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2.4

AFM lithography

In this Section, the possibility of using an AFM tip to fabricate nanoribbons via mechanically
destroying (scratching) graphene along a chosen crystallographic direction is explored.
Figure 2.10a shows an AFM scan of such a ribbon. It is 920 nm long and approximately 45 nm
wide with less than 6 nm edge roughness, and has perpendicular side scratches so that bulk graphene
at either end is only connected via the ribbon. The Raman spectrum of the finalized sample exhibited
a D peak half the size of the G peak, which can be attributed to the lithography steps of creating
a small marker grid, etching, annealing, and (twice) contact designing. Although its conductance
at room temperature was on the order of 1 e2 /h, at 4.2 K it was much reduced, and exhibited a
series of resonant peaks, as shown in Fig. 2.10b, attributed to the formation of quantum dots along
the ribbon. This is confirmed by roughly periodic Coulomb diamond-like features in the stability
diagram displayed in Fig. 2.10c. Although the ribbon is parallel with the zigzag direction, if large
enough edge imperfections can be found along its 920 nm length, a gap may open which, along with
bulk disorder, would explain the significantly reduced conductance.
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Figure 2.10: (a) An AFM image of a 920 × 45 nm GNR defined by AFM-lithography, with perpendicular scratches to separate the areas of bulk graphene at source (S) and drain (D) ends so that only the
ribbon conducts. Schematics of voltage biasing and current measurement are illustrated. (b) Differential conductance as a function of backgate voltage at 4.2 K. (c) Charge stability diagram exhibiting
a series of Coulomb diamonds.
In contrast, the conductance of two other devices - one of them displayed in Fig. 2.11a - shows the
absence of a band gap and localization: plotted in Fig. 2.11b, neither G(Vg ) curve exhibits a transport
gap or Coulomb-peaks. The ribbon designated 18cp2b went through similar fabrication processes as
the one in Fig. 2.10, with two etching steps, and one contact fabrication. For ribbon 26c1d, the least
possible amount of lithography was employed: large flakes were chosen for easy EBL alignment and
the AFM tip itself was used to separate different areas to prevent short-circuits (not yet fabricated at
the stage shown in Fig. 2.11a). Hence, there was no need for a short-period marker grid, nor etching,
and EBL was used only once: for contacts.
Based on Fig. 2.11b, the mobilities of these zigzag-oriented ribbons are estimated to be
∼4000 cm2 /Vs, considerably better than most GNRs in this Chapter. This could be explained by
their shorter length: with an edge roughness less than 8 nm they likely have few large edge defects
and remain gapless. µ is only limited by bulk disorder in spite of possibly multiple EBL, etching
and annealing steps.∗ These results indicate that AFM-lithography is a viable method to fabricate
narrow, high-quality GNRs and other structures. Nevertheless, further studies are needed to assess
the efficiency of the technique: for example, to see if there is a short somewhere along the cut that
separates the source and drain sides, which might increase the conductance.
∗ But

still fewer steps than the CTE-grown ribbon of Fig. 2.9.
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Figure 2.11: (a) AFM image of an approximately 320 × 45 nm nanoribbon. Dashed white lines
indicate scratches made later to separate source (S) and drain (D) sides. Schematics of voltage biasing
and current measurement are illustrated. (b) Conductance at 4.2 K of the ribbon in (a) (green curve),
and of a similar, 430 × 30 nm device (blue curve).

2.5

Chapter summary

This Chapter has reviewed a series of nanoribbon fabrication methods with the motivation of
creating high-quality graphene conducting channels, including techniques for creating GNRs with
zigzag edges: these are predicted to be metallic down to a few-nanometer width, where they become
half-metallic, and could be used as spin filters with the application of a transverse electric field. The
nanoribbons were fabricated on a SiO2 substrate, then characterized through AFM imaging, Raman
spectroscopy and electronic transport.
Low-temperature conductance measurements demonstrate that a series of quantum dots form
along the length of ribbons fabricated via plasma etching, due to (i) the opening of a random, positiondependent confinement gap caused by a 10 to 20 nm roughness of edges, and (ii) bulk disorder from
lithographic residues and the substrate. Aiming to reduce edge roughness, the PMMA etch mask was
replaced with an Al one, but no significant differences were observed in transport properties: mobility remained well below common bulk values. Four-terminal geometries were designed as well, to
investigate the side gate tunability of graphene ribbons for use in beam splitters: it was demonstrated
that they can serve as current dividers, although measurements in high magnetic fields showed that
they conducted diffusively.
In order to reliably fabricate GNRs with regular edges, an anisotropic etching method, CTE was
tested next. First, it was combined with EBL in an attempt to create zigzag GNRs on a large scale
efficiently. However, the sensitivity of CTE to uncontrollable parameters such as defects in the substrate or lithographic residues remaining on lattice edges - in spite of thermal cleaning - has lead us
to the conclude that this combination is unsatisfactory for the above purposes. EBL was replaced in
its role of creating CTE oxidation kernels with AFM indentation, but was still employed in other fabrication steps. Ribbons with an edge roughness of less than 5 nm were achieved, but subsequent EBL
and thermal cleaning steps resulted in a significant degradation of the lattice, leading to an extremely
low conductance, while the fabrication process was complex, delicate, and had a low yield in the first
place.
Finally, an AFM tip was used to scratch GNRs with zigzag orientation into the graphene lattice.
Although a 920 nm long ribbon exhibited QD characteristics, two shorter ones (320-430 nm) showed
no transport gap - as expected of such relatively wide (30-45 nm) zigzag GNRs, indicating low edge
roughness; and had mobilities similar to that of bulk graphene, only limited by the SiO2 substrate.
These results show that AFML is a promising method to fabricate high-quality zigzag ribbons down
to a few tens of nanometers in width, although further studies are required to estimate its limits
such as the lowest possible ribbon width or edge disorder. While AFML cannot be used on a large
scale, progress in anisotropic etching techniques other than CTE123–127 offer further avenues for the
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fabrication of crystallographically oriented nanoribbons.
The results presented in this Chapter demonstrate how significantly substrate and edge disorder
can affect transport properties at the nanoscale in a 2D material. Although we have tried various different techniques to engineer graphene nanoribbons, they did not provide sufficient quality or output
to routinely use them in producing GNRs as building blocks of nanoelectronic devices. One of the
main reasons - besides fabrication residues and edge roughness - was the SiO2 substrate, which still
prevented ballistic transport. The following Chapters explore ways of overcoming this limitation: by
switching to SiNx , or suspending graphene.
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Chapter 3

Attempt for a better substrate:
properties of graphene on SiNx
The previous Chapters demonstrated that SiO2 is a disordered substrate with a rough surface and
other defects that introduce density inhomogeneities - electron and hole puddles - in a graphene flake
on it, making charge transport diffusive. As a result, mobility is mostly below 2·104 cm2 /Vs even for
thermally cleaned samples, the quantum Hall effect appears above 4 T (see Figs. 1.4a and 1.6c,d),
while mean free paths at available densities are limited to a few hundred nanometers, which is inadequate for electron optics.
As SiNx has proven to be a noise-free dielectric when gating semiconducting nanowires,128,129 it
seemed a promising material to serve as a substrate for graphene devices. This Chapter overviews
experiments where graphene is prepared on SiNx instead of SiO2 , and analyzes the mobility of SLG
devices on this surface. An important part in the fabrication process is the localization of the single
atom thick layer on the substrate, which can be done optically due to interference effects. For a SiO2 covered Si wafer, a dielectric thickness of 300 nm is used most often as it has relatively high contrast;
as SiNx has different optical properties, its optimum thickness had to be calculated first. We have
included an additional SiO2 layer and simulated Si/SiO2 /SiNx heterostructures, to provide an extra
degree of freedom in achieving good visibility of graphene. This Chapter summarizes the necessary
calculations, the growth of the dielectrics with optimized thickness, Raman and AFM analysis of
few-layer graphene on the new substrate, and low-temperature electronic transport measurements in
the classical and the quantum Hall regimes, in order to examine the influence of SiNx on the mobility
of graphene.
The results presented below have been published in Ref. 130. The Author’s work encompasses
simulation and optimization of the optical properties of the Si/SiO2 /SiNx heterostructure, device fabrication, and optical, AFM and electrical characterization, the latter with the assistance of Miklós
Csontos and Tamás Kriváchy from the DoP. Dielectric layers of the substrates were grown and characterized by Péter Fürjes at ITPMS. Fabrication and characterization techniques are described in
Chapter 7.4 in the Appendix.

3.1

Optical visibility on SiNx

The required thicknesses dSiO2 , dSiNx of dielectric layers are found by maximizing the difference in
the reflectance of the Si/SiO2 /SiNx heterostructure with and without an SLG flake on top, at normal
incidence. For this the complex reflection coefficients rg and rs - corresponding to the graphenecovered and the bare substrate - are calculated as a function of the thicknesses, based on the simple
model of Refs. 131, 132 as detailed below.
First, the reflection coefficient r1 of a semi-infinite block of Si with respect to air (see also
Fig. 3.1a) is described at normal incidence:
r1 =

sin (θr − θi ) θr − θi 1 − n1
≈
=
,
sin (θr + θi ) θr + θi 1 + n1

(3.1)
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where θi and θr are near-zero incidence and refraction angles, respectively, and n1 is the complex
refractive index of Si. If this Si surface is covered with a d2 thick layer of material # 2 with a
refractive index n2 (Figs. 3.1a,b), the resulting reflection amplitude r3 is given by


r2 1 − e−2iδ2 + r1 e−2iδ2 − r22

r3 =
.
(3.2)
r1 r2 e−2iδ2 − 1 + 1 − r22 e−2iδ2
Here r2 , given by a formula equivalent to Eq. 3.1, would be the reflection coefficient off of material #
2 if it were semi-infinite. δ2 = 2πn2 d2 /λ is the acquired phase of the light beam with wavelength λ
after traversing the layer once. Eq. 3.2 is built in a way that the reflection coefficient r3 of a layered
heterostructure can be calculated from r2 of the material of the newly added layer, and the coefficient
r1 of the arbitrary structure below. This way, a dielectric substrate consisting of any number of
layers can be described by adding new layers one by one, and calculating the sequence of reflection
coefficients, as illustrated in the panels of Fig. 3.1. Variables r1,2,3 used in Eq. 3.2 for adding one layer
are complemented with no/one/two primes, and also color-coded in red/green/blue. Coefficients of
the layer structures in Figs. 3.1b, c and d are r3 (Si/SiO2 ), r30 (Si/SiO2 /SiNx ) and r300 (Si/SiO2 /SiNx /G),
respectively, where G stands for graphene.
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Figure 3.1: (a) A semi-infinite Si layer with perpendicular reflection coefficient r1 is covered with a d2
thick layer of SiO2 , whose reflection would be r2 from Eq. 3.1 if it, also, were semi-infinite. (b) The
resulting structure has reflection coefficient r3 given by Eq. 3.2. Then a SiNx layer with r20 is added.
0
(c) rs of this substrate is also given by Eq. 3.2: after changing the r1,2,3 and d2 values within to r1,2,3
and d20 , where r10 - the coefficient without the new layer - is given by r3 of Si/SiO2 , the coefficient of
the final Si/SiO2 /SiNx structure is r30 , also denoted as rs . (d) r300 = rg of the layer structure with the
00
addition of graphene (r200 and d200 ) is calculated the same way, with r1,2,3
and d200 substitutions, where r100
0
is given by r3 = rs .
For graphene (δ200 and r200 ), a thickness of 0.34 nm and a complex refraction index of ng = 2.7−1.5i
were used,133 with nSiO2 =1.47 and nSiNx =2.05 for the dielectrics, all assumed to be independent of λ
in the investigated 450–700 nm window of visible wavelengths. The wavelength-dependent values of
nSi were taken from Ref. 134. The reflection coefficient of Si/SiO2 /SiNx with (without) graphene is
denoted as rg (rs ).
Figure 3.2a,b show the reflectance values Rs = |rs |2 and ∆R = |rg |2 − |rs |2 , respectively, averaged
between 450–700 nm. The necessity of using SiO2 under the SiNx layer to enhance optical visibility
of graphene is evident: the reflectance of a Si/SiNx substrate lacking a SiO2 layer is mostly low
(Fig. 3.2a), and the absolute optical contrast |∆R| of SLG is also strongly suppressed (Fig. 3.2b). The
contrast map suggests that approximately 90 nm SiO2 and 110-120 nm SiNx produce good relative
contrast |∆R|/R: while the reflectance Rs of the substrate is moderately low, |∆R| remains high,
providing the best visibility of SLG devices.∗ It also demonstrates that |∆R| here is comparable to the
∗ Although
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for Fig. 3.2 a refractive index of 2.24 was used instead (a value determined after growth as described in the
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contrast values of the commonly used135 90 nm or 300 nm thick SiO2 -on-Si wafers.
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Figure 3.2: (a) Calculated reflectance Rs of the Si/SiO2 /SiNx heterostructure as a function of the
SiO2 and SiNx layer thicknesses. (b) The difference ∆R = |rg |2 − |rs |2 in the normal reflectance
of the Si/SiO2 /SiNx substrate with and without a SLG flake, as a function of the SiO2 and SiNx
layer thicknesses. Rs and ∆R are averaged over the 450–700 nm wavelength window of visible light,
assuming constant refraction indices of nSiO2 =1.47, nSiNx =2.24, and ng = 2.7 − 1.5i.

3.2

Optical, AFM and Raman characterization

Based on the results of the above calculations, a SiO2 layer was grown on a conducting p-Si
wafer - which serves as a global backgate - by a 20 minute long thermal oxidation process at 1150◦ C
in an oxygen flow of 2500 SCCM at atmospheric pressure. The SiNx thin film was grown in 29 min
by a low-pressure chemical vapor deposition (LPCVD) method in a Tempress production furnace
system at 830◦ C and a base pressure of 180 mTorr, involving NH3 and H2 Cl2 Si precursors with
flow rates of 20 SCCM and 160 SCCM, respectively. The final heterostructure was characterized by
Rutherford backscattering, which confirmed the non-stoichiometric nature of the SiNx layer with x ≈
1. A refraction index of nSiNx =2.24, and layer thicknesses of dSiO2 = (86 ± 3) nm and dSiNx = (141 ±
3) nm have been determined by spectroscopic ellipsometry using a Woollam M-2000 DI ellipsometer.
The deviation of the nitride thickness from the ideal range results in an estimated decrease of |∆R|
from 0.013 to 0.009, however, a good visibility of graphene flakes has still been achieved as shown
below.
For device fabrication, graphene flakes are mechanically exfoliated onto the Si/SiO2 /SiNx substrate. The flakes’ visibility is illustrated by the optical micrograph shown in Fig. 3.3a. The comparison to a similarly deposited flake on a standard Si/SiO2 structure with 300 nm thick oxide taken
at identical exposure settings (Fig. 3.3b) clearly demonstrates an optical contrast on Si/SiO2 /SiNx
similar to contrast on Si/SiO2 as expected. The thicknesses of few-layer flakes exhibiting different
contrasts were first examined by AFM. The area consisting of a staircase structure highlighted by the
white dashed rectangle in Fig. 3.3a is shown in Fig. 3.3c. The height profile displayed in Fig. 3.3d
was taken from the left to the right across the staircase, averaged in the vicinity of the white line in
Fig. 3.3c. By performing the AFM scans in the repulsive regime both over SiNx and graphene as
described in Ref. 122, and comparing the average step height to the 0.34 nm thickness of SLG, a
sequence of 1, 3, and 5 layers were identified unambiguously. The changes in optical contrast are in
accordance with the double-layer steps. The characterization of a clean SiNx surface before graphene
exfoliation revealed an average surface roughness of less than 1 nm, comparable62,136 to that of SiO2 .
The above AFM characterization enables the quantitative analysis of the Raman spectra of single
and multilayer flakes deposited on SiNx , as described in Sec. A.2 in the Appendix. Raman spectroscopy was performed on the unprocessed sample shown in Figs. 3.3a and 3.3c, as well as on a
next Section), the optimal thicknesses are in the same range.
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Figure 3.3: (a) Optical photo of a graphene flake exfoliated onto a Si/SiO2 /SiNx substrate, consisting
of areas with different layer thicknesses. (b) A similar, mostly single layer flake deposited on Si/SiO2 ,
captured with the same exposure settings as the photo in (a). (c) AFM image of the area highlighted
in (a) by the white dashed rectangle. Dark to light colors correspond to increasing height. (d) The
average height profile recorded from left to right in the ∼ 1 µm-wide vicinity the solid white line
shown in (c), identifying a sequence of 1, 3, and 5 layers as indicated by bold numbers.

SLG and a BLG Hall-bar. The Raman spectra displayed in Fig. 3.4 were acquired by scanning areas
of 1.5–4.2 µm2 on the selected structures and summing the detected light intensity, corresponding to
39–106 s integration times (see inset of Fig. 3.4a).
These spectra enable the unambiguous identification of the dominant first-order Raman line of Si,
as well as the D, G, and G’ peaks of graphene. In case of these Si/SiO2 /SiNx substrates, the resolution
of the method is degraded by the large, smeared background caused by the photoluminescence of the
non-stoichiometric SiNx layer,137 making the detection of the expected small, ∼ 3 cm−1 difference in
the G band positions of SLG and BLG,138 as well as the subtle differences in the G’ peak’s shape,139
challenging. However, the systematic ∼20 cm−1 positive shift of the G’ band along with the simultaneous ∼10 % increase in the G peak’s relative weight to that of the G’ peak with increasing layer
number keep Raman spectroscopy a reliable tool in identifying the thickness of the flakes prior to
device fabrication on SiNx . Moreover, spatially resolved Raman spectroscopy can be utilized for the
large scale characterization of CVD-grown extended graphene structures transferred to Si/SiNx substrates, where the lack of the SiO2 layer prevents the localization of the flakes by optical microscopy
as illustrated in Fig. 3.2b.
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Figure 3.4: (a) Raman spectra with 532 nm excitation wavelength of a single- (black) and a bilayer
Hall-bar device (red), as well as the 1 (magenta), 3 (blue), and 5 layer (green) areas of the unprocessed
flake presented in Fig.3.3c. Curves are shifted vertically for clarity. The inset shows the Raman
response of the SLG Hall-bar - also used in the magnetotransport measurements - acquired in a
56 cm−1 wide window around the G peak, during 1 min. Scale bar is 1 µm. (b) Zoom of the G
and G’ peaks of the spectra after subtracting a smooth background.
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3.3

Field effect and quantum Hall effect on SiNx

After AFM and Raman characterization, EBL and plasma etching are used to define six-terminal
Hall-bar geometries for transport characterization with the same measurement setup as shown in
Fig. 1.3a. The actual test device is illustrated in the inset of Fig. 3.5a, and was fabricated by Ar-O2
plasma etching. Finally, Ti/Au leads are deposited using EBL-defined strips by vacuum electronbeam evaporation at a base pressure of 10−8 mbars.
The effect of the substrate on the charge carrier mobility in SLG, defined in Eq. 1.24, is characterized by measuring the four-terminal longitudinal ρxx and transverse ρxy resistivities as a function
of the electrochemical potential (tuned by the backgate) and magnetic field at T =4.2 K, using a lowfrequency lock-in technique. The field effect and the Landau fan diagram as seen in ρxx are shown
in Figs. 3.5a,d, respectively. Electron carrier density is deduced from the low field Hall resistivity
plotted in red in Fig. 3.5a, according to the semiclassical approach of Eq. 1.27, and is estimated
to vary between [−2.8 · 1012 cm−2 , 1.6 · 1012 cm−2 ] in the investigated back-gate voltage range of
[−32 V, +32 V]. A moderate shift of the charge neutrality point to VD = +12 V is also visible, due
to the presence of charged impurities.
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Figure 3.5: (a) Longitudinal resistivity ρxx (black) and Hall-resistivity ρxy (red) as a function of
back-gate voltage VBG at B = 0.96 T perpendicular magnetic field. Inset: optical photo of the
2 µm × 0.7 µm SLG Hall-bar (highlighted in grey). EBL-defined Ti/Au contact wires appear in
light blue. Scale-bar is 2 µm. (b) Longitudinal resistivity ρxx (black) and
 Hall conductance σyx (red)
as a function of VBG at B=12 T. Plateaus at certain integer values of σyx e2 /h are highlighted in purple. (c) ρxx (black) and ρxy (red) as a function of B at VBG = −32 V, with filling factors ν indicated
in purple at ρxy = h/e2 ν plateaus. (d) ρxx as a function of VBG and B. The numbers over the dark
areas with zero or strongly decreased resistivity indicate the filling factors of the corresponding ρxy
quantum Hall plateaus. All measurements were performed at T =4.2 K. ρxx in (b) is a cut along the
top edge of the fan diagram, while (c) is a cut along the left edge.
Charge carrier mobilities were evaluated from the low field (B = 0.96 T) magnetotransport data∗
∗ Based on the data of ρ (V ) plotted in Fig. 3.5a, the areal capacitance is C
e ≈ 3.5 · 1010 cm−2 /V, which was used
xy BG
for the mobility estimates. However, calculating the geometrical capacitance gives a value more than a factor of two larger.
The discrepancy is probably caused by differing permittivities of the dielectrics compared to literature, caused by imperfect
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in Fig. 3.5a by linear fitting to σxx (n). The mobility values are limited to ∼ 500 cm2 /Vs in the
electron regime but reach 4500 cm2 /Vs in the hole band, corresponding to an elastic mean free path
of 50 nm for n = −1012 cm−2 (see Eqs. 1.8 and 1.25).
At magnetic fields B>4 T, the quantum Hall effect emerges: on the hole side of the Dirac point a
clear Landau fan forms (Fig. 3.5d), and the expected quantized values of νe2 /h are observed in σyx
at filling factors ν = −2, −6, ..., along with ρxx ≈ 0 regions. These features are emphasized by the
B =12 T and VBG = −32 V line cuts shown in Fig. 3.5b and Fig. 3.5c, respectively. On the contrary,
the electron regime does not exhibit similarly clear signatures of the QHE in the accessible magnetic
field range. This behavior is consistent with three other (bilayer) devices of different fabrication
batches. The observed asymmetry is the result of low-energy hybrid N-Si states in the conductance
band according to first-principles calculations,140 and is in agreement with experimental studies of
CVD graphene-Si3 N4 memory cell structures141 as well.
While a standard heat treatment and/or current annealing66 could change the position of the CNP
over a wide VBG range in either direction, the overall quality of the transport data and the corresponding mobility would not be significantly affected. This suggests that while the above treatments could
contribute to cleaning the graphene surface of processing residues, µe,h = 500 − 4500 cm2 /Vs remain
limited by the vicinity of the disordered, rough SiNx surface. While these values do not challenge the
record mobilities achieved in various suspended38,40,142 as well as epitaxial143–145 graphene nanostructures, they are comparable to those of most non-suspended devices using SiO2 gate insulators.

3.4

Chapter summary

In this Chapter, samples on a SiNx substrate have been presented, from fabrication and basic
characterization to low-temperature electronic properties. The non-stoichiometric SiNx was deposited
by LPCVD on a thermally grown SiO2 layer. The film thicknesses to be used were determined by
calculations to achieve maximum optical contrast of SLG on the Si/SiO2 /SiNx heterostructure. With
the help of AFM imaging it was demonstrated that optical microscopy and Raman spectroscopy are
capable of identifying single and multilayer graphene flakes on SiNx , though Raman spectroscopy
is less effective than on SiO2 due to a smeared background. Most importantly, the influence of the
SiNx substrate on the charge carrier mobility of SLG was studied by electrical measurements in low
magnetic fields and also in the quantum Hall regime for the first time. While the electron regime
was strongly affected by interactions with the substrate, well-developed quantum Hall plateaus and a
mobility of 4500 cm2 /Vs were found for holes. As this value is similar to average mobilities on SiO2 ,
we concluded that choosing a SiNx substrate does not improve the quality of graphene samples.
Nevertheless, graphene on SiNx is a prime candidate for designing nanoelectromechanical systems (NEMS).146–149 NEMS are expected to find a wide range of applications including high-density
data storage, fast optoelectronic switches, nanofluidics, medical diagnostics, or interfacing to molecular systems.150–152 SiNx is preferred over SiO2 as a dielectric building block for these systems because of its superior chemical stability, relatively low cost, and mechanical characteristics similar to
Si. Moreover, its lower strain profiles allow the fabrication of freestanding structures. The results of
the electronic transport measurements presented above qualify SiNx as a promising material platform
for the fabrication of graphene-based NEMS devices.

crystal growth.
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Chapter 4

Suspending graphene
In the previous Chapters it has been shown that both SiO2 and SiNx substrates produce diffusive
graphene samples that do not stand up to the requirements of electron optics or quantum electronic
devices. In order to achieve high charge carrier mobility and mean free path, one has to get rid of
the inhomogeneities common in these dielectrics.62 Around the time we realized that neither SiO2
nor SiNx are adequate, two new, alternative techniques were on the rise: placing graphene between
defect-free, crystalline hexagonal boron nitride (hBN) layers,41,153 and suspending graphene by the
contact electrodes, as illustrated in Figs. 4.2k,l. We have chosen the latter, as it enables us to achieve
pristine graphene devices without any influence from a substrate.
Suspension can be achieved either by using HF to selectively etch SiO2 in a region defined by a
lithographic mask,38,39 or by depositing graphene on an electron-beam exposable polymer in the first
place, such as a PMGI-based lift-off resist (LOR).40 Though suspended graphene samples always bear
fabrication residues from solvents and e-beam irradiation, after an annealing step their mobility may
reach 106 cm2 /Vs, enabling the observation of coherent transport phenomena such as Fabry-Pérot
interference70,71 or conductance quantization,67 and also ballistic transport82 and snake states.19 The
latter effect is detailed in Chapter 7.
Unlike conventional 2DEGs, it is possible to continuously tune the carrier density in graphene
with multiple gate electrodes in a way that it changes sign along the sample, creating a p-n junction
like the ones shown in Figs. 1.5a-c. This Chapter describes the fabrication of suspended devices
with local gates, a technique developed in Basel with the contribution of the Author and published
in Ref. 154. Our technique is based on LOR: unlike HF and SiO2 , it enables the suspension of
both graphene and contact electrodes which increases the yield of annealing, and it is compatible
with most metals. The Chapter also presents the features of the quantum Hall effect characteristic
of two-terminal junctions by demonstrating measurements on a device from Ref. 19 that exhibited
QH plateaus at already 60 mT, which is among the lowest values2,82 and probably a record for SLG.
Moreover, it introduces - via a measurement from Ref. 155 - broken-symmetry Landau levels only
observable in high-quality samples. Finally, we show that more complex geometries like rings can
also be fabricated, and describe the behavior of such a device.
Later Chapters discuss suspended devices with various local gate geometries that have been fabricated following the process in this Chapter, all of them of a higher quality than any of the substratesupported samples of previous Chapters. All suspended samples have been fabricated in Basel, in collaboration with Peter Rickhaus, Romain Maurand and Péter Makk from the Nanoelectronics Group
at the Department of Physics of the University of Basel. Certain measurements were carried out in
Basel, and the rest in Budapest.

4.1

Fabrication of suspended samples with local gating

We have extended the LOR-based method of Ref. 40 with the fabrication of local gate electrodes
as detailed in Refs. 154 and 156. By using bottom gates below the flake as shown in Fig. 4.2l, the
carrier density in the regions above them can be changed at will, for instance to create p-n junctions
for studying the effect of Klein tunnelling or quantum Hall propagating states on transport properties.
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In short, the steps of the technique are as follows: metallic gate electrodes are fabricated on a
wafer, which are then covered in LOR. If graphene were prepared directly on this wafer, the chance
of finding a flake over the gates would be practically zero. Therefore, graphene is exfoliated onto
a second wafer, then transferred with a carrier membrane onto the first one according to Ref. 41;
the chosen flake is positioned over the bottom gates using a microscope and a mask aligner, then
deposited. It is contacted by metallic leads designed by EBL, then suspended by the electron-beam
exposure and subsequent dissolution of the LOR resist underneath. The details of these steps are
described below.

Bottom gates
First, 5/40 nm Ti/Au or Pd/Al gate electrodes are created: they are periodically repeated in a
50-100 µm wide array, in order to allow for alignment errors when the graphene flake is transferred
over them. For example, the parallel golden stripes in Fig. 4.1a, showing an already contacted and
suspended flake, have been designed to create parallel p-n junctions. They are fabricated on a 300 nm
thick SiO2 -covered p:Si wafer using EBL. The details of spin-coating and exposing the lithographic
resist layer, and also of layers of the following steps can be found in Table 4.1. A test precludes mask
fabrication in order to find a correct e-beam dose to prevent the proximity effect (see Section 2.2) in
these tightly packed structures. The endings of the gate electrodes are enlarged to 100 µm or wider
squares to form bonding pads (see Sec. A.5 in the Appendix), such as the gold square in the upper
right corner of Fig. 4.1b.
Neighboring gate electrodes are usually voltage biased independently, as is the case for the device
in Fig. 5.3, where as much as 64 V is applied between parallel gates separated by 600 nm. In order
to achieve such high voltage differences without dielectric breakdown, after cleaning with Ar plasma
the wafer is covered - with the exception of the pads - by 40-50 nm thick thermally evaporated MgO,
or Al2 O3 grown via atomic layer deposition (ALD).∗ The area of this insulating layer is defined by
a PMMA mask which is either fabricated by EBL, or by applying small drops of PMMA to the gate
pads. Fig. 4.1b illustrates that in the latter case the border of the MgO layer - highlighted by a green
dashed line - is irregular. Finally, the wafer is covered in ∼ 600 nm LOR, indicated by the green layer
in the schematics in Figs. 4.1c,d, while MgO or AL2 O3 is dark green.
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SiO2
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bottom gate
LOR

p-Si
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MgO outline
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Pd contact

Figure 4.1: (a) Optical photo of a periodic Ti/Au bottom gate structure (yellow) below an already
contacted and suspended flake highlighted by a black dashed line. (b) The bonding pad of a gate
electrode (yellow) and two pads of Pd contact leads (light grey), partially covered by MgO (light
green). (c) Illustration of a vertical cross section along one of the black lines in (b): the bottom gate
is fabricated on SiO2 , covered in insulating MgO or AL2 O3 except at the pad, and spin-coated with
LOR which is exposed and developed at the pad. (d) Cross section along the other black line in (b):
graphene and its Pd leads are fabricated on the LOR surface, but their pads need to be placed on a
hard gate oxide for bonding, therefore LOR is removed from here in advance. To avoid breaking of a
lead near a pad, steps are also defined in LOR.
LOR is removed from the gate pads as shown in Fig. 4.1c, to enable wire bonding later: it is
∗ This
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dielectric is omitted in the illustrations of Fig. 4.2 and Chapter 5.
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exposed by an e-beam dose of 600 µC/cm2 , and developed in ethyl-lactate (see Table 4.1). As the
graphene sample and its contact leads will be placed on the LOR surface, and bonding to pads on
top of LOR does not work, pads of these leads will have to be fabricated on the surface of SiO2 , as
well. Therefore, these LOR areas are exposed in advance, at the same time as for bottom gate pads.
A step structure - illustrated in Fig. 4.1d - is also defined at the edges of these pits in LOR using a
gradually changing e-beam dose, visible as stripes of different colors in Fig. 4.1b. These steps serve to
prevent breaking of the 40-60 nm thick future contact leads at the 600 nm height difference between
the surface of LOR and the surface of SiO2 (or MgO, or AL2 O3 ). Afterwards, the wafer is ready for
transferring graphene.

Graphene transfer
A second wafer of about 1 cm in size, fitted out with a 200 µm marker grid, is used for preparing graphene. It is spin-coated with two sacrificial layers, dextrane and PMMA: the former will be
dissolved in water, and the insoluble PMMA will serve as the carrier membrane of the flake during
transfer. The spin-coating parameters can be found in Table 4.1.
Graphene exfoliation begins by applying sticky tape such as dicing tape to natural graphite; it
is folded and refolded until large semi-transparent graphite areas appear. The tape is placed into a
refrigerator while the second wafer is UVO cleaned for 1-2 minutes, and taken out right before the
cleaning process ends, in order to minimize the time the cold tape is in air to prevent condensation of
water vapor. The tape is pressed onto the PMMA-covered wafer just as the latter is taken out of the
UVO chamber, then slowly, gently removed. A schematic of the layer structure is depicted in the left
panel of Fig. 4.2a. Flakes are located using Nomarski (differential) interference contrast microscopy
and real-time digital contrast enhancement, to counteract low visibility. The above procedure yields
larger flakes than without UVO and freezer.
In the next step the wafer is placed on water to separate the PMMA membrane. The wafer’s edges
are previously scratched with a razor blade to expose dextrane. A corner of the dextrane-PMMA layer
is also scratched off, to help identify the orientation of the membrane later, when locating the flake.
The wafer is placed on the surface of water in a Petri dish in a way that it floats due to surface tension,
then slightly dipped to wet its edges so that dextrane may gradually dissolve. The right panel of
Fig. 4.2a illustrates that the Si wafer slowly separates from the PMMA membrane which remains
floating on the surface. One wafer edge eventually touches the bottom of the dish, then it finally
tumbles to the bottom. However, if the water bath is too deep, the wafer may be tilted so much that it
pulls down the PMMA before full separation. It may even break the membrane, unless the water level
is low enough to limit the tilt angle and prevent submersion. Various defects from the spin-coating
process may block the separation of the wafer from the PMMA membrane, and need to be scratched
off beforehand.
The membrane carrying the flake will be transferred onto the first wafer using a ∼5 cm glass slide
with a 3 mm hole in the middle, which has a metallic, volcano-like rim rising above the plane of the
glass as illustrated in Fig. 4.2b. This slide is placed in a specially formed teflon dish filled with water:
the PMMA membrane is moved here from the Petri dish with a spoon while still floating in water.
The chosen graphene flake is located again using a high working distance, low-magnification optical
microscope, with the help of previously made, low-magnification photographs using the surrounding
large graphite flakes as reference points as there is no marker grid on the PMMA. The membrane is
maneuvered above the volcano using two teflon guides (indicated in Fig. 4.2c), then the water level is
carefully lowered. Finally, the PMMA layer rests over the hole, on the rim of the volcano, as shown
in the optical photo in Fig. 4.2d. Graphene flakes that are located within a few hundred microns of
the second wafer’s - and therefore the PMMA membrane’s - edges are difficult to guide above the
volcano while keeping the membrane edges outside its rim, and are not used.
Figure 4.2e illustrates how the volcano is used for transferring the flake: after drying, it is fixed
upside down above the LOR-covered, bottom-gated first wafer, which is positioned - using the micromanipulators of a mask aligner and a high working distance, 500× magnification microscope - so
that the area with the bottom gates is located under the graphene flake. The first wafer is heated to
95◦ C, then the volcano is lowered to make contact, and both are heated to 150◦ C to soften PMMA,
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Figure 4.2: (a) Graphene is prepared on a ∼1 cm sacrificial wafer (illustrated in the left), then placed
on the surface of water (right), where the dextrane slowly dissolves, with the wafer sinking to the
bottom of the Petri dish. (b) Drawing of a glass slide with a 3 mm metal-rimmed hole - a ’volcano’
- to be used in the next step (not to scale). (c) The floating membrane (right panel of (a)) is moved
to a teflon dish, then fished out under a microscope using the volcano. (d) Photograph of the PMMA
membrane (blue) expanded over the volcano. The slope of the volcano is black since it does not
reflect light into the microscope objective. (e), (f) The membrane is pressed to the heated first wafer
with the pre-patterned bottom gates. (g) PMMA is removed, then (h) Pd contacts are fabricated using
EBL. (i) LOR under graphene is exposed by e-beam, then developed. (j) Optical image of a series of
two-terminal graphene junctions. The flake is outlined by black dashed lines. Gold stripes are bottom
gates, grey ones are Pd wires: they bridge the trench where LOR has been exposed and dissolved (the
darkened area under and around graphene). (k) False-color SEM image of a suspended junction, and
(l) 3D schematic of the same device geometry. The dielectric layer covering the gates is not shown in
either illustration (e-i,l).
promote detachment from the volcano, and reduce air bubbles in the interface. After the volcano is
lifted, the PMMA membrane remains on the LOR layer of the first wafer as shown in Fig. 4.2f. It is
removed using 80◦ C xylene instead of acetone, and rinsed in hexane instead of isopropanol, since the
polymer LOR is sensitive to these solvents. Fig. 4.2g is an illustration of the wafer at this stage.

Contacting and suspending
In the next step, graphene is contacted with 40-60 nm thick Pd electrodes defined by EBL. To
prepare a mask, a PMMA layer is spin-coated, exposed, and finally developed in room temperature
xylene and rinsed in hexane (according to the parameters provided in Table 4.1) to accommodate
LOR. Pd electrodes are deposited in a vacuum chamber by thermal evaporation, since e-beam evaporation exposes LOR. During this step, the wafer is cooled to −30◦ C with liquid nitrogen. For lift-off,
80◦ C xylene is used to remove PMMA as before. An illustration of the device at this stage is presented
in Fig. 4.2h.
The flake can be shaped by reactive ion etching (RIE) using another lithographic mask. For
etching, an Oxford RIE 100 instrument is used; ions are generated for 30 s in a 25 mTorr oxygen flow
of 16 SCCM by a DC discharge with 30 W power. Afterwards, the mask is removed in hot xylene. It
is worth noting that etching also exposes LOR, therefore careful design of the etch mask is needed.
Finally, graphene is suspended: LOR under and near the flake is illuminated in an SEM with an
e-beam dose of 1100 µC/cm2 , then developed in ethyl-lactate, rinsed with hexane, and gently blowdried with nitrogen. The dose is larger than before in order to expose LOR beneath the electrodes as
well as graphene via the proximity effect, since graphene with suspended electrodes can be annealed
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(see the next Section) with a higher yield. The flake is now suspended by the contacts that bridge the
trench in LOR, as the schematics in Figs. 4.2i,l, and the optical and SEM images in Figs. 4.2j,k and
Fig. 4.3 also show.
(a)
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(c)

1 µm
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500 nm

Figure 4.3: (a), (b) False-color SEM images of various suspended devices with multiple contacts
and bottom gates. Graphene is colored blue, while bottom gates are yellow. (c) A suspended "ring"
defined by RIE, similar to the one described in Section 4.4. The latter device includes bottom gates,
which are added here in yellow.

Since graphene is no longer supported by a substrate, it is less stable mechanically. Thus, the
distance between contacts - determining the length of a suspended junction - is limited to a few
microns. Above this size, even the relatively low surface tension of hexane tends to break or roll
up the graphene sheet at the gas-liquid interface during drying after LOR development. Although
this can be circumvented in a critical point dryer, as is done in the case of a SiO2 substrate etched
with HF, it would extend the process with a sensitive step. Decreased mechanical stability makes the
fabrication of structures with complex shapes - like Hall-bars or Aharonov-Bohm rings157,158 defined
by RIE - challenging. We have shown that, in spite of this limitation, graphene can be reactively
etched, that its edges are no less stable than pristine flake edges, and even holey geometries - like the
one illustrated in Fig. 4.3c - can be fabricated and annealed (see Sec. 4.4 for details).
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for
transfer
PMMA
for RIE
or leads

spinning

baking

60 m/V%
40” at
3’ at
in CB
4000 rpm 180◦ C
100%

45” at
15’ at
2200 rpm 200◦ C

10 m/V%
40” at
1.5’ at
in water 4000 rpm 150◦ C
60 m/V%
40” at
1.5’ at
in CB
4000 rpm 150◦ C
60 m/V%
40” at
3’ at
in CB
4000 rpm 180◦ C

thickness
dose
development,
lift-off, rinsing
(nm)
(µC/cm2 )
rinsing
2’ in
5-15’ in 80◦ C
500
125-200
xylene;
xylene;
hexane
hexane
600 or
2 min in
(NPM;
600
1100
EL; hexane
acetone)
250

600

500

-

-

-

-

180

2’ in
xylene;
hexane

water
5-15’ in 80◦ C
xylene;
hexane
5-15’ in 80◦ C
xylene;
hexane

Table 4.1: Fabrication and EBL recipes for various spin-coated layers. PMMA molecular mass was
950K. CB stands for chlorobenzene, EL for ethyl-lactate, NPM for N-methyl-2-pyrrolidone. SEM
acceleration voltage used in lithography was 20 kV. More details can be found in Ref. 156.
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4.2

Current annealing

Irradiation of the graphene flake with an electron beam (during the exposure of LOR) introduces
a surface contamination of amorphous carbon. Moreover, the flake is covered on both top and bottom
surfaces by residues of various organic solvents from the fabrication steps. As a result, graphene
is strongly doped, has a high differential conductance G, and only a negligible field effect can be
observed as a function of gate voltage Vg , as shown by the blue curve in Fig. 4.4b. Such fabrication
residues can be removed by DC current annealing:38,66 this Section describes the process for twoterminal devices.
After bonding, the chip is placed in a sample probe, then cooled down in a VTI to 1.5 K as
detailed in Section A.5 in the Appendix. It is connected electrically in series with a 1 kΩ resistance,
and biased with a few Volts. The bias VDC is ramped up to a chosen limit Vmax , then back down,
using a program with a graphical user interface. Voltage drop is measured on graphene, thus its
resistance R - also in the range of a few kΩ at first - can be calculated and plotted in real-time.
Vmax is carefully increased until, when charge current and Joule heating is high enough, R suddenly
increases, sometimes exponentially fast, possibly signifying cleaning of the sample. At this point,
VDC is ramped down, and G(Vg ) is measured with standard lock-in technique. If the junction was
not destroyed at the critical voltage, the measured curve might display a dip in conductance near
Vg = 0 V, indicative of a homogeneous Dirac-point and low extrinsic doping, which is the goal of
annealing. Often multiple annealing cycles are required to achieve a sharp, symmetric conductance
dip, signifying high mobility. An annealing curve and examples of G(Vg ) gate sweeps are shown in
Figs. 4.4a and b, respectively. The green curve in the latter depicts the field effect of a successfully
annealed device; the V shape expected based on Eq. 1.24 and Fig. 1.4a is distorted partly due to the
effect of the contact resistance Rc on the two-terminal measurement as described by Eq. 2.1.
Critical current and power are in the range of 0.2-2 mA and 0.2-2 mW for 1-2 µm wide devices,
the highest values pertaining to bilayer samples. Since there is no substrate to conduct the generated
heat away, graphene junctions probably warm up to above 2000 ◦ C with the application of a few
Volts.159 Despite samples being in a cryogenic vacuum, quality slightly decreases due to contamination over time, which necessitates occasional careful reannealing.
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Figure 4.4: (a) A typical annealing cycle with a resistance jump at the maximum of the applied
bias VDC . (b) Two-terminal conductance of a 1.4 µm wide and 1.8µm long single-layer device as a
function of bottom gate voltage Vg : right after fabrication (blue), showing negligible field effect, and
after several, altogether successful annealing cycles (green), including the one in (a).
In order to speed up the annealing process, the electronic setups of both DC annealing and lock-in
measurement (of G(Vg )) are simultaneously assembled using a single switch box, so that changing
between annealing and gate response measurement requires only flipping two switches. It also reduces the risk of accidental discharges of static electricity (ESD) - which might destroy the sample by removing the need to manually change BNC cables.
The original annealing program developed in Basel was capable of automatically ramping up
VDC to a chosen Vmax in ten steps with user-defined time steps called timeout, then ramp it down,
while measuring and plotting the resistance R of graphene. It also enabled the user to remain at Vmax
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and delay ramp-down for an indeterminate time, allowing prolonged high-current treatment while
observing R change as a function of time t. However, near the (unknown) critical voltage, these
approaches risked uncontrolled, exponential behavior and possible sample death, depending on the
sample and the user’s reaction time to initiate a quick ramp-down.
The Author has considerably extended the program, enabling the user to define the step size of
VDC , reverse the ramping direction at any moment, and increase Vmax during prolonged treatment at
Vmax , the latter allowing a careful approach of the critical voltage. Furthermore, fail-safes have been
added in case R changes too rapidly: if ∆R/∆t exceeds a user-defined limit during either ramping
or treatment at Vmax , VDC is immediately turned off. These extensions enable greater control over
annealing, speed up finding the critical voltage, and increase the safety of the sample.
With this program, the annealing procedure developed by the Author is as follows. First, small
voltage steps are set with short timeout between them, and a Vmax is chosen around 1 V, below the
usual critical range. The low risk is further decreased by the computer-controlled fail-safes and the
short timeout such as 50 ms, as the latter determines the reaction time of the program. The R(VDC )
curve of as-fabricated devices usually increases monotonously at first. If the curve shows hysteresis
similarly to Fig. 4.4a, the sample has changed at Vmax . If the hysteresis is small, VDC is kept at Vmax in
the next cycle, and R is observed as a function of time for gradual, safe annealing. Vmax is increased if
R barely changes. Near the critical voltage, R(t) starts to change fast or nonlinearly: from then on, fast
ramping cycles are used, while time-dependent measurements at Vmax are avoided, so that the sample
spends little time at the maximum voltage. In this regime, care has to be taken when choosing Vmax ,
since after large jumps in R, the next "critical" voltage to initiate a significant change in resistance
may be lower than the previous value.
Besides the gate response G(Vg ), the ramp-down curve R(VDC ) of an annealing cycle may also
be indicative of sample quality: if the doping level of the sample is reduced enough by annealing,
resistance shows a peak near VDC = 0 as expected of clean graphene, and R(VDC ) is sickle or Ushaped. Such a local peak, though still small, is highlighted by a black arrow in Fig. 4.4a. Its
appearance in early cycles is often more indicative of our progress than the shape of gate voltage
sweeps G(Vg ), for the latter scan a much narrower energy range in the band structure, and may also
change at random between annealing cycles, and even show a false Dirac point (conductance dip) that
disappears after the next cycle.
Annealing also depends on the properties of the actual sample, which are unpredictable. Cycles
to the same Vmax may repeatedly show no change in resistance until a sudden jump: this sometimes
means the flake has been annealed, but as often as not it has broken. Furthermore, the resistance
hysteresis may exhibit a slight decrease instead of an increase near Vmax , or can change randomly
at intermediate (VDC < Vmax ) values previously considered to be safe, which also demonstrates the
erratic nature of annealing. Occasionally, the conductance G(Vg ) of micron-wide flakes decreases
in the full Vg range after several cycles: these flakes have most likely been narrowed by annealing∗ ,
obtaining a large aspect ratio L/W , i.e. length over width. These samples’ R(VDC ) curves have a peak
exceeding ∼ 10 kΩ at low voltages, and monotonously decrease at larger VDC . While the annealing
yield of "bulk" junctions is 60-80 %, that of narrow, few hundred nm wide samples (like the one in
Fig. 4.3c, investigated in Sec. 4.4 and Chapter 6) is much lower, as annealing might narrow them even
further, finally breaking the ribbon.
A general decrease of G(Vg ) is sometimes caused by an increased contact resistance Rc , which can
be verified by a four-terminal measurement if the tested junction has further contacts to either side. If
Rc increases with subsequent cycles, annealing may not be successful, as it affects the interface with
the contact electrode more than the suspended stretch of flake. In the end, the graphene sample may
break at the contact, or the entire flake may separate from it.
As mentioned previously, the geometry of suspended devices is limited by size. This can be
solved by adding extra side contacts - as in Fig. 4.3a,b - to help in suspension over long distances.156
However, it raises another problem: one cannot homogeneously clean all regions, because fabrication
residues will remain in certain areas: in the vicinity of the electrodes since they act as heat sinks,
∗ This

effect has been used on purpose to create suspended ribbons in Ref. 160.
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or where current density and Joule heating are lowest. Based on several tests with different current
paths,161 surface migration of residues also plays a role besides evaporation.
Suspended junctions are sometimes killed during the search for a critical voltage, despite the best
efforts and fail-safes in the improved control program, leading to the conclusion that not all devices
can be annealed. This is the reason why graphene junctions with the same geometry are fabricated in
large numbers, as shown in Fig. 4.2j.

4.3

Quantum Hall effect in suspended graphene

With successful annealing, graphene devices with high quality can be achieved, in which charge
inhomogeneity is reduced, and the mobility is orders of magnitude higher than in SiO2 - or SiNx supported samples.1,24,38,40,43,130 Although the available charge carrier densities are limited in comparison (to roughly ±3·1011 cm−2 for 600 nm LOR) since a too strong electrostatic attraction between
graphene and gate electrode can break the former, this does not hinder experiments in the quantum
Hall regime, for the QHE can be observed at much lower magnetic fields as will be shown below.
This Section also presents how quantum Hall features are manifested in two-terminal junctions, and
introduces split Landau levels only observable in high-quality samples.

Two-terminal devices
Since Hall-bar geometries are difficult to suspend and anneal, the simplest approach is a basic twoterminal design, shown in Figs. 4.2j-l. Figs. 4.5a,b illustrate the LL energies and the measurement
setup: current I is measured while applying a voltage V to the device. In contrast to a Hall-bar, the
longitudinal and transverse voltage drops mix in this geometry, resulting in a step-like structure of the
two-terminal differential conductance G = dI/dV as a function of B or Vg , the latter shown in Fig. 4.5c.
Plateaus of |ν|e2 /h appear where, in a Hall-bar geometry, σyx would exhibit plateaus, and ρxx would
be zero: at filling factors ν = ±2, ±6, ±10, ... for single-layer graphene, and ν = ±4, ±8, ±12, ...
for bilayer. These conductance plateaus can be interpreted in the Landauer-Büttiker picture, using
Eq. 1.33 to describe the relation between I and V : Ih/q|ν| = µ2 − µ1 = qV , where q = −e. Sample
geometry such as the aspect ratio L/W affects the exact shape of G(Vg ) between QH plateaus due to
the diffusive conductance contribution of the bulk from a partially filled LL.162,163
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Figure 4.5: Two-terminal conductance in the quantum Hall regime. (a) Landau level structure and (b)
edge states in real-space. Red and orange circles in (a) and (b) correspond to each other, and indicate
the positions of edge states. (c) Equipotential gate voltage sweeps of the ∼ 1.7 × 2.1 µm sample of
Sec. 5.2 and Chapter 7, exhibiting conductance plateaus at |ν| · e2 /h at already B =60 mT. Corrected
for Rc = 1.2 kΩ. Mobility is around 6 · 105 cm2 /Vs.
A two-terminal conductance measurement includes the contact resistance Rc : though Ohm’s law
no longer applies, the effect of Rc is the same as in Eq. 2.1, i.e. the measured conductance G is
decreased due to the voltage drop over Rc . However, since a flat conductance plateau suggests a
well-developed QHE, Rc can be estimated via


h
1
1
Rc [Ω] = 2
−
.
(4.1)
e G [e2 /h] |ν|
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The mobility of the highest quality suspended samples exceeds that of most hBN-encapsulated
devices: Fig. 4.5c demonstrates quantum Hall plateaus at as low as 60 mT magnetic field on a sample
the Author fabricated in Basel, indicating ultra-high quality.

Broken-symmetry Landau levels
High-quality graphene samples, either suspended or on a hBN substrate, often exhibit intermediate plateaus at unexpected integer or fractional values of ν. Both are related to electron-electron
interactions, emerging due to low disorder. The latter88–90 is called the fractional quantum Hall effect (FQHE),85,91,92 while the former43,56,73,160,164–167 is often referred to as quantum Hall ferromagnetism, and is caused by the splitting of the twofold spin and twofold valley degeneracies of the LLs,
schematically shown in Fig. 4.6a. Symmetries are broken by Coulomb (exchange) interactions, giving
rise to ferromagnetic, antiferromagnetic or other types of ordering as illustrated in Fig. 4.6b, depending on the filling factor and the magnetic field orientation with respect to the graphene plane.83–87 For
instance, the ν = 0 state forming in a large enough perpendicular B⊥ field has most likely antiferromagnetic bulk ordering, and a Landau gap with no edge states. However, by tilting the magnetic
field and increasing its total value BT , the gap decreases as the spins are gradually aligned, eventually
producing a quantum spin Hall state with helical edge states and a ferromagnetic bulk.73,84,168
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Figure 4.6: QH Ferromagnetism (QHF). (a) Schematic picture of full splitting of the fourfold degenerate Landau levels of single-layer graphene, indicated by black numbers. Integer filling factor values
between them are blue. (b) Possible spin and charge ordering from Ref. 73. From top to bottom: ferromagnet, canted antiferromagnet, charge density wave, and Kekulé lattice distortion. (c) Upper panel
shows fully degenerate LLs, while the lower panel illustrates levels with an incomplete splitting of
only the 0th level, indexed as N = −2, −1, 0− , 0+ , 1, 2, with degeneracies nmax = 4, 4, 2, 2, 4, 4 e|B|/h,
respectively. The measurement presented in Fig. 4.7a corresponds to such a LL structure.
Figure 4.7a shows an example of this effect in the two-terminal conductance G of a ∼ 200 nm
wide nanoribbon as a function of charge carrier density n and magnetic field B. From 2 T, a plateau
takes shape around ν = −2 filling factor with conductance G ≈ 1.87 e2 /h due to a contact resistance of
0.9 kΩ, estimated using Eq. 4.1. Above 3 T, a widening zero-conductance region appears around the
Dirac-point (ν = 0), caused by the splitting of the fourfold degenerate 0th Landau level as illustrated
in Fig. 4.6c. Disorder-induced broadening of LLs prevents the observation of the splitting of any other
level at these fields. As confirmed by bias measurements in Fig. 4.7b, a true gap - on the order of
10 meV in this B-field range86 - forms between the upper and lower split 0th LL, denoted by indices
0+ and 0− , respectively. It is important to note, however, that the exchange-induced splitting vanishes
from the LL structure169 if the filling factor is ν = ±2, ±6, .... As LL splitting is only relevant if EF
is in the resulting Landau gap - i.e. at intermediate ν values, its closing is not implemented in LL
illustrations such as Fig. 5.1c or Fig. 5.6c, where ν changes in real-space.
In lower quality devices, conductance plateaus usually do not appear at unconventional integer or
fractional filling factors. However, fluctuations can often be observed in Landau fan diagrams of con49
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Figure 4.7: (a) Two-terminal conductance as a function of magnetic field B and electron density n of
a nanoribbon at 1.5 K. It is part of a double ribbon device with two gate electrodes, and was measured
while the other ribbon was tuned to its Dirac-point, where it became insulating above 3 T due to its
own Landau gap at ν=0 (see Section 4.4 for details). Grey lines mark the first few LLs. Dashed lines
show where the two levels from the split 0th LL - indicated by 0− and 0+ and illustrated in Fig. 4.6c
- are half-filled (ν = ±1). n is calculated using a capacitance value of 1.07 · 1010 cm−2 /V, given by
the slope of conductance fluctuations at the edge of the ν = −2 plateau, described in Section 6.2. (b)
Bias voltage (VSD ) dependence of conductance at B = 4 T, demonstrating the gap between LLs 0−
and 0+ . However, this is only a qualitative measurement, for (i) VSD is applied simultaneously to both
ribbons, and (ii) the gap appeared to be sensitive to contamination of the sample over time.
ductance,170–172 transconductance173,174 or compressibility175,176 that follow lines in the B − n plane
parallel with directions defined by ν values other than ±2, ±6, ... (for SLG). Experimental examples of such fluctuations are shown and discussed in Chapter 6. The appearance of these fluctuation
lines is ultimately caused by density inhomogeneities induced by disorder, and charging effects. The
mechanism is explained in detail in Section 6.2.

4.4

Double nanoribbons

With the technique described in Sec. 4.1, shaped graphene samples can be fabricated, for example
holey junctions that remain stable after suspension, as demonstrated by the SEM image in Fig. 4.3c.
Moreover, they can be complemented with bottom gates located parallel to and almost beneath the
two branches to modify the density of each separately. In this Section, conductance measurements on
such a double ribbon structure are presented. A series of these devices has been fabricated in order
to study signatures of localized states and Aharonov-Bohm interference around the hole etched in the
center of the flake. The properties of these bound states have been theoretically predicted using a
tight-binding approximation and published in Ref. 177. However, in order to keep to the essentials,
the details are omitted from this thesis.
The distance between the source and drain electrodes of the specific device presented below was
1.1 µm, while the graphene strips on the sides of the 500 nm diameter hole were approximately
200 nm at their narrowest. Two-terminal conductance G was measured as a function of the voltages
Vg1 , Vg2 applied to the two bottom gates at 1.5 K, and is shown in Fig. 4.8a at B = 0. Conductance
is minimal in a cross-like shape, highlighted by the red (α) and green (β ) lines. They are not strictly
horizontal or vertical due to cross-capacitances: since the gates are located 600 nm below the plane
of graphene, both gates affect the densities in both ribbons.178–180 Fluctuation lines can be observed
on the map with the same dVg1 /dVg2 slopes as α and β , suggesting all these features originate in
relatively small areas in one or the other ribbon, probably in the vicinity of their narrowest points
which are mostly tuned by one or the other gate.
Figure 4.8b shows G(Vg1 ,Vg2 ) at a perpendicularly applied magnetic field of B =4 T. Plateaus
around 2 and 4 e2 /h form in certain regions of gate voltages. Conductance is zero at the center of the
cross, indicating that the holey graphene flake is fully insulating, which can only be caused by the
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uniform splitting of the 0th LL from electron-electron correlations as depicted in Fig. 4.6c. Crosssections along the α and β lines of the map, parallel with the two dominant directions and crossing
the zero-conductance area, are plotted in Fig. 4.8c after correcting with a 1 kΩ contact resistance to
match the quantum Hall plateaus at 2 e2 /h.
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Figure 4.8: (a) Conductance of a two-terminal graphene flake with a hole etched in the center, as
a function of the voltages Vg1 , Vg2 applied to two gates below which are parallel to the two narrow
sections. An SEM image of a similar device is presented in Fig. 4.3c. (b) Conductance at B = 4 T
suggests the structure behaves as two SLG ribbons in the quantum Hall regime (with a split 0th LL
in each) connected in parallel, as illustrated in the inset in (c). Filling factor combinations (ν1 , ν2 )
of branches 1 and 2 are indicated at corresponding QH plateaus. (c) Cuts along the four lines in (b):
ν2 = 0 along line α, ν1 = 0 for β , ν2 = −2 for γ, and ν1 = ν2 for δ . All maps and cuts are corrected
for 1 kΩ contact resistance.
Plateaus of both 2 and 4 e2 /h can be observed Fig. 4.8b, most apparent along cross-sections γ and
δ plotted in Fig. 4.8c. The positions of the plateaus suggest that the map in Fig. 4.8b is as if it were
built up of the sum of two conductance maps, G = G1 (Vg1 ,Vg2 ) + G2 (Vg1 ,Vg2 ). In G1 the conductance
profile along every line drawn parallel to the red line - within the rhombus of dashed lines - would be
given by cross-section α; while for map G2 the profile along every line drawn parallel to the green
line within the rhombus is given by cross-section β . This behavior corresponds to two single-layer
graphene strips (indexed i = 1 and 2) conducting in parallel in the quantum Hall regime, each with
Gi = |νi |e2 /h for νi = 0, ±2, ±6... at the plateaus. Specifically at 4 T, their conductance contributions
within the gate range of the rhombus of Fig. 4.8b are determined by cuts α and β . The ribbons are
illustrated as grey sections in the inset of Fig. 4.8c: one of them is mainly tuned by Vg1 applied to the
first bottom gate, while the other by Vg2 , as if the wider graphene regions on the right and left were
merely extensions of the metallic contacts. Conductance plateaus are given by (|ν1 | + |ν2 |) · e2 /h
in regions of near-integer filling, the latter indicated within the brackets (ν1 , ν2 ) in Fig. 4.8b. For
example, at point P in Figs. 4.8b,c, branch #1 - mainly tuned by Vg1 - is gapped, for P lies on line
β along which ν1 = 0. At the same time, branch #2 mainly tuned by gate #2 has a conductance of
2 e2 /h at P, since ν2 = −2 all along line γ. Line α follows zero filling of branch #2 (ν2 = 0).
The cross-like shape of the conductance minima in zero field in Fig. 4.8a is also in agreement with
the double-ribbon picture, which predicts - based on Eq. 1.24 - the sum of two maps with V-shaped
profiles along directions α, β if the wider regions between the hole and the contacts are neglected. If
one considers the current annealing process described in Section 4.2, these results are realistic: during
annealing, current and Joule heating power densities are concentrated in the branches, and probably
these become clean first. When G(Vgi ) is checked between annealing cycles, a conductance minimum
appears near Vgi = 0, suggesting the device is already clean, and annealing is no longer required.
In reality, the wider sections are still doped due to residues. As highly conductive, diffusive areas,
they would indeed behave as extensions of the contacts as the QH plateaus in Fig. 4.8b suggest: the
quantum Hall edge states in the two branches - shown in the inset of Fig. 4.8c - are thermalized here.
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The electron-hole asymmetry is probably caused by disorder: for instance, as net current is carried
on opposite sides of a ribbon for e or h doping, a scattering center near the wide regions may cause
backscattering from the closest edge, but not from the other.
If the whole flake were clean, along the line δ - where doping is uniform and the local filling factors ν1,2 are equal - the QH states on the inner sides of the branches would form a full
circulating state around the hole and would not contribute to conductance, producing plateaus at
G = 2, 6, 10... e2 /h. For general unipolar doping - where only the signs of ν1,2 are the same - conductance would be max(|ν1 |, |ν2 |) · e2 /h. Lastly, in the bipolar regime (opposite sign of ν1,2 ) it would
be (|ν1 | + |ν2 |) · e2 /h as detailed in Sec. 5.3. The possibility has also been considered that the flake is
bilayer, and the plateaus of 2 and 4 e2 /h originate in the splitting of its Landau levels. However, this
can be ruled out by the lack of an intermediate plateau of 2 along line δ .
Uniform cleanliness cannot be achieved by further annealing, since current and Joule heating
power densities are not uniform in the first place, moreover the clean ribbons have a higher resistivity
than the wide regions, and would likely burn away first. After annealing, most holey graphene junctions produced G(Vg1 ,Vg2 ) maps with one characteristic dVg1 /dVg2 slope only, indicating that just one
of the branches survived, and that the simultaneous annealing of two narrow ribbons is very unlikely.
The summing of quantum Hall plateaus as in Fig. 4.8b - indicating two clean branches conducting in
parallel - has been reproduced in only one other similar junction.
The conductance contribution of one ribbon can be directly measured at high enough fields by
tuning the other branch into its gap. Fig. 4.7a shows the magnetic field evolution of the cut along line
α in Fig. 4.8b: this is practically the Landau fan diagram of branch #1, except below 3 T, where the
gap of branch #2 is not yet fully developed.
Conductance fluctuations with large deviations from the two characteristic dVg1 /dVg2 slopes have
not been observed, thus wave functions localized around the hole177 can be ruled out. In contrast,
small, periodic fluctuations appeared on the edges of quantum Hall plateaus with the usual slopes,
indicating origins in one or the other ribbon. The behavior of these fluctuations and the underlying
mechanism are detailed in Chapter 6.

4.5

Chapter summary

In this Chapter, the fabrication and general quantum Hall behavior of suspended graphene devices
have been presented. The Author took part in the development of the fabrication process of local
gated structures,154 and optimized the current annealing technique crucial to achieve high mobility.
The annealing of rectangular, two-terminal junctions is usually successful, although care must be
taken in case of multiple terminals. For holey junctions the yield of simultaneous cleaning of both
sides is low. Transport measurements on these devices in the quantum Hall regime indicate that while
the narrowest parts (the branches) are cleaned, the surrounding regions remain highly contaminated
and diffusive.
The very low onset field (60 mT) of the quantum Hall effect for the device of Fig. 4.5c, and
the multiple observations of a symmetry-broken zero-energy Landau level - in the form of a G = 0
conductance plateau at ν = 0 - prove that suspending graphene flakes is capable of producing samples
of high quality.
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Chapter 5

Quantum Hall channels
As detailed in Sec. 1.3, when an integer number of Landau levels is filled in the bulk, states of
quantized conductance propagate along the edges of graphene. More generally, a current-carrying
channel with finite group velocity forms wherever the Fermi level EF is intersected monotonously by
a Landau band. From here on, these are uniformly referred to as quantum Hall channels (QHCs),
irrespective of whether they are located at edges or not. This Chapter presents how local doping
- controlled by voltages applied to gate electrodes - affects the energies of Landau levels and thus
determine the positions and propagating directions of channels, along with various examples of gatedefined QHC geometries. Part of the results have been published in Ref. 19, while most in Ref.
181.

5.1

Propagating states along n-n’, p-n junctions

In the case of non-uniform doping - usually achieved by employing multiple local gate electrodes
- the density n and filling factor ν change as a function of real-space position (x, y) in the plane of
the graphene flake. Since Landau levels can accommodate only a finite charge density - eB/h for
the non-degenerate case, their filling factor ν ∝ n and therefore their energies with respect to EF also
vary along the sample. The top panels of Figs. 5.1a-c illustrate LL energies for various examples of
inhomogeneous doping, corresponding to vertical cross-sections of the bottom panels of the figure.
QHCs may appear in the bulk as well as near edges, their position given by the intersections of the
LLs with EF , as highlighted by yellow circles. In an equivalent phrasing, QHCs form where the
density profile is such that a LL is being filled monotonously - roughly where the filling factor profile
crosses 0, ±4, ±8..., and are separated by insulating areas where ν is near ±2, ±6... (in SLG). These
values are noted in the top panels of Figs. 5.1a-c. Naturally, ν is zero outside the confines of the flake.
Although the size of the quantum Hall wave function that satisfies Eq. 1.13 is the magnetic length
lB , due to the disorder potential modulating the LL (Fig. 1.8a) several propagating (and localized)
states may appear in the general vicinity of the approximate EF -LL intersection if the density profile
is smooth. Although the conductance of this region is still determined by the QHC, from the point
of view of scattering to nearby channels or contacts (see Sections 5.2, 5.5) it is effectively widened.
Moreover, if the density of states was considered, the average LL profiles would flatten in these
regions and widen them further, as illustrated more accurately in Fig. 5.1d, since the LL energy
offset with respect to EF changes the least steeply where the DOS is high,56,176 near half filling:
ν = 0, ±4, ... in SLG. Lastly, the charges in LL states near EF rearrange self-consistently to screen
the disorder potential, further affecting the positions and widths of propagating and localized states
as detailed in Section 6.2 and Ref. 95.
With multiple gate electrodes, a unit area around point (x, y) in a graphene flake has finite, often non-negligible and position-dependent capacitances Cei to all electrodes i. In suspended samples
the bottom gates are far below the flake, and Cei (x, y) and ν ∝ n(x, y) are smooth functions: therefore, QHCs induced in the bulk are probably less tightly packed than those at the sharp confinement
potential of the edges, as illustrated in the bottom panels of Fig. 5.1b,c.
Most devices presented in this Chapter have two parallel bottom gates, and the average filling
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Figure 5.1: Illustration of Landau levels and quantum Hall channels for (a) n-n’, and (b), (c) p-n
cases of inhomogeneous doping. Local filling factors are denoted in both top and bottom panels.
Bottom panels show doping type and QHCs, the latter denoted by solid lines, with arrows giving
charge propagation directions. Channels of the 0th level are grey, the rest are black. Top panels:
approximate LL structures in real-space along vertical cross-sections of the examples in the bottom
(see dashed line in (a)). The corresponding points of top and bottom panels are denoted by yellow
circles. Only the first few LLs are plotted. Panel (c) illustrates a case when the 0th level splits in two
due to exchange interactions (see Sec. 4.3). (d) The same as in (a), but with a smooth, more realistic
change from ν = 2 to 6. Also, the DOS is taken into account in the Landau level illustration in the
top panel. It is most significant at the smooth transition around ν ≈ 4 in the center.
factors of the two sides - in spite of cross-capacitances and the smoothness of ν(x, y) - are adequate to
describe all observed phenomena. The exception is Section 5.5, where a circulating QHC is created
between the contacts, its position and conductance contribution strongly depending on the filling
factor profile.

5.2

A transverse p-n junction

Figure 5.2a presents a high-quality suspended flake from Ref. 19 with two gates perpendicular to
the general current direction. Its conductance map as a function of the two gate voltages in Fig. 5.2b
was taken in the quantum Hall regime∗ , at B = 200 mT. The map exhibits plateau features with two
characteristic dVg1 /dVg2 slopes due to cross-capacitances as mentioned above: plateaus are centered
around values of integer filling ν1,2 ∝ n1,2 of the two sides of the flake, separated by dotted grey lines.
In the unipolar region where ν1,2 have the same sign, plateau values are determined by the lowest
number of QHCs in the two halves: G = min (|ν1 |, |ν2 |) · e2 /h = 2, 6, 10 e2 /h, as shown in Fig. 5.2d.
This is in agreement with the Landauer-Büttiker picture described in Eq. 1.32, for only the channels
that connect source to drain carry a current, as depicted in the example in the top panel of Fig. 5.2c.
These results are similar to those of Ref. 182, although they have been observed at a magnetic field
lower by a factor of 20 due to higher quality. Equipotential cuts (Vg1 = Vg2 ) at different fields are
shown in Fig. 4.5c.
In the bipolar region no QHCs cross the p-n junction, instead they copropagate along it as illustrated in the bottom panel of Fig. 5.2c. Although all source-based channels (carrying net current)
turn back to the source, the measured conductance is nonzero - though less than 2 e2 /h - over a wide
∗ The
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low magnetic field behavior of the device is discussed in Chapter 7.
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Figure 5.2: QH measurements at 1.5 K on a device with two bottom gates. Low-field measurements
are described in Chapter 7. (a) Schematic device geometry (top) and optical photograph with the
relevant junction highlighted by black lines (bottom). (b) Two-terminal differential conductance as a
function of the gate voltages at 200 mT, corrected for 1.2 kΩ contact resistance. Solid lines separate
unipolar and bipolar regimes, while dotted lines separate regions of different filling factors ν1,2 . (c)
Examples of QHCs in the unipolar and bipolar regimes. Grey lines denote channels of the 0th LL,
black lines those of other levels. Sample dimensions are indicated, with dashed orange lines showing
the outlines of the bottom gates. (d) Expected QH plateaus as a function of ν1,2 . Color coding is
the same as in (b). Bipolar conductance is calculated assuming full current equilibration. Numbering
indicates conductance in units of e2 /h.
range of filling factors. This phenomenon is the result of current equilibration of QHCs179,182–188 due
to cross-scattering between the channels of different chemical potential that copropagate and overlap
- due to disorder and LL flattening because of DOS - along the p-n junction. For instance, if the
chemical potential of the drain was zero, while that of the source was µ, with ν1 = 2, ν2 = −2 as
illustrated in the bottom panel of Fig. 5.2c, the upper left channel leaving the source would carry a
current of I = − µν1 e/h towards the p-n junction. In contrast, the upper right channel would carry
no net current, as it originates in the drain. Assuming I is equally distributed between the QHCs
along the p-n junction by the time they separate, the lower right channel would carry a current of
−µe|ν1 ν2 |/(|ν1 | + |ν2 |)h = − µe/h to the drain, resulting in a two-terminal conductance G = 1 e2 /h
as shown in Fig. 5.2d. The other −µe/h part of the current is carried back to the source by the lower
left channel, essentially backscattered.
Full current equilibration can result in even larger values as shown in Fig. 5.2d, for instance 3 e2 /h
for the (ν1 , ν2 ) = (6, −6) case illustrated in Fig. 5.1b. However, conductance in the bipolar regime of
Fig. 5.2b remains below 2 e2 /h over a wide range, indicating less than equal distribution of current.
This suppressed equilibration compared to Fig. 5.2d and Ref. 182 is attributed to the high quality of
the sample, as low disorder leads to infrequent scattering, and also to the larger spatial separation of
QHCs resulting from a smooth electrostatic potential and ν(x, y) profile.189 In high magnetic fields,
current equilibration is further diminished by the symmetry breaking of Landau levels,190,191 partly
due to forbidden scattering between spin/valley-polarized channels, partly due to these channels’
separation in real space. For instance, splitting of the 0th LL - as depicted in Fig. 5.1c - may produce
a G ≡ 0 bipolar regime due to the insulating center strip of the flake, if the new Landau gap is larger
than the broadening from the disorder potential.

5.3

A longitudinal p-n junction

A schematic and a photograph of a single-layer device similar to the previous one is presented in
Figure 5.3a, but with gates parallel with the general current direction.
Fig. 5.3b shows its differential conductance G as a function of the gate voltages Vg1 , Vg2 , at
a perpendicularly applied magnetic field of B = 1.5 T. Along the diagonal of equipotential tuning
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(Vg1 = Vg2 ), filling is uniform, and the expected quantum Hall plateaus of SLG are observed near
2 e2 /h, where |ν1 = ν2 | = 2. A serial contact resistance of Rc ≈1.4 kΩ is estimated from the plateau
values using Eq. 4.1. At general (Vg1 , Vg2 ), the conductance depends on the two filling factors, and
a checkerboard pattern is expected in G(Vg1 ,Vg2 ), however, cross-capacitances result in a distortion
of the pattern. The regions separated by dashed grey lines mark integer filling of various LLs in the
two halves of the device, while solid grey lines distinguish the unipolar and bipolar quadrants. In the
areas of bipolar doping, G - corrected for Rc - increases to 3.5 e2 /h.
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Figure 5.3: (a) Structure and optical photo of a graphene layer with two Pd terminals (grey in both
panels), suspended over two bottom gates (gold). In the optical image, black lines indicate the edges
of the measured flake. (b) Conductance as a function of gate voltages at B = 1.5 T and T = 1.5 K,
corrected for contact resistance. (c) Quantum Hall channel positions for bipolar (bottom) and unipolar
(top) doping. Solid lines mark biased electron current trajectories, while dashed lines mark unbiased
ones. Sample dimensions are indicated, with dashed orange lines showing the outlines of the bottom
gates. (d) The expected conductance in units of e2 /h as a function of filling factors ν1 , ν2 . Color
coding is the same as for (b).
The conductance of this two-terminal device can be explained in the Landauer-Büttiker formalism
by picturing the quantum Hall channels. Figure 5.3c illustrates two cases of non-uniform doping. The
top panel is in the unipolar regime, with an n-n’ junction near the center of the flake. In this example,
the upper half has a filling of ν1 = 6 with two degenerate edge states at the top (grey lines from the
0th, and black ones from the 1st LL), while the bottom half of the flake has only ν2 = 2. Around
the n-n’ border, the filling decreases, giving a fourfold degenerate QHC (black) in the bulk where the
1st LL is being emptied of electrons. In an ideal sample where backscattering is absent and QHCs
are fully thermalized at the contacts, the conductance is G = max(|ν1 |, |ν2 |) · e2 /h, determined by
the number of biased channels (solid lines, from the source) counting all degeneracies. Dashed lines
denote unbiased channels whose chemical potential is set by the drain to the global electrochemical
potential. Fig. 5.3d depicts the expected checkerboard pattern with conductance plateau values in
units of e2 /h as a function of ν1 , ν2 .
In the case of bipolar doping, as depicted in the bottom panel of Fig. 5.3c for the example of
ν1 = −ν2 = 2, oppositely circulating states form in the two halves of the flake, with copropagating
QHCs at the p-n interface. Ideally, conductance is given by the contribution of all channels connecting
the source to the drain: G = (|ν1 | + |ν2 |) · e2 /h, as displayed in Fig. 5.3d. After correction with Rc , the
conductance in Fig. 5.3b shows a maximum of G ≈ 3.5 e2 /h in the bipolar regime, which approaches
the expected value of 4. It is most likely limited by backscattering between the channels in the bulk
and at the edges, caused by residual disorder after current annealing of the sample.
The enhanced conductance of this device shows that, in spite of the fact that contact electrodes
partially screen the electrostatic potential of the gates - and also dope graphene - in their vicinity,192,193
the new conducting channels in the bulk are not diverted away from the contacts. However, no direct
information is gained on where the current flows. In order to study the channels guided along the p-n
interface, further terminals were added to the design.
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5.4

A four-terminal setup

In this Section we study a four-terminal device, in which the current flow along the p-n junction
can be directly accessed. Fig. 5.4a shows its geometry and optical micrograph: here, the output VD
of the lock-in amplifier is connected to an electrode (D) situated above the gap between the bottom
gates, while current IS is measured at a contact (S) on the opposite side. This is equivalent to the
picture of injecting electrons from the source S with a chemical potential bias eVD , and electron
current measurement at drain D. Electrodes A and B on the left and right of the schematic ground
all edge states, enabling the investigation of only the QHCs that propagate through the bulk. The
conductance GSD = dIS /dVD at 0.8 T - measured by lock-in technique and shown in Fig. 5.4b exhibits the expected slanted checkerboard pattern as a function of the gate voltages. Solid green
lines separate areas of unipolar and bipolar doping, and mark the equipotential diagonal, while dashed
lines distinguish areas of different filling factors. GSD drops below 0.04 e2 /h at ν1 = ν2 = ±2, in the
vicinity of points E1 , E2 , while reaches a plateau of approximately 4 e2 /h for (ν1 , ν2 ) = (−2, 2)
around point BIII , as well as for (ν1 , ν2 ) = (−6, −2) (UII ) and (ν1 , ν2 ) = (2, 6) (UIV ).
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Figure 5.4: (a) A four-terminal device similar to the one in Ref. 20. Current is injected from and
collected in electrodes D and S symmetrically placed at, and locally supported by the top and bottom
flake edges, respectively, while the side contacts (A,B) are grounded. (b) Differential conductance
between S and D as a function of gate voltages at 0.8 T and 1.5 K, corrected for a contact resistance
of 1.2 kΩ, which was estimated based on the expected plateau values shown in (d). (c) QHCs in
the electron injection picture from S (only S is biased) for various filling factor combinations ν1,2
of the left and right sides: biased channels (carrying net current) are marked by solid lines. Sample
dimensions are indicated, with dashed orange lines showing the outlines of the bottom gates. (d) A
map of the expected conductance as a function of ν1 , ν2 , with Arabic numbers denoting the plateau
values in units of e2 /h. Black-and-white circles in (b) mark points in unipolar (U) and bipolar (B)
regions that correspond to the Roman-numbered cases in (c),(d), with a few points (E) along the
equipotential diagonal.
Most features can be explained in the Landauer-Büttiker formalism. The (dashed) solid lines in
Fig. 5.4c mark (un)biased electron channels for various ν1 , ν2 combinations, while Fig. 5.4d shows
the ideal plateau values of GSD in units of e2 /h. The fields denoted by bold Roman numbers correspond to the cases in Fig. 5.4c. Depending on the sign and relation of ν1,2 , four regions are distinguished on the map. (i) Along the equipotential diagonal ν1 = ν2 no channels exist in the bulk, and
all injected electrons are fully absorbed in A or B. Above the diagonal - such as in case I - QHCs
propagate from D to S, but since only S is biased, conductance is zero. (ii, iv) In the parts of the
unipolar regions below the diagonal - like cases II and IV - a net electron current is carried from
S to D by as many channels as the difference between the right and left filling factors, therefore
GSD = |ν2 − ν1 | · e2 /h. (iii) In the bipolar quadrant below the diagonal - such as case III - all channels
contribute to the current, and the conductance is (|ν1 | + |ν2 |) · e2 /h.
The measured plateau of 4 e2 /h around point BIII in Fig. 5.4b matches the theory in Fig. 5.4d.
Current flows directly from S to D, along the p-n junction, as depicted in Fig. 5.4c. Here the current
flowing into contacts A and B have been measured, as well, and it was found that approximately
89% of the total electron current injected at S reaches D, suggesting that such p-n junctions can serve
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as high-efficiency electron guides. To further increase the efficiency, source and drain contacts and
the graphene flake should be widened to reduce scattering to A and B, and the magnetic field or the
sharpness of the potential step across the p-n junction should be increased in order to narrow the
QHC.
The plateaus of GSD ≈ 0 at ν1 = ν2 = ±2 near points E1 , E2 of the equipotential diagonal are
also in good agreement with expectations. Conductance at point BI deviates slightly from the ideal
case, possibly due to occasional scattering between the bottom and top edges of the flake, introducing
a finite electron flow to D. Additionally, the plateau at (ν1 , ν2 ) = (2, 6), around UIV , is less developed
than the one at UII , which can be attributed to a slight asymmetry in the annealed sample, resulting
in a transmission probability larger than zero from the biased QHC (solid black line in panel IV of
Fig. 5.4c) to the right-propagating (dashed black) channel at the top, bypassing the drain.
Here we have shown that in the vicinity of the Dirac-point, when LL occupation is |ν1 = −ν2 | = 2,
a robust channel is formed in the bulk, acting as a direct, high-efficiency electron guide between
source and drain.

5.5

Circular gating

In the following, a different gate setup is investigated which allows shifting QHC trajectories
in real space, which is confirmed by their altered coupling to the contacts and thus their conductance contribution. The device is suspended over a bottom gate with a circular hole, as displayed in
Fig. 5.5a. The carrier density in the central part of the flake can be tuned through the hole by the
doped Si backgate (referred to as the inner gate from here on) with bias VI , while the surrounding
area is doped by the bottom gate (later referred to as the outer gate) with voltage VO . Two-terminal
conductance G(VO ,VI ) at B = 0 is depicted in Fig. 5.5b. The data indicates that VI slowly moves
the point on the VO axis where conductance is minimal due to cross-capacitances. Ramping up |VI |
also increases the value Gmin of this local conductance minimum, and decreases the slope of G(VO )
nearby, since the energy of the Dirac-point becomes inhomogeneous across the sample, similarly to
the effect of disorder-induced charge puddles.
Fig. 5.5c shows the conductance map at B = 1.5 T. Quantum Hall plateaus of 4 and 8 e2 /h appear
in the unipolar regimes, indicating the device is a sheet of bilayer graphene. A narrow region with
a minimum conductivity of 0.3 e2 /h forms around the estimated Dirac-point (white dot), suggesting
that the 0th (zero-energy) LL starts to split into two fourfold degenerate levels due to electron-electron
correlations56,73,85,86,164 as mentioned in Section 4.3.
The transition between the unipolar plateaus of 4 and 8 e2 /h - in the lower left part of Fig. 5.5c
with white color coding, parallel to the blue arrow - slowly moves as a function of VI due to the
cross-capacitance between the inner gate and the outlying graphene regions. In order to eliminate this
effect, the horizontal conductance cuts plotted at a series of inner gate voltages in Fig. 5.5d are all
shifted along the VO axis by a linear function of VI . As a result, the unipolar plateaus of the curves
approximately overlap, and the blue and green arrows - corresponding to those in Fig. 5.5c - become
vertical. The electron side of the curves is corrected for Rc = 0, while the hole side for Rc = 0.42 kΩ,
to match expected plateau values∗ of 4 and 8 e2 /h at unipolar doping, found around VI ∈ [−60, −40] V
and VO0 < 0, or VI ∈ [40, 60] V and VO0 > 0.
The most striking features of the map in Fig. 5.5c are ridges of enhanced conductance where
one expects the bipolar regimes: at the upper part of the blue arrow, and the lower part of the green
arrow. Figure 5.5d and its inset - the latter showing conductance cuts along the arrows - show that the
conductance may be increased by more than 2 e2 /h with respect to the 4 e2 /h plateaus, at (VO0 ,VI ) ≈
(−11, 60) V and (VO0 ,VI ) ≈ (10, −60) V, respectively. The 8 e2 /h plateaus are also enhanced in
the bipolar regime. The most likely reason of this conductance enhancement is the formation of
new, circular channels in the bulk of graphene, whose contribution is not quantized due to partial
transmission to contacts, and also to the overlap and current equilibration between the various QHCs.
In the following, this concept is discussed in detail.
∗ The
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asymmetry could be caused by n-type doping of the Pd contacts.

5.5. Circular gating

D

p-Si inner gate (I)

(c)

60

1.9 µm

I

40
VI (V)

20

II

0

III

−20

12
8

−40

B=1.5 T
−60
−30 -20

G (e2/h)

S

-10

0
10
VO (V)

IV V VI
20
30

4
0

G (e2/h)

D
SiO2
outer gate (O)

2.3 µm

1.4 µm

14
12
10

G (e2/h)

4 µm

VO (V)
-15 0 15
40
20
30
0
−20
15
−40 B=0
0

VI (V)

graphene
S

(d)

(b)

8

G (e2/h)

(a)

6
5
4

−60−30 0 30 60
VI (V)

VI (V)
60 V
40 V
4
20 V
0V
−20
V
2
−40 V
−60 V
0
−40 −30 −20 −10

6

0
10
VO’ (V)

20

30

Figure 5.5: (a) Schematic drawing, dimensions, and photo of a bilayer device tuned by an "outer"
gate (yellow, VO ) with a hole, and the "inner" Si backgate (grey, VI ). (b) Conductance G as a function
of VO,I at B = 0, and (c) at B =1.5 T, both at 1.5 K. The dashed yellow rectangle in (c) highlights
the gate voltage range used in (b). Both maps are corrected for Rc ≈ 0.42 kΩ contact resistance.
(d) Conductance cuts at a series of VI voltages, horizontally shifted along VO by a linear function of
VI to eliminate its cross-capacitance to the outer graphene areas. Inset: cuts along the two ridges
of enhanced bipolar conductance, highlighted by blue and green arrows in (c) and (d). Hole side is
corrected for Rc ≈ 0.42 kΩ, while electron side for Rc = 0, in both (d) and its inset.

Electrostatic simulations
Since the outer gate screens a large part of the electrostatic potential of the Si inner gate, local
normalized capacitance values dn(x, y)/dVO,I strongly depend on the real-space position on the flake.
In order to form a qualitative picture of the positions of quantum Hall channels, the density n(x, y)
is simulated electrostatically for B = 0. The local differential capacitances dn(x, y)/dV to individual
metal contacts and gates194,195 have been supplied by Ming-Hao Liu from the University of Regensburg, using the finite-element simulator FENICS196 combined with the mesh generator GMSH.197
Figure 5.6a shows the Landau level filling factor ν(x, y) ∝ n(x, y) across the bilayer flake for
B = 1.5 T, based on the simulated density map at ∆VO = 9 V and ∆VI = 50 V distance from the Diracpoint at (VO ,VI ) ≈ (7, −10) V, for unipolar electron doping. This voltage combination approximately
corresponds to where the Roman number I is in Fig. 5.5c. Color coding is chosen so that the white
regions of the map correspond to an integer number of fourfold degenerate LLs being approximately
full or empty, therefore these contain only localized states at the Fermi level, similarly to Fig. 1.8c.
Although the first positive-energy LL of bilayer graphene is filled from empty to full when approaching the middle of the highly doped central region (dark blue, 4 < ν < 8), producing a circulating
QHC whose propagation direction is denoted by black arrows, it does not carry current between the
contacts nor the edges, for it is insulated from them by regions of integer filling (white). Despite
charge accumulation near the edges,93,94 conductance is determined only by usual edge states, indicated by straight arrows. As a result, this figure corresponds to a conductance of 4 e2 /h, qualitatively
explaining the value of the green curve at large VI in the inset of Fig. 5.5d. The Roman numbered
panels of Fig. 5.6 approximately correspond to the black circles in Fig. 5.5c; the small differences in
the expected conductance values at these points with respect to the measurement are probably caused
by a different position of the Dirac-point than estimated above, and an imperfection of the geometry
in modelling the electrostatics.
Decreasing VI along the green arrow in Fig. 5.5c keeps the density profile approximately constant
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the propagating directions of QHCs in the bulk, while straight arrows indicate usual edge states. (c)
Scheme of the Landau levels along the dashed line in (b), at y = 0. LL numbering here and in the
colorbar is defined by energy relations: 0− , 0+ originate from the originally zero-energy level, while
1 (-1) and 2 (-2) correspond to the first and second positive (negative) energy LLs, all with degeneracy 4eB/h. (d) Structure of QHCs in the case of (b) and transmission possibilities between them and
contacts.

in the outer parts of the flake, while it lowers the enhanced density in the center. The 1st LL is
emptied, then - passing homogeneous doping - so is the 0th. Figure 5.6b depicts the filling factor map
at ∆VO = 14 V and ∆VI = −50 V from the Dirac point well into bipolar doping, roughly corresponding
to point IV in Fig. 5.5c. The center of the flake is hole-doped: ν < −4, the first negative-energy level
is partially filled. Following the +x direction from the center, an insulating region with ν ≈ −4 is
crossed, then ν gradually increases to 4.
As mentioned previously, the near-zero conductance in Figs. 5.5c,d indicates that a gap is opening
at the Dirac-point: the 0th LL splits into two fourfold degenerate levels, denoted by 0− and 0+ .
Figure 5.6c illustrates the LL structure along a horizontal cross-section of the sample, qualitatively
consistent with the filling factor map in Fig. 5.6b. The levels flatten when intersecting the Fermi
energy EF , for the density of states has a local maximum at the LL energy.56,176 Where the fourfold
degenerate 0− level is gradually filled with electrons (red stripe in Fig. 5.6b), a circular propagating
QHC forms, marked by arrows. Further outside, the 0+ level is filled (blue stripe), again giving a
QHC. The two states propagate, as in a straight p-n junction, in the same direction which is given by
the slope of the LLs. Around ν = 0, the Fermi-level is between the 0− and 0+ levels, in a Landau
gap. However, the fact that the sample exhibits a finite (0.3 e2 /h) conductance even when tuned
homogeneously to this point (the white dot in Fig. 5.5c) indicates that the disorder-broadened 0− and
0+ levels still overlap, and the narrow region of ν ≈ 0 between their QHCs is not insulating.
Figure 5.6b suggests that the channel belonging to the 0+ level (blue) has finite transmission
to the contacts. Consequently, the inner and outer circular QHCs on the sides of the p-n junction
act as extra current-carrying states between source and drain, and give a positive contribution to
the base conductance of 4 e2 /h of the edge states. Thus the simulation in Fig. 5.6b qualitatively
corresponds to the enhanced-conductance (VI = −60 V) end of the green line in the inset of Fig. 5.5d.
Based on these electrostatics, Fig. 5.6d shows the structure of the circular propagating channels with
possible transmissions between each other and the contacts. Tc transmission probabilities belong to
scattering mechanisms between the channels of the 0− , 0+ levels and the contacts, and T ± to each
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other. Backscattering between the circular channels and the edge states is most likely negligible, for
they are insulated by a region of near-integer filling.
In a simple calculation with realistic assumptions, we estimate the conductance contribution of
the circular QHCs. Ideally, the outer channel is fully transmitted to the contacts, while the inner one
is most likely too far away, and fully reflected. Thus, Tc+ = 1, and Tc− = 0. Since the inner and
outer channels overlap, current that is injected only to the outer channel at the source is distributed
between them. At the opposite contact, only the outer channel’s current is drained. Considering that
both channels are fourfold degenerate, and assuming full equilibration along their trajectory, their
conductance enhancement is ∆G = 2.6̇ e2 /h, a value slightly larger than the observed ∼ 2.2 e2 /h. The
enhancement may be limited by backscattering to edge states or imperfect coupling to electrodes. In
contrast, if the gap between the 0− and 0+ levels was well formed and their channels were separated,
the enhancement would be higher, up to the maximum possible contribution of the outer channel,
4 e2 /h. Tc− > 0 would increase ∆G as well, since the inner channel of level 0− would also carry
current between the electrodes.
If VO is raised slightly, the density increases in the graphene areas above the outer gate. Fig. 5.6e
shows that the circular blue stripe (ν ∼ 2) of the QHC of the 0+ level shrinks and becomes insulated
from the contacts. Therefore, a local conductance minimum is expected to appear, in agreement with
measurements in Figs. 5.5c,d (near the Roman number V).
Along the green arrow of Fig. 5.5c, the filling factor profile of the outer parts of the flake remains
approximately constant. Decreasing VI continuously changes the doping of the central part from
electron to hole. In the vicinity of ∆VI = 10 V, the 0+ LL is partially filled with electrons in most
parts of the flake (Fig. 5.6g and point II in Fig. 5.5c) and conducts diffusively between the source
and drain electrodes. By taking into account the larger-than-one aspect ratio of the device,162,163 this
would explain the increased conductance that is observable already in the unipolar regime (inset of
Fig. 5.5d). It is further supported by the fact that a small increase of the overall density yields an
insulating bulk and a local minimum: the 4 e2 /h QH plateau (Fig. 5.6h and point III in Fig. 5.5c).
Further decreasing VI along the green arrow, the local conductance maximum evolves into the ridge
of enhanced conductance visible in Fig. 5.5c. This monotonous transition can be explained by the
formation of the 0+ level’s circular QHC explained above, and the gradual increase in its diameter,
resulting in better and better Tc+ coupling to the contacts. The formation of a plateau around 6.2 e2 /h
in the measured conductance suggests that Tc+ eventually reaches close to unity transmission. The
evolution of the blue line of Fig. 5.5c is caused by the same mechanism, but with opposite signs of
∆VO,I and filling factors.
The same effect can be seen at higher plateaus: the electron (hole) side unipolar 8 e2 /h plateau’s
conductance also increases in the bipolar regime. Fig. 5.6f - corresponding to the vicinity of number
VI in Fig. 5.5c - shows that it is the 1st LL (or the -1st for holes) that produces a circular channel
coupled to the contacts, enhancing the conductance. However, QHCs here are more tightly packed
and the insulating regions are narrower, for the density gradient is higher. Scattering between circular
and edge states is increased, consequently, their contribution is smaller than for lower plateaus.
Besides the device shown in Fig. 5.5a, control measurements have been performed on another,
single-layer sample with a holey outer gate, where the hole diameter was 1 µm, the width 1.4 µm,
while the source-drain distance remained almost the same, 1.8 µm. Here, the contacts were located
400 nm, and the flake edges 200 nm from the hole’s border in plan view, compared to the 250 nm
and 450 nm values, respectively, of the bilayer flake described above. One would expect decreased
bipolar conductance due to the closeness of edge states and increased backscattering, however, no
negative nor positive change has been observed in any plateaus in the same voltage range, suggesting
that the increased screening from the outer gate decreased the size of the inner gate induced circular
QHCs enough that they were fully decoupled from both contacts and edge states.
The electron density maps were calculated at zero magnetic field, without taking into account the
Landau levels’ density of states, nor electrostatic screening effects on LLs (see the next Chapter, and
also Ref. 95). Although these affect the position and also the width of QHCs, a good qualitative
representation of the circular channels has been achieved. These observations demonstrate the ability
to tune a propagating channel’s trajectory such that transmission to electrodes or other channels is
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controlled.

5.6

Chapter summary

In this Chapter, the formation of quantum Hall channels and their quantized conductance contribution has been demonstrated by measurements on a series of devices with various gate and contact
geometries. Sec. 5.2 provides an example of reduced current equilibration between copropagating
channels, due to their increased spatial separation and the high quality of the samples, as compared to
more diffusive devices on SiO2 with gates that create sharper electrostatic potentials.182 Sections 5.3
and 5.4 suggest that the current of QHCs following a p-n junction can be fully absorbed by a metallic
contact in spite of contact screening and doping, and that such a junction can be used as a highefficiency current guide. It has also been shown that different Landau levels’ co-propagating edge
states can be diverted from the edges by creating p-p’ or n-n’ junctions with local gating, and independently biased with the assistance of grounded contact electrodes. Interesting phenomena like the
formation of valley-polarized edge states are predicted using strain198,199 in properly engineered suspended graphene in zero magnetic field, however, studying these channels has so far been hindered by
the atomically rough edges, which inevitably cause scattering between them. The above findings provide a huge advantage in investigating the physics of spin and valley-polarized, or fractional channels
by providing a way to avoid the disorder and valley decoherence at edges. Moreover, circularly propagating quantum Hall channels have been created, whose size and coupling to contacts are determined
by the smooth electrostatic potential of the gate electrodes. The observations in Section 5.5 demonstrate the ability to tune a propagating channel’s trajectory in a way that transmission to contacts or
other channels is controlled, paving the road for graphene quantum point contacts and interferometers operated in the quantum Hall regime: experiments that, so far∗ , have been available only in 2D
semiconductor systems.201–203 Possible realizations of experiments are detailed in Section 6.5.

∗ Graphene Mach-Zehnder interferometers operating at single p-n junctions have been reported in Refs. 200 and 169,
however, the range of physics at work here is not yet fully understood.

62

Chapter 6

Confinement in the quantum Hall regime
As we have seen in the previous Chapter, quantized conducting channels can be created by using gates to change local densities through the field effect. Another important element of quantum
electronic circuits are quantum dots. Since SLG is a gapless semiconductor, and cannot be fully depleted of charge carriers, forming a confinement potential for QDs is challenging. Beam-splitters and
waveguides have been fabricated in SLG by exploiting the reflections of charge trajectories off of p-n
junctions,20,21 however, the confinement offered by the p-n transition is soft and electrons can leak
out by Klein-tunnelling, as discussed in Section 1.2. Bilayer graphene does enable the electrostatic
definition of QDs by utilizing the gap opening in a perpendicular electric field,46,47 but this approach
is not always successful, probably due to random stacking domain walls that can locally close the
gap.49,50
Confinement in SLG is usually achieved by etching QDs or GNRs. As explained in Chapter 2,
both originate in a gap from hard-wall confinement, however, the gap and transport properties are
extremely sensitive to the local edge structure, as well as substrate disorder. In this Chapter we show
a different concept to form quantum dots in SLG: applying a perpendicular magnetic field. The field
induces Landau levels, and the gaps between them help realize local confinement. In particular, we
describe a phenomenon that we have observed multiple times in suspended graphene strips, all at
least 200 nm wide: fluctuations of the two-terminal conductance on or near quantum Hall plateaus
as a function of both n(Vg ) and B. Here, QD formation is enabled by the interplay of the Landau
gap and a disorder potential caused by fabrication residues. QDs can be tunnel coupled to each
other, to propagating QHCs, or to contact electrodes, enabling the measurement of their conductance
contribution.
This Chapter details the behavior of the conductance fluctuations, explains their dependence on
magnetic field and charge density, and proves that they indeed originate in QDs. It is based on the
results published in Ref. 155. All devices have been fabricated in Basel, while low-temperature
measurements have been carried out in Budapest.

6.1

Conductance fluctuations on quantum Hall plateaus

The first set of measurements have been carried out on suspended nanoribbons, which were fabricated as described in Section 4.4: a circular hole was etched into a rectangular graphene sheet, which
was then suspended over double bottom gates (see Fig. 4.3c). In two samples, both graphene constrictions survived current annealing, confirmed by two-terminal conductance G(Vg1 ,Vg2 ) measurements
producing two distinct line slopes as shown in Figs. 4.8a,b. The ribbons behaved as two independent
resistors connected in parallel, each exhibiting individual quantum Hall plateaus at G = 0 and 2 e2 /h
above ∼3 T, indicating that the 0th LL split into two levels (designated 0− and 0+ as illustrated in
Fig. 4.6c). Measurements of the two-terminal differential conductance G in this Section have been
performed while tuning one of the ribbons into its charge neutrality point with an appropriate combination of gate voltages, i.e. following the red line marked α in Fig. 4.8b. Fig. 4.7a shows G as a
function of the magnetic field B and the electron density n, tuned by a (simplified) gate voltage Vg .
Above 3 T, this ribbon became insulating due to the formation of the Landau gap at ν = 0, therefore
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only the other ribbon (designated R1) contributed to conductance.
Figure 6.1a shows a zoom of the yellow rectangle in Fig. 4.7a, showing parts of the plateaus at ν =
−2 and ν = 0. The -2 plateau - with G ≈ 1.87 e2 /h due to a contact resistance of 0.9 kΩ - is separated
from the gapped (insulating) regime by a wide transition region with intermediate, fluctuating G,
where the 0− th LL is gradually filled, allowing scattering between edge states and contacts as has
been illustrated in Fig. 1.8d. A cut at 5 T (Fig. 6.1b) shows that these random conductance fluctuations
become very regular close to the gap or the ν = −2 plateau. Zooms of these regions are shown in the
insets of the same figure. At the plateau-edge, 18 oscillations were observed with a period of 0.17 V,
and at the gap-edge 30 oscillations with 0.09 V spacing. We call the regular oscillations on the edge
of the ν = −2 plateau "plateau-edge oscillations", and the ones close to the ν = 0 region "gap-edge
oscillations". Similar features have been seen in the conductance band, and around the QH plateaus
of the other branch of the double-ribbon structure, as well. The affiliation of oscillations to one ribbon
or the other was determined by G(Vg1 ,Vg2 ) measurements at constant B by comparing line slopes to
directions α and β of Fig. 4.8b.
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Figure 6.1: (a) A zoom of the region highlighted by the yellow rectangle in Fig. 4.7a. (b) A crosssection at B = 5 T. The left (right) inset is a zoom of the regular plateau-edge (gap-edge) fluctuations,
which originate in the charging of a single electron (hole) quantum dot. Vertical dashed lines highlight
periodicity. The mechanisms are illustrated in (d) and (e). (c) Gate voltage period of the regular
fluctuations averaged over the two regions in (a) defined between the red and blue pairs of dashed
lines: red dots show the period of the plateau-edge, while empty blue circles show that of the gapedge oscillations. (d), (e) The upper panels illustrate the split 0th Landau level with a simplified
disorder potential at a cross-section of the sample. Left side represents low filling, with edge states
indicated by yellow circles and an electron QD forming in a potential valley, while the right side shows
high filling of the LL, with a hole QD in a potential hill. Horizontal red and blue lines represent the
charging energy spacing of a dot. The lower panels on the left and right depict scattering between
edge states (black arrows) or contacts/the rest of the dot network, causing conductance dips or peaks,
respectively. The Coulomb-peak structure is most recognizable in the left inset of (b), where it is
inverted.
The plateau-edge and gap-edge oscillations are most visible between the red and blue dashed
lines in Fig. 6.1a, and are parallel with the -2 and the 0 filling factor directions, respectively. These
directions are marked by short red and blue lines at the top of the figure, and also by white arrows.
Fig. 6.1c shows the oscillations’ average periodicity as a function of magnetic field: red dots correspond to plateau-edge, while blue circles correspond to gap-edge oscillations. Their periodicity
is approximately constant for a wide range of magnetic fields, except for the gap-edge oscillations’
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below 4 T, where the fluctuations become irregular.

6.2

Screening and quantum dot formation

In the following, the mechanisms behind both random and regular conductance fluctuations, and
their behavior as a function of n and B, are addressed.
The transition region between the -2 and 0 plateaus points to a disorder potential that broadens
the 0− th LL in energy. In this region, the LL is partially filled, and the bulk is conducting due
to delocalized states that connect edge states and contacts, as illustrated in Fig. 1.8 in Section 1.3.
Whereas near low (ν ≈ −2), or almost complete (ν ≈ 0) filling, these states are localized to extrema
of the potential landscape, stabilizing the quantum Hall plateaus. When a LL is almost empty, only
the lowest disorder-potential valleys are filled with electrons, while in an almost full LL, the same
happens in the hole picture. An example of the potential is shown in the top halves of Figs. 6.1d, e.
The conductance fluctuations observed near low and high filling could be resonant tunnelling events
via the eigenenergy levels of the states localized to potential valleys or hills. However, this possibility
can be ruled out as random potential features would produce eigenspectra that give random curves on
the n-B map,175,176 contrary to the parallel, regular lines of the plateau and gap edges.
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Figure 6.2: Electrostatic screening of the disorder potential modulating a Landau level. Top panels
depict the LL energy ELL with an added potential φ (x), while bottom panels show the charge carrier
density belonging to the LL in question (nLL ) along the real-space x axis. Red (blue) curves correspond to cases with (without) screening. (a) Intermediate filling of the LL: unscreened density (blue,
in the bottom panel) is flat and takes on its average value n0 . If −∇φ is taken into account, charges
are rearranged: the final nLL is modulated (red), and the potential is screened (flat red line in top
panel). (b) At low enough average density (n0 ) and filling, if nLL hits its lower limit of zero during
charge rearrangement, the potential features cannot be fully screened. (c) At high filling of the LL,
the effect is similar due to an upper limit nmax , which is determined by the degeneracy of the LL:
4e|B|/h if spin and valley degeneracies are intact. The potential maxima or minima that remain after
partial screening (red curves in top panels of (b) or (c)) act as barriers that confine electrons or holes,
respectively, to quantum dots. See also Ref. 175.
The fluctuation lines’ behavior is explained if electrostatic screening is taken into account. The
disorder potential is partially screened due to the electrons or holes present in the LL, which accumulate in potential valleys and hills; an example of full screening is shown in Fig. 6.2a around
half filling. Full screening at arbitrary ν and EF , however, is not possible since the electron density
nLL allowed within a given LL95,175 is limited to between zero and nmax = g · e|B|/h, where g is the
LL degeneracy. If the average nLL (denoted as n0 in Fig. 6.2) is close to nmax , and the density required for full screening locally exceeds this upper limit - for instance for a deep potential valley as
illustrated in the top panel of Fig. 6.2c, the valley is only partially screened. Holes are accumulated
here and depleted from the surrounding region, which becomes insulating. The absolute hole density
nmax − nLL on a LL is similarly limited, thus high potential hills - as in the top panel of Fig. 6.2b
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- may not be fully screened if the average n0 of the electron density nLL is too low. Thus, the islands of electrons that form in valleys are surrounded by insulating regions (not shown in the LL
illustrations of Figs. 6.1d,e).∗ These hole or electron islands have an electrostatic charging energy
and form quantum dots similarly to the finite B-field case of Ref. 46. Disorder or tip-induced localized states have been detected in 2DEGs and graphene using local probe techniques, such as single
electron transistor (SET),175,176 scanning tunnelling microscopy and spectroscopy (STM, STS)204–206
and spatially resolved photocurrent measurements.207 Since these QDs may cause scattering events
between quantum Hall edge states and contacts (see the bottom halves of Figs. 6.1d,e), their signature can be observed in conductance (Refs. 170, 171, 172, and even Refs. 208, 209, 210) and
transconductance measurements.173,174
The magnetic field dependence of the fluctuations - i.e. gathering together into sets of straight
lines parallel with filling factor directions - is easily explained. Along a fluctuation line on the n − B
map, the average electron (or hole) number on the corresponding QD is constant. Accordingly, the
electron density nLL (or hole density nmax − nLL ) belonging to the current LL must also be constant.
Therefore, fluctuations of electron (or hole)-type QDs lie a constant density distance from and are
parallel with the line belonging to the empty, nLL = 0 (or full, nLL = nmax ) Landau level: the line
defining the center of the nearest conductance plateau.175,176 In Refs. 173, 174, fluctuation line
slopes corresponding to fractional ν have been observed, originating in a local FQHE.
For multiple dots, a random series of parallel lines is expected close to the edges of the ν = −2
plateau and ν = 0 gap, contrary to the periodic oscillations seen in the experiment in Fig. 6.1. Therefore, a single electron and hole QD must dominate scattering events for low and high filling of the
0− th LL, respectively. The questions arise: what makes a dot dominant, and in what circumstances?
In the following, a physical picture is provided, and the different mechanisms behind the plateau-edge
and gap-edge oscillations are highlighted.
Since the plateau-edge oscillations have a negative contribution to the 1.87 e2 /h value of the
plateau (see left inset of Fig. 6.1b), we infer that the dominant electron quantum dot connects mainly
the edge states, causing backscattering. The process is illustrated in Fig. 6.1d. In contrast, when
the gap is approached, the 0− th LL is almost filled with electrons, and a single hole QD’s charging
dominates. In this case, however, no edge states exist, therefore the gap-edge oscillations can only
result from forward scattering between the contacts (schematic in Fig. 6.1e). The dominant quantum dots are attributed to local potential extrema situated near the narrowest part of the ribbon, since
conductance is most sensitive to this section. If the dominant dot were elsewhere, the observed oscillations would likely be irregular due to the contribution of other dots to either scattering mechanism.
Nonetheless, for the hole QD, the rest of the dot network - in the wider sections of the sample - is
essential to establish a connection toward the contacts.
The estimation of the electron and hole dots’ sizes supports this suggestion. The capacitance
per area, Ce = dn/dVg in the bulk of the ribbon can be calculated from the slope of the plateau-edge
fluctuations† denoted by a white arrow in the left of Fig. 6.1a: it is (1.07 ± 0.02) · 1010 cm−2 /V,
which agrees well with electrostatic calculations on similar devices.19,211 Using the average gate
voltage periodicities ∆Vg in Fig. 6.1c, we estimate that the electron quantum dot responsible for the
plateau-edge oscillations extends over an area of approximately (Ce · ∆Vg )−1 = (4.7 ± 0.5) · 104 nm2 ,
while the hole quantum dot causing the gap-edge oscillations is (9.3 ± 1.9) · 104 nm2 in size. Since
the ribbon’s narrowest part is (200 ± 30) nm wide, quantum dots with the above areas are able to
cause scattering events in the vicinity of the constriction, thus connecting the edge states or the wider,
highly doped regions (see inset of Fig. 4.8c), and therefore the contacts.
Since the dominant QDs are formed in potential extrema near the constriction, their signatures
are best seen at either low or high Landau level filling, between the dashed lines in Fig. 6.1a. Moving
the Fermi level toward the LL’s center (or ν from -2 or 0 to -1), more potential valleys or hills start to
play a role in transport, and the fluctuation pattern becomes random. Eventually, all charges become
∗ In uniformly clean samples, the p-n or n-n’ transitions at the contact interfaces (caused by contact doping) might also
contribute to confinement.
† Due to the finite width of the ribbon, charges accumulate near its edges,93,94 making the local C
e - which determines
e
the slope of the plateau center via |dB/dVg | = hC/e|ν|
≈0.24 T/V - slightly larger than for the bulk of the ribbon. Since
our interest lies in QDs in the bulk, the relevant Ce is calculated from the slope of plateau-edge fluctuations, ∼0.22 T/V.
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delocalized, and the bulk becomes conducting.
The white arrows in Fig. 6.1a show the direction of how the positions of oscillation extrema
change on the B − n plane. As B is increased, they move from the high-visibility region between the
red (blue) dashed lines into the -2 (0) plateau, where oscillations
p are suppressed. Along an arrow, the
magnetic field increases: as a result, the magnetic length lB = h̄/eB - the characteristic size of edge
states and localized states44,74 - decreases, reducing the overlap between wave functions, and thereby
the tunnel coupling to the dot. Finally it leads to the suppression of oscillations.

6.3

Conductance fluctuations in another junction

The oscillation pattern was reproduced in the conductance band of a second nanoribbon, designated R2, that did not show well-developed quantum Hall plateaus. In contrast to the junction of
Figs. 4.7, 4.8 and 6.1, this device was the single surviving branch of a double-ribbon structure. Its twoterminal conductance, displayed in Fig. 6.3a, shows regularly placed conductance dips over a wide
range of Vg and B, their lines approximately parallel with the expected slope of the ν = +2 plateau.
Therefore, they must be caused by backscattering events by a dot between edge states which belong
to the electron side of the 0th LL. A charge conjugate to the case of the electron QD at low filling
(ν ≈ −2) of Fig. 6.1d, here a hole QD at high filling of the LL (ν ≈ 2) is responsible for oscillations.‡
Fig. 6.3b shows the oscillations’ peak-to-peak amplitude at 8 T as a function of temperature: they
disappear in the T ∼ 10 − 15 K range, where the charging energy of the QD becomes comparable to
thermal broadening. Since the oscillations’ width as a function of Vg is similar to their period, fitting
curves on the series of inverted Coulomb-peaks, or their amplitude as a function of T - as described
by Eq. B.3 in the Appendix, to analyze height and width change with temperature212 - cannot be done
without a huge margin of error. Furthermore, usual formulas defined for well-separated peaks are not
valid for overlapping ones.
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Figure 6.3: (a) Conductance of nanoribbon R2 in the electron regime at 1.5 K. (b) The average
peak-to-peak amplitude of the periodic oscillations between Vg = 7 and 9 V, at 8 T, as a function of
temperature. (c) Conductance at 8 T as a function of DC bias and gate voltage. Purple wedges are
guides to the eye for the Coulomb-diamond structure.
The fluctuations’ slope, parallel with the ν = +2 direction, gives the gate capacitance per area:
Ce = (1.36 ± 0.04) · 1010 cm−2 /V, or (21.8 ± 0.6) aF/µm2 . The discrepancy with the Ce value of R1
is caused by using both bottom gates with equal potentials. From the oscillation period, the area of
‡ The

other possibility, an electron QD of the 1st LL can be ruled out by the low G and ν.
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the dot is estimated to be approximately A = (2.7 ± 0.3) · 104 nm2 . Fig. 6.3c shows the dominant
quantum dot’s stability diagram G(Vg ,VSD ) at 8 T. The conductance contribution of the Coulombdiamonds is negative, since the dot causes backscattering. Their size gives a charging energy of
Ec = (5.5 ± 0.5) meV, allowing us to calculate the self capacitance: CΣ = e2 /Ec = (29.1 ± 2.6) aF.
As a comparison, the gate capacitance is Cg = eACe = (0.59 ± 0.07) aF. By counting the number
of regular oscillations, the height of the potential hill that defines the hole QD is estimated to be
a remarkable 260 meV, comparable to the energy of the first LL at 8 T, ∼ 100 meV. However, the
charging energy deduced from the size of the Coulomb diamonds in the source-drain axes might be
overestimated, since not all of the bias voltage drops at the barriers between the quantum dot and the
edge states, considering the fact that the QH plateau is not well-developed and scattering is frequent.
Coulomb-diamond features have been observed for sample R1 and the other branch of that doubleribbon structure, as well.

6.4

Double-dot system in a wide sample

To examine the role of sample width, the conductance of a 1.8 µm wide and 0.8 µm long SLG
strip was measured, the same device as in Sec. 5.3. Density in the flake could be locally tuned by two
bottom gates, g1 and g2, that were aligned in parallel with the general current direction, as illustrated
in Fig. 6.4a.
Figure 6.4b shows the conductance of the quantum Hall plateau near ν1 ≈ ν2 ≈ −2 filling of both
sides, in a narrow range of gate voltages, at 4 T. A random structure of lines with different slopes some of them highlighted by arrows - are conspicuous on the conductance map, indicating that QDs
are tuned by both voltages. The slope of a dot’s fluctuation lines is determined by the dot’s position
relative to the two gate electrodes. As expected, the map shows the signatures of a network of QDs.
Due to the low aspect ratio, scattering between contacts is much more likely than between edge states,
explaining the positive conductance contribution of the dots.
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Figure 6.4: (a) A graphene strip tuned by two bottom gates, whose conductance at 4 T and 1.5 K
is displayed in (b), with both sides of the sample tuned near the edge of the ν = −2 plateau. A
two-dot subsystem’s charge stability diagram can be recognized on a background that originates from
other dots. The hexagons of purple dashed lines are guides to the eye. A schematic of such a QD
arrangement can be seen in (a). (c) The same as (b) but compensated for cross-capacitances.
Some of the fluctuation lines show avoided crossings. They have similar slopes, indicating they
belong to quantum dots that are close to each other, enabling them to hybridize. Thus, the lines
with avoided crossings belong to one or more double-dot systems (detailed in Appendix B.2). The
expected hexagonal pattern of a double dot is highlighted in purple as a guide to the eye, and is even
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more evident in Fig. 6.4c, where the map is distorted to compensate for cross-capacitances. This way
the conductance is shown as a function of the individual dot charges of this double-dot system. One
set of lines is stronger, suggesting one dot is better coupled to the contact electrodes than the other, as
illustrated by the purple QDs in Fig. 6.4a. The existence of avoided crossings rules out the possibility
that an enclosed area acts as an interferometer, causing the conductance fluctuations in the samples
presented in this Chapter. Avoided crossings can also be seen within the ν = −2 plateau region of
Fig. 6.1a to the left of the red dashed lines, and also between 5 and 6 T in Fig. 6.3a - caused by the
hybridization of the dominant QD with another dot of the QD network, whose observation is made
possible by the slightly different local values of Ce and the ability to tune all dots with B besides Vg ,
the magnetic field effectively acting as a second gate voltage.

6.5

Chapter summary

In this Chapter, signatures of quantum dots forming in the bulk of SLG have been presented.
Conductance oscillations have been found in the quantum Hall regime, which originate from single
and double quantum dots formed by the combination of the Landau gap, local potential valleys or hills
caused by disorder, and electrostatic screening. Transport through QDs is observable via scattering
events between contacts or oppositely propagating edge states. These results are probably the first
direct observations of the conductance contribution of single quantum dots working in the quantum
Hall regime. These QDs can be interpreted as localized QHCs - as illustrated in Fig. 1.8c or on a
much larger scale in Figs. 5.6a,e, although the electrostatic screening of the potential features also
plays a significant role in their formation.
These findings show a proof of principle that the B-field induced Landau gap and a local electrostatic field can be used to confine charges to quantum dots. Fig. 6.5 presents gate geometries that may
enable the creation and control of QHCs in quantum point contacts (QPCs, recently realized in Refs.
213, 214), QDs, and even interferometers defined between QPCs acting as beam splitters, using the
same principle. For instance, Fig. 6.5b illustrates a Fabry-Pérot interferometer created between two
QPCs defined by the gate geometry in Fig. 6.5a: grey areas are insulating, while black arrows denote
QHCs. Landau levels at two intersections highlighted by red dashed lines are illustrated in Fig. 6.5c.
The same gate electrode geometry can also be used to confine charges to QDs surrounded by insulating areas similarly to Refs. 208, 209, 210 as shown in Figs. 6.5d-f, while Figs. 6.5g-i present
a localized QHC acting as a QD, inspired by Sec. 5.5. Transmission between channels is illustrated
as dotted lines: it is a function of the gate-dependent density profile, since it determines overlap and
tunnelling rate between neighboring QHCs.
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Figure 6.5: Possible gate electrode geometries for various devices employing QHCs. (a) Bottom gate
setup for panels (b-f). (b) QHC configuration (black arrows) to produce a Fabry-Pérot interferometer
(FPI). Constrictions act as beam splitters/QPCs (see also (d)) with gate-controlled transmission illustrated by black dotted lines - between the upper and lower channels. Contacts are dark grey. (c)
LL structure - without the effect of DOS and screening - along the red dashed lines in (b). Local gating
shifts the levels inhomogeneously, moving QHCs in real-space. (d) QD formation in FPI geometry
by confining a QHC (blue ellipse) or (e) a partially filled LL island (red sea) between insulating areas
(grey). Transmission toward contacts is enabled by other QHCs or partially filled LL islands (drawn
in purple). The number of transmitted channels is controlled by the QPC. (f) LL structures with the
Fermi level in blue for (d), and in red for (e). (g) Another possible gate design for a QD as illustrated
in (h) and (i). (h) Charges can be localized to a circulating channel (red), with a finite transmission
(drawn as dotted lines) to edge channels whose position is tuned by side gates 1 and 3. (i) LL structure
at vertical cross-sections of (h).
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Chapter 7

Ballistic transport in high-quality p-n
junctions
In previous Chapters, we have studied the effect of large magnetic fields on charge carriers. In
the quantum Hall effect, a strong perpendicular magnetic field forces electrons or holes into quasi
one-dimensional edge states - as illustrated in Fig. 7.1d - with a characteristic width described by the
magnetic length lB . At moderate magnetic fields, however, electron trajectories are well described by
a quasiclassical picture as long as the radius Rc = h̄kF /e|B| of cyclotron orbits is larger than lB . This
may lead to localized circulating states in the bulk, and to skipping orbits at the boundary. Magnetic
focusing experiments215 prove the validity of this picture: if the distance between two narrow side
contacts of the 2D device is an integer multiple of 2Rc , an increase of the measured voltage signal is
observed. A mean free path on the scale of the device dimensions (several microns) is required for the
observation of such trajectories, which has limited the observation of skipping orbits to the cleanest
available semiconductor samples. However, ballistic transport have been recently demonstrated in
suspended70,71 or hBN-supported42,153 graphene devices, including magnetic focusing.144,216,217
Since graphene is a gapless semiconductor, it offers the possibility of creating p–n interfaces178–180 by local electrostatic gating. Figures 7.1a-c illustrate the evolution of current carrying
states in a p-n junction in increasing magnetic field while the quasiclassical picture is valid (Rc > lB ).
While Rc is larger than device dimensions (Figs. 7.1a,b), the presence of ballistic trajectories can be
inferred from interference fringes in conductance measured at low-temperatures, where phase coherence is retained over a long time and distance. Fig. 7.1c depicts that, if Rc is small enough, electrons
propagating via skipping orbits reach a p–n interface and continue on as snake states - alternating
half circles with opposite chirality - and transport current along the interface. Snake states have first
been realized in 2DEG systems by defining regions of alternating magnetic field218 instead of doping. The contribution of snake states in graphene p–n junctions were claimed to have been observed
in disordered substrate-supported samples,219 but the experiment lacked direct evidence for snaking
trajectories.
In this Chapter, a suspended, ballistic graphene p–n junction is investigated. The quantum Hall
behavior of this device has been described in Section 5.2 and plotted in Fig. 5.2, and for uniform
doping in Fig. 4.5c. Here it is studied in magnetic fields where the quasiclassical cyclotron picture is
still valid. At zero or low field, conductance oscillations appear due to the Fabry-Pérot interference
of phase coherent ballistic charge carriers. In a moderate field, magneto-conductance oscillations are
identified as a direct signature of snake states, supported by tight-binding simulations that enable the
visualization of the alternating cyclotron orbits. Snake states have since been reproduced in hBNsupported graphene, as well.22
The Chapter is based on the results published in Ref. 19. The Author fabricated the device in
Basel with the assistance of members of the Nanoelectronics Group - mainly Peter Rickhaus and
Péter Makk, successfully annealed the suspended graphene flake, resulting in high mobility as described below, performed measurements in a magnetic field, and was involved in the interpretation
of the results. Tight-binding simulations were performed by Ming-Hao Liu from the University of
Regensburg.
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Figure 7.1: Evolution of charge trajectories for increasing magnetic field B in a two-terminal graphene
sample with a p-n junction. The hole-doped cavity is pictured in red, the electron in blue. (a) In a
low field, transport is dominated by Fabry–Pérot oscillations from trajectories slightly bent18 by the
Lorentz-force. (b) When the cyclotron radius Rc is comparable to the cavity size, resonant scar states
may occur by reflections on the p-n junction and contacts, as observed in semiconductor quantum
dots.220 (c) If the field is further increased, snake states form along the p–n junction. (d) Finally, at
higher fields, quantum Hall channels of characteristic width lB propagate on the edges of the p- and
n-regions.1,24,182,183

7.1

Fabry-Pérot interference

Figure 5.2a,c show the dimensions and a photograph of the approximately 1.7 × 2.1 µm measured
sample. A p–n junction can be formed across the width of the flake by biasing the left (Vleft ) and right
(Vright ) bottom gate electrodes in a way that the resulting charge carrier concentrations nleft and nright
have opposite sign. The fabrication follows the steps described in Section 4.1, a combination of
polymer-based suspension40 and a wet transfer process,41 enabling the alignment of graphene with
the bottom gates.154 In this Section, the measured device is characterized in the zero and low-field
regimes, i.e. while Rc is larger than the device dimensions.

Zero magnetic field
Figure 7.2a shows a map of the conductance as a function of gate voltages, G(Vright ,Vleft ), at
T = 1.5 K after annealing. The inset is a slice along the Vright = Vleft diagonal highlighted by the blue
dashed line of the main panel. The mobility is estimated to be µ = σ /ne ≈ 5.9 · 105 cm2 /Vs at carrier
density n = 9.3 · 108 cm−2 , calculated by correcting (based on Eq. 2.1) for a contact resistance of
1.2 kΩ estimated in Sec. 5.2, and using a capacitance Ce = 9.3 · 109 cm−2 /V produced by the parallel
plate capacitor model in Eq. 1.21. The mobility is mainly limited by scattering at flake edges and
contacts.71,221
In the bipolar (pn or np) regimes, G is lowered drastically due to the appearance of a lowconductance p-n junction across the device width. Regular conductance oscillations - denoted by
yellow/pink lines - are observed in the bipolar regimes, which are mainly tuned by the left/right gate,
and are parallel to the zero density line - highlighted by an approximately horizontal/vertical white
dashed line - of the left/right side of the sample. Oscillations (green lines) in the unipolar pp, nn
regions are less visible, and are tuned by both gate voltages with equal weight. The three types of
oscillations are Fabry-Pérot resonances caused by the interference of electron or hole plane waves
that are reflected on the borders of the electron or hole-doped regions (the cavities): the p-n or n-n’
interfaces induced by gates or contact doping, as illustrated in Figs. 7.2b,c. The existence of these
oscillations indicates a micrometer-scale mean free path70,71 and phase coherence length.
The p-n interfaces are transparent at zero incidence angle (denoted as θ in Figs. 1.5c and 7.2b,c)
due to Klein tunnelling, as described in Section 1.2. If they are smooth on the scale of the Fermi
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Figure 7.2: (a) Two-terminal conductance as a function of left and right gate voltages at B = 0 and
T = 1.5 K, exhibiting regular Fabry–Pérot oscillations. Along the (mostly) horizontal/vertical dashed
white lines the left/right side of the flake is tuned to the Dirac-point. The inset depicts the narrow
conductance dip at the Dirac-point along the pp–nn diagonal of the main panel (blue dashed line).
(b) Charge trajectories at uniform n doping: near perpendicular incidence (θ ∼ 0) they are partially
reflected or transmitted at the n-n’ interfaces that form at the source and drain due to electron-doping
of graphene below the Pd contacts,192,193 creating a Fabry-Pérot (FP) cavity with length L1 . (c) For
bipolar doping, two FP cavities form between (from left to right) n’-n, n-p and p-n’ interfaces, both
with length L2 . Reflected trajectories in a cavity are matched in color to the corresponding lines
indicating FP resonances in (a).
wavelength λF = 2π/kF - meaning kF d  1 where d is the width of the p-n transition, transmission
probability T (θ ) decays exponentially18,69,71 with increasing |θ | as shown in Eq. 1.30. Consequently,
only charge trajectories with low but non-zero |θ | have 0 < T < 1 and are both reflected and transmitted, as if between semi-transparent mirrors, and contribute to interference. Since the wave vector
directions of these relevant trajectories are well defined by the above Klein collimation, the condition for constructive Fabry-Pérot interference and maximal transmission (and conductance) through
a single cavity is approximately
∆Φ = kF · 2L = j · 2π,

(7.1)

where ∆Φ is the phase acquired along a closed trajectory, L is the length of the cavity in question, and
j is an integer. The oscillating part of the conductance of a cavity is proportional to
Z kF

Gosc ∝

−kF

T+ T− |r+ r− |cos(∆Φ(ky ))dky

(7.2)

for a single interference loop∗ , where ky is the vertical component of the wave vector at a given x
coordinate, T± (ky ) are transmission probabilities, and r± (ky ) are reflection amplitudes at left (-) and
right (+) interfaces. For B = 0, T± = T are given by Eq. 1.30, since ky = kF sinθ is the same at
each side, and |r+ r− | = |r+ |2 = 1 − T (see Ref. 18 for details). Since kF is a function of the local
density (see Eq. 1.8), the interference condition is tunable by the gate voltages, resulting in fringes of
enhanced conductance on the map of Fig. 7.2a.
In the bipolar regions two cavities exist, producing two sets of oscillations as displayed in
Figs. 7.2a,c. Due to cross-capacitances, the density in the right (left) cavity is affected by the left
(right) gate electrode, as well, although to a lesser extent. As a result, the white dashed lines of the
Dirac-points in Fig. 7.2a, and the oscillations marked by pink or yellow lines are not exactly vertical
or horizontal. In the vicinity of the equipotential diagonal of the unipolar regions (dashed blue line),
∗ Higher order terms are suppressed due to a finite mean free path and phase coherence length, and higher powers of
|r± | < 1.
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however, a single cavity exists as shown in Fig. 7.2b, and kF in Eq. 7.1 is equally tuned by the gates,
resulting in the interference fringes marked by green lines in Fig. 7.2a. Their visibility is lower since
the p-n’ or n-n’ interfaces at the contacts are sharper and T (θ ) is finite over a wider range of angles,71
increasing the contribution of trajectories with a wider range of lengths and ∆Φ.

Low magnetic field
The low magnetic field dependence of the bipolar Fabry–Pérot interference pattern is studied
next, while the cyclotron radius Rc is larger than the cavity length. Fig. 7.3a shows the numerical
e as a function of B and Ve , where Ve = Vright = −Vleft represents the magnitude of the
derivative dG/dV
gate voltage for antisymmetric doping (red dashed line in Fig. 7.2a, that is, the np–pn diagonal). In
this configuration, the device consists of two Fabry–Pérot cavities of equal length L that behave in the
same way. The darkened region where Rc < L will be discussed in the next Section. Fig. 7.3b shows a
tight-binding transport calculation (for details, see Ref. 211) that matches the measured interference
pattern well.
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Figure 7.3: (a) The numerical derivative dG/dV
e
a function of gate voltage V = Vright = −Vleft and B. The white dashed curve outlines where the cyclotron radius Rc is equal to the cavity length L ≈ 0.8 µm, which was determined by the periodicity
of FP oscillations at B = 0 and is roughly half the device length. (b) The measured pattern is qualitatively reproduced by a tight-binding transport calculation. (c) Various trajectories in real space (left
panel) and in momentum space (right panel) for a single cavity, with B ≈ 0 (blue curves) and B > 0
(green and orange curves), taken from Ref. 18. (d) Electron trajectories in the two cavities for the
orange case of panel (c). If the accumulated phase - given by Eq. 7.3 - is an integer multiple of 2π,
constructive interference occurs, highlighted by the yellow lines in (b).
In a finite magnetic field, the acquired phase in the interference condition ∆Φ = j ·2π also depends
on B, and is a more complicated function of kF than in Eq. 7.1, since electron trajectories are bent by
the Lorentz-force,18,71 changing the path difference between the directly transmitted and the twice reflected trajectories of the cavity. The dispersion Ve (B) of the yellow curves following the Fabry–Pérot
oscillations in Fig. 7.3b correspond to multipliers j = 1, 2, ..., 8, and have been calculated by
∆Φ = ΦOPL + ΦBerry ,

(7.3)

where ΦOPL is the "optical" phase picked up by an electron along the length of a counter-clockwise
path - as illustrated in the n-doped half in Fig. 7.3d - with the magnetic vector potential A taken into
account. It is given by
1
ΦOPL =
h̄
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I

p ·ds =

I

e
(k− A) ·ds =
h̄

I

I

kx dsx +

ky dsy −ΦAB =

I

kx dsx = kF Rc (φ +sinφ ), (7.4)
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H

where ΦAB = 2π A · ds/(h/e) = δ A · eB/h̄ is the Aharonov–Bohm phase due to the magnetic flux
enclosed by the bent orbit segments. The loop area is δ A = R2c (φ − sinφ ) with φ = 2arcsin(L/2Rc )
and
p Rc = h̄kF /e|B|, both of which are illustrated Hin Fig. 7.3d, and kF is the numerical average of
π|n(x, y = 0)| within the cavity. We calculate ky dsy by breaking the orbit into two equivalent
R φ /2
parts and converting to radial coordinates, and getting 2 −φ /2 (kF · sinβ )(Rc · sinβ dβ ), which cancels
H
ΦAB . The term kx dsx is similarly calculated.
The second term in Eq. 7.3,


2
ΦBerry (B) = π 1 + e−(B/Bc )
(7.5)
√
is the Berry phase with the critical field estimated by Bc = 2h̄kF · 1 − Tc /eL, where the critical
transmission value Tc is a parameter close to one, and does not significantly influence the shape of the
contours; Tc = 0.95 is chosen.
Equation 7.3 with the phase ΦOPL given in Eq. 7.4 fits the observed interference fringes well, as
demonstrated by the yellow lines in Fig. 7.3b. However, it does not describe any single trajectory,
furthermore Eq. 7.5 is actually an approximation, and is not directly related to the physics of the
Berry phase. They can be understood by considering trajectories in both real and momentum space
as shown in Fig. 7.3c. The left panel of Fig. 7.3c illustrates three types of paths, while the right
panel shows their wave vector k in momentum space. Since only the orange curve - equivalent to the
counter-clockwise electron path in Fig. 7.3d - encircles the origin,222 its exact Berry phase is π, while
for the rest, ΦBerry = 0 or equivalently 2π.
Since |θ | has to be low but nonzero to achieve intermediate transmission values (0 < T < 1),
around low |B| the blue kind of trajectories dominate in interference, while the orange ones have
T (θ ≈ 0) ≈ 1, thus they are negligible. The optical path length of the orange paths in Eq. 7.4 is a
good approximation for the blue paths near low |θ |, as well. With increasing |B| the blue paths turn
into the green ones, with T (θ ≈ 0) ≈ 1 at one end of the cavity, and become irrelevant; instead, the
orange trajectories dominate in interference. Eq. 7.3 fuses the behavior of these two dominant types
by providing an approximately good Berry phase in the dominant region of each. The transition is
characterized by a critical transmission value Tc and a corresponding critical field Bc - illustrated by a
red dashed line in Fig. 7.3b, and is attained with the function in Eq. 7.5: for |B| < Bc , ΦBerry (B) ≈ 2π
since the blue paths dominate, while above it π for the orange ones. For a more accurate simulation
one needs to calculate the full integral in Eq. 7.2 (see Refs. 18, 223), where the correct (step-like)
ΦBerry should be used which depends on the trajectory in momentum space.

7.2

Snake states along a p-n junction

In this Section, the regime where the cyclotron diameter 2Rc is smaller than the device width
W is discussed. Here, current carrying trajectories can snake along the p-n junction in the middle
of the suspended flake. Fig. 7.4a illustrates such a snake state starting with momentum k in the −x
direction at the grey cross, at a sharp p–n interface with antisymmetric density profile of magnitude n.
Due to the perpendicularly applied magnetic field and
p the Lorentz-force, the hole turns back towards
the interface, outlining a half circle with 2Rc = 2h̄ |n|π/eB diameter. When its trajectory hits the
interface, the hole is transmitted to the n side with high probability due to Klein tunnelling (Ref.
69 and Eq. 1.30). At the upper edge of the flake, this snake trajectory scatters to the left, resulting in
current towards the left electrode. Lowering n decreases Rc , therefore the snake trajectory may scatter
to the right at the upper edge, resulting in current towards the right contact as illustrated in Fig. 7.4b.
With this mechanism, conductance oscillations are expected on the B − n plane, with constant
conductance along curves which follow a constant Rc , such as the ones in Fig. 7.4c. Snake states
form at the p-n interface if 2Rc < W - to the right of the green dashed curve, while remaining above
the red dashed line defined by the equation Rp
c = lB , as the quasiclassical description is valid only when
Rc is larger than the magnetic length lB = h̄/e|B|.† In this regime, solid parabolic lines illustrate
† Below the red dashed line, l > R (equivalent to |ν
c
B
left,right | < 2), and quantum Hall channels from Landau levels
dominate transport (light grey area).

75

7.3. Tight-binding simulation of snake states

(b)

(d)

n
0
x

x

y
p

2
0

G (e2/h)
6
4
2

n (x) (1010 cm-2)

10

0

Rc=lb
Rc=L
2Rc=W
4Rc=W
6Rc=W
8Rc=W
10Rc=W

0

0.1
B (T)

0.2

-2
-4
-6

n

0

0.1
B (T)

0.2

(f)

0
x

6

6

Vleft (V)

0

np

Ry

n (x)

n

n (x)

y
n (x)

np

B
E

4

W

Rc

(e)

2Rc=W

B

B

(c)

Rc=L

6

Vleft (V)

L

~
V (V)

(a)

4

0
-6 V

right

(V)0

2
0
-6

-4
-2
Vright (V)

0

Figure 7.4: Parabola-like conductance oscillations as a signature of snake states. (a), (b) Snake states
(white) along a step-like, antisymmetric p–n junction in perpendicular magnetic field for trajectories
starting at the grey cross, for two values of densities. (c) Curves of constant Rc as a function of n
(the magnitude of the density profile) and B. (d) Lower panel: conductance at 1.5 K as a function
of antisymmetric gate tuning Ve and magnetic field. Upper panel: its derivative dG/dB in arbitrary
units. (e) A realistic p–n junction has a monotonous n(x) profile, therefore the cyclotron orbits are
e in the bipolar regime (np quadrant of Fig. 7.2a)
elongated in the y direction. (f) dG(Vright , Vleft )/dV
at 120 mT. The blue dashed line is equivalent to the one in (d). Inset: lines of constant electric field
Ex at the p–n interface as a function of Vright , Vleft based on electrostatic simulations.
where the number of half circles of the snake pattern is constant, i.e. Rc is commensurate with W :
m · 2Rc = W with m = 1, 2, 3, .... Left of the green dashed line, in the red area 2Rc > W and snake
states are no longer possible, but scar states (illustrated in Fig. 7.1b) can occur. Left of the black
dashed line (Rc > L, dark grey area) the Fabry–Pérot interference of bent trajectories dominate, see
also the unshaded areas of Figs. 7.3a,b.
Figure 7.4d shows the measured conductance G(B, Ve ) (bottom) and its numerical derivative
dG/dB (top). Oscillations can be observed that follow parabola-like curves. Note that the oscillations occur on a background of strongly decreasing conductance from 6 e2 /h to below 2 e2 /h. The
steep decrease indicates that transport becomes dominated by the low-density region around the p–n
interface when 2Rc < W : this border is indicated by one of the white dashed lines in the top panel.
In the p–n junction realized here, the density does not sharply jump from p to n-type but changes
smoothly. Fig. 7.4e depicts an electron
trajectory in such a smooth p–n interface. Since the lop
cal radius of curvature Rc ∝ kF ∝ |n| depends on the local density, the half orbits are elongated.
Furthermore, the electric field Ex induced by the bottom gates is not shielded completely by the rearrangement of charges (hole/electron accumulation in the p/n side), since graphene is not metallic, and
the density of states is finite. The interplay of the electric field with the perpendicular magnetic field
results in an E × B drift224 along the y direction, further distorting the cyclotron orbits. The condition
e
Ry =constant can further be studied in the measurement shown in Fig. 7.4f, where dG(Vright , Vleft )/dV
is shown at B = 120 mT. The measured oscillation pattern is similar to curves of constant Ex at the
p–n interface (obtained from electrostatic simulations) as shown in the inset, in agreement with expectations.

7.3

Tight-binding simulation of snake states

So far, it has been shown that the pattern of oscillations occurs in the regime where snake states
are expected to appear (2Rc < W ), and that the oscillations are related to transport along the p–n
interface. In this Section, theoretical predictions that take into account the device geometry are pre76
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sented, quantitatively reproducing the experimental results. Current density and conductance have
been simulated with the Keldysh–Green’s function method, by using larger than life lattice constant
and appropriately rescaled parameters to decrease the number of unit cells - and thus the necessary
computation time, as published in Ref. 211. The plot in Fig. 7.3b was calculated the same way.
However, in order to keep to the essentials, the details are omitted from this thesis.
e
Figure 7.5a shows the transport simulation of G(B, Ve ) and its derivative dG(B, V)/dB
in the same
range as Fig. 7.4d. The simulation reproduces the observed parabola-like oscillations, and also the
steep decrease of conductance. A cut of the conductance following the white dashed line at 90 mT in
Fig. 7.5a is shown in Fig. 7.5b. The oscillations’ visibility - defined as ∆G/G - reaches 30% in both
theory and experiment, and is enabled by the strong Klein collimation of trajectories at the smooth
p–n interface.
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Figure 7.5: (a) Tight-binding simulation of conductance G(B, Ve ) (bottom) and its derivative dG/dB
(top, in arbitrary units). (b) G(Ve ) along the white dashed line in (a) at B = 90 mT. (c)-(g) Maps of
the x component jx of the local current density vector, corresponding to the dashed circles in (b).
At the p–n interface (dashed line), the direction of current alternates between left (red) and right
(blue). Snaking lines are added - with the exception of (c) - as guides to the eye to track the current,
with colors corresponding to the highlighted conductance extrema in (b). The snake states in (e) and
(f) produce conductance minima, while those in (c), (d) and (g), maxima. From one conductance
maximum to the next, one snake period is added.
Figure 7.5c shows the jx component of the current density vector, taken at Ve = −4.8 V as highlighted by the dashed black circle in Fig. 7.5b. On the left side of the p-n junction, jx - induced
by a small DC bias on the left electrode - forms a complex resonance structure determined by socalled ’bubbling’ trajectories,225 which are reflected before reaching the interface, therefore do not
contribute to the conductance. The features relevant for transport are located at the p–n interface
marked by a dashed black line. According to the simulation, the line intersects alternating blue and
red regions, indicating that jx changes sign multiple times along the p–n interface and that transport
is indeed dominated by Klein-collimated snake trajectories. The radius Rc estimated for the density
far from the interface, and the characteristic width 2lB of quantum Hall channels are shown to scale.
Figs. 7.5d–g display maps of jx at 90 mT for further values of Ve at which conductance is maximal/minimal (solid, colored circles in Fig. 7.5b). For instance, in Fig. 7.5d, the profile of the current
density results in a conductance maximum since the current points to the right at the upper edge of
the p–n interface. As guides to the eye, curves are added that follow the snake states. By changing
Ve , the number of snake periods across the flake’s width increases, resulting in an oscillating G. In
contrast, along one of the parabola-like patterns, the current density profile of the snake state remains
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constant.‡
The conductance at a point (B, Ve ) depends on the ratio W /2Ry , where Ry is the size of the elongated orbits as illustrated in Fig. 7.4e. The exact snake period is, however, not as well defined as
suggested by the illustrations, for charges are injected not from one (as in Figs. 7.4a,b,e) but multiple
points, and in a wide range of initial directions, resulting in a complex cusp structure of quasiclassical trajectories similar to those predicted in Refs. 227, 228, 229, 230. The excellent agreement
between the measured and the calculated conductance, along with the current density maps clearly
indicate that the oscillation pattern is the result of snake states.
The short black arrows in Fig. 7.5a indicate additional parabola-like structures at lower magnetic
fields. However, these resonances are less pronounced in the experimental data. Their location in parameter space coincides with where the scar states (depicted in Fig. 7.1b) are expected, corresponding
to the red area of Fig. 7.4c, while their parabola-like behavior suggests commensurability with a cavity dimension. Additional features in Fig. 7.3a (approximately horizontal arcs of oscillations) may
also originate in such trajectories.156 In the tight-binding model, when non-reflective contacts are
introduced, they disappear, indicating they are indeed caused by scar states.

7.4

Chapter summary

In this Chapter, the magnetoconductance of a high-mobility ballistic graphene p–n junction has
been investigated in different magnetic field regimes. Its quality is demonstrated by the appearance
of Fabry-Pérot interference patterns at 1.5 K: electron plane waves arriving at a p-n junction (either
induced by gates or contact doping) are partially reflected, and produce interference fringes as a
function of gate voltages and magnetic field. The collimating effect of a smooth p-n transition plays
a significant role in both the visibility and the field-dependence of conductance fluctuations.
For antisymmetrically doped left and right sides, conductance oscillations have been observed in
the regime where the cyclotron diameter 2Rc is smaller than device dimensions but still larger than the
magnetic length lB , as a function of the magnetic field and the voltage parameter Ve = Vright = −Vleft .
They are attributed to the formation of snake states along the p–n interface as illustrated in Fig. 7.1c,
which is supported by tight-binding calculations. These states could be used in electron optics devices
for high efficiency guiding of electrons on arbitrary paths. For instance, the forward or backscattering of snake states at the sample boundaries could be used to realize multi-terminal switches.229,231
Unlike QHCs which are also guidable by gate voltages (as shown in Chapter 5), these require much
lower magnetic fields, making them more viable for applications. Moreover, this mechanism could
be utilized to guide current into and within the bulk, away from uncontrolled momentum or spin
scattering at the device edges. In addition, the similarity between Andreev reflection and Klein tunnelling232 leads to a correspondence of snake states and superconducting proximity-induced Andreev
edge states, which are of theoretical233 and experimental234 interest. The above results have been
reproduced in a hBN-supported graphene flake in Ref. 22, as well, and demonstrate that snake states
are highly tunable and occur at low fields, and that ballistic graphene p–n junctions in a magnetic field
reveal novel and intriguing phenomena.

‡ Animated movies of the current density map changing with V
e at constant B, and along a parabola can be found among
the online supplementary materials226 of Ref. 19.
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The charge carrier mobility µ of the first graphene devices fabricated on SiO2 was on the order of 104 cm2 /Vs in the 1012 cm−2 density range, corresponding to a mean free path on the order
of a hundred nanometers. These initial results suggested that graphene could have a potential in
electron optics, with the Dirac nature of its electrons offering exciting new avenues and functionalities. Moreover, the low amount of 13 C atoms and weak spin-orbit interaction make graphene a
promising platform for spintronics, and for spin-based quantum dots (QDs) in quantum electronic
devices,26,31,33 as well. However, electron optics require ballistic transport on the scale of the device
dimensions (typically micrometers), while lack of a band gap in single-layer graphene (SLG) prevents
the confinement of charges to QDs via electrostatic depletion. The goal of this PhD work was to investigate the possibilities of fabricating graphene electron optic and quantum electronic devices, from
highly conducting channels to quantum dots. To achieve these goals we had to go beyond standard
techniques, and develop novel methods and platforms. Finally we found that suspending graphene
provided the necessary cleanliness and quality.
The first task of this work was to create high-quality conducting channels by fabricating graphene
nanoribbons (GNRs). Several techniques were tested, with ribbon widths ranging from 40 to 250 nm.
Plasma etching with PMMA or Al masking both produced an edge roughness of 10-20 nm, while
conductance measurements showed low mobilities as compared to bulk devices. The presence of
transport and source-drain gaps indicated that some nanoribbons behaved as a series of random QDs
due to the interplay of the confinement gap and disorder from the SiO2 substrate and the edges, in
agreement with the literature.100–102,105,114 Wider ribbons without a gap also proved to be diffusive
as confirmed by measurements in a magnetic field. To fabricate highly conducting nanoribbons, we
tried to produce zigzag edges via the combination of anisotropic carbothermal etching (CTE)116–118
and AFM indentation, and succeeded in creating short (85 nm) nanoribbons with low edge roughness. However, the yield of the technique was low, the resistance was high, and Raman spectroscopy
showed a large amount of disorder, probably caused by lithographic residues. In contrast, most GNRs
fabricated via AFM-lithography in parallel with the zigzag direction exhibited both low edge roughness and good mobility, µ ∼4000 cm2 /Vs, suggesting that they lacked a confinement gap as expected
of zigzag ribbons, and were only limited by disorder in the SiO2 substrate. These results indicate that
AFM-lithography is a promising technique to create GNRs with well-defined edges.
Transport in bulk graphene samples on SiO2 is diffusive due to absorbants and fabrication residues
on graphene, and dangling bonds, charge traps and surface roughness62,64,65,136 of the substrate itself,
which are a significant limiting factor for nanoribbons, as well. Therefore, another dielectric, SiNx
was tested as a possible substitute.130 A Si/SiO2 /SiNx heterostructure was designed through optical
calculations, and a good visibility of graphene - necessary for optical localization of flakes - was
achieved. With the help of AFM imaging, we ascertained that Raman spectroscopy is a viable tool
to determine the thickness of few-layer samples. Low-temperature transport measurements were performed to investigate the mobility of SiNx -supported graphene devices: we achieved µ ≈ 500 cm2 /Vs
and 4500 cm2 /Vs for electrons and holes, respectively, the asymmetry caused by the effect of N-Si
states on the conductance band.140 These are comparable to µ values for SiO2 substrates, and the
onset field of the QHE (3-4 T) is also similar, indicating diffusive transport. Our results show that
SiNx is as good a substrate for graphene as SiO2 , and a good candidate for fabricating graphene-based
NEMS devices due to its mechanical properties and better chemical stability.
Since neither SiO2 nor SiNx were adequate to achieve the micrometer-scale mean free paths necessary for electron optics devices, we turned to a technique that gets rid of the substrate altogether:
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suspending graphene.38–40 After a current annealing step, high mobilities, µ ∼ 105 − 106 cm2 /Vs can
be achieved, enabling coherent and ballistic transport.67,82 Our suspension technique was complemented154 with the fabrication of local gate electrodes, to enable tuning charge carrier densities to
produce p-n, n-n’ or p-p’ junctions. The excellent mobility of suspended devices is shown by the
record low onset field of the QHE in SLG (60 mT).19 High quality is also demonstrated by the frequent appearance of quantum Hall conductance plateaus at unusual integer filling factors - at ν = 0
in our devices155,181 - caused by the exchange interaction induced splitting of the spin and valley degeneracies of Landau levels (LLs).43,56,73,83–87,160,164–167 Although suspension makes graphene more
sensitive mechanically, we have shown that a complex structure such as a holey junction can be successfully etched and suspended. Nevertheless, the yield of annealing these devices is low, and based
on measurements in the quantum Hall regime, the narrow side branches conduct in parallel, indicating
that only these areas become clean.
We have fabricated a series of suspended devices with local gates to investigate the behavior
and interaction of quantum Hall channels (QHCs) propagating along p-n, n-n’ or p-p’ interfaces.
When QHCs coming from differently biased terminals copropagate, for example along a p-n junction,
cross-scattering may redistribute their current.179,182–188 Our results19 show that in a high-quality
sample with a smooth p-n junction this equilibration is largely reduced due to the low amount of
disorder and the increased spatial separation of QHCs, although it is still present. Measurements
on other geometries181 demonstrate that QHCs arriving from the bulk can be fully thermalized in
contact electrodes in spite of their doping and screening,192,193 moreover, that channels can be diverted
from the edges and biased separately, and act as high-efficiency current guides. Since turning them
away from atomically rough edges and into the disorder-free bulk reduces the rate of inter-valley
scattering, these results could be exploited to study the physics of valley-polarized channels from
broken-symmetry LLs, or induced by strain engineering as predicted in Refs. 198, 199. In addition,
measurements on samples with a holey bottom gate and a global backgate181 show that circulating
QHCs can be created above the hole, which can contribute to conductance in the bipolar regime.
Electrostatic simulations of their trajectories confirm that their size and coupling to contacts can be
modified by the gate voltages. These results are an important step towards gate-defined graphene
point contacts and interferometers working with quantum Hall channels.
We performed measurements on the separately gated branches of suspended holey junctions in
the quantum Hall regime, while the other branch of the device was either broken, or depleted by
exploiting the insulating state at ν = 0 due to a split zero-energy Landau level. The two-terminal
conductance frequently exhibited regular oscillations155 near the edges of quantum Hall plateaus,
which were attributed to single quantum dots. QDs are formed due to the interplay of the gaps
between Landau levels, a disorder potential remaining after annealing, and the partial electrostatic
screening of this potential. Such QDs have been seen in 2DEGs and graphene before,170–176,204–206
but these results are the first reported observations of the direct conductance contribution of single
QDs, whose dominance is probably caused by the narrowness of the ribbons. In wider, double gated
devices multiple fluctuations were observed as a function of the gate voltages, which are the signatures
of an extended network of random QDs. Avoided crossings were common between these fluctuation
lines, which can be explained by the hybridization of states in neighboring QDs and the formation of
double dots. Our results on QHCs and the above measurements are a proof of concept that QDs can be
formed via electrostatic confinement in the bulk of SLG, opening the way to fabricate reproducible,
gate-defined quantum dots.
Finally, a suspended device was investigated in which transport is ballistic over the device dimensions.19 By tuning densities in the two halves of the flake to positive and negative regimes (electron
and hole doping) using the two bottom gates, it was separated into two cavities by the p-n interface
in the center. Due to partial reflection of electron (or hole) states at the cavity boundaries, FabryPérot interference fringes appeared in the conductance as a function of gate voltages. The visibility
of oscillations was enhanced by the angle-selectivity of Klein tunneling through the smooth p-n transition.71,223 Moreover, conductance oscillations were observed in magnetic fields where the diameter
of cyclotron orbits is reduced below the length of the p-n interface (the width of the flake) but is still
greater than the magnetic length, and were attributed to snake states: cyclotron trajectories propagat80
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ing along the p-n junction. The presence of snake states was confirmed by tight-binding simulations
of conductance and current density. Our results indicate that charges in ballistic graphene devices can
be guided on arbitrary paths by using an appropriate geometry of gate electrodes and a magnetic field
that can be significantly smaller than what is necessary to realize current guiding via QHCs, enabling
the fabrication of various electron optics devices: multi-terminal switches, waveguides,20 mirrors21
or lenses.
We have shown that suspending graphene produces the highest available quality samples, in which
charge carriers have micrometer-scale mean free paths and are coherent over long distances. Both
ballistic trajectories and quantum Hall channels can be guided by electrostatic potentials, enabling
interference studies, valley-coherent transport in the bulk, or current switches and other devices for
electron optics working with Dirac fermions. We have demonstrated that the gap between Landau
levels can be exploited to form electrostatic confinement potentials to define quantum dots in singlelayer graphene, which is not possible without a magnetic field B. QHCs can be observed even below
B = 100 mT, which would allow their coexistence with Cooper pairs injected from superconducting
electrodes, making possible experiments on quantum entanglement in the quantum Hall regime, or
the realization of exotic superconducting topological states like parafermions.
Suspending graphene has limitations in mechanical stability, yield, and geometry. Since the mobility of devices supported by hexagonal boron nitride (hBN)22,41,42,153,216 often approaches the mobility values of suspended flakes, the hBN-technique is a significant contender in fabricating the best
graphene samples. Nevertheless, suspension is still the method that produces the highest quality. The
number of successfully annealed devices can be improved by fabricating a large number of equivalent sections. Moreover, we suggest that - when high mobility is achieved in a junction - instead of
using the limited doping possibilities determined by a given bottom gate setup, one could employ an
arbitrary number of gate geometries designed on another chip by approaching it to the clean device,
similarly to what has been achieved for carbon nanotubes in Ref. 235.
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Appendix A: Fabrication and
characterization techniques
This Chapter serves as a brief overview of the employed optical or scanning probe methods,
fabrication techniques and electronic measurement setups. Although single or bilayer flakes are identified by optical microscopy, their number of layers is often confirmed by Raman spectroscopy which
exploits the thickness-dependence of the electronic and phonon band structures, and also atomic
force microscopy (AFM). Contact electrodes for electronic transport measurements are designed by
electron-beam lithography (EBL); this technique is also used in combination with plasma etching to
tailor graphene into the desired shape. Measurements are performed after the chip is fixed and wirebonded to a chip carrier, attached to the end of a sample probe, and inserted into a cryostat and cooled
down with liquid He. The fabrication of suspended devices has several additional steps, and is briefly
described in the main text, in Chapter 4.

A.1

Exfoliation and optical characterization

Graphene flakes are usually prepared by mechanical exfoliation using sticky tape and graphite.
The tape is mostly Scotch or Nitto tape with small-size adhesive drops. Graphite can be artificial
highly ordered pyrolytic graphite (HOPG), but most devices in this thesis were prepared from mined
graphite which came in thin, cm-size scales. A shiny, unbroken scale is chosen, then pressed to
a length of sticky tape, and gently removed. The tape is then folded to itself and separated a few
times to thin the graphite layers on it. The areas of the tape where graphite became transparent and
is unbroken over at least a few millimeters are pressed on the chosen wafer surface. This method
has, in one form or another, been commonly used for preparing good quality flakes, though recent
improvements42 regarding chemical vapor deposition (CVD) grown graphene are promising steps
towards scaling up devices.
The most common substrate is thermally grown SiO2 on a Si wafer, with a thickness of 90 or
300 nm, as these provide the best optical contrast for graphene: they make a single atom thick
graphene layer visible via interference effects, as detailed in Section 3.1. Most wafers are prepatterned using optical lithography to provide a grid - usually with 200 µm lattice constant - made
up of metallic markers. These serve to locate the flake and to align the EBL mask. The surface of the
wafer is cleaned immediately before exfoliation by exposure to an O2 plasma or UV-generated ozone
to remove any organic residues, and promote the adhesion of graphene. Sometimes a piranha solution
- a mix of H2 SO4 and H2 O2 - is used.
Graphene flakes are located with an optical stereo-microscope capable of at least 200× magnification. A digital camera and a real-time contrast enhancing software are often used, since the reflection
of single-layer flakes differs from that of SiO2 in only a few %. The inset of Fig. A.1c presents
an optical photo of a single-layer flake, highlighted by a white dashed line in the contrast-enhanced
rectangle on the left.

A.2

Raman spectroscopy

Raman spectroscopy is a method frequently employed to identify various materials by probing
their low-energy excitations. By focusing a monochromatic laser beam on the material, phonons are
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either absorbed, or scattered elastically (Rayleigh scattering) or inelastically. During inelastic scattering, the energy of photons interacting with quasiparticles such as phonons effectively shifts down
(Stokes Raman scattering) or up (anti-Stokes Raman scattering). The elastically scattered wavelength
is then filtered out, and the spectrum

of inelastically scattered photons is measured as a function of
their wave number change ∆k cm−1 , the so-called Raman shift.
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Figure A.1: (a) Phonon modes and (b) various Raman processes of SLG, from Refs. 139, 236. (c),
(d) Raman spectrum with 488 nm laser wavelength of the SLG flake highlighted by a white dashed
line in the inset of (c). The peak at 520 cm−1 is the signature peak of Si, originating in the wafer.
The most important Raman processes139,237 in single-layer graphene are depicted in Fig. A.1b.
For example, the G peak in the spectrum (shown in Figs. A.1c,d), observed at ∆k =1582 cm−1 is
caused by the scattering of a laser-excited electron on an in-plane transversal or longitudinal optical
phonon mode (iTO, iLO, shown in Fig. A.1a) at the Γ point of the Brillouin zone. The electron remains in its original Dirac-cone/valley as its wave number barely changes, and relaxes by emitting a
photon whose energy is different from the original photon’s by the energy of the excited or annihilated phonon. Another prominent peak of the spectrum of graphene is the G’ (or 2D) peak around
∆k ≈2700 cm−1 , caused by the photo-excited electron scattering to the other valley and back again,
with the contribution of two iTO phonons. Its exact position ∆k depends on the laser energy.
Bilayer graphene, due to its higher number of bands - as shown in Fig. 1.2b - has more processes
contributing to its Raman spectrum, which affects the shape, position and relative intensity of the
peaks. Although the spectrum of few-layer graphene is similar to that of SLG, by fitting to the G’
(2D) peak, the number of layers can be estimated up to four layers with relatively high confidence.
For SLG, the shape of the G’ peak is that of a single Lorentzian, while it is slightly asymmetric for
BLG, as it is composed of four peaks. A G’ intensity surpassing that of the G peak is another sign of
SLG, as demonstrated in Figs. A.1c,d. Raman spectroscopy also provides information on the amount
of disorder (D peak, see Fig. 2.4e), mechanical strain, and edge disorder or orientation.117,238–240
Most spectra presented in this thesis were taken using a WiTec Alpha300 RSA+ Raman spectrometer. Laser excitation wavelengths of either 532 nm (2.33 eV) or 488 nm (2.54 eV) were used,
driven through a single-mode optical fibre, resulting in a diffraction-limited spot size providing an
effective spatial resolution of about 500 nm.
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A.3

Atomic Force Microscopy

Atomic force microscopy (AFM) is a scanning probe technique used in the nanometer-scale characterization of the surface topology of various materials. It has an advantage over scanning tunnelling
microscopy (STM) in the respect that it can be used to study insulating materials, although, unlike
STM, it usually cannot achieve atomic resolution laterally.
In an AFM there is a flexible cantilever that can be moved perpendicularly to the plane of the
sample surface, while the latter can be shifted laterally by means of piezoelectric motors. A tip is
located at the end of the cantilever that is sharp on the order of tens of nanometers. Tapping mode
AFM was used for all images in this thesis: in this mode, the cantilever is mechanically excited
near its resonance frequency with an amplitude on the order of a few tens of nanometers. Tip and
cantilever are lowered into the vicinity of the sample, where the tip is periodically in close proximity
with the scanned surface, thus the van der Waals, electrostatic, magnetic dipole or other interactions
between them decrease the oscillation amplitude. A laser beam is directed on the flat top surface of the
oscillating cantilever, and is reflected to a photodetector split into two halves, periodically illuminating
one or the other the most, in sync with the cantilever. The RMS amplitude of the difference of the
detector signals is a monotonous function of the cantilever’s oscillation amplitude, and can be used in
an electronic feedback loop to keep the latter constant: as a result, the topography of the surface can
be determined. Fig. A.2d shows the structure and workings of an AFM in tapping mode.

(d)

Vert distance

(c)

Figure A.2: (a), (b) AFM scans of single-layer graphene on SiO2 with two different free oscillation
amplitudes of the cantilever. (c) Height profiles along the length of the black rectangles in (a), (b),
averaged over their width. (a-c) are taken from Ref. 122. (d) Schematics of tapping mode AFM from
Ref. 241.
However, on an inhomogeneous sample (like a graphene flake on SiO2 ), the different interactions
between the tip material and various regions of the surface complicate the analysis. For example, the
step height measured between a single layer and a bilayer region of a graphene flake gives the accurate
layer thickness ∼ 0.34 nm, while the step height between the SiO2 substrate and SLG depends on the
AFM settings,122 and also whether there is a film of water on the surface, which is often the case in
ambient conditions. Figs. A.2a-c show topography maps and height profiles of an SLG flake from
Ref. 122, giving a roughly correct 0.4 nm thickness for one value of free oscillation amplitude, and
1.7 nm for another, demonstrating the importance of choosing the right parameters.
Color bars corresponding to height are omitted in this thesis, for the scans depicted in the figures
serve mostly to display outlines. Colors ranging from dark to light correspond to increasing height
profiles in all images. However, characteristics of the materials, air humidity, and AFM settings may
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affect the interaction of the oscillating tip and the sample in a way that inverts the contrast as in
Fig. 2.8b.

A.4

Electron-beam lithography

Electron-beam lithography is used to fabricate masks for the evaporation of various materials
or etching a sample in predefined regions of its surface. The mask layer is made of a so-called
resist that is sensitive to exposure by high-energy electrons, similarly to optical lithography which
exposes a resist with UV photons. While the resolution of the latter is limited by the wavelength of
light to the scale of 100 nm (unless increased by complex techniques), EBL systems are capable of
creating structures on a 10 nm scale by using 20-30 kV to accelerate electrons which defines their deBroglie wavelength. Below we present a fabrication recipe with typical parameters, used for etching
or contacting the graphene flakes on SiO2 or SiNx in Chapters 2 and 3.
Mask fabrication
The e-beam resist is usually a polymer such as poly(methyl-methacrylate), abbreviated PMMA,
the material of plexiglass. It is stored in solution: for instance 950K molecular mass PMMA dissolved
with a 3:1 ratio in ethyl-lactate. It is mixed before use by stirring or sonicating (in an ultrasonic bath)
to make it homogeneous. A few drops of the solution are applied on the wafer, which is then spun
on a vertical axis with a frequency of 4000 rpm for 60 s. During this so-called spin-coating the liquid
spreads uniformly over the wafer surface, and most of the solvents evaporate. Remaining solvents
disappear during a 5 min baking process on a hot plate at 175◦ C: the end result is a 300-340 nm
thick layer. Depending on the molecular mass, the concentration of the PMMA solution, and the
spin-coating parameters, the thickness can vary over several hundred nanometers.
The wafer is placed in the vacuum chamber of a scanning electron microscope (SEM), where after focusing and aligning the sample with the coordinate system of the predefined metallic markers57
- the surface is scanned by a computer-controlled electron beam with a given pixel size (typically
8 nm), as illustrated in Fig. A.3a. The scan pattern is designed previously, depending on the actual
device to be fabricated. The accelerating voltage (∼ 20 − 35 kV) and electron dose per area (∼
200 − 600 µC/cm2 ) are chosen according to the properties of the resist solution,57,156 for instance
35 kV and 500 µC/cm2 for the above PMMA solution and spin-coating parameters. The structure
of the polymer is altered where exposed, and can be dissolved locally using a 1:3 solution of methyl
isobutyl ketone (MIBK) in isopropyl-alcohol (IPA). After a 1 min development, the wafer is rinsed
in IPA, then blow-dried with compressed nitrogen. As a result, the scanned area of the wafer is now
exposed to the elements (Fig. A.3b). There are resists - like hydrogen silsesquioxane (HSQ) - that
are hardened where exposed, and development removes the unexposed area: these are called negative
resists, while PMMA is a positive resist.

(a)

(b)

(c)

(d)

Figure A.3: Contact fabrication with EBL, from Ref. 57. (a) The sample surface is coated with
PMMA (blue), then exposed by a focused, scanning electron beam - here along a single line with a
width determined by the focus spot size and the dose. (b) The illuminated area (turquoise in (a)) is
developed using a solvent. (c) For contact or gate electrode (or gate dielectric) fabrication, a metallic
(or insulating) layer is deposited on the surface. (d) Lift-off: the mask is dissolved, the parts of the
deposited layer that lie on the resist float away, leaving behind the desired pattern.
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Etching and contacting
The developed resist layer is used as a mask: for example, to protect some of the underlying
material (such as graphene), while the unmasked parts are etched with plasma. An etch mask for
designing graphene nanoribbons is illustrated in Fig. 2.3a. Hall-bars such as the one in Fig. 1.3a are
also defined in this way.
The plasma etching procedure used to shape the devices in Chapters 2 and 3 is as follows. The
sample is placed in a small vacuum chamber with a base pressure of ∼ 10−6 mbar. 7 SCCM Ar
and 3 SCCM O2 is let into the chamber under constant vacuum pumping, reaching an equilibrium
pressure of ∼3 mTorr, or 4 · 10−3 mbar. A coil, placed around the gas inlet to the chamber, is operated
at radio-frequency, and partially ionizes the flowing gas. The sample is exposed for 15 s to the plasma
generated with 80 W electric power. However, the process cross-links the polymer on the surface,
making it difficult to dissolve later. Therefore in a second step, a 20 SCCM flow of oxygen plasma
generated with 80 W is used for 15 s. Finally, the wafer is removed from the vacuum chamber, and
the PMMA mask is dissolved in acetone in an ultrasonic bath - to aid in removing any remaining
cross-linked polymer - and rinsed in IPA.
An EBL mask may also serve to add a layer of material on chosen areas of the wafer. It can be
deposited by chemical vapor deposition (CVD), physical vapor deposition (PVD), or atomic layer
deposition (ALD), with a thickness usually on the order of nanometers or tens of nanometers. PVD
covers a range of methods from thermal or e-beam induced evaporation to sputtering. The layer can
be an insulator to form a gate dielectric (thermally evaporated MgO, ALD-grown Al2 O3 ), a normal
metal to serve as electric contacts to a flake (Ti, Au, Cr or Pd evaporated thermally or by e-beam),
a ferromagnet (NiFe via sputtering), or a superconductor (Al evaporated by e-beam, Nb or NbTi via
sputtering, NbN or NbTiN via reactive sputtering). For contacting, a 5-10 nm Ti or Cr layer is often
grown before the main metallic/superconducting layer, as some materials (like Au) do not adhere well
to the bare SiO2 . The base pressure of the vacuum chamber used for the e-beam evaporation of Au
on Ti (denoted Ti/Au) electrodes in this thesis was typically 10−8 − 10−9 mbar.
After deposition, the material covers the whole surface of the wafer as illustrated in yellow in
Fig. A.3c. Finally, the PMMA mask - carrying unnecessary material - is removed by acetone, then
the wafer is rinsed in IPA. After this so-called lift-off step the patterned surface remains, as illustrated
in Fig. A.3d and shown in Figs. A.4a,b. Metallic leads of a contacted flake are designed to end in
100-200 µm rectangular contact pads, as illustrated in Figs. A.4a,b. The size of the pads is chosen so
that they can be reliably contacted with wires using the wedge bonder described in Section A.5.
In this work, EBL was mostly used for masks to etch graphene to ribbon or Hall-bar geometries
with the plasma recipe described above, and to define metallic contact or gate electrodes. The exceptions are suspended devices, their fabrication detailed in Section 4.1. In their case, etching was
performed via reactive ion etching, and EBL was sometimes used to define areas of MgO or AL2 O3
insulating layers, as well. The lithographic recipe itself was also different.

A.5

Measuring micron-scale devices

Low-temperature measurements on the contacted graphene flake are performed using low-noise
lock-in amplifiers while the wafer is inserted into a cryostat with a sample probe.
First, device leads are tested with a needle probe station - assembled by the Author - to determine whether the fabrication was successful: the chip is placed under an optical microscope with
large working distance, and electrical contact is established at the pads with micromechanically controlled tungsten needles with 25 µm tip diameter. If some leads do not work - for example due to
misalignment with the flake, they can sometimes be repaired with additional lithography and metal
deposition.
The wafer is then fixed into a chip carrier - the grey and gold square box near the bottom of
Fig. A.4c - with silver paste, so that the metallic base plate of the carrier is contacted to the Si
backgate of the wafer. As the wafer’s bottom surface may oxidize in air, it is useful to make scratches
beforehand to ensure good electrical contact. If the wafer is too large for the 5.5 mm inner size of
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a standard carrier, the surplus areas are broken off, using a diamond-tipped stylus to define guide
lines. After the chip is fixed in the carrier, the contact pads are connected to the gold-covered pins
of the carrier with 25-50 µm thick Al or Au wires using an optical microscope with large working
distance and a wedge bonder. The bonder head - shown in Fig. A.4c above a partially bonded chip
(not the same as in Figs. A.4a,b) - vibrates at an ultrasonic frequency, generating the heat for welding
by the friction of the wire and surface. During needle probe measurements and after bonding the
chip, measures have to be taken against electrostatic charge buildup and discharge (ESD), as it can
easily fry a micron-scale semiconducting device. These precautions include, for instance, grounding
the person handling the chip to the probe station, the bonder, or the sample probe.

(a)

(c)

(d)

(e)

20 µm

(b)

1 mm

1 cm

2 cm

20 cm

Figure A.4: (a) Graphene junctions (not visible) suspended over a series of bottom gate electrodes
(horizontal comb structure) and contacted with Pd electrodes (wires with vertical endings). (b) All
leads on the wafer end in 120 µm wide contact/bonding pads (light squares). (c) A wedge bonder
connects the pads to the chip carrier’s pins (grey-gold box) with 25 µm thick Al wires. (d) The
chip carrier is fitted into the end of the sample probe: its location is highlighted by a black dashed
rectangle. (e) A cryostat (blue), with the VTI lifted out. The location where the end of the probe
would be is highlighted by a black dashed rectangle.
The chip carrier is then attached into a slot at the end of a sample probe - as outlined by the
dashed rectangle in Fig. A.4d, which connects the pins to wires that run along the axis of the probe.
The probe is an approximately 1.5 m long steel and copper tube, and is equipped with a resistive
thermometer and a heating coil. The probe is inserted into a liquid 4 He (LHe) cryostat and the
superconducting electromagnet within, enabling electric transport measurements on the device at
low temperatures and high magnetic fields. Fig. A.4e depicts such a cryostat (blue) recessed into a
pit in the laboratory floor. Besides the LHe chamber, it consists of insulating vacuum chambers, a
liquid nitrogen chamber to decrease the thermal gradient, and heat shields to reflect thermal radiation,
enabling measurements at 4.2 K for days without refilling with LHe. Cryostats are equipped with
superconducting magnets capable of reaching between 8-15 T magnetic fields. Certain measurements
presented in this thesis were taken at 1.5 K: these were carried out in a variable temperature insert
(VTI). A VTI is a continuously pumped vacuum chamber placed in the LHe chamber of the cryostat,
with a needle valve at the bottom which lets in a controlled amount of liquid. Fig. A.4e shows a VTI
lifted out of a cryostat after a measurement, only partially warmed up. The end of the probe - holding
the chip - reaches to the bottom of the VTI, which fits in the magnet in the cryostat’s LHe chamber.
Electronic measurements are carried out using lock-in amplifiers (SR830 DSP dual-phase lockin), DC voltage sources (mostly Yokogawa GS200, or the auxiliary output of a lock-in coupled to a
voltage amplifier) and current-to-voltage amplifiers (produced by FEMTO or home-made). Temperature is measured and controlled by a LakeShore 340 controller or similar. The lock-in amplifier has
a voltage output alternating with a given frequency f (typically 50-200 Hz is used), and is capable
of extracting the current or voltage response at the same f out of a noisy background. Figs. A.5a,b
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depict two typical measurement setups: one to measure four-point and Hall resistance (a), and one
for two-terminal conductance (b). In both cases, all the sample probe wires are connected by BNC
coaxial cable to the instruments through a switch box: with it, each wire can be grounded separately
(see the circuit diagram in Fig. A.5c). The box serves to protect the graphene device from ESD by
enabling the grounding of all wires during handling the probe. Additional low-pass filters may be
inserted to further decrease the noise.

(b)

DC source: Vg

100 MΩ

100 MΩ

DC source: Vg

gate electrode

gate electrode
LI1 IN: VH
LI1 sine
OUT: VAC

LI1 IN: U
1 MΩ

graphene

amplifier
D
S
(d) (c)
graphene
A
I

LI1 sine
OUT: VAC

4:1

100 kΩ
10 Ω

LI 2 IN: Vxx
4

10 voltage divider

(c)

(d)

VSD+ V’AC

(a)

DC source:
VSD

100 kΩ

Figure A.5: (a) Setup for measuring four-terminal and Hall differential resistances with a current
generator consisting of the output of the first lock-in (LI1 sine OUT) with amplitude VAC , and a
large, 1 MΩ resistor. Voltages Vxx , VH are measured by two synchronized lock-ins. (b) Measurement
setup for two-terminal differential conductance with an applied DC bias. VAC is divided by 104 , and
then, in a transformer, by 4. The transformer combines AC and DC voltages from different sources.
Alternating current through the graphene device is measured with an amplifier. The gate electrode of
the device is coupled to a DC voltage source through a 100 MΩ resistor in both (a) and (b). (c) Each
probe line from the device is lead through a switch box that enables grounding. For simplicity, it is
shown only in panel (b) and only for the drain lead. (d) In current measurements such as in (b), a
switchable safeguard with large resistance is often inserted before the input of the amplifier.
For four-point and Hall measurements, two synchronized lock-ins are employed, as illustrated in
Fig. A.5a. The VAC sine output of the first lock-in amplifier (LI1) is connected to a resistor chosen to
be much larger than the expected resistance of the graphene device, such as 1-100 MΩ. While this
expectation holds, it works as a good approximation of a current generator: for instance, VAC =0.1 V
gives a current of I = VAC /1 MΩ=100 nA. The output from the 1 MΩ box is connected to one end
of the graphene Hall-bar, while the other end is grounded. To exclude contact resistances, the voltage
difference Vxx between the side terminals is measured. Both Vxx and Hall voltage VH are measured
at the inputs of the two lock-ins (LI1 IN, LI2 IN), usually with 100-300 ms integration time. As the
voltages and the current are low-amplitude AC signals, the ratios of their amplitudes Rxx = Vxx /I,
RH = VH /I directly give the differential resistances.
Graphene nanoribbons or suspended devices are often characterized in the two-terminal current
measurement setup shown in Fig. A.5b. Here a low voltage signal is created by connecting a voltage
divider built of two resistors to the sine output of a lock-in amplifier. For measurements as a function of DC bias voltage applied between the source (S) and drain (D) terminals of the device (often
denoted as VSD ), the AC signal is added to the DC line via a transformer, in this case with a 4:1
0 ≈ 10 µV. As long
ratio. For VAC =0.4 V, the AC component for the setup in Fig. A.5b would be VAC
as the resistance of the device (transformer or graphene) connected to the voltage divider is much
larger than the divider’s small resistor (here 10 Ω), its AC voltage output is well defined. Current
I through the graphene sample is grounded in a current-to-voltage amplifier which produces an AC
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voltage proportional to the alternating component of I. The output U is measured with the lock-in,
0 ), where A is the
and is proportional to the two-terminal differential conductance: G = U/(A · VAC
amplification factor, for instance A = 106 V/A. Since the amplifier is prone to produce large voltage
pulses to its input when it is grounded at the switchbox, a 100 kΩ resistor is often added between
them to safeguard the sample, as illustrated in Fig. A.5b: the boxes denoted as (c) and (d) refer to
the lower panels of the Figure, the latter enabling switching between 100 kΩ for pulse protection and
short circuit for measurement.
During all measurements, the capacitive gate electrode - such as the Si backgate - is connected
to a DC voltage source as illustrated in Figs. A.5a,b, in order characterize transport as a function of
carrier density in graphene. Although the gate dielectric is insulating over a large voltage range 300 nm thick SiO2 can ideally handle |Vg | = 100 V at 4 K, current may leak at defects and eventually
break through the insulator, limiting safe voltages to below ∼70 V.∗ As the critical electric field of
the dielectric is unknown, a 100 MΩ resistor is connected between the voltage source and the gate
electrode to prevent an accidental current pulse to the device.

∗ SiO
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with the other optically good thickness value, 90 nm, often leaks already at 10 V.

Appendix B: Quantum dots
B.1

Single quantum dots

A quantum dot (QD) is a small metallic or semiconducting island bordered by insulating barriers.
If its size is comparable to the Fermi wavelength, discrete kinetic energy levels appear, with bound
state wave functions determined by the geometry, boundary conditions, and the band structure of the
material. For this reason, they are often called artificial atoms. Since charges are confined to the
small area of the dot, there is also a significant, purely electrostatic component to its energy.212,242
They are either realized as quasi zero-dimensional nanocrystallites, or are created in a 2D electron or
hole system, in single-layer, bilayer graphene or other layered 2D crystals, or a 1D semiconducting
nanowire or carbon nanotube. For 1D and 2D systems on a wafer, confinement between insulating
regions is achieved either by controlling layer deposition, etching or oxidizing device edges, or by
creating electrostatic potentials by gate electrodes to locally deplete the electron or hole density.
Electronic transport through a QD is studied by connecting it to source (S) and drain (D) electrodes as depicted in Fig. B.1a. The QD is separated from these contacts by tunnel barriers: they
are electronically equivalent to a capacitance and a resistance coupled in parallel. In some cases gate
electrodes can be used to control their properties.
The number of charges N on the QD (electrons in the examples below) is determined by the
voltage Vg applied to a capacitively coupled gate electrode.∗ The electrostatic energy is given by
EC N,VSD = 0,Vg



Ne −VgCg
=
2CΣ

2
+ α,

(B.1)

where VSD is the bias voltage applied between S and D, Cg is the capacitance between the dot and
the gate, while CΣ is the total capacitance between the QD and its surroundings, and α is a quantity
independent of N. If the so-called charging energy ∆E = e2 /CΣ is much greater than the kinetic
level spacing, the cost of adding an electron - a measure of the dot’s electrochemical potential - is
approximately

Cg
µ N,Vg = EC (N + 1) − EC (N) ≈ N · ∆E − eVg .
(B.2)
CΣ

Equation B.1 defines a series of EC N,Vg parabolae with N as a parameter, illustrated in
Fig. B.1b. The charge number
by min N belonging to the ground state at a given Vg can be determined


imizing EC N,Vg = const. . When two neighboring parabolae intersect (EC N,Vg = EC N + 1,Vg )
as highlighted by orange circles, the charge number has two possible values, therefore - if the tunnel
barriers permit - current flows when applying an arbitrarily small VSD . However, at other values of
Vg , the charge number is well-defined (if ∆E  kB T where T is temperature), and current is blocked:
this is called Coulomb blockade.

Figure B.1c shows the energy diagram of the QD, with horizontal lines indicating µ N,Vg . The
dot is separated by tunnel barriers from the S and D electrodes with chemical potentials µS , µD .
The number of electrons is determined by the gate and the chemical potential of the environment:
it is the largest integer for which µ N,Vg ≤ µS = µD . Electrons travel through the dot from S to
D if µD ≤ µ (N) ≤ µS , or vice versa, while current is blocked otherwise. Fig. B.1d illustrates the
∗ If the tunnel barriers are too high or wide, no electrons can enter the potential valley (or leave the potential hill) defined
by a positive (negative) Vg , and N is unaffected by the gate.
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Figure B.1: Transport through a quantum dot tuned by a single gate, based on Ref. 212. (a) A QD is
separated from source and drain electrodes (S, D) by tunnel barriers (shown as gaps to either side of
the dot), and is capacitively coupled to a gate electrode with Vg . Current I is measured when applying
a bias VSD between S and D. (b) Electrostatic energy as a function of Vg for various values of the
charge number (Eq. B.1). (c) A representation of the dot’s discrete chemical potential levels, and
the Fermi seas of the contact electrodes. (d) Bias spectroscopy (stability diagram) as a function of
Vg , VSD : a simplified illustration of Coulomb-diamonds in the differential conductance G = dI/dVSD .
The example in (c) is set in one of the conducting blue regions. The continuous white line is a realistic
cut of G(Vg ) at VSD = 0, while white numbers indicate the possible number of electrons in the different
regions.

differential conductance as a function of gate voltage and bias: these so-called Coulomb-diamonds
indicate regions of Coulomb blockade (black), regions of intermediate conductance where there is
always one QD level between µS , µD (blue), and regions of even higher conductance where two
levels are between µS and µD (red). Levels and Coulomb diamonds in Fig. B.1 only correspond to the
ground state energies of the dot: the effects of kinetic levels due to size quantization are neglected.
Since the tunnel rates between S, QD and D are nonzero, an electron spends only a finite amount
of time on the island, effectively widening the energy levels. Before being transmitted, the electron
can be reflected back and forward between the barriers any number of times: after summarizing
all possible scenarios, the energy-dependent transmission probability Ti (E) around a level located at
Ei (Vg ) = µ(Ni ,Vg ) takes the shape of a Lorentzian, with Γ(E) level broadening related to the exact
transmission amplitudes and geometry of the system. As a result, conductance G(Vg ) at zero bias
consists of a series of so-called Coulomb-peaks of finite width (see the white curve in Fig. B.1d),
instead of a series of Dirac-delta like peaks, while the edges of Coulomb diamonds become smoother.
If Γ  ∆E, the conductance is the sum of well-separated peaks:

Z

G(Vg ,VSD = 0) ∝ ∑
i



∂f
·
−
dE,
∂E
(Γ/2)2 + (E − Ei )2
|
{z
}
Γ/2

(B.3)

Ti (E)

where f is the Fermi-Dirac distribution function212 that depends on µS = µD and temperature T .
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B.2

Double quantum dots

Quantum dots can be arranged in several ways. Fig. B.2a shows a diagram of two quantum
dots243,244 - labeled QD1 and QD2 - in series, each tuned by a separate gate electrode. Figs. B.2b,c
show the regions of constant charge number on the two islands as a function of the gate voltages
Vg1 , Vg2 , without (b) and with (c) taking into account the inter-dot capacitance. In the latter case, the
charges on one dot produce an extra
 electrostatic potential that affects the level structure of the other
dot: µ1,2 = µ1,2 N1 ,Vg1 , N2 ,Vg2 . As a result, the mosaic of constant charge numbers is hexagonal
instead of rectangular. Naively, charges can only flow through the double quantum dot (DQD) system
if the chemical potential level of both dots (labeled as E1 and E2 in Fig. B.2d) are aligned with each
other and µS ≈ µD of the contacts, as illustrated in Fig. B.2e. These regions are found between the
nearest corners of the hexagons in Fig. B.2c. Naturally, current is finite also in their vicinity, due to
finite T and Γ.
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Figure B.2: (a) Illustration of two quantum dots connected in series, tuned by one gate each. (b) Areas
of constant charge number on the QDs without the capacitance (electrostatic interaction) between
the dots taken into account. Cross-capacitances between gate 1 and QD2 , and gate 2 and QD1 are
neglected. (c) The same as (b), with inter-dot capacitance. (d)-(f) Energy diagrams of the system with
increasing detuning ε = E2 − E1 , where E1 and E2 are the levels indicated by green and blue lines
respectively. (g) The single-dot levels E1,2 as a function of detuning. Hybridization due to inter-dot
tunnelling t creates bonding and anti-bonding levels EB , EAB , and opens a gap. (h) Wave functions
ΨB , ΨAB at ε = 0 have equal weight on each dot. (i) If |ε| is large enough, localization is better
defined, charge numbers and levels are similar to the t = 0 case (f). (e) and (h) are diagrams at ε = 0
with t = 0 and t 6= 0, respectively. (f) and (i) (for the same ε > 0) are similarly related. (j) A zoom
of the highlighted region in (c), showing hybridization-induced avoided crossings of the lines that
separate areas of constant charge. (k) Differential conductance measurement taken from Ref. 245,
showing the hexagonal pattern and avoided crossings of panels (c,j).
However, since the dots are not entirely insulated from each other, the inter-dot hopping amplitude t is finite, and eigenstates localized on QD1 and QD2 can hybridize,243–245 modifying the level
structure. Fig. B.2g shows the result of hybridization between the states with E1 and E2 , as a function
of the detuning between the levels defined by ε = E2 − E1 , which increases along the red arrow in
Fig. B.2c. The new bonding (anti-bonding) state ψB (ψAB ) has energy EB (EAB ) lower (larger) than
both single-dot levels (E1,2 ). At ε = 0, a gap of 2|t| opens, making the originally conducting system
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insulating, while wave functions extend to both QDs to an equal degree as illustrated in Fig. B.2h.
As a result, the charge numbers of the dots are not well defined near ε = 0: the solid black lines in
Fig. B.2j (a zoom of the red square in panel (c)) that define areas with different integer charge numbers are curved, and are only approximations here. When ε is tuned away from zero, charges return
to being localized mostly on just one dot (see ψB , ψAB in Fig. B.2i). EB , EAB are approximately the
same as the original on-site "energies" E1,2 , as illustrated in Fig. B.2g and compared by the dashed
lines in Fig. B.2f (t = 0) and Fig. B.2i (t 6= 0).
Hybridization prevents current for the case of Fig. B.2h. To achieve a finite current, EB and EAB
need to be shifted together by increasing or decreasing both Vg1 and Vg2 , to align both levels with µS
and µD . Therefore, conductance G is finite only near the blue circles in Fig. B.2j. Fig. B.2k shows
a typical measurement on a double graphene quantum dot245 exhibiting the characteristic hexagonal
pattern due to capacitances and cross-capacitances between both dots and gates, and the avoided
crossings (insulating regions) between their nearest corners caused by hybridization from inter-dot
tunnelling. If the QDs are not arranged in series but in a different way - such as for Fig. 6.4a,b in the
main text, conductance may be finite at other gate voltages, however, the features are qualitatively
similar.
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