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Abstract
This work focuses on the fabrication and investigation of different graphene nanostructures. First, a graphene flake with contacts in Hallbar geometry is studied, and
the mobility is extracted using a semi-classical Drude model. Magnetoresistance
measurements present clear Shubnikov-de Haas oscillations, and the half-integer
quantum Hall effect, characteristic for graphene, is observed. An etched graphene
Hall bar is used to characterize the effect of graphene in-plane side gates. As expected, a side gate voltage leads to inhomogeneous doping of the graphene, which
can be well described by a simple model based on two parallel resistors. The side
gate induced electric potential is shown to penetrate ≈ 90 nm into the graphene
flake.
A graphene ring structure is used to characterize the interference between charge
carriers by the Aharonov-Bohm effect. h/e oscillations are clearly visible, and their
phase can be changed by the voltage applied to the back or side gate.
By cutting graphene into a narrow constriction, a region in back gate voltage of
suppressed conductance is created. This transport gap, however, does not reflect a
clean band gap created in the band structure, but there are many sharp resonances
within the region of suppressed conductance. In a simple model, we relate this
transport gap to the disorder potential and the formation of localizations. We define
the energies characterizing this transport gap and use them to compare constrictions
of different geometries and study the influence of an applied side gate voltage.
In a next step, we show that such constrictions can be used to confine carriers in
a tunable all-graphene quantum dot. Despite the dirty nature of the constrictions,
regular Coulomb peaks and well defined Coulomb diamonds can be measured. By
comparing the lever arms of the different graphene in-plane gates, we can prove that
the detected Coulomb blockade really comes from the central dot island, where the
dot is expected to form.
In the last part, we present a graphene double quantum dot. The typical honeycomb charge stability pattern can be seen, and is continuous over many triple points.
The coupling between both dots, and also between dots and leads, can be tuned by
the back gate and graphene in-plane gates, and is a non-monotonous function of
gate voltage. The tunnel coupling between both dots is below the experimental
resolution. Inside the finite bias triangles, additional structure can be seen, which
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could result from excited dot states.
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Zusammenfassung
Der Schwerpunkt dieser Doktorarbeit liegt in der Herstellung und Untersuchung der
elektrischen Transporteigenschaften von Nanostrukturen aus Graphen.
Zuerst wird eine Graphen-Probe mit Kontakten in Hallbar Geometrie untersucht,
und die Beweglichkeit mit einem semiklassischen Drudemodell bestimmt. Magnetowiderstandsmessungen zeigen klare Shubnikov-de Haas Oszillationen, und der halbzahlige Quantenhalleffekt, der charakteristisch für Graphene ist, ist klar sichtbar.
Wir benutzen eine geätzte Hallbar aus Graphen um den Einfluss von seitlichen
Gates aus Graphen zu untersuchen. Wie erwartet führt eine Spannung, die an
einem seitlichen Gate angelegt ist, zu einem Dotierungsgradienten des Graphens.
Dies kann gut beschrieben werden in einem Modell basierend auf zwei parallelen
Widerständen. Wir zeigen, dass das Potential von den seitlichen Gates etwa 90 nm
weit ins Graphen eindringt.
Mit einem Quantenring aus Graphen untersuchen wir Interferenzeffekte anhand
des Aharonov-Bohm Effekts. Die h/e Oszillationen sind klar sichtbar und ihre Phase
kann verändert werden durch eine Spannung, die an das Back Gate oder das seitlich
Gate aus Graphen angelegt wird.
Indem man aus Graphen Verengungen oder Bänder mit einer Breite von unter
100 nm herstellt entsteht ein Bereich in der Backgatespannung wo der Strom stark
unterdrückt ist. Diese Transportlücke stammt aber nicht von einer einfachen Bandlücke, sondern viele scharfe Resonanzen können in diesem Bereich beobachtet werden. In einem einfachen Modell erklären wir diese Unterdrückung des Stroms mit der
Unordnung im Potential und der Entstehnung von Lokalisierung in der Verengung.
Wir definieren die Energien um die Transportlücke zu beschreiben, und untersuchen
damit Verengungen von verschiedenen Geometrien und den Einfluss von Spannungen an den seitlichen Gates.
In einem weiteren Schritt werden solche Verengungen benutzt, um die Barrieren für einen Quantendot aus Graphen herzustellen. Trotz der schlecht kontrollierten Eigenschaften der Barrieren messen wir regelmässige Coulombpeaks und klar
definierte Coulombdiamanten. Durch Vergleich der Hebelarme der verschiedenen
seitlichen Gates können wir beweisen, dass die Coulombblockade wirklich von der
mittleren Insel stammt, wo man erwartet, dass der Dot entsteht.
Im letzten Teil stellen wir einen Doppeldot aus Graphen vor. Wir beobachten
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das sechseckige Muster im Stabilitätsdiagramm, das typisch für Doppeldots ist, und
es ist kontinuierlich über viele nachfolgenden Ladungzustände. Die veschiedenen
Kopplungen zu den Dots können abgestimmt werden durch die Spannungen am
Backgate und den seitlichen Gates, und verändern sich nicht monoton mit der angelegten Spannung. Die Tunnelkopplung zwischen beiden Dots kann experimentell
nicht aufgelöst werden. Innerhalb der Dreiecke, die durch die endliche Biasspannung entstehen, befindet sich zusätzliche Struktur, die von angeregten Dotzuständen
stammen könnte.
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Chapter 1
Introduction
Graphene consists of a single layer of carbon atoms arranged in a honeycomb lattice.
Even though it has been studied theoretically for a long time as a building block of
graphite and carbon nanotubes, single graphene layers were considered to be thermodynamically unstable [1–4] until their discovery in 2004 by A. Geim’s group in
Manchester [5]. This discovery created a lot of excitement in the scientific world, well
beyond the physics community, for several reasons. Of course, the idea of a sheet
consisting of a single layer of atoms, stable enough to be freely suspended [6], is
very fascinating. But also the electronic properties of graphene are very special and
different from standard semiconductors. Charge carriers in semiconductors have a
non-zero effective mass, and their behavior can be well described by the Schrödinger
equation. In the case of graphene, the interaction with the periodic honeycomb lattice gives rise to new quasiparticles described by the Dirac equation at low energies,
and behaving like massless particles. This opens the possibility to study quantum
electrodynamics (QED) properties in a solid-state system. One consequence of the
special dispersion relation of graphene is the unusual quantum Hall effect, with Hall
plateaus at half-integer values of 4e2 /h [7, 8]. Interaction effects in graphene are
predicted to be strong, and the first observation of the fractional quantum Hall effect
was reported in extremely pure, suspended graphene samples [9–11]. Graphene is
also considered to be a promising candidate for the implementation of solid-state
spin qubits [12], as the major sources for spin decoherence in GaAs, namely spinorbit coupling and hyperfine interaction, are expected to be considerably weaker in
graphene, potentially leading to much longer spin coherence times.
Graphene is also a very interesting material with prospects for possible electronics applications [13]. As the Si-based technology is approaching fundamental limits,
graphene could be a promising material to take over. The high mobilities, even at
room temperature and high gate-induced densities, could make accessible the vision
of a room-temperature ballistic transistor. The high mobilities and low contact resistances without a Schottky barrier should allow fast switching times. However, the
absence of a band gap in graphene does not allow to pinch of transport completely,
and limits the on-off ratios. For high-frequency application, this does not present
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a fundamental problem, and recently researchers from IBM presented a 100 GHz
transistor made from graphene on a silicon carbide wafer, presenting a higher cut-off
frequency than the best silicon MOSFET at the same gate length [14]. For standard logic applications, however, the absence of a band gap is a problem, and has
to be overcome, maybe by opening a gap by spatial confinement, by a superlattice
potential or by using an electric-field induced band gap in double layer graphene.
More short-term applications could be to use graphene for transparent conducting electrodes as they are required for example for touchscreens, liquid crystal displays or photovoltaic cells [15–17], or ultracapacitors for energy storage [18].
There has been a fast development in graphene processing techniques since its
discovery in 2004, but many open challenges remain until possible industrial-scale
applications become possible. The main issue is the fabrication of graphene films.
Until now, high-quality graphene films have only been achieved by the so-called
micromechanical cleaving method developed by Geim’s group in Manchester [5],
which consist of peeling off single graphene layers from graphite using a sticky tape.
The identification of graphene flakes produced in this way is very time-consuming,
and flake dimensions do not exceed 100 µm. This is perfectly sufficient for most
research purposes, but not for industrial applications. However, there has been
a lot of progress in the development of methods to grow graphene over the last
years. The most promising methods are thermal decomposition of SiC [19–21] and
chemical vapor deposition on metal substrates [22–25]. Recently several groups even
managed to observe the half-integer quantum Hall effect in graphene produced by
these methods [26–31], which is a proof of the high material quality they achieved.
Also in fundamental research, a lot of technological progress has been made in
the last years, opening the possibility to the exploration of new physics. Graphene
is catching up rapidly with GaAs, which is the most studied and best controlled material in mesoscopic physics. On one hand, the fabrication of ultraclean suspended
graphene samples with mean free path on the micrometer scale and mobilities up
to 200000 cm2 V−1 s−1 has allowed the observation of fractional quantum Hall states
[9–11] and makes possible experiments in the ballistic regime. One the other hand,
a lot of progress has been made in creating smaller and better controlled graphene
nanostructures and quantum dots. The fabrication of narrow graphene constrictions
allows to pinch of the current even in the absence of a bandgap in the graphene bandstructure [32–38]. By using such constrictions as barriers, well controlled quantum
dots have been fabricated [39–42]. Recently, the observation of excited states [43]
and identification of individual spin states [44] has been achieved in graphene quantum dots. Even well-controlled double quantum dots have been demonstrated [45–
47]. These developments represent a first step towards the fabrication of graphene
spin qubits.
This thesis starts with a brief theoretical overview about the structural and
electronic properties of graphene in chapter 2. In chapter 3, we present the methods
used for sample preparation and the measurement setup. Chapter 4 contains a
characterization of a graphene Hall bar and presents the half-integer quantum Hall
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effect distinctive for graphene. In addition, a Hall bar is used to characterize the
influence of graphene in-plane gates. In chapter 5, a graphene ring structure is
studied, and phase-coherent Aharonov-Bohm oscillations are shown. The last three
chapters are dedicated to the study of graphene nanostructures. First, we present a
way to pinch off current through a graphene structure despite the absence of a band
gap by cutting graphene into narrow constrictions (chapter 6). Such constrictions
can be used to form the barriers of a tunable single electron transistor (chapter 7).
Finally, chapter 8 presents a study of a graphene double quantum dot structure.
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Chapter 2
Structural and electronic
properties of graphene
2.1
(a)

Structure of graphene
(b)

(c)

(d)

Figure 2.1: Graphitic materials in different dimensions: (a) 0-dimensional fullerene,
(b) 1-dimensional carbon nanotube, (c) 2-dimensional graphene, (d) 3-dimensional
graphite

Graphene consists of a single layer of carbon atoms, arranged in a honeycomb
lattice (Fig. 2.1(c)). It has been studied theoretically for a long time as building
block of graphitic materials in other dimensions.[48] The most famous allotrophe
of graphene is graphite, consisting of stacked graphene layers, held together only
by weak Van der Waals forces. 1-dimensional carbon nanotubes and 0-dimensional
fullerenes can be described as rolled up graphene sheets. But in contrast to these
materials, until its discovery in 2004 by Novoselov et al.[5] graphene was expected
to be thermodynamically unstable [13] and therefore not to exist in real life.
The bonds in carbon atoms in graphene are in sp2 hybridisation. The sp2 -orbitals
form the three strong covalent bonds to the nearest neighbors. These strong bonds
give graphene its extraordinary mechanical strength, making it possible to have
stable free-standing graphene sheets, being only one atom thick [6]. The remaining
p-electron per atom is delocalized over the whole graphene molecule, and responsible
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for the electric conductivity.
y
(b)

(a)

ky
K

M

B

a2
a0

A

a1

Γ

K’

kx

x

Figure 2.2: (a) Lattice structure of graphene. The atoms belonging to the two
sublattices A and B are represented by blue (A) and red (B) circles, the lines between
the circles indicate the chemical bonds. a0 is the nearest-neigbour distance. The
unit cell is depicted in grey, together with the primitive lattice vectors ~a1,2 . (b)
First Brouillin zone in the reciprocal lattice of graphene, with indication of the
high-symmetry points.

Fig. 2.2(a) gives a closer look at the lattice structure of graphene. The graphene
lattice consists of two interpenetrating sublattices, noted A and B and depicted in
blue and red. The unit cell, indicated in grey, therefore comprises two atoms, one
of each sublattice. The nearest-neighbour distance is a0 = 1.42 Å. In reciprocal
space, the first Brillouin zone also has hexagonal shape (Fig. 2.2(b)). Among the
high-symmetry points, the points K and K’ at the corner of the Brillouin zone will
be of special interest for the band structure.

2.2

Band structure of graphene

The pz electrons of graphene are responsible for the so-called π-band. The presence
of two atoms, and therefore also two pz electrons per unit cell, gives rise to two
π-bands, called π and π ∗ . For low energies, a tight-binding approach is well suited
to calculate the dispersion relation of the π-bands. A tight-binding calculation
including up to second-nearest neighbor hopping gives the following result: [49]
q
~
E± (k) = ±t 3 + f (~k) − t0 f (~k)
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, with

√

√

3
3
f (~k) = 2 cos( 3ky a0 ) + 4 cos(
ky a0 ) cos( kx a0 )
(2.2)
2
2
t is the nearest-neighbor hopping energy (hopping between different sublattices),
t0 the next-nearest-neighbor hopping (hopping in the same sublattice), and a0 the
distance between neighboring carbon atoms. Fig. 2.3(a) shows the result of this
equation, using t0 = −0.2t. The π and π ∗ bands touch exactly at the Dirac points at
the corners of the Brillouin zone, at the K and K’ points. For t0 6= 0, the electron-hole
symmetry is broken, and the π and π ∗ bands become asymmetric.
In typical transport experiments, only a very small energy range around the
Dirac point is probed. Fig. 2.3(b) shows a zoom of the band structure close to
the K-point. It shows a linear dispersion relation, which can also be obtained by
~ + ~q, |~q|  |K|,
~
expanding the full band structure close to the K-point. For ~k = K
t0 = 0:
~ 2]
E± (~q) ≈ ±~vF |~q| + O[(|~q|/|K|)

(2.3)

≈ 1 ∗ 106 m/s. These results were first obtained by Wallace in 1947
, with vF = 3ta
2
[48]. In undoped graphene, the Fermi energy lies exactely at the Dirac point: the π
band is completely filled, while the π ∗ band is empty.
A detailed calculation of the band structure can be found in references [48–50].

(a)

(b)

K’

K

Figure 2.3: (a) Band structure of graphene. (b) Zoom of the dispersion relation
close to the K-point for small energies.

This linear dispersion relation close to the K and K’ points, the absence of a
band gap and the electron-hole symmetry are the main differences from standard
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semiconductors, and they are the origin for many of the interesting properties of
graphene. Fig. 2.4 shows a comparison between the electronic structure of graphene
and a two-dimensional electron gas (2DEG) in a standard semiconductor. The band
structure of graphene has a linear dispersion, and valence and conductance band
touch at the K and K’ points: E(~q) ≈ ±~vF |~q| (Fig. 2.4(a)). Considering the fourfold degeneracy due to spin and valley degeneracy, this dispersion relation leads
to a two-dimensional density of states D2D (E) = π~2|E|
2 v 2 . The density of states is
F
linear in energy and vanishes at the Dirac point for ideal graphene.(Fig. 2.4(b))
The dispersion relation of a typical direct band gap semiconductor is depicted in
Fig. 2.4(c). It is parabolic with a gap between valence and conductance band. The
2 2
conductance band dispersion can be described as E = EC + ~2mk∗ , for the valence
band it is similar. The two-dimensional density of states is zero for the region of the
m∗
band gap, and constant in the valence and conductance band region: D2D (E) = π~
2
(a)

(b) E

E

D(E)

k

Graphene:

K

(c)

standard 2D
semiconductor:

(d) E

E

EC
EV

k

Γ

D(E)

Figure 2.4: Comparison between graphene and standard 2D semiconductor electron
gases. (a) Schematic drawing of the band structure of graphene around the K-point.
(b) Density of states of graphene. (c) Schematic drawing of the band structure
of a standard semiconductor with direct band gap. (d) 2D density of states for a
standard semiconductor.
Alternatively, the low-energy properties of graphene can also be described by the
2D Dirac equation:
− ivF ~σ · ∇ψ(~r) = Eψ(~r)
(2.4)
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, where ~σ = (σx , σy ) are the Pauli matrices. Although there is nothing relativistic
about electrons in graphene, the band structure resulting from the honeycomb lattice makes it possible to describe them as massless Dirac Fermions. The resulting
quasiparticles can be described by two-component wavefunctions (spinors), with an
index to indicate sublattice A or B. This index is similar to the spin in quantum
electrodynamics (QED), and is usually referred to as pseudospin. The Pauli matrices in the Dirac equation for graphene relate to this pseudospin rather than the
real electron spin. In addition, similar to QED one can define the chirality as the
projection of the pseudospin on the wavevector ~q. The chirality is positive for electrons and negative for holes. This analogy between the charge carriers in graphene
and QED makes it possible to observe QED-specific phenomena in graphene. This
is especially interesting as many QED-related phenomena are inversely proportional
to the speed of light, and therefore are expected to be enhanced in graphene by a
factor c/vF ≈ 300. [13]

2.3
(a)

Graphene in a perpendicular magnetic field
σxy (ge2/h)

(b)

σxy (ge2/h)

nh/geB

nh/geB

Figure 2.5: Schematic illustration of the Landau levels and Hall conductivity for
2D semiconductor systems (a) and grahene (b) Taken from Ref. [51]

A direct consequence of the linear dispersion relation of graphene can be seen
in the quantum Hall effect. A magnetic field applied perpendicular to a twodimensional electron or hole gas leads to a quantization of the allowed energies. For
standard semiconductor 2DEGs with parabolic dispersion under the influence of a
perpendicular magnetic field, the density of states evolves into disorder-broadened
peaks around the Landau level energies: En = ±~ωc (n + 12 ), where n is an inteeB
ger and ωc = m
∗ the cyclotron frequency. At low temperatures and high enough
magnetic fields, this can be observed as 1/B-periodic oscillations in the longitudinal resistance and plateaus in the Hall resistance. Whenever the Fermi energy lies
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between two Landau levels, the longitudinal resistance displays a minimum and the
Hall resistance is constant. For semiconductor 2DEGs, the Hall plateaus lie at the
2
conductivity values σxy = ν eh (Fig. 2.5(a)). The variable ν is the so-called filling
factor. It only takes integer values, and indicates the number of occupied Landau
levels. This quantization of the Hall resistance is called Quantum Hall Effect (QHE),
and has been first observed by von Klitzing et al. in 1980. [52]. For a more detailed
discussion of the quantum Hall effect, see Ref. [53, 54].
The QED-like band structure of graphene leads to a different quantization of the
energy in magnetic field. The Landau level energies are given by
√
En = ±vF 2e~Bn
(2.5)
. The most important difference compared to the semiconductor 2DEG case is the
existence of a state at zero energy, shared between electrons and holes. This leads
to a shift in the sequence of the Hall conductivity plateaus, which take the values
σxy = ±4

1
e2
(ν − )
h
2

(2.6)

. The factor 4 originates from the four-fold degeneracy due to spin and valley
degeneracy.
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Chapter 3
Sample fabrication and
measurement setup
3.1

Sample fabrication

3.1.1

Graphene deposition

(a)

(b)

Figure 3.1: Gold markers on top of the Si/SiO2 chip. (a) 1*1 mm2 field. The squares
at the edges have a width of 100 µm. The inner region of the field is pattered with
a grid of alignment markers used as coordinates for the graphene flakes. The whole
chip is patterned with 25 such regions. (b) Zoom on the alignment markers. The
distance between two crosses is 75 µm.

The first step in the sample fabrication is the preparation of the wafers for the
graphene deposition. The wafers consist of highly doped silicon, covered by 300 nm
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of SiO2 .1 Alignment markers and bond pads are defined by photolithography on a
4 inch wafer, followed by evaporation of Cr/Au (2 nm/40 nm) and lift-off. Then
the wafer is covered by a protecting layer of photoresist and cut into 7*7 mm2
chips. Optical microscope images of the patterned chips can be seen in Fig. 3.1
Immediately before the graphene deposition, the chips are cleaned in aceton and
isopropanol in an ultrasonic bath, followed by 2 min of oxygen plasma ashing to
remove all remainings of resist.
(a)

(b)

Figure 3.2: Deposition of graphene (a) Folding of the sticky tape, covered with
graphite flakes (b) Transfer of the flakes from the tape to the Si/SiO2 substrate.

Graphene flakes are produced by the method developed by Novoselov et al. in
2004 [5, 7, 55]. Natural graphite flakes are distributed on a sticky tape, which is
then folded and unfolded several times in order to cleave the graphite into thinner
flakes (Fig. 3.2(a)). In principle, any adhesive tape could be used for the cleavage of
graphite into graphene, but we use cleanroom sticky tape intended for wafer sawing
as this turned out to leave less residues than standard scotch tape. Between five
and ten folding events is a good number: if the tape is folded less often, the graphite
is not cleaved enough, and the resulting graphene flakes are too thick. If folded
too many times, the graphene flakes become smaller, with more glue residues. In
a next step, the graphene flakes are transferred onto a silicon chip prepared with
the alignment markers. The chip is placed on top of the tape in a region where
it is uniformly covered by graphene, and we press gently on top of the chip with
tweezers or with a finger (Fig. 3.2(b)) before removing it carefully. The chips are
then cleaned in acetone and isopropanol, and a short ultrasonic pulse is applied to
make sure the flakes chosen for processing in the next step stick well to the surface.
1

4” P/Bo < 100 >.001-.005 ohm-cm; 500-550µm. Thick SSP Prime Grade Si wafers w/ Primary
Flat only &2850 A◦ ±5 %, DRY Thermal Oxide, by NOVA Electronic Materials, Ltd
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3.1.2

Characterisation of graphene flakes
(b)

(a)
(a)

(b)

5 um
(d)

Intensity (a.u.)

(c)

1500

2000
Raman shift (cm-1)

2500

2600
2700
Raman shift (cm-1)

Figure 3.3: Identification and characterisation of the graphene flakes. (a) Optical
microscope image of a graphene flake on Si/SiO2 substrate. The lower part, indicated
by the arrow, consists of a single graphene layer. (b) AFM scan of the single layer
part of the graphene flake. (c) Raman spectrum of the single layer part of the
graphene flake. (d) Close-up of the 2D peak in the Raman spectrum. The red trace
is a fit of the peak with a single Lorentzian (FWHM: 31.5cm−1 ).

After the deposition, the chip is covered by many graphene flakes of different
thicknesses. An optical microscope is used to detect thin flakes. For this, the thickness of the oxide layer has to be carefully chosen. Only for very specific thicknesses,
the contrast of a single graphene layer is strong enough to be detected in white light
due to the flake’s opacity and the increased optical path [56]. Appropriate thicknesses are ≈ 300 nm and ≈ 90 nm. Fig. 3.3(a) shows a photograph taken under an
optical microscope of a graphene flake consisting mainly of few-layer graphene, but
comprising also a single-layer region (lower part, indicated by arrow). For increasing
thickness of the graphite flakes, the color seen under the optical microscope changes
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from only slightly darker than the substrate to dark purple, green and finally yellow.
A scanning force micrograph of the single-layer region of the flake presented in Fig.
3.3(a) can be seen in Fig. 3.3(b). Besides characterization by optical microscopy and
AFM, Raman spectroscopy is performed on the thin graphene flakes to determine
unambiguously their number of layers. We use a laser excitation length of 532 nm
(2.33 eV), delivered through a single-mode optical fibre, whose spot size is limited by
diffraction. Using a long working distance focusing lense with a numerical aperture
NA=0.80, we obtain a spot size of about 400 nm. As the used laser power is below
2 mW, heating effects can be neglected. Such a spectrum, recorded on the lower
part of the flake presented in Fig. 3.3(a), is shown in Fig. 3.3(c). Fig. 3.3(d) shows
a closer look at the 2D peak at ≈ 2700 cm−1 . For this region of the flake, the peak
can be well fitted by a single Lorentzian giving a FWHM of 31.5 cm−1 . This is a
proof for the single-layer nature of the flake [57, 58].

3.1.3
(a)

Processing of the flakes
(b)

(c)

1 μm

1 μm

Figure 3.4: (a) Ebeam mask for the flake presented in Fig. 3.3, with blue lines
indicating the contour of the flake, purple regions representing the parts to be etched
and orange regions indicating the contacts. (b) AFM scan of the flake after the first
ebeam step and etching. (c) AFM scan of the structure after evaporation of the
contacts.
After the selection and the characterization of the graphene flakes, the structure
is designed using the software Layout Editor. Fig. 3.4(a) shows an example for such
a mask. The contour of the flake is indicated by blue lines, the purple regions mark
the areas to be etched, and the orange regions indicate the contacts. A PMMA mask
is patterned by ebeam, followed by the etching of the flake by reactive ion etching
based on argon and oxygen (9:1). This high amount of argon is used because it
makes the etching more directed, in contrast to etching by a pure oxygen plasma
which is anisotropic. For very thin structures, this process was modified slightly
by using a thinner resist and writing single-pixel lines (see appendix for detailed
parameters). Fig. 3.4(b) shows an AFM scan of the patterned graphene flake after
etching. A second ebeam step, followed by evaporation of Cr/Au (2 nm/ 40 nm)
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and lift-off is used to define the contacts. An AFM scan of the final structure can
be seen in Fig. 3.4(c). For the latest samples, the last two steps were exchanged:
first the contacts are evaporated, afterwards the graphene is etched. This seems to
yield lower and more reproducible contact resistances (usually below ≈ 5 kΩ) as the
graphene flake is still cleaner at the moment of the metal evaporation. After a final
AFM scan, the sample is glued into a chip socket and bonded.
The exact parameters used for processing can be found in appendix B.

3.2
3.2.1

Measurement setup
Cryostats

The measurements presented in this thesis have been performed in different He
cryostats, with base temperatures ranging from 4.2 K down to 100 mK. All the
setups are equipped with superconducting magnets immersed in the 4 He bath.
The simplest case is the bath cryostat, presented in Fig. 3.5(a). An evacuated
tube containing the sample holder is simply immersed into liquid 4 He in a dewar.
The sample temperature is 4.2 K, which is the boiling temperature of 4 He.
Lower temperatures can be achieved with a 4 He gas flow cryostat, shown in Fig.
3.5(b). It consists of the main He-bath and the sample space with the sample holder,
separated by the inner vacuum chamber (IVC). A narrow capillary, whose opening
is controlled by a needle valve, connects the sample space to the main He bath and
provides a continuous small He flow. Pumping away the He vapor in the sample
space causes LHe to evaporate. This costs the latent heat, and cools down the
liquid. The temperature is determined by the vapor pressure in the sample space.
Our systems are usually operated at sample space pressures from a few mbar up to
about 10 mbar, and we reach temperatures down to 1.4 K. An additional heater in
the sample space allows to adjust temperatures up to room temperature.
Lower temperatures can be achieved with 4 He only by using very powerful pumps,
or in a 3 He cryostat or a dilution refrigerator. Below 1 K, the vapor pressure of 3 He
is much higher than the one of 4 He. Therefore, temperatures down to about 300
mK can be achieved easily by pumping on 3 He. Fig. 3.5 shows an illustration of the
single shot 3 He cryostat used for the measurements in chapter 6. Low temperatures
are achieved by decreasing the vapor pressure on top of the 3 He with an internal
sorption pump based on activated charcoal. A cycle starts by heating the sorption
pump, which releases the 3 He from the activated charcoal. The gas condenses in
the 1K-pot and is collected in the 3 He-pot. After condensation, the sorption pump
is cooled down and starts pumping the 3 He-pot by absorbing 3 He. This reduces
the vapor pressures and cools down the sample to base temperature until complete
evaporation of the 3 He.
The cooling mechanisms in the 4 He gas flow cryostat and the 3 He cryostat were
based on a phase transition between liquid and gaseous He. In order to reach even
lower temperatures, a different phase transition, occurring in a mixture of 3 He and
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4

He, is exploited in a dilution refrigerator (Fig. 3.5(d)). When a mixture if 3 He and
4
He is cooled below a critical temperature, it separates into two phases: a lighter
”concentrated phase” rich in 3 He (orange in Fig. 3.5(d)) and a heavier ”dilute
phase” (red). Since the enthalpy of 3 He is different in both phases, a cooling effect
is obtained by pumping 3 He from the concentrated phase into the dilute phase. The
concentration of 3 He in the dilute phase is reduced by pumping He vapor in the
still. Due to the much higher vapor pressure of 3 He compared to 4 He, mainly 3 He
evaporates, and the osmotic pressure gradient drives a flow of 3 He from the mixing
chamber to the still. The pumped 3 He is cleaned by oil-mist filters, a nitrogen cold
trap and a helium cold trap, before being liquified in the 1K-pot and added again
to the concentrated phase in the mixing chamber.[59]

3.2.2

Measurement techniques

Samples with a resistance below few hundred kΩ (Hall bars in chapter 3, Ring in
chapter 4) were measured with a lock-in amplifier using the measurement scheme
presented in Fig. 3.6(a). The AC output voltage V of the lock-in is transformed
into a AC current by connecting a R = 10 MΩ resistor in series, and applied over
the sample. As the sample resistance is much smaller than 10 MΩ, this resistor
determines the current given by I = VR . The AC voltage drop is detected, which
can be converted into resistance. This technique has the advantage that noise at
frequencies different from the modulation frequency is suppressed. The frequency of
the AC modulation is typically between 10 and 100 Hz. Usually 4-terminal measurements are used, as illustrated in Fig. 3.6, where the contacts used to measure the
voltage drop are different from the ones used to pass the current through the sample.
This way it is possibly to measure only the resistance between the voltage probes,
contrary to a two-terminal measurements where the wire and contact resistances are
included in the detected resistance. Four-terminal resistance measurements make
also possible to measure the longitudinal (Rxx ) and transversal resistance (Rxy ) separately, in contrast to a two-terminal resistance measurement which detects always
a combination of both Rxx and Rxy .
High-resistance samples are measured using a homebuilt current-voltage converter (Fig. 3.6(b)). The bias voltage from a DC voltage source is applied over the
sample. The current is transformed to a voltage and amplified by a factor given by
the feedback resistor RF and read out with an HP multimeter. Depending on the
measurement requirements, the bias voltage from the voltage source can be scaled
down with a voltage divider, and/or it can also be applied symmetrically over the
sample. The differential conductance through the sample can be measured directly
by adding an AC modulation to the DC bias voltage, or additional low-pass filters
can be included on both sides of the sample.
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(a)

(b)
4

He pump

Magnet

Magnet
Sample

Sample
1.6 K
4.2 K

liquid 4He

(c)
4

liquid 4He

4.2 K

(d)
4

He pump

He pump

3

1.6 K
4.2
K

1.6
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He pump
1K pot

Activated
charcoal

Condenser

Sorption
pump

Still

1K pot
Magnet
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Sample
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4.2 K
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77 K
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0.3 K

3

0.1 K

He pot

Figure 3.5: Schematic illustration of the different types of cryostats. (a) 4 He bath
cryostat. (b) 4 He gas flow cryostat. (c) 3 He cryostat. (d) 3 He/4 He dilution refrigerator. White areas represent vacuum, green liquid N2 , dark blue liquid 4 He, light
blue gaseous 4 He, red liquid 3 He (c) or dilute phase of 3 He/4 He mixture (d), orange
the concentrated phase of the mixture (d), yellow gaseous 3 He.
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(a) Lock-in amplifier

(b) I-V converter
RF

μV

Rsample

~V

Sample

10 MΩ

HP

Vbias

Sample

Figure 3.6: (a) Scheme of a 4-terminal resistance measurement using a lock-in
amplifier. (b) Diagram of a current measurement with a current-voltage converter.
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Chapter 4
Graphene Hall bar geometry
The most direct way to characterize the electronic properties of graphene and to
compare it to standard semiconductor 2DEGs is to perform measurements in a
Hallbar geometry. By determining the mobility, one can get a measure for the
quality of the sample. The quantum Hall effect with the conductance plateaus at
2
half-integer values of 4 eh is a direct consequence of the special band structure of
graphene, and makes it different from double- or few-layer graphene or any other
material.
In the first part of this chapter, we present the transport properties of a 2D
graphene sample and analyze them in the framework of the classical Drude model.
We also present the half-integer quantum Hall effect characteristic for graphene. In
a second part, we use a graphene Hall bar to analyze the effect of graphene side
gates.

4.1
4.1.1

Transport measurements in 2D-graphene
The sample

The sample consists of an unetched, rectangular-shaped single layer graphene flake
contacted by six contacts in a Hall bar type configuration. An AFM scan of the
sample can be seen in Fig. 4.1(a). The width of the flake is W = 2.6 µm, and the
distance between the centers of the voltage probes along the current direction L =
2 µm. However, because the sample is unetched, the geometry is not well-defined,
and it is not clear what the current distribution will be. For this sample, immediately
before the deposition of graphene the substrate was exposed to hexamethyldisiliziane
(HMDS) vapor, which was intended to create a hydrophobic layer on top of the SiO2
and could lead to higher mobilities and a more homogeneous doping.[60] However,
we were not able to make sure whether this hydrophobic layer is really present on
the substrate. Fig. 4.1(b) shows a Raman spectrum of the flake recorded before
processing. The narrow single-Lorentzian lineshape of the 2D peak at ≈ 2700 cm−1
is a proof that the flake consists of only a single atomic layer. An unusual feature of
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Figure 4.1: (a) AFM scan of the graphene flake with contacts, with indication of
the main distances. (b) Raman spectrum of the graphene flake.
this spectrum is the presence of peak at ≈ 1300 cm−1 , which could originate from
the disorder-induced 2D-band. In this case, it would be an indication for damage
to the graphene crystal lattice. This peak was observed all over the flake.
All the measurements presented in this section are recorded at T ≈ 2 − 3 K.
Before the measurements, the sample has been heated to ≈ 120 ◦ C over night while
pumping.

4.1.2

Diffusive transport in two-dimensional graphene

Fig. 4.2(a) shows the four-terminal longitudinal resistance of the sample as a function of applied back gate voltage. It presents a maximum at VBG ≈ −10 V, with a
fast decay on both sides. The peak in resistance corresponds to the situation where
the Fermi energy lies at the Dirac point. For more negative back gate voltage values,
the Fermi energy lies in the valence band, and the current is carried by holes. For
positive back gate voltages, the Fermi energy lies in the valence band, and electrons
are responsible for the transport. The maximum resistance is shifted away from
VBG = 0 V due to chemical doping, which could originate from remainings of resist
from processing, or from gas molecules attached to the surface of graphene.[61, 62]
This doping can usually be strongly reduced by heating. In the case of this sample
however, before heating the Dirac point was located at VBG ≈ 0 V, and it shifted
to negative values after heating. But still, the heating had a positive effect as it
made the doping more homogeneous. The narrow width of the resistance peak in
Fig. 4.2(a) is a sign for the homogeneity of the doping. In the presence of inhomogeneous doping, the Dirac point would be located at different back gate voltages for
different regions of the graphene, which would lead to a broadening of the resistance
peak.[63]
An applied back gate voltage induces capacitively a net charge in the graphene
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Figure 4.2: (a) Four-terminal resistance as a function of applied back gate voltage.
(b) Conductivity deduced from the measurement in (a) as a function of back gate
2
voltage. The dashed line marks σ = 4 eh . (c) Density (blue) and mobility (green) as
a function of back gate voltage.

sheet. As the distance between the graphene and the back gate d ≈ 300 nm is
smaller than the extent of the graphene, a parallel plate capacitor model is suitable
for estimating the induced charge density:
n=

0
∆VBG = α∆VBG
ed

(4.1)

, where ∆VBG is the distance from the charge neutrality point in back gate voltage,
0 the permittivity of vacuum, and  = 3.9 the permittivity of SiO2 . Fig. 4.2(b)
shows the conductivity in units of 4e2 /h as a function of back gate voltage. The
conductivity has been obtained from the resistance displayed in Fig. 4.2(a) by the
L 1
formula: σ = W
. The whole width of the flake W = 2.6 µm has been considered,
R
but due to the uncertainty in the current distribution the effective width could be
smaller. The conductivity increases linearly with the back gate voltage away from
the charge neutrality point. Considering the Drude-Boltzman expression at zero
magnetic field σ = n|e|µ for the conductivity, this means that the mobility µ is
approximately independent of the density. At the charge neutrality point, the con2
ductivity takes a minimum value of σmin ≈ 1.3 4eh . For perfectly clean graphene,
one would expect a density of states equal to zero at the Dirac point, and therefore zero density and conductance (2.4). In real samples, however, the doping is
never perfectly homogeneous, and at low density the system breaks up into puddles
of electrons and holes.[64] The special band structure of graphene leads to Klein
tunneling between the puddles, and strong localization leading to a suppression of
the conductance can not occur. The exact value of this minimum conductivity and
its origin are not completely clear yet. Some experiments give an indication for
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2

a universal minimum conductivity value σmin = 4eh [7], while other groups find the
minimum value to be geometry- or sample-dependent.[65–67]. A universal minimum
conductivity is also predicted by different theories [13, 49, 68–72], most commonly
2
at a value σmin = 4e
, which is smaller than what is usually observed.
πh
The classical Hall resistance is a direct measure of the carrier density of a two1
B. The blue circles in Fig. 4.2(c) show the
dimensional system: Rxy = VIxy = ne
density as a function of back gate voltage. The density was deduced from the
slope of measurements of the Hall resistance as a function of B-field for B < 1 T
using the formula above. As expected, the density depends linearly on the back
gate voltage. A linear fit gives the following relationship: ∆n = α∆VBG , with
α = 6.4 · 1010 cm−2 /V . The theoretical value for the experimental parameters using
the plate capacitor model would be α = ed0 = 7.2 · 1010 cm−2 /V , which is about
10% larger than the experimentally deduced value. A possible explanation for this
deviation could be the additional layer of HMDS which is not considered in the
calculation, or the plate capacitor model might not be perfectly suited in this case.
When knowing the density n, the Drude model allows to deduce the mobility from
T)
. The green data points in Fig. 4.2(c)
the conductivity at B = 0 T: µ = σxx (B=0
|n|e
show the mobility for different back gate voltages. Over the whole back gate voltage
2
, except around the charge
range, the mobility is quite constant around µ ≈ 8000 cm
Vs
neutrality point at VBG ≈ −10 V where the analysis is not valid any
√ more. At a
density n = 2·1012 cm−2 , this corresponds to a mean free path l = ~e µ πn ≈ 120 nm.
This is smaller than all the sample dimensions, and therefore the system really is
in a diffusive regime. However, the exact value obtained for the mobility depends
on the sample geometry, which is not well defined in this case. If considering the
distance W 0 = 1 µm between the contacts perpendicular to the current path as the
2
.
sample width as it was done in Ref. [73], the obtained mobilty is µ ≈ 20000 cm
Vs

4.1.3

Magnetotransport measurements

Fig. 4.3(a) shows the longitudinal resistance Rxx (blue) and the Hall conductivity
xy
σxy = ρ2 ρ+ρ
(green) as a function of back gate voltage in a perpendicular magnetic
2
xx

xy

2

field B = 6 T. The Hall conductivity shows the plateaus at values σxy = ±4(ν − 12 ) eh
characteristic for the special band structure of graphene. Whenever the Fermi energy
lies between two Landau levels, the Hall resistance presents a plateau, and the
longitudinal resistance drops to zero. When changing the back gate voltage for
fixed magnetic field, the Landau levels are probed by changing the Fermi energy
while keeping the Landau levels fixed. A similar measurement can be done by
sweeping the magnetic field for a fixed back gate voltage, as it can be seen in the
Shubnikov-de Haas measurement in Fig. 4.3(b). In this case, the Fermi level is
fixed, while changing the spacing and position of the Landau levels. The minima in
longitudinal resistance correspond again to the situation where the Fermi energy lies
between two Landau levels. The grey numbers in Fig. 4.3(a) and (b) indicate the
filling factors nnL , where nL = eB/h is the Landau level degeneracy. The half-integer
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Figure 4.3: (a) Longitudinal resistance and Hall conductivity as a function of back
gate voltage for B = 6 T. The grey numbers indicate the filling factors. The dashed
lines indicate the values expected for the quantum Hall plateaus for graphene. (b)
Longitudinal resistance as a function of magnetic field at VBG = 30 V, with indication
of the filling factors. (c) Longitudinal resistance as a function of applied back gate
voltage and magnetic field.

multiples of 4 for the filling factor, 2,6,10,..., come from the fact that the zero energy
Landau level only has 2nL electrons in the conduction band when it is completely
filled instead of 4nL as it is the case for the other Landau levels. The onset of the
Shubnikov-de Haas oscillations lies at B ≈ 2 T, and Shubnikov-de Haas minima up
to filling factor 50 can be clearly seen.
Fig. 4.3(c) shows the longitudinal resistance as a function of both back gate
voltage and perpendicular magnetic field. For B > 2 T, the resistance maximum at
the charge neutrality point splits into individual, equally spaced Shubnikov-de Haas
maxima. The 2D density of states of graphene leads to the following expression for
RE
E2
the density as a function of Fermi energy: n(EF ) = 0 F D2D (E)dE = π~2Fv2 , where
F
E = 0 is defined as the Dirac point. Together with the equation 2.5 for the Landau
level energies and the linear relationship between back gate voltage and induced
density (4.1), one gets the following expression for the back gate voltage values where
2e
the Fermi energy is aligned with the N-th Landau level: VBG,N = πα
N B. These back
gate voltages correspond to the resistance maxima in Fig. 4.3(c), leading to the
splitting linear in magnetic field and the fan-like structure. For a direct comparison
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with the measurement, the voltage offset due to doping should be added.

4.2

Characterisation of graphene side gates

4.2.1

Sample
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2

3
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Figure 4.4: AFM scan of the sample.
An etched single-layer graphene Hall bar is used to study the effect of graphene
in-plane gates. The structure can be seen in Fig. 4.4. The Hall bar has a width
W = 720 nm, and the distance between the voltage probes along the direction of
the current flow is L = 2 µm. Four graphene side gates are etched out of the same
flake, and are located 180 nm away from the Hall bar. All the measurements are
2
performed at T ≈ 2 K. At this temperature, the sample has a mobility µ ≈ 5000 cm
.
Vs

4.2.2

Measurements

Same voltage on all side gates
The black traces in Fig. 4.5(a) show the conductivity of the Hall bar as a function of
back gate voltage, for different voltages applied to all four side gates. At VSG = 0 V,
the minimum conductivity has the usually observed value σmin = 4e2 /h, and is
located at VBG ≈ 12 V due to chemical doping. The main effect of a voltage
applied to all four side gates is a shift of the position of the conductivity minimum
in back gate voltage, according to the overall relative lever arms of side gate and
back gate on the sample. This shift of the conductivity minimum can also be seen
in Fig. 4.5(b) showing a 2D color plot of the measured conductivity as a function
of VSG and VBG . There is one important difference between the back gate and the
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Figure 4.5: (a) Conductivity as a function of back gate voltage for different voltages
applied to all four side gates. The measurement data is represented by the black
traces, and the red traces are calculated based on the model presented in section
4.2.2. The dashed lines represent a conductivity value of 4e2 /h, and the traces are
offset for clarity by 4 · 4e2 /h. (b) Color plot of the measured conductivity as a
function of VBG and the voltage VSG applied to all four side gates. (c) Calculation
of the conductivity as a function of VBG and VSG . (d) Minimum conductivity value
a function of VSG , determined for the smoothed measurement traces (circles) and
the calculated traces (line).

side gates: the back gate is expected to act more or less homogeneously over the
whole Hall bar. The side gates, however, are expected to have a strong influence
close to the edges of the graphene, which decays rapidly towards the inner region
of the graphene due to screening. Therefore, a voltage applied to the side gates is
expected to make the system more inhomogeneous. A first indication for this effect
can be seen by having a closer look at Fig. 4.5(a). The dashed lines indicate the
conductivity value of 4e2 /h for each trace. While the minimum conductivity for
the measurement at VSG = 0 V is σmin = 4e2 /h, for high side gate voltages the
conductivity does not go down to this value any more. This can be seen even better
in Fig. 4.5(d). The circles represent the minimum conductivity for the different side
gate voltages, determined after smoothening the measured trace over 4 V in VBG .
While the minimum conductivity value is σmin ≈ 4e2 /h for VSG = 0 V, it goes up to
almost σmin ≈ 2·4e2 /h for VSG = ±60 V. This increase of the minimum conductivity
value is due to the fact that an applied side gate voltage creates a density gradient
along the width of the Hall bar. The measured conductance trace is therefore an
average over many conductance traces shifted with respect to each other along the
back gate voltage axis.
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Figure 4.6: Illustration of the model for the side gate influence. (a) Schematic
illustration of the Hall bar, with indication of the two channels considered in the
model. (b) Scheme of the induced carrier density over the width of the Hall bar,
with indication of the two regions, the simplified step-like density distribution (grey
areas) and a realistic distribution (solid line)

In order to analyze the effect of the side gates on the graphene density distribution in more detail, we establish a simple model. First, we assume that for
VSG = 0 V, the density in the Hall bar is homogeneous, and depends linearly on
the applied back gate voltage. The density distribution across the width of the Hall
bar induced by an applied side gate voltage is approximated by a step function,
with a thin region of width W1 /2 with constant, high induced density n1 along both
edges of the Hall bar, and a broad region in the the center of the Hall bar with
width W2 = Wtot − W1 with density n2 influenced only slightly by an applied side
gate voltage. Inside each of these regions, an applied side gate voltage is expected
to induce a homogeneous change in the carrier density, proportional to the applied
side gate voltage. The relative lever arms of the side gates on the regions 1 and 2
with respect to the back gate lever arm are called α1 and α2 . Together with the
constraint that the sum of the widths of the two regions has to be equal to the total
width of the Hall bar W1 + W2 = Wtot , this results in three free parameters.
We consider the Hall bar as composed of two conductors in parallel, consisting
of the two regions defined above. The conductivity inside each of the channels as a
function of VBG for a fixed value of VSG is assumed to be equal to the conductance
trace recorded for VSG = 0 V, shifted by a back gate voltage value proportional to
the density change induced by the side gate voltage in this region. This gives the
following expression for the total conductivity:
σ(VSG , VBG ) = βσ(0, VBG − α1 VSG ) + (1 − β)σ(0, VBG − α2 VSG ),

(4.2)

where β = W1 /Wtot is the relative width of region 1.
The parameters α1 , α2 and β are determined by searching the best agreement for
the curve measured at VSG = −60 V. The average relative lever arm αtot = βα1 +
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(1 − β)α2 determines the shift of the conductance minimum, while the parameter β
describing the relative width of both regions determines the lifting and broadening
of the conductivity minimum. The calculation based on the formula above has been
performed using the conductance trace at VSG = 0 V smoothened over 1.5 V in
back gate voltage. The best agreement is achieved for the parameters α1 = 4/15,
α2 = 1/12 and β = 1/4. This corresponds to an average penetration depth W1 /2 ≈
90 nm of the potential created by the side gates into the Hall bar. The same values
are then used for the calculation of the conductivity for all other side gate voltage
values, without any further free parameters.
The red traces in Fig. 4.5(a) show the results of this calculation for different
side gate voltages, together with the measured traces (black lines). The model
reproduces the conductivity well over the whole range of applied side gate and back
gate voltages. A complete overview of all different side gate voltages is given in the
color plot in Fig. 4.5(c) representing the calculated conductivity as a function of
VSG and VBG . It can be compared to the corresponding measurement represented
in Fig. 4.5(b). The white corners in Fig. 4.5(c) result from the limited back gate
voltage range of the data recorded at VSG = 0 V, which is used for the calculations.
The minimum conductivity value of the traces calculated by the model are plotted in
Fig. 4.5(d) as a function of side gate voltage (black line) and compared to the values
deduced directly from the measured traces (circles). The increase of the minimum
conductivity value with applied side gate voltage is very well reproduced by the
model, with only slight deviations for high side gate voltages. This shows that a
density gradient along the width of the Hall bar, or any inhomogenous doping of
the graphene in general, can increase the minimum conductivity value. This has to
be taken into account when discussing the possible universal minimum conductivity
value by making sure the studied samples are not doped in an inhomogenous way.
Side gates in p-n configuration
Besides applying the same voltage to all four side gates, many other more complicated gate configurations are possible. Here we present the situation depicted in Fig.
4.7(a), where a p-n like configuration is created along the length of the Hall bar.
The voltage VSG is applied to the side gates (1) and (4) from Fig. 4.4, and −VSG is
applied to the side gates (2) and (3). The conductance measured as a function of
back gate voltage for different values of VSG is displayed in Fig. 4.7(d) (black traces).
The traces for different VSG are vertically offset by 4 · 4e2 /h, and the dashed lines
indicate a conductivity value of σ = 4e2 /h. Due to a slight change of the sample
with time, the minimum conductivity for the trace measured at VSG = 0 V is now
slightly larger than 4e2 /h. When applying side gate voltages in the p-n configuration, the minimum value of the conductivity increases and gets broader. However,
in contrary to the case where the same voltage is applied to all four side gates, the
position of the minimum remains unchanged. This indicates that both pairs of side
gates have the same lever arm on the Hall bar and on average they compensate each
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Figure 4.7: (a) Illustration of the Hall bar with the voltages applied to the side gates
in the PN-configuration. (b) (b,c) Measured (b) and calculated (c) conductivity as
a function of side gate and back gate voltages. (d) Measured (black lines) and
calculated (red) conductivity as a function of back gate voltage for different voltages
applied to the side gates in the PN-configuration. The traces are offset vertically for
clarity, and the dashed lines indicate a conductivity value of 4e2 /h.

other. The same measurement for the full range of side gate voltages can be seen
in the color plot shown in Fig. 4.7(b), displaying the conductivity as a function of
VBG and VSG .
The same model as discussed above can also be applied to this case. The Hall
bar is divided into two parts along its length, connected in series. Each of this parts
is assumed to be affected only by the side gates close to the respective section. For
both sections, the conductivity is calculated by the model described above as in the
case of the same voltage applied to all four side gates, using the same parameters for
α1 , α2 and β. Only the trace for VSG = 0 V has to be replaced by a trace belonging
to the measurement series of this configuration due to an alteration of the sample
with time. Finally, both sections of the Hall bar are considered to be connected in
series:
σPN (VSG , VBG ) = 2[σ(VSG , VBG )−1 + σ(−VSG , VBG )−1 ]−1 ,
(4.3)
where σ(VSG , VBG ) is calculated using equation 4.2. Thus there is no free parameter
in these calculations. The result of this calculation is shown by the red traces in Fig.
4.7(d) and the 2D color plot in Fig. 4.7(c). The white corners in the 2D color plot of
the calculated data represent regions which are not accessible by the extrapolation
of the data recorded at VSG = 0 V. The calculation reproduces the measured traces
remarkably well, except close to the charge neutrality point for very high side gate
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voltages, where the measured conductivity is lower. We attribute this to the fact
that the central region between the two sections, where the effect of both pairs of
side gates compensates each other, is neglected. Taking into account this region
would add an additional, unshifted trace into the averaging process, and therefore
decrease the conductivity at its minimum.
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Figure 4.8: (a) Magnetoresistance (red) and Hall resistance (black) as a function of
back gate voltage for B = 8 T and VSG = 0 V. The dashed lines indicate the positions
expected for the Hall plateaus of single layer graphene. (b) Longitudinal resistance
and Hall resistance at B = 8 T for different voltages applied to all four side gates.
The vertical dashed lines indicate the center of the middle peak in longitudinal
resistance. The short horizontal lines mark a resistance value of ± 2eh2 , where the
first plateau in the Hall resistance is expected. (c) Position of the charge neutrality
point in back gate voltage determined from the longitudinal magnetoresistance (red)
and Hall resistance (black) as a as a function of VSG . The blue line indicates the
charge neutrality point shift as calculated by the model described in the section 4.2.2
(offset arbitrarily chosen).
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Fig. 4.8(a) shows the longitudinal resistance (red) and Hall resistance (black),
measured as a function of back gate voltage in a perpendicular magnetic field B =
8 T and VSG = 0 V. The dashed lines mark the resistance values expected for the
Hall plateaus for single-layer graphene, and coincide well with the measurement. The
longitudinal resistance shows the typical oscillations, and the positions of the minima
in Rxx coincide with the plateaus in Hall resistance. The longitudinal resistance goes
down to zero at the first minimum on each side of the charge neutrality point. Fig.
4.8(b) shows the longitudinal and Hall resistance upon application of a voltage VSG to
all four side gates. The traces for different side gate voltages are offset for clarity by
7 · 4eh2 . An applied side gate voltage disturbs the regular shape of the Hall resistance
and longitudinal resistance. The plateaus in the Hall resistance become shorter and
less flat. The maximum of the longitudinal resistance at the charge neutrality point
is broadened and less high, and the symmetric shape of the longitudinal resistance
around the charge neutrality point is destroyed. If VBG has the opposite sign than
VSG , the longitudinal resistance is increased, and for large enough side gate voltages
the first resistance minimum no longer goes down to zero (arrows in Fig. 4.8(b)). In
this situation, the edges of the Hall bar have opposite doping than the central part.
This probably makes the incompressible bulk region narrower, leads to a decrease in
the spatial separation of edge channels running in opposite directions and therefore
increased backscattering.
While for VSG = 0 V, the charge neutrality point observed in longitudinal resistance and the one in Hall resistance coincide and Hall plateaus lie at the same back
gate voltage as minima in longitudinal resistance, both resistance traces shift by a
different amount in back gate voltage with an applied side gate voltage. The position
of the charge neutrality point determined from the maximum in longitudinal resistance, indicated by the vertical dashed lines, shifts faster than the charge neutrality
point in the region probed by the Hall resistance, which corresponds to the back
gate voltage where the Hall resistance is equal to zero. This comes from the fact
that both measurements probe a different region of the sample. A measurement of
the longitudinal resistance probes the whole area between the voltage probes, which
is affected strongly by the side gates. The Hall resistance on the other hand mainly
probes the density in the Hall cross, which is located less close to the side gates and
therefore the side gate lever arm on the Hall cross is smaller. However, the range of
side gate voltages was not large enough to reach a situation with different filling factors along the Hall bar and in the weakly gated region in the Hall cross. Fig. 4.8(c)
shows a closer analysis of the position of the charge neutrality point in back gate
voltage as a function of applied side gate voltage, deduced from the Hall resistance
(black) and longitudinal resistance (red). The values are determined by performing
a running average of the resistance traces over 1 V in VBG , and determining the
back gate voltage corresponding to the maximum of the longitudinal resistance or
the point where the Hall resistance goes to zero. The solid blue line indicates the
result of the model described in section 4.2.2. Its slope is obtained by averaging the
relative lever arm between back gate and side gates over both channels weighted by
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their width: αtot = βα1 + (1 − β)α2 . It is in reasonable agreement with the shift of
the charge neutrality point extracted from the maximum of the magnetoresistance,
which is also thought to probe the entire region between the voltage probes. The
shift of the charge neutrality point extracted from the Hall resistance is rather small,
in agreement with the assumption that the side gates have only little influence in
the region of the Hall cross. Deviations from this behavior in both quantities for
high side gate voltages could be related to the electric field extending into the region
of the voltage probes.

4.3

Conclusion

We have presented transport measurements on a single layer graphene flake. A
semiclassical Drude model is used to extract the mobility. Magnetoresistance measurements present clear Shubnikov-de Haas oscillations, together with the quantum
Hall plateaus characteristic for single layer graphene. An etched graphene Hall
bar with in-plane graphene side gates is used to study the effect of graphene side
gates on the transport properties of a graphene flake. As expected, the side gates
lead to in inhomogeneous doping of the structure, which we can describe well by a
model taking into account two parallel conductors, being differently influenced by
the side gates. Applying a voltage to the side gates increases the minimum conductivity value, which has to be taken into account when studying its possible universal
value.
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Aharonov-Bohm effect in a
graphene ring
Phase coherence effects of charge carriers in graphene can be studied by analyzing
weak localization and universal conductance fluctuations in 2D graphene samples
[74–76] and Fabry-Perot interference in a cavity created by top gates [77]. However,
one of the most direct consequences of the interference between charge carriers is the
Aharonov-Bohm effect, resulting from interference between partial waves through
the two arms of a ring. In this chapter, we study the Aharonov-Bohm effect in a
side-gated graphene ring. We observe Aharonov-Bohm oscillations with about 5 %
visibility. By changing the voltages applied to side and back gates, we can change the
relative phases of both paths, and induce phase jumps of π in the Aharonov-Bohm
oscillations.

5.1

Aharonov-Bohm effect

In 1801, Thomas Young performed the double slit experiment showing interference
between light waves. This observation was considered as a proof of the wave nature
of light. In the double slit experiment, a monochromatic wave of light or matter is
diffracted by two slits with a width narrower than the wavelength. An observation
screen placed behind the slits presents an interference pattern consisting of oscillations of the wave intensity periodic in space. The analogue of this experiment in
semiconductor nanostructures is the Aharonov-Bohm effect in a ring structure. As
particles are detected in fixed contacts, it is impossible to observe the interference
pattern as a function of position. However, the relative phase between the two paths
can be changed by changing the enclosed magnetic flux φ. In order to avoid that too
much intensity is lost because of particles escaping the structure due to scattering,
a closed ring structure, as it is sketched in Fig. 5.1, is usually used.
The probability amplitude t1/2 for transmission along the upper or lower path
is given by t1 = a1 eiθ1 or t2 = a2 eiθ2 . a1 and a2 are real positive numbers between
zero and one, and the phases θ1/2 are also real numbers. The intensity of the
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γ1

B
γ2
Figure 5.1: Schematic illustration of the Aharonov-Bohm effect in a ring geometry. The blue lines indicate the path of the carriers through both arms, and a
homogeneous magnetic field is applied perpendicular to the plane.

resulting wave is given by T = |t1 + t2 |2 = a21 + a22 + 2a1 a2 cos δ, with δ = θ1 − θ2 .
The last term 2a1 a2 cos δ is the part responsible for the quantum interference. A
~ r) enclosed by the paths modifies
magnetic flux φ described by a vector potential A(~
|e| R
~
the phase difference: δ(φ) = δ(0) − ~ γ1 −γ2 Ad~s = δ(0) − 2π φφ0 , where φ0 = he is
the magnetic flux quantum. As a consequence, the transmission through the ring
becomes flux-dependent: T (φ) = a22 + a22 + 2a1 a2 cos[δ(0) − 2π φφ0 ]. Therefore, it is
possible to observe interference between two waves at a fixed spatial contact position
by changing the magnetic flux. The transmission is periodic in magnetic field, with
, where A is the area enclosed by the paths. In addition, for
a period ∆B = h/e
A
long enough phase coherence lengths, higher order oscillations can be observed, as
.
for example the h/2e-periodic oscillations with a period ∆B = h/(2e)
A
A more detailed discussion of the Aharonov-Bohm effect can be found in Ref.
[54].

5.2

Sample characterization

Fig. 5.2(a) shows an AFM scan of the graphene ring sample used for the AharonovBohm measurements. The Raman spectrum presented in Fig. 5.2(b) is a proof for
the single layer nature of the graphene flake. The ring structure has an inner radius
rmin = 200 nm and an outer radius rmax = 350 nm. The quite large width of the
ring arms W = 150 nm has been chosen to avoid the formation of localized states in
the arms, as it occurs for graphene ribbons with a width below 100 nm [32, 34–38].
The graphene ring itself has two terminals, connecting the ring to a ribbon of width
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Figure 5.2: (a) AFM scan of the sample. The ring structure has an inner radius
of 200 nm and its outer radius is 350 nm. (b) Raman spectrum of the graphene
flake, recorded before processing. (c) Four-contact resistance through the ring as a
function of applied back gate voltage, measured with a constant current I = 10 nA
at T = 500 mK.

Wribbon = W = 150 nm and length Lribbon = 350 nm. At the end of those ribbons,
there is a branching into two contact pads, allowing four-contact measurements of
the graphene ring. All the measurements presented in this chapter are done in this
configuration.
The measurements are recorded in a He3 cryostat at a base temperature T ≈
500 mK. The resistance is measured by standard low-frequency lock-in technique
by applying a constant current. A magnetic field is applied perpendicular to the
sample plane.

5.3
5.3.1

Measurements
Characterization at B = 0 T

The resistance measured in this four-contact configuration as a function of back gate
voltage can be seen in Fig. 5.2(c). The charge neutrality point is shifted to VBG ≈ 10
V due to chemical doping. The measured resistance consists of the resistance of the
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graphene ring Rring in series with the resistances Rribbon of the ribbons connecting
π

Rmin +Rmax

2
the ring to the branching: R = Rring + 2Rribbon = 12
ρ + 2 Lribbon
ρ = 7.5 ρ,
W
W
1
where ρ = σ is the resistivity of the graphene sheet at the given density. Hence the
ring contributes ≈ 38% of the total measured resistance. When using the parallel
plate capacitor model to estimate the carrier density, the semiclassical Drude model
gives a mobility µ ≈ 2500 cm2 V−1 s−1 for the hole side, where all measurements
in the following sections are performed, and even lower on the electron side of the
charge neutrality point.
However, this estimation for the mobility is very inaccurate, and probably only
exact up to about a factor of 2. Comparison between measurement traces performed
at different moments and different ranges in back gate voltage for the linear fit of the
conductivity yields fluctuations of the mobility value of 20%, corresponding to the
statistical error. But in addition to this statistical error, in the case of this sample
geometry a considerable systematic error is possible. The plate capacitor model is
only accurate for geometries where the lateral extent of the graphene is significantly
larger than the distance from the back gate, which is not the case here. For graphene
nanoribbons, the electric field lines deviate from the parallel field lines in the case of a
plate capacitor, and the capacitance is enhanced compared to the plate capacitance.
Ref. [78] gives an expression for the enhancement of the capacitance C with respect
to the plate capacitance C0 for a ribbon of width W at a distance d from the back
gate:
2
W
W
16d2
C0
= arctan
+
ln(1 +
).
(5.1)
C
π
4d 4dπ
W2
For a ribbon of width W = 150 nm, this corresponds to an enhancement of the capacitance CC0 ≈ 2.5. However, due to screening by the side gates which are only 150
nm away, the enhancement of the capacitance is probably less. An underestimation
of the capacitance leads to an underestimation of the density, and therefore an overestimation of the mobility. Finally, we only know the lithographic width of the ring
arms, but the region actually contributing to the transport could be narrower. This
overestimation of the width would lead to an underestimation of the conductivity
and the mobility.
An analysis of the different length scales relevant for the transport properties
gives further information about the regime. At a typical back gate voltage VBG =
−5.8 V used for most of the measurements, the plate capacitor model gives a density
n = α∆VBG ≈ 1.1·1012 cm−2 , where ∆VBG is the difference between the applied back
gate voltage and the position of the charge
q neutrality point. The Fermi wavelength

corresponding to this density is λF =
√

4π
n

≈ 33 nm. The mean free path is given

by l = ~µ e πn = 31 nm. This is much smaller than all the sample dimensions,
especially the width W = 150 nm of the ring arms and the circumference of the
ring L = 2πr0 = 1.7 µm, where r0 = 275 nm is the mean ring radius. Therefore,
the presented measurements are in the diffusive regime. However, as the mean free
path is of the same order as the Fermi wavelength, we are at the edge of the validity
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of the dirty metal
regime, and close the localization of the carriers. The thermal
q
~vF l
length lth = 2kB T ≈ 500 nm is a measure for the influence of thermal averaging
on phase coherence effects. It defines the largest system where thermal smearing of
electronic energies over kB T will not mix uncorrelated energies in the sum over path
[79]. As it is significantly smaller than the ring circumference L, thermal averaging
of interference contributions is expected to reduce the strength of phase coherent
effects.

5.3.2

Aharonov-Bohm effect measurements
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Figure 5.3: (a) Four-terminal resistance through the ring as a function of magnetic field, measured at VBG = −5.789 V with a constant current I = 0.6 nA. (b)
Representation of the conductance in units of e2 /h as a function of magnetic field,
determined from the resistance measurement presented in (a). (c) Resistance measurement presented in (a), after subtraction of the background obtained by averaging
over one Aharonov-Bohm period. (d) Fourier transform of the raw data presented
in (a)

Fig. 5.3(a) presents the four-contact resistance through the graphene ring as a
function of magnetic field, measured at VBG = −5.789 V. It shows strong modulations of the resistance on a magnetic field scale on the order of 100 mT, due to
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universal conductance fluctuations. Fig. 5.3(b) shows the same data, plotted as
conductance in units of e2 /h. The amplitude of these conductance fluctuations is
≈ e2 /h, as it is expected for a system where the phase coherence length is larger
or of the same order as the system size. On top of these slow modulations of the
resistance in Fig. 5.3(a), much faster periodic oscillations can be seen. They become even clearer when the slowly changing background resistance is subtracted,
determined by performing a running average over one period in magnetic field (Fig.
5.3(c)). 1 The subtraction of the background modulations resulting from conductance fluctuations is possible due to the large enough aspect ratio between the mean
radius of the ring r0 and the width W of the arms. Conductance fluctuations and
φ0
Aharonov-Bohm oscillations occur on different magnetic field scales: ∆BAB ≈ πr
2
0

and ∆BCF ≈ Wφ0lϕ .
The Aharonov-Bohm oscillations have a period of ∆BAB = 17.8 mT. This
corresponds
to the h/e-periodic Aharonov-Bohm oscillations of a ring of radius
q

h
r =
= 272 nm, which corresponds almost exactly to the mean radius
eπ∆B
r0 = 275 nm extracted from the lithographic dimensions of the ring structure.
This can also be seen in the Fourier transform of the raw data resistance trace,
shown in Fig. 5.3(d). The vertical dashed lines indicate the limits for the h/eperiodic Aharonov-Bohm oscillations obtained from the lithographic rmax and rmin .
The peak lies in the center of this window, but is significantly narrower than its
width. This could be an indication that the carrier trajectories to not cover the
whole width of the ring arms. Higher harmonics, especially the h/2e-periodic oscillations, are not visible in the measurement trace nor to they lead to a clear peak in
the Fourier spectrum.
The amplitude of the oscillations is strongly modulated as a function of magnetic
field. This is probably due to the finite width W of the sample, leading to multiple
modes contributing to transport. The maximum amplitude of the Aharonov-Bohm
oscillations relative to the measured resistance is 10%. Considering the fact that
only ≈ 40% of the measured resistance drops over the ring, this corresponds to a
relative change of the ring resistance of 25%. However, due to the very limited
sample stability, the visibility of the Aharonov-Bohm oscillations depends strongly
on the history of the sample, and not all the back gate voltage ranges were stable
enough to observe oscillations.
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Figure 5.4: (a),(c) Four-terminal resistance through the ring as a function of magnetic field and voltage applied to the lower side gate, measured at VBG = −5.789 V
(a) and VBG = −10 V (c). The upper side gate is grounded. (b),(d) Same data as
represented in (a) and (b) after subtracting the background resistance for each value
of VSG by the procedure described above.

5.3.3

Phase jumps induced by side gate voltages

Fig. 5.4(a) and (c) show the resistance as a function of magnetic field and voltage
applied to the lower side gate. The back gate voltage is kept fixed at VBG = −5.789
V for (a) and VBG = −10 V for (c), and the upper side gate is grounded. Again
conductance fluctuations can be seen, as well as a function of magnetic field and side
gate voltage. On top of the conductance fluctuations, Aharonov-Bohm oscillations
are visible. The background resistance fluctuations are removed by the procedure
described above, leading to the data represented in Fig. 5.4(b) and (d). Now, the
1

In order to determine the background resistance, the measured trace shown in Fig. 5.3(a) is
first fitted by a polynomial function of degree 20. This rough approximation of the background is
subtracted from the measurement data, and a Fourier transform of the resulting trace is performed.
The B-field frequency corresponding to the maximum in the spectrum obtained from the Fourier
transform gives the period in magnetic field of the oscillations. A running average over this period
is performed on the measured data trace, which gives the background resistance trace.
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Aharonov-Bohm oscillations are clearly visible in the whole range. Abrupt changes
from a maximum to a minimum at B = 0 T can be observed. This behavior is in
agreement with the generalized Onsager relation, which requires that two-terminal
resistance measurements are symmetric in magnetic field. Even if our measurement
is not a true two-terminal measurement, the symmetry is largely conserved as the
ring has only two terminals, and the distance between the branchings is smaller than
lth and lϕ . This requires a phase at B = 0 T of δ(0) = 0 or δ(0) = π, and therefore
the oscillations have to present either a minimum or maximum at B = 0 T. The
spacing between two phase jumps is about ∆VSG ≈ 100 mV for VBG = −5.789 V,
and slightly larger for VBG = −10 V.
A change in the applied side gate voltage can lead to a phase jump for two
different reasons. On one hand, it can modify the length of the electron path, and
therefore change the phase. On the other hand, a change in the side gate voltage
also changes the Fermi energy and the Fermi wavevector. For a two-dimensional
diffusive graphene sample of length L1 , the effective length of an electron trajectory
eL2
L2
through the sample is Leff = l1 = ~µk1F [80]. The phase accumulated along such
eL2

a trajectory is θ = kF Leff = ~µ1 . Assuming that the mobility does not change,
which is usually the case for graphene samples, the phase is independent of Fermi
wavevector or energy. In this simple approximation, an external voltage should not
change the Aharonov-Bohm phase. Therefore, it is also unclear if the concept of
thermal energy or length makes sense in the case of graphene.
In the absence of any better theory, we estimate the side gate voltage needed for a
phase jump, assuming that the path length does not change. A change of the voltage
applied to the lower side gate mainly affects only one arm of the ring. Therefore, we
consider the phase change for the propagation along one ring arm: ∆θ = ∆kF Leff ,
eL2
L2
where Leff = l1 = ~µk1F with L1 = πr0 is the length of one ring arm. The condition
for a phase jump is ∆θ = π. A change in Fermi wavevector
can be related to the
√
change
in density by the following formula: kF = πn ⇒ ∆kF = 12 π(πn)−1/2 ∆n =
pπ
∆n. The factor α relating density and back gate voltage, determined from the
4n
parallel plate capacitor model, and the relative lever arms between back gate and
side gate on the ring arm lead to the following relationship between change in the
∆VSG . The relative
applied side gate voltage and density: ∆n = α∆VBG = α ααBG
SG
lever arms of side gate and back gate can be estimated from the color plot in Fig. 5.5,
representing the resistance close to the charge neutrality point as function of back
gate voltage and side gate voltage. Two different slopes can be identified, highlighted
by red and black dashed lines. These two slopes correspond to the following relations
between back gate and side gate lever arms: ααBG
≈ 15 (red) and ααBG
≈ 5 (back).
SG
SG
We identify the black slope, where the side gate lever arm is strongest, as the lever
arm on the ring arm close to the lower side gate, and the red lines to the lever arm
of the side gate on the other arm of the ring. When putting everything together,
one getspthe expression for the change in kF for a given change in side gate voltage:
π
SG
α ααBG
∆VSG ≈ 1.2 · 106 m−1 V−1 ∆VSG . The spacing in side gate voltage
∆kF = 4n
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between two phase jumps is given by the condition ∆θ = π ⇒ ∆VSG ≈ 110 mV.
This is of the same order of magnitude than the value observed in the measurement
represented in Fig. 5.4(b).
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Phase jumps induced by back gate voltages
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Figure 5.6: (a) Four-terminal resistance through the ring as a function of magnetic
field and back gate voltage, measured around VBG = −5.7 V with both side gates
grounded. (b) Same measurement data as represented in (a), after subtraction of
the background resistance by the procedure described above.

Fig. 5.6(a) shows the resistance as a function of magnetic field and back gate
voltage, measured for a small back gate voltage range around VBG ≈ −5.7 V with
both side gates grounded. The same data after subtracting the slowly varying background resistance is presented in Fig. 5.6(b). However, it is not always possible to
remove the background fluctuations completely, if they occur on the same magnetic
field scale as the Aharonov-Bohm oscillations. This is the case at VBG ≈ −5.1 V,
where the resistance presents a maximum at B = 0 T even if we would expect a
minimum from the periodicity of the oscillations. Again, abrupt transitions between
minima and maxima at B = 0 T can be observed. In a first approximation, for a
perfectly symmetric ring we wold not expect a phase jump when changing the ap-
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plied back gate voltage, as it should act in the same way on both arms of the ring.
However, due to disorder the situation is never perfectly symmetric. A difference in
the length of the paths through both arms is already enough to lead to phase jumps.

5.4

Conclusion

A graphene ring sample allows to observe Aharonov-Bohm oscillations. h/e-oscillations
as well as universal conductance fluctuation of amplitude e2 /h are clearly visible in
the four-contact measurement. However, higher order oscillations could not be observed. This might be related to the low mobility and the bad stability of the sample.
This made it impossible to compare the oscillation amplitude for different back gate
values. The phase of the oscillations can be changed by changing the voltage applied
to the back and side gates.
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Chapter 6
Graphene constrictions
The special bandstructure of graphene is responsible for its unique electronic properties, a for example the half-integer quantum Hall effect. However, the absence
of a bandgap has also some drawbacks. For example, it is impossible to pinch off
the current through a graphene transistor by applying a gate voltage, or to confine
carriers in quantum dots electrostatically. One way to overcome this problem is to
pattern graphene into narrow constrictions, with a width below 100 nm. For such a
constriction, there is a certain back gate voltage range where the current through the
constriction is suppressed. In this chapter, we study the origin of such a transport
gap in graphene constrictions, and analyze the influence of different parameters, as
for example the constriction geometry or an applied side gate voltage.

6.1
6.1.1

Constrictions in semiconductor nanostructures
and graphene
Ballistic quantum point contacts in semiconductor nanostructures

Point contacts in semiconductor 2DEGs, most commonly in GaAs, can be formed
by placing two split-gate electrodes on top of the heterostructure. A schematic top
view of such a structure can be seen in Fig. 6.1(a). When applying a negative
voltage to the top gates, the electron gas below is depleted, and the region below
the gates is no longer conductive. The only connection between the reservoirs on
both sides of the gates is the narrow channel between both gates. The width of this
channel can be narrowed by applying even more negative voltages to the top gates,
until the channel is completely pinched off.
In 1988, it has been shown by van Wees et al. [81] and Wharam et al. [82]
that the resistance of such a point contact at low temperatures as a function of gate
voltage shows a series of steps. After subtracting a constant background resistance
from the contacts and leads and transforming the resistance into conductance, the
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(a)

(b)

Figure 6.1: Schematic top view of the split gate structure used in Ref. [81]. Conductance through the quantum point contact after subtracting the resistance of the
leads. Taken from Ref. [81]
2

values of the conductance plateaus correspond to multiples of 2eh . This can be seen
for example in the original data by van Wees et al., presented in Fig. 6.1(b). The
quantization comes from the fact that due to the lateral confinement, the transverse
modes are quantized, and a change in the point contact width changes the number of occupied modes. Due to spin degeneracy, each mode contributes twice the
2
conductance quantum G0 = eh to the conductance.
The conditions for the observation of the conductance quantization are the following: The point contact has to be ballistic, which means that the mean free path
of the carriers has to be long compared to the length and width of the channel.
The width of the channel has to be comparable to the Fermi wavelength, and the
temperature has to be low compared to the energy spacing of the transverse modes.
Details about the theory of quantum point contacts in semiconductors can be
found in the references [53] and [54].

6.1.2

Theoretical predictions for graphene nanoribbons

The theoretical study of graphene nanoribbons is a very active field, with a multitude
of papers presenting calculations or simulations to explain the observed transport
gap. In the case of ideal graphene nanoribbons, with no disorder and perfect zigzag
or armchair edges, the bandstructure is very sensitive to the crystalline orientation
of the ribbon and to its exact width. [83–86] Nanoribbons with zigzag edges have flat
energy bands near zero energy, corresponding to extended edge states. Depending
on the precise width of the ribbon, armchair nanoribbons can be either metallic or
semiconducting with a gap inversely proportional to the ribbon width.
Experimentally, the fabrication of graphene nanoribbons with perfect zigzag or
armchair edges is very challenging, and even impossible at the present state of technological development. Real samples do not have perfect edges, but the edges are
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disordered, and probably passivated. In addition to the edge roughness, there is
bulk disorder, originating for example from charged impurities in the substrate or
dirt below or above the graphene. Calculations have shown that a small amount
of edge roughness is enough to lead to Anderson localization, and a region in gate
voltage around the charge neutrality point where the conductance is strongly suppressed. [87–92] Other theoretical models are based on Coulomb blockade in a
series of quantum dots [93] or density inhomogeneity driven metal-insulator transition [94]. Conductance quantization is not expected to be observed experimentally,
as calculations show that very little edge disorder is already enough to destroy the
conductance steps.[88, 91]

6.2

Samples

In total 9 constrictions, located on three chips, are studied. They have different
length and widths, and are measured in different setups. An overview about the
samples is given in the AFM scans in Fig. 6.2 and table 6.1. All the constrictions
consist of single layer graphene, and are fabricated with the method described in
chapter 3.
A

C

200 nm 200 nm

200 nm
B

D

200 nm

E

F

G

I

200 nm

200 nm

H

200 nm

200 nm 200 nm

Figure 6.2: AFM scans of the different constrictions studies in this chapter.

6.3

Characterisation of graphene constrictions: opening a transport gap

Fig. 6.3(a) shows the conductance through the constriction F (L = 500 nm, W = 85
nm) as a function of back gate voltage. Around VBG = 0 V, there is a region of
strongly suppressed conductance, the so-called transport gap. However, inside this
transport gap, the current is not completely suppressed, but there are many sharp,
reproducible conductance resonances. The size of the transport gap in back gate
voltage can be quantified by the procedure shown in Fig. 6.3(b). The conductance
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Label Sample
A
FA32
B
FA32
C
FA32
D
FA32
E
FA32
F
FA32
G
FE9
H
FE9
I
NoG12

Flake
1
1
1
1
2
2
3
3
4

Length (nm)
100
100
100
100
200
500
300
300
45

Width (nm) Temperature (K) Comments
30
2
65
2
75
2
100
2
85
2
85
2
32
4.2
HMDS?
65
4.2
HMDS?
35
2

Table 6.1: Overview of the different constrictions studied in this chapter. The substrate of the sample FE9 was exposed to HMDS vapor before graphene deposition,
but it is not sure whether the hydrophobic coating is present.

trace is smoothened over a back gate voltage range large enough to eliminate the
resonances, without changing the general shape. The linear regions on both sides of
the transport gap are selected by hand, and a linear fit is performed (black lines).
The size of the transport gap in back gate voltage ∆Vgap,BG is defined as the distance
between the intersecting points of the linear fits with the G = 0 line (∆Vgap,BG = 3.4
V). Different approaches to define the gap, as for example defining a cutoff current,
gave the same overall results, even if the detailed values change slightly.
Fig. 6.3(c) shows the conductance measured as a function of applied back gate
and bias voltage. A region of strongly suppressed conductance can again be observed, with an extent Egap /e in bias voltage and ∆Vgap,BG in back gate voltage. A
closer look at this region of suppressed conductance, presented in Fig. 6.3(d), shows
that it is composed of individual diamond-shaped regions, sometimes overlapping.
The physics is governed by statistical Coulomb blockade, but the number of dots
is small enough to prevent complete self-averaging [95]. The gap is shifted in back
gate voltage compared to Fig. 6.3(a)-(c) due to a change of the sample between the
corresponding measurements. The energy of the gap in bias direction Egap is defined
as the charging energy of the largest diamond.
These two measures of the gap size lead to two different energy scales that differ
by more than an order of magnitude: Egap ≈ 8.5 meV and the gap region in Fermi
energy corresponding to ∆Vgap,BG is ∆EF ≈ 80 − 180 meV1 .
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Figure 6.3: Characterization of the transport gap on the example of the constriction
F. (a) Conductance as a function of back gate voltage VBG . The measurement is
performed with a bias voltage Vbias = 300 µV. (b) Procedure used to determine
the size of the transport gap in back gate voltage Vgap,BG . The trace from (a) is
smoothened over 2.5 V in VBG . The black lines indicate the linear fits used to
determine the gap size. (c) Conductance as a function of applied back gate and bias
voltages. (d) Zoom of the region of suppressed conductance measured in (c).

6.4

Model for the opening of a transport gap

The transport gap expected from theory for a perfect graphene nanoribbon is much
smaller than the extent of the measured gap in Fermi energy ∆EF . However, the two
energy scales can be explained by assuming the presence of a small band gap in the
constriction, for example due to confinement, superimposed on a disorder potential.
Such a disorder potential has been proven to exist in two-dimensional graphene on
1

The lower bound is given by the plate capacitor model, the upper bound using equation 5.1
for the capacitance between the back gate and a narrow ribbon. Due to screening from the side
gates, the real value is expected to lie between both values.
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(a)

(b)
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Figure 6.4: Schematic illustration of the origin of the transport gap in a graphene
constriction. (a) Cartoon of quantum dots forming along the ribbon. (b) Schematic
band diagram representing the top of the valence band and the bottom of the conduction band as a function of the position along the nanoribbon. The horizontal
black line indicates the Fermi energy, and red and blue regions electron and hole
puddles or dots.

top of SiO2 substrate by measurements with a scanning SET [64]. If the back gate
is adjusted such that the Fermi energy lies close to the charge neutrality point,
the system falls into electron and hole puddles, with Klein tunneling between those
puddles. On a sufficiently narrow graphene nanoribbon, the puddles are spatially
separated due to the confinement gap, and carriers can only propagate from one
puddle to the other by real tunneling events. This leads to a series of quantum dots in
the constriction. A schematic illustration of this model is presented in Fig. 6.4. Fig.
6.4(a) shows a schematic view of the ribbon, together with the electron puddles in red
and hole puddles in blue. In the region of the constriction, the puddles are spatially
separated, leading to a series of individual quantum dots. The corresponding band
diagram for a cut along the constriction can be seen in Fig. 6.4(b). The grey region
indicates the band gap, separating the lower edge of the conduction band from the
upper valence band edge. Changing the back gate voltage shifts the Fermi energy.
For very positive back gate voltage, the Fermi energy lies high above the gapped
region in the conduction band. The whole structure is electron-doped, and the
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current can flow freely. When decreasing the back gate voltage, the Fermi energy is
lowered, and reaches the region of the gap. The graphene carriers fall into electron
and hole puddles, with a series of quantum dots in the constriction. For a more
negative back gate voltage, the Fermi level lies below the band gap. The sample is
fully hole-doped, and current can flow again. Therefore, the extent of the transport
gap in Fermi energy corresponds to the range where the system falls into individual
localized quantum dots, and ∆Vgap,BG is a measure of the sum of the confinement
gap and the magnitude of the disorder potential. J. Martin et al. [64] deduce a
lower bound for the disorder potential ∆n ≈√±2.3 · 1011 cm−2 , which corresponds a
potential fluctuation magnitude ∆E = 2~vF π∆n ≈ 112 meV. This is of the same
order of magnitude than the extent of the transport gap in back gate in Fermi energy
∆EF ≈ 80 − 180 meV. In the case of a graphene constriction, the disorder could be
even enhanced due to additional potential fluctuations resulting from rough edges.
The extent of the diamonds in bias voltage are a measure for the charging energy
of the dots formed in the constriction. The charging energy of the largest diamond
Egap can be related to the smallest dot able to block the transport through the
ribbon. In the case of the constriction presented in Fig. 6.3 of dimensions L = 500
nm and W = 85 nm, the largest charging energy is Egap ≈ 8.5 meV. Using a disc
model, this leads to a quantum dot diameter d ≈ 200 nm. As this is larger than
the ribbon width, the dots probably have an elongated shape. However, this is only
a very rough approximation, assuming that the entire bias voltage drops over one
single quantum dot.
There are additional arguments supporting the idea that the suppression of the
conductance is due to the formation of localized puddles in the constrition, published
in Ref. [36]. The charging energy of the diamonds depends on the back gate voltage,
and is largest in the center of the transport gap. This could be explained by the fact
that if the Fermi energy is fixed at the edge of the gapped region, individual dots
merge and form larger dots, with smaller charging energy. Second, an additional
in-plane plunger gate allows to compare the relative lever arms between back gate
and plunger gate on different resonances. Variations in lever arm of up to 20% are
observed, which can be explained by different spatial locations of the individual
localizations. Finally, a near-by single electron transistor (SET) can be used to
observe individual charging events in the constriction.
However, the presence of a confinement gap together with disorder is not the
only possible origin of the formation of localised puddles in the constriction, and
probably the real situation is more complicated. In fact, the band structure of a
graphene nanoribbon strongly depends on the edges, and a band gap only forms for
very specific configurations. In the experimentally studied samples, the edges are
probably very rough, and neither perfectly zigzag or armchair. However, even in
the absence of a confinement gap, localized islands can form in the constriction as
a consequence of strong localization because of the bulk and edge disorder [38, 96].
This would lead to the same experimental signatures as explained above, with the
same interpretation of the energy scales Egap and ∆EF . The current in the transport
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gap region is expected to be due to variable range hopping at low temperatures, and
nearest neighbour hopping at higher temperatures [38].

6.5

Geometry dependence
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Figure 6.5: Comparison of the transport gap parameters for the different constrictions. The red data points result from the constrictions A-F, blue from G-H and
black from I. (a) Gap in bias direction Egap as a function of constriction width. (b)
Extent of the gap in back gate voltage ∆Vgap,BG as a function of constriction width.
(c) Egap as a function of ∆Vgap,BG . The dashed line is a linear fit of the data points
from the constrictions B-F, showed in detail in the zoom in the inset. (d) Position
of the charge neutrality point as a function of constriction width. The position of
the charge neutrality point is defined as the center of the gap, and determined by
taking the center between the points where the two fitted lines cut G = 0.
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Fig. 6.5 compares the energy scales characterizing the transport gap for the
different constrictions. Fig. 6.5(a) shows the extent of the gap in bias voltage,
extracted by determining the charging energy of the largest diamond, as a function
of back gate voltage. The error bars for the constriction width result from the
resolution of the AFM scans, while the error bars in Egap come from the fact that it
is not always possible to determine the largest individual diamond unambiguously,
or its charging energy. A decrease of Egap with increasing constriction width can be
clearly observed, as it has also be seen in references [32, 35, 38]. This is probably
due to the fact that with decreasing ribbon width, smaller quantum dots are able
to block transport through the constriction. However, due to the limited number
of data points and substantial error bars, it is not possible to distinguish between
different theoretical models based on the exact decay.
The plot presenting the extent of the gap in back gate voltage ∆Vgap,BG as a function of constriction width presented in Fig. 6.5(b) shows a similar behavior, namely
a decrease of the gap with increasing width. The negative values for ∆Vgap,BG at
constriction widths W > 70 nm result from our definition of the size of the transport
gap. The value ∆Vgap,BG contains an offset, which depends on the conductance value
chosen to measure the distance between the fitted lines. With our choice of taking
the intersection at G = 0, a negative value of ∆Vgap,BG means that the intersecting
point between the fitted lines lies at a positive conductance value. In this case, even
if the conductance is significantly reduced due to the presence of localized states
in the constriction, it is not completely suppressed. The error bars in the vertical
direction are determined by applying the procedure to different measurement traces
of the same constriction, and using different ranges for smoothening and fitting. The
decrease of the gap size with increasing ribbon width could be due to a decrease of
the confinement gap and the part of the disorder resulting from the edges, but also
to the fact that increasing the width of the constriction increases the possibility of
at least one percolating conductive path through the constriction.
Fig. 6.5(c) compares the two energy scales used to describe the transport gap.
The size of the gap in bias direction Egap is plotted as a function of the extent of the
gap in back gate voltage ∆Vgap,BG . A clear increase of Egap with ∆Vgap,BG can be
observed. For the data points resulting from constrictions A-F on the same sample,
represented by the red data points, there is a linear dependence between both values.
This is indicated by the dashed line, representing a fit of the data points for low gap
sizes, resulting from the constrictions B-F, and shown in detail in the zoom in the
·∆VBG,gap +(4.5±0.6) meV.
inset. The best fit is given by Egap [meV] = (1.1±0.3) meV
V
An extrapolation of the fit to larger gap sizes shows that the gap of the W = 30 nm
constriction on the same sample also agrees well with the fitted line.
Even though the slope of the fitted line relates the back gate voltage to an energy,
it does not represent the lever arm of the back gate on the constriction, as it can
be determined from the diamond measurement in Fig. 6.3(d). It can be rather
understood as related to the slope of the envelope of the diamond-shaped region of
suppressed conductance in Fig. 6.3(c) and is probably dependent on the details of
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the disorder potential. The exact origin of this approximately linear behavior is not
completely understood.
This relation between both energy scales observed in Fig. 6.5(c) is different from
the experiments by Gallagher et al. in [37]. In their work, they do not observe
any dependence between both energy scales. This could be due to the fact that
the constrictions studied in their work were strongly doped, even after annealing.
The distance of the charge neutrality point from VBG = 0 V in these constrictions
was > 10 V except in two cases, and went up to almost 80 V. If one assumes that
stronger doping goes together with stronger disorder, the size of the transport gap
in back gate voltage depends on doping. This has been observed in Gallagher et al.
Therefore, it is not useful to compare the two energy scales for constrictions with
completely different doping, as they probably also have different levels of disorder.
As it can be seen in Fig. 6.5(d) showing the position of the charge neutrality point
for the different constrictions presented in this work, they were only slightly doped.
This makes it probable that in our case, the potential fluctuations are also smaller,
and the disorder is probably more similar for the different samples studied.
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Figure 6.6: Comparison of diamond measurements from three constrictions of
different dimensions, ordered by increasing length. (a) Constriction I (L =
45 nm, W = 35 nm) (b) Constriction G (L = 300 nm, W = 35 nm) (c)
Constriction F (L = 500 nm, W = 85 nm)
Based on the interpretation that the suppression of the conductance results from
the formation of quantum dots in the constrictions, one could think that if one makes
the constriction short enough, only one single dot would dominate the transport
properties. This could, however, not be observed in our measurements. Fig. 6.6
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shows diamond measurements of constrictions of different lengths, from L = 45 nm
(a) over L = 300 nm (b) to L = 500 nm (c). The measurement of the shortest
constriction in (a) still shows overlapping diamonds, while the longest constriction
(b) does not present a larger fraction of overlapping diamonds. This is an indication
that not just the constriction length, but also the width determined the number of
dots blocking the transport formed simultaneously. This can be well seen in Fig.
6.6(c) presenting a diamond measurement of a quite narrow and long constriction.
In this case, almost all the diamonds are strongly overlapping. However, the number
of dots is still small enough to prevent complete self-averaging.

6.6

Sidegate influence

The effect of a voltage applied to the side gates is studied on the example of the
constriction B with L = 100 nm and W = 65 nm and shown in Fig. 6.7. Fig. 6.7(a)
shows the conductance of the constriction for different voltages applied to both side
gates. The grey traces present the raw data, and the black traces the smoothened
data used to determine ∆Vgap,BG . The same data can also be seen in the color plot
in Fig. 6.7(b), representing conductance as a function of applied back gate and side
gate voltage.
The position of the conductance minimum in VBG shifts with an applied side gate
∆VSG
= ∆V
≈ 12 .
voltage according to the relative lever arms on the constriction ααBG
SG
BG
A second effect of an applied side gate voltage is the asymmetry of the slopes
around the gap for high side gate voltages. Further insight can be gained by having
a closer look at Fig. 6.7(b). The vertical dashed line represents the position of
the charge neutrality point in the leads, which is expected not to be affected by
the side gates. The diagonal dashed line marks the position of the transport gap,
which corresponds to the charge neutrality point in the constriction. For high side
gate voltage, the conductance is always suppressed on the side of the gap towards
VBG = 0 V due to the higher resistance of the leads in this region, where the Fermi
energy is closer to the charge neutrality point.
Fig. 6.7(c) shows the width of the transport gap in back gate voltage, as defined
in section 6.3, as a function of applied VSG . The gap is clearly defined around
VSG = 0 V, but its width decreases with increasing |VSG | until even ∆Vgap,BG < 0 for
|VSG | > 15 V. For such high side gate voltages, there is a strong gradient in potential
across the width of the constriction due to screening. Therefore, it is not possible
for the Fermi level to be in the vicinity of the charge neutrality point in the whole
constriction at the same time. Localization of charge carriers only happens in a
certain region of the constriction, but never over the whole width. This localization
still leads to a reduction of the conductance, but transport is no longer completely
suppressed.
The vertical features in Fig. 6.7(b) are an indication that the conductance fluctuations outside the gap region do not originate from the constriction. They might
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Figure 6.7: Influence of a voltage applied to both side gates on the conductance
through the constriction B with L = 100 nm and W = 65 nm. (a) Conductance
through the constriction as a function of back gate voltage for different voltages
applies to both side gates. The grey traces represent the raw data. The black traces
are smoothened over 1.5 V in VBG and are used to determine the size of the transport
gap in back gate voltage ∆Vgap,BG . The curves are offset by e2 /h for clarity. (b)
Colormap of the conductance as a function of VBG and VSG . The vertical dashed line
(guide to the eye) indicates the position of the transition between electron and hole
doping in the leads, while the diagonal line separates regions with different types of
majority charge carriers in the constriction. (c) ∆Vgap,BG as function of the applied
side gate voltage. The dashed line indicates ∆Vgap,BG =0.

come from a back gate dependence of the contact resistance.

6.7

Magnetic field behavior

The same constriction (constriction B, W = 65 nm and L = 100 nm) is used to study
the effect of an external magnetic field applied perpendicular to the graphene plane.
Fig. 6.8(a) shows the smoothened conductance as a function of VBG , measured at
B = 0 T (grey trace) and B = 8 T (black trace). The charge neutrality point is
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Figure 6.8: (a) Conductance through constriction B, measured at B = 0 T (grey
trace) and B = 8 T (black trace). Both traces are smoothened over 2 V in VBG .
The side gates are grounded. (b) Difference between the smoothed conductances at
B = 0 T and B = 8 T. The dashed line indicates G(8 T)−G(0 T) = 0. Conductance
as a function of VSG for different VBG at B = 0 T (grey) and B = 8 T (black). The
traces are smoothened over 1 V in VSG and vertically offset by e2 /h.

shifted to ≈ −2 V due to a change of the sample with time. There are some regions
where the conductance is significantly increased by the magnetic field. This effect
is studied in detail in Fig. 6.8(b) displaying G(B = 8 T) − G(B = 0 T). Peaks
with a spacing in VBG of about 7 V can be observed. They could be explained
by the existence of Landau levels at high magnetic fields. For distinct back gate
voltages, the current is expected to flow in edge channels with strongly reduced
backscattering, therefore increasing the conductance. This is in agreement with
quantum Hall effect measurements on a graphene Hall bar geometry for the same
magnetic field, which present comparable spacing between the resistance oscillations
when taking into account that the lever arm of the back gate is expected to be
slightly larger in the case of the constriction (Fig. 4.3). The gate voltage region of
suppressed conductance seems to be reduced for finite magnetic field in comparison
to zero field. This effect is less pronounced the narrower the constriction is. For the
constrictions with W < 40 nm, where there is a clear region where the current is
completely suppressed, the magnetic field is not able to lift this suppression, and only
has an influence on the current at the edges of the gap region. It is unclear whether
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this effect is related to the nature of charge transport through the constriction at
finite magnetic field or to a real change of the gap/potential landscape as a function
of B-field.
The edge states could form either only in the leads or in the whole structure,
including the constriction. This question is studied in Fig. 6.8(c) showing the
smoothened conductance as a function of side gate voltage for different VBG , again
for B = 0 T (grey traces) and B = 8 T (black traces). In the traces for B = 8 T,
similar peaks to the ones in Fig. 6.8(a) can be observed. The spacing of these peaks
in side gate voltage is ≈ 3.5 V. By taking into account the relative lever arms of back
and side gates on the constriction determined in section 6.7, we find that the peaks
in the back gate trace and the ones in the side gate traces have the same energy
spacing, and therefore probably originate from the formation of edge channels in the
constriction itself, and not only in the leads.

6.8

Conclusion

By cutting graphene into a narrow constriction, it is possible create a region in
back gate voltage of suppressed conductance. This transport gap, however, does
not reflect a clean band gap created in the graphene band structure, but there are
many resonances in this region. We present a model where this suppression of the
current originates from the formation of quantum dots along the constriction due to
disorder in the potential and a small band gap, as it can originate from confinement.
We define two energy scales to describe the transport gap, and relate them to the
disorder potential. The dependence of the energy scales on the constriction geometry
is studied, and we show that both energies increase monotonically with decreasing
width. A voltage applied to the side gates can lift the suppression of the conductance
in the transport gap. Finally, for the wider constrictions we detect the formation of
Landau levels in the constriction.
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Chapter 7
Coulomb blockade in graphene
quantum dots
Open two-dimensional structures allow to observe collective properties, emerging
from a huge number of charge carriers. Examples for this are the quantum Hall
effect, resulting from the formation of Landau levels in a perpendicular magnetic
field, or conductance fluctuations originating from interference effects. In order to
observe the properties of individual charge carriers, they need to be trapped and
isolated from the environment, as it can be done in a quantum dot or single electron
transistor (SET). The most common materials to study quantum dots by transport
experiments are 2DEGs, mainly GaAs, semiconductor nanowires and semiconducting carbon nanotubes. All these materials have in common that their band structure
presents a band gap, making it possible to confine carriers electrostatically using
gates. The gap-less band structure of graphene and Klein tunneling [97] make it
impossible to confine carriers electrostatically. In this chapter, we show that it is
possible to confine carriers in a graphene quantum dot using narrow constrictions
to connect the dot to the leads similar to the ones presented in chapter 6.

7.1

Introduction to quantum dots

A quantum dot is a small island, weakly connected to the leads by tunnel barriers.
A sketch of such a structure can be seen in Fig. 7.1(a). In addition to the tunnel
barriers connecting the dot to source and drain leads, an plunger gate (PG) can
be seen, which is coupled capacitively to the dot and allows to tune its energy
levels. For the understanding of transport through a quantum dot, electron-electron
interactions have to be taken into account. Coulomb interaction is dominant for
the transport properties, leading to the so-called Coulomb blockade effect. Due to
Coulomb repulsion, a finite energy is needed to add one additional electron onto the
island. For small enough quantum dots, the quantization of the energy levels in the
dot, similar to the discrete energy levels of an atom, adds to the charging energy
from the Coulomb repulsion, and increases the energy needed to load an additional
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Figure 7.1: (a) Schematic illustration of a quantum dot, coupled by tunnel barriers
to source and drain contacts labeled by S and D, and capacitively coupled to a
plunger gate (PG). (b) Energy level diagram of a quantum dot in Coulomb blockade.
(c) Position of the energy levels in the configuration allowing an electron flow through
the dot. The situation depicted in (b) and (c) corresponds to a small bias voltage
applied between source and drain. (d) Typical example for the current through a
quantum dot as a function of voltage applied to a capacitively coupled gate at low
temperature and bias voltage. The red numbers label the electron number in the
dot. Taken from Ref. [43].

electron onto the dot.
The energy level diagram of a quantum dot is illustrated in Fig. 7.1(b) and
(c). The electrochemical potential in the source and drain leads is labelled µS/D .
We define the electrochemical potential in the dot as the energy needed to add one
electron, assuming the dot is in its ground state before and after addition of the
electron. For example, µN+1 is the energy needed to add an additional electron to
the dot if it is already occupied by N electrons. A change in the voltage applied to
the plunger gate shifts the energy levels in the dot according to the lever arm of the
plunger gate.
Fig. 7.1(b) represents the energy levels in the Coulomb blockade situation. The
dot is filled by N electrons, and in order to fill in an additional electron more energy
is needed that can be be gained by removing an electron from the source or drain
contact. Transport through the dot is therefore blocked.
In the situation represented in Fig. 7.1(c), the plunger gate voltage is adjusted
in such a way that the quantum dot electrochemical potential is aligned with the
electrochemical potentials in source and drain contacts. The energy gained from
removing an electron from the source contact corresponds exactly to the energy

56

7.2. Sample

needed to add the electron to the dot, and the energy needed to remove it again is
equal to the energy needed to fill it into the drain contact. In this way, electrons
can tunnel through the dot and a current can be detected if a small bias voltage
is applied. However, only one electron at a time can tunnel through the dot as
the energy needed to add a second electron µN+2 is higher than the electrochemical
potential in the leads by the charging energy. Therefore the mechanism is called
sequential single-electron tunneling.
At sufficiently low temperatures and small applied bias voltages, a measurement
of the current through the dot as a function of applied plunger gate voltage leads to
a peak every time a dot energy level is aligned with the electrochemical potential of
the leads. An example of such a measurement using a graphene quantum dot at low
temperatures can be seen in Fig. 7.1(d). In the Coulomb-blockaded regions between
the peaks, the dot is occupied by a fixed number of charge carriers, indicated by the
red labels.
A higher bias voltage applied between source and drain contacts leads to a larger
region in plunger gate voltage where µN+1 is aligned between the source and drain
electrochemical potentials and sequential tunneling is allowed. This leads to a linear decrease of the Coulomb-blocked region with increasing bias voltage, and the
regions of suppressed current have diamond-like shape when measuring the current
as a function of both plunger gate voltage and bias voltage. These are the so-called
Coulomb diamonds. For small quantum dots and low enough temperatures, excited
dot states can lead to lines parallel to the diamond edges in the Coulomb diamond
measurement. Large quantum dots, where transport is governed by Coulomb repulsion and the quantum mechanical confinement energies are too small to play a role
are sometimes also called single electron transistors (SET).
A more detailed description about quantum dots, with a deeper theoretical analysis, can be found in Ref. [54, 98].

7.2

Sample

The structure studied in this chapter consists of a quantum dot etched out of a
single-layer graphene flake with three graphene in-plane gates, and can be seen in
the AFM scan in Fig. 7.2(a). The dot island has a width of ≈ 180 nm, and is
connected by two ≈ 50 nm wide constrictions to the source and drain contacts.
The distance between the constrictions is ≈ 750 nm. Four gates in total can be
used to tune the structure: the global back gate, two side gates labelled SG1 and
SG2 acting mainly on the constrictions, and the plunger gate (PG) acting mainly
on the dot. The sample has been fabricated by the steps described in chapter 2.
Additional details about the fabrication process can be found in Ref. [40, 41]. Fig.
7.2(b) shows a Raman spectrum of the finished sample recorded on the location of
the quantum dot island. The narrow 2D peak distinctive for single-layer graphene
is clearly visibly. The presence of the D peak at ≈ 1350 cm−1 originates from the
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Figure 7.2: (a) AFM scan of the sample. Metal contacts are highlighted in gold
color. The location of the SET is marked by the black circle, S and D mark the
source and drain contacts, and SG1, SG2 and PG are graphene in-plane gates. (b)
Raman spectrum of the finished sample, with the laser spot aligned on the dot
island.
edges of the dot island comprised in the laser spot (laser spot size: diameter d ≈ 400
nm).
Immediately before cool down, the sample has been baked in vacuum at 135 ◦ C
for 12 h. The measurements are performed in a He cryostat at a base temperature
T ≈ 1.7 K.
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Coulomb blockade in a tunable graphene quantum dot
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Figure 7.3: (a) Current through the dot structure as a function of applied back
gate voltage for a DC bias voltage Vbias = 300 µV applied between source and drain
contacts. The vertical arrow marks the back gate voltage chosen for the following
measurements. (b) Current through the dot as a function of the voltage applied to
SG1 and SG2. The back gate voltage is fixed at VGB = −15 V, and Vbias = 300 µV.
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Fig. 7.3(a) shows the current through the dot structure as a function of applied
back gate voltage at a small bias voltage Vbias = 300 µV. It shows a region of strongly
suppressed current at VBG ≈ −10 to − 20 V. This suppression is mainly due to the
formation of a transport gap in the constrictions delimiting the dot island, and the
size of the suppressed region in back gate voltage is of comparable size to what
is observed in chapter 7 for constrictions of similar width. As the formation of a
quantum dot requires both barriers to be pinched off, the back gate is fixed in the
center of the gap region at VBG = −15 V for the following measurements.
A measurement of the current as a function of the voltage applied to the two
side gates SG1 and SG2, while the back gate is fixed at VBG = −15 V, can be
seen in Fig. 7.3(b). It shows a cross-like region of suppressed current. The vertical
stripe corresponds to the transport gap in the left constriction close to SG1, and
the horizontal stripe originates from suppression of the current through the right
constriction. The fact that the vertical stripe is centered around VSG1 ≈ 0 V, but the
horizontal stripe is shifted towards positive values of VSG2 , shows that despite the
heating, the sample is not homogeneously doped: there is a difference in potential
between both constrictions corresponding to about 5 V in VSG .
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Figure 7.4: Current as function of VSG1 and VSG2 in the range indicated by the
white square in Fig. 7.3(b). (b) Current as function of plunger gate voltage VPG at
VSG1 = 5.67 V and VSG1 = −2.033 V indicated by the white cross in (a)

Fig. 7.4(a) shows a zoom of the region marked marked by the white square in
Fig. 7.3(b), where the Fermi energy is located at the edge of the transport gap
for both constrictions. The measurement shows strong vertical and horizontal lines,
corresponding to resonances in the left and right constrictions. The fact that those
lines are almost perfectly vertical and horizontal shows that the lever arms of the left
side gate SG1 on the right constriction and vice versa are ≤ 2% of the lever arms of
the side gates on the constriction located right next to them. On closer inspection,
additional diagonal lines can be seen. These lines correspond to Coulomb blockade

59

Chapter 7. Coulomb blockade in graphene quantum dots

peaks in the central dot island, where both side gates are expected to have a similar
lever arm.
These Coulomb peaks can be measured by sweeping the voltage applied to the
plunger gate VPG while measuring the current through the dot. Such a measurement is shown in Fig. 7.4(b). The sides gates are fixed at VSG1 = 5.67 V and
VSG2 = −2.033 V, indicated by the white cross in Fig. 7.4(a). Many sharp peaks
can be seen, on top of a modulated background of broader resonances. The background modulations are due to resonances in the constrictions, and the sharp peaks
correspond to Coulomb peaks in the central dot island. The fact that the lever arm
of the plunger gate on the dot is stronger than the lever arm on the constrictions
allows to measure many dot Coulomb peaks between two constriction resonances.
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Figure 7.5: Current as a function of plunger gate voltage for the range marked
by the red line in Fig. 7.4(b). (b) Zoom on the Coulomb peak marked by the
arrow in (a). The crosses are the measured data, the red line a fit. (c) Differential
conductance as a function of applied Vbias and VPG In addition to the DC voltage,
a small ac modulation of 100 µV is applied to the bias voltage and the ac current
modulation is detected.

A zoom of the region marked by the red line in Fig. 7.4(b) is shown in Fig.
7.5. A series of well-defined, regular Coulomb peaks can be seen. A measurement
of the differential conductance as a function of bias and plunger gate voltage for
the same series of peaks, shown in Fig. 7.5(c), shows Coulomb diamonds with a
charging energy EC ≈ 3.2 meV. Using a circular disc model, this corresponds to a
2
dot of diameter d = 4e0 EC ≈ 570 nm, with  = 1+3.9
, which is of the same order as
2
the dot size. The lever arm of the plunger gate on the dot can be estimated from
the slope of the diamonds: αPG ≈ 0.15. This analysis of the Coulomb diamonds
assumes all the bias voltage drops over the dot. Excited states can not be observed
for this sample at the temperature T ≈ 1.7 K. However, it has been shown that for
smaller dot sizes and lower temperatures, it is possible to observe excited states in
graphene quantum dots [43, 44, 99].
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Fig. 7.5(b) shows a zoom of the Coulomb peak marked by the arrow in (a). The
measured data is represented by the black crosses, and the red line is a fit using the
expression for the multi-level transport case [98]:
I=

I0
.
2 α·e·δVPG
cosh [ 2.5·kB T ]

(7.1)

This gives an electronic temperature T ≈ 1.6 K. The use of the model for multilevel
transport is justified by the fact that no excited states can be seen in the Coulomb
diamond measurement.
The peak spacing and charging energies have been compared for the different
regions in the plot in Fig. 7.3. There seems to be no difference between the electron
or hole-doped regions, or even the regions where one constriction is mainly p-doped
and the other one n-doped.
The observation of well-defined regular Coulomb diamonds is not in contradiction
with the model presented in the section 6.4 suggesting that the transport gap of a
constriction results from the formation of a series of dots due to disorder and a
small confinement gap. Indeed, the only condition for the observation of Coulomb
blockade is a resistance of the barriers larger than h/e2 .

7.4

Conclusion

Despite the absence of a band gap in the graphene band structure, it is possible to
create a tunable graphene quantum dot by using narrow constrictions to connect
the dot to the leads. Despite the dirty nature of the constrictions, regular Coulomb
peaks and well-defined diamonds can be measured. However, resonances in the
constrictions also play an important role, and strongly modulate the transmission
through the constrictions.
Additional studies require measurements of smaller graphene quantum dots at
lower temperatures, which have been shown to exhibit additional structure in the
Coulomb diamonds resulting from electronic excited states [43]. The magnetic field
dependence of the Coulomb peaks can be studied in detail to identify individual
spin states or to locate the cross-over between electron and hole transport [44, 99].
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Graphene double quantum dots
Just as one individual quantum dot can be considered as an artificial atom, two
quantum dots can be coupled to form an artificial molecule. Such coupled quantum
dots are a promising candidate for the implementation of solid-state spin qubits
[100, 101]. Double dots have been realized in many different material systems,
as for example in GaAs heterostructures [102], semiconductor nanowires [103–105]
and carbon nanotubes [106], and the control of individual electrons and spins has
been achieved [107–111]. Graphene has been predicted to be particularly well-suited
for spin-based quantum information processing because spin-orbit interaction and
hyperfine interaction are expected to be much weaker than in the material systems
mentioned above, leading potentially to much longer spin coherence times [12, 112].
In this chapter, we show present measurements on a tunable graphene double
quantum dot system.

8.1

Introduction to transport through double quantum dots

In a first approximation, transport through a double quantum dot can be well explained by a purely classical model, based on electrostatics. In the presence of a very
small bias voltage, current can flow through the dot if the electrochemical potentials
in both dots are aligned with each other and with the electrochemical potential in
the leads. This is the case at the so-called triple points. Similar to the single dot
case, the electrochemical potential in a dot is defined as the energy needed to add
one additional electron to the dot.
First we try to understand the charge stability diagram, which shows the equilibrium charge states of the two dots as a function of the voltage applied to the two dot
gates. The simplest description of two dots in series is represented in the schematic
illustration in Fig. 8.1(a). The two dots are mutually coupled only by tunnel coupling. Each dot is capacitively coupled to one gate, and the coupling between the
dots and the leads can be represented by a tunnel resistor and a capacitance in par-
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Figure 8.1: Schematic illustration of different coupling situations for two quantum
dots in series, together with the corresponding charge stability diagrams. (a) The two
dots are connected only by tunnel resistors between each other. The plunger gates
act only on the dot next to them, there are no cross-capacitances. (b) Corresponding
charge stability diagram. The dashed lines indicate alignment of the dot energies
with the lead electrochemical potential. Current is can flow at the red points. (c)
Same situation as in (a), but with cross-capacitances between PG1 and Dot2 and
vice versa. (d) Charge stability diagram corresponding to (c). (e) Same situation as
in (c), but with additional capacitive coupling between both dots. (f) Corresponding
charge stability diagram. The numbers in the charge stability diagrams indicate the
electron occupancy of both dots.

allel. In the corresponding charge stability diagram represented in (b), the regions
where the dot energies are aligned with the lead electrochemical potential describe
vertical (Dot1) and horizontal (Dot2) lines. Each time one of these lines is passed,
an additional electron is loaded into the corresponding dot. Current flow is only
allowed when the dot energies are not only aligned with the lead potential, but also
with each other. This is the case at the points where horizontal and vertical dashed
lines cross, marked in red.
In a first step towards the experimental situation, cross-coupling between PG1
and Dot2 and between PG2 and Dot1 is taken into account (Fig. 8.1(c)). This
leads to a certain slope in the lines where the dot energies are aligned with the lead
electrochemical potential, according to the relative lever arms (d).
In a last step, coupling between both dots is not only represented by a tunnel
resistor, but both dots are also capacitively coupled. Due to Coulomb repulsion
between the electrons in both dots, the presence of an electron in Dot1 increases
the energy needed to load an additional electron into Dot2. This leads to a splitting
of the triple points and the honeycomb charge stability diagram typical for double
dots, which can be seen in Fig. 8.1(f).
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At the lower point of such a triple point pair, charge transfer is achieved through
the sequence: (n,m) → (n+1,m) → (n,m+1) → (n,m). This can be considered
as an electron moving from source to drain through the dot. At the upper triple
point, charge transfer occurs through a different sequence: (n+1,m+1) → (n+1,m)
→ (n,m+1) → (n+1,m+1), which can be understood as a hole moving into the
opposite direction.
In addition to current due to elastic tunneling at the triple points, cotunneling
processes can lead to a finite current along the lines connecting the triple points if
the coupling between the dots and between dots and leads is strong enough.
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Figure 8.2: (a) Schematic illustration of the charge stability diagram in the presence of a finite bias applied to the double dot. The regions with finite current are
indicated in red. (b) Energy level diagram for the different configurations of the
charge diagram in (a).

Fig. 8.2(a) is an illustration of a double dot charge stability diagram when a
finite positive bias voltage is applied to the system. The regions where the dot
levels lie within the bias window develop into stripes, and the areas where both dot
levels lie within the bias window have diamond-like shape. The bias voltage breaks
the symmetry between both dots and defines the direction of the current flow, so
that a current can only flow if the electrochemical potential of Dot1 is higher than
the one of Dot2. This leads to triangular regions in the charge stability diagram
where current can flow.
A more detailed review of double dot physics can be found in Ref. [102].
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Figure 8.3: AFM scan of the sample studied in this chapter. The
dashed lines highlight the edges of
the graphene.

Sample

The sample studied in this chapter consists of two single-layer graphene islands
forming the quantum dots in series, labelled L and R. Each dot has a diameter of
≈ 90 nm, and they are mutually connected by a 30 nm wide constrictions. The dots
are connected by 20 nm wide constrictions to source and drain contacts. Multiple
gates can be used to tune the dots: in addition to the global back gate, five graphene
in-plane gates allow to fine-tune the structure. The gates GL and GR can be used
to change the number of charge carriers in the dots, while the gates CL, CR and
GC are used to tune the transmission of the constrictions connecting the dots to the
leads and the coupling between both dots.
The transport experiments were carried out in a variable temperature insert at
1.4 K, and at 120 mK base temperature of a standard 3 He/4 He dilution refrigerator.
In total, measurements of three different cool-downs are presented.

8.3

Charge stability diagram of a graphene double quantum dot and characterization

Fig. 8.4(a) shows a measurement of the current through the double dot as a function
of the voltages applied to gates GR and GL for an applied bias voltage Vbias =
500 µV. The honeycomb pattern characteristic for the charge stability diagram of a
double dot [102] can be observed. Elastic transport through the double dot is only
possible in the case where the electrochemical potentials in both dots are aligned
mutually and with the Fermi energy in the leads. This is the case at the triple points
in the corners of the hexagons of constant charge configuration. A plot of the same
measurement displaying the current on a logarithmic scale (Fig. 8.4(b)) makes the
connecting lines between the triple points visible. Along these lines, only one of
the dot levels is aligned with the Fermi energy in the leads, leading to current by
inelastic co-tunneling processes. The current through the edges of the hexagons can
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Figure 8.4: Current through the double dot as a function of the voltages VGR and
VGL applied to the gates GR and GL for Vbias = 500 µV, VBG = 0 V, VCL = −4.65 V,
VGC = −1.2 V, VCR = 0 V and T ≈ 1.4 K. (a): Representation in linear scale (b):
logarithmic color scale

be suppressed by changing the voltages applied to gates CL and CR in such a way
that the barriers are less transparent. Well-defined double-dot behavior, sometimes
with less symmetric barriers, could be observed in the whole accessible range of
positive back gate voltages (0-30 V) for all three cool-downs, as long as the barriers
were not too closed to allow current detection.
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Figure 8.5: (a) Current through the double dot as a function of VGR and VGL for
an applied bias voltage Vbias = 6 mV. The applied back gate voltage is VBG = 25
V, and all the other in-plane gates are fixed at 0 V, T ≈ 120 mK. (b) Illustration of
the measurement displayed in (a), with annotation of the quantities used to deduce
the energy scales of the system.

When applying a higher bias voltage Vbias = 6 mV between source and drain
contacts, the triple points evolve into triangular-shaped regions of increased current
[102] (Fig. 8.5 (a)). We use the model of capacitively coupled dots, presented in
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αGR,R
0.18

αGL,L
0.17

αGR,L
0.065

αGL,R
0.055

ECR
13.6 meV

ECL
13.2 meV

ECm
2.2 meV

Table 8.1: Overview of the main lever arms and energy scales deduced from the
measurement represented in Fig. 8.5(a).
Fig. 8.1(e), to estimate the energy scales of the system, assuming that the applied
source-drain voltage drops entirely over the double dot system. Fig. 8.5(b) shows
a schematic of the measurement from Fig. 8.5(a), with indication of the different
parameters used in the following to estimate the energy scales of the system. The
extent of the triangular-shaped regions allow the determination of the conversion
factors between gate voltage and energy. The lever arm between the left gate GL
and the left dot is αGL,L = Vbias /δVGL = 0.17 and between the right gate GR and
the right dot αGR,R = Vbias /δVGR = 0.18. The lever arms between the left gate and
the right dot and vice-versa are determined from the slope of the lines delimiting
the hexagons: αGL,R = 0.05 and αGR,L = 0.06. The dimensions of the honeycomb
cells ∆VGL and ∆VGR give the single-dot charging energies ECL = αGL,L · ∆VGL =
13.2 meV and ECR = αGR,R · ∆VGR = 13.6 meV, which is comparable to the values
found for graphene single dots of similar size [43]. The capacitive coupling energy
between both dots can be extracted from the splitting of the triple points: ECm =
m
m
= 2.2 meV. For the measurements presented in this
= αGR,R · ∆VGR
αGL,L · ∆VGL
section, the tunnel coupling energy between the two dots is below the experimental
resolution.
An overview of the main lever arms and energies characterizing the system can
be seen in table 8.3. The symmetry of the structure is remarkable: the lever arms
on both dots, as well as the single-dot charging energies, are very similar. The exact
values of the energies and lever arms depend on the measurement regime and cool
down. The charging energies are considerably higher than those reported in Ref.
[47] despite the fact that these dots are slightly smaller. This is consistent with the
fact that the double dot structure studied by Liu et al. is partly covered by top
gates, leading to increased screening.

8.4
8.4.1

Changing the coupling
Influence of the back gate voltage

For positive back gate voltage, the charge stability always shows a clear double-dot
hexagon pattern. The situation can be completely different for negative VBG . This
difference can be observed in Fig. 8.6(a), displaying the current through the double
dot as a function of back gate voltage at 1.4 K. While the current is completely
suppressed for positive values of VBG , resonances can be observed at negative gate
voltages. Charge stability diagram measurements give a better understanding of this
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Figure 8.6: T =1.4 K, Vbias = 0.5 mV≈ 4kB T (a) Current as a function of VBG , all
the other gates are at 0 V. (b)-(e): Current as a function of the voltage applied to
GR and GL for different negative values of back gate voltage.

region. Fig. 8.6(b)-(e) represent a selection of such measurements for four different
values of VBG between -10 V and -20 V, where the resonances are strongest. They
correspond to completely different situations: at VBG = −12 V, represented in
Fig. 8.6(b), the current is high along the horizontal cotunneling lines and almost
continuous across the triple points. Fig. 8.6(c) represents the opposite situation,
occurring at VBG = −13 V, with high current at the triple points and along the
vertical cotunneling lines. At VBG = −16 V (Fig. 8.6(d)), the regions of finite current
describe diagonal, wavy lines, while at VBG = −19 V (Fig. 8.6(e)) a clean double
dot charge stability diagram, with current only at the triple points, is recovered.
These different cases represent different coupling regimes between the two dots,
and between the dots and the leads. In the case of VBG = −12 V, the current is
high whenever the energy level in the left dot is aligned with the chemical potential
in the left lead. This can be understood assuming the coupling between the right
dot and the right lead is very strong compared to the coupling of the left dot to
the leads and to the right dot, and therefore transport is dominated by the left dot.
For VBG = −13 V, the opposite situation is realized, with strong coupling between
the left dot and the left lead. Fig 8.6(d), recorded at VBG = −16 V, corresponds
to a more symmetric situation, where the current along the cotunneling lines in
both directions is almost equally strong. The coupling between both dots ECm is
very strong compared to the charging energies of the individual dots ECR and ECL
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(ECm ≈ 0.5 · ECR ≈ 0.5 · ECL ), leading to almost diagonal lines, which would correspond
to one large dot delocalized over both islands. Finally, at VBG = −19 V, the situation
corresponds again to a well defined double dot, with all three tunnel barriers well
closed (ECm ≈ 0.2ECR ≈ 0.2ECL ).
This different behavior between positive and negative back gate voltages is reasonable considering the transport gap of a single constriction. The current through a
graphene constriction as a function of back gate voltage presents a region of strongly
suppressed current, the so-called transport gap. In the region of the increase of the
current on both sides of the gap, the current trace still presents many sharp resonances ([34–38, 42], chapter 6). In the case of this sample, the sizes of the transport
gaps of the constrictions could not be analyzed in detail as they were larger than the
range of back gate voltages the setup allowed to apply to the sample. However, the
whole sample seemed to be p-doped, with the region where all three constrictions
are in the transport gap at positive back gate voltages. Therefore, at positive back
gate voltages all three barriers are pinched-off, and the double-dot is well defined.
At negative back gate voltages, the Fermi energy lies probably at the edge of the gap
region for all three constrictions. The sharp resonances in this region are probably
responsible for completely different coupling strengths within a very small range of
back gate voltages.

8.4.2

Influence of the center gate on the coupling between
the dots

By changing the voltage applied to the central plunger gate labelled GC in Fig.
8.3(a), we are able to change the coupling between both dots. Fig. 8.7 (a,b) show
an example of the charge stability diagram for two extreme cases of strong (a) and
weak (b) coupling between the dots. The only difference between both measurements
is the voltage applied to the gate GC [(a): VGC = −1.9 V, (b): VGC = 0 V].
The coupling energy between the dots changes by more than a factor of two: (a):
ECm = 4.2 meV (b): ECm = 1.7 meV. The single-dot charging energies do not change
significantly compared to the case shown in Fig. 8.4, assuming the lever arms are
still the same.
Fig. 8.7(c) presents a closer analysis of how the coupling energy changes with
VGC . It displays the coupling energy as a function of the voltage VGC for the same
triple point, followed through the VGR - VGL parameter space as VGC is changed. The
strength of the inter-dot coupling shows a non-monotonic behavior as a function of
applied VGC : the coupling energy starts at quite small values, increases by a factor
of two for more positive VGC , before decreasing again.
Recent experiments on graphene nanoribbons [34–36, 42] have shown a strongly
non-monotonic dependence of the current on gate voltage, with many sharp resonances. The conductance has been shown to vary over orders of magnitude as a
function of in-plane gate voltage [35, 36]. Here, we do not probe the transmission
of a graphene constriction but rather the electrostatic landscape between the two
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Figure 8.7: T =1.4 K (a),(b): Examples for two extreme cases of strong (a) and
weak (b) mutual capacitive coupling between the dots. The voltages applied to the
gates are VBG = 0 V, VCL = −4.65 V and VCR = 0 V, VGC = −1.9 V (a) and
VGC = 0 V (b). (c) Coupling energy as a function of the voltage VGC applied to the
gate GC. The voltages applied to the other gates are VBG = 0 V, VCL = −4.65 V
and VCR = 1 V. The ranges of VGL and VGR are adjusted for each value of VGC
using appropriate values based on the measured lever arms in order to always stay
always at the same triple point. The lever arms were determined from a high bias
measurement at the same cool-down.

dots and the corresponding change in coupling is only a factor of two for a given
resonance. It remains to be seen how the tunneling transmission of the constriction
can be linked to the electrostatic coupling it provides between two quantum systems.

8.5

Tunnel coupling between both dots

Fig. 8.8(a) shows a measurement of a charge stability diagram in the vicinity of
one pair of triple points. It has been recorded at low temperature T ≈ 120 mK
and at low bias voltage Vbias = 15 µV to prevent an expansion of the triple points
to triangles. A negative back gate voltage VBG = −8 V has been chosen, because
only in this regime the cotunneling lines are visible even at this low bias voltage.
A corresponding schematic drawing of a charge stability diagram for two tunnel
coupled quantum dots can be seen in Fig. 8.8(b). The tunnel coupling is expected
to lead to rounded edges of the hexagons, with the point of charge balance shifted
from the original triple point proportional to the strength of the tunnel coupling.
Contrary to the situation depicted in Fig. 8.8(b), no rounding of the corners is visible
in the measurement within the experimental resolution. This allows us to estimate
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Figure 8.8: (a) Measurement of a charge stability diagram around one pair of triple
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VCG = −0.5 V and T = 120 mK. (b) Schematic drawing of a charge stability
diagram for two tunnel coupled quantum dots around two triple points labelled A
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coupling, with a deviation from the straight, dotted lines proportional to the tunnel
coupling strength t. (c) Simulation of a pair of triple points for t = 14 µeV, and
the energy independent part of the tunneling rates to the leads γL = 1.26 GHz and
γR = 1.69 GHz. (d) Maximum current along the cotunneling lines in the range of
the upper triple point for each value of VGL for the measurement (black crosses)
and simulations for t = 12 µeV (green), t = 14 µeV (blue) and t = 16 µeV (red).
Calculations by U. Gasser.

an upper bound for the tunnel coupling t ≤ 20 µeV. This energy scale is comparable
to the temperature broadening of the cotunneling lines (kB T ≈ 10 µeV) and about
two orders of magnitude smaller than the capacitive coupling energy ECm ≈ 1.3 meV.
The lever arms necessary for the determination of these energy scales were extracted
from a measurement of the same pair of triple points at Vbias = 1 mV. Fig. 8.8(c)
shows the result of a numerical calculation of the current based on the rate equation
using the lever arms and charging energies deduced from the measurement. Best
agreement is found for γL = 1.26 GHz and γR = 1.69 GHz for the energy-independent
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part of the tunneling rates to the leads, and t = 14 µeV for the tunnel coupling
between both dots [113, 114]. A more detailed description of the calculation can
be found in Ref. [113]. Measurement and simulation are quite similar, except for
the finite current measured along the line connecting both triple points, which is
unexpected and cannot be reproduced with this simple model. Fig. 8.8(d) shows
a closer comparison between the measurement and the calculation. For each value
of VGL in the range of the upper triple point, the maximum current in the region
of the cotunneling line is plotted for the measurement and for calculations with
t = 12 µeV, t = 14 µeV and t = 16 µeV. The tunnel coupling determines how fast
the current drops as one goes away from the triple point along the cotunneling lines.
Best agreement is found for t = 14 µeV. However, due to the uncertainty in the lever
arms in this regime and in the electronic temperature, the tunnel coupling strength
can only be determined up to a factor of two. The difference between measurement
and calculation in the tails of the peak far away from the triple point arises from the
fact that the peak current from the measurement does not take values lower than
the noise level.
Despite the strong capacitive coupling between the dots, the tunnel coupling is
low. For the observation of Coulomb blockade a resistance of the order of h/e2 is
required. This resistance may arise from a tunnel barrier, as it is usually the case for
GaAs-based quantum dot systems. In graphene, this tunnel coupling may be weak
if there is a narrow but high barrier separating the dots. Such a situation could give
rise to strong capacitive coupling (see Fig. 8.7(a)) while the tunnel coupling itself
remains below the experimental resolution. Additional resonances in the central
constriction [34–38, 42] and interactions might lead to an even more complicated
situation. The device geometry could also be a reason for the low tunnel coupling
between the dots compared to their capacitive coupling. The connecting constriction
between both dots lies at the upper edge of the dot islands, not in the center where
the wave function is expected to be maximal (Fig. 8.3(a)). This may lead to a
reduction in the tunnel coupling. The capacitive coupling however is not affected
by this, and remains relatively strong.

8.6

Structure inside the finite bias triangles

Fig. 8.9 displays a closer look at one pair of triple points for a finite applied bias
voltage of Vbias = ±6 mV. This measurement is recorded at VBG = 25 V, a region
where the dot-lead coupling strengths are weak, and therefore no cotunneling lines
are visible.
Inside the triangles of finite current, additional parallel lines can be seen. These
lines are even clearer when plotting the derivative of the current along the VGL axis, taken numerically after smoothening over 3 data points. The most prominent
lines run parallel to the baseline of the triangles. Two kinds of features can be
distinguished. There are steps in the current, with a spacing of about 1 meV, best
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Figure 8.9: Closer look at one pair of triple points at T = 120 mK. (a) Current
along the detuning axis. The arrows indicate the position of resonances. (b), (d):
Current as a function of VGR and VGL for Vbias =6 mV (b) and Vbias =-6 mV (d).
The dashed line in (b) represents the detuning line chosen for the measurement in
(a). (c),(e): Corresponding representations of the current, numerically derivated by
VGL after smoothing over three data points.

seen in the representation of the current in Fig. 8.9(b) and (d). On top of these steps
are narrower lines, which can be clearly seen in the representation of the derivative
of the current in Fig. 8.9(c) and (e). These lines are remarkably periodic, and have
a spacing of ≈ 0.4 meV for both bias directions. These features can also be clearly
seen in a cut along the detuning line, shown in Fig. 8.9(a).
Along such a line parallel to the baseline, the energy levels in both dots are
moved up or down within the bias window, while keeping the detuning or relative
alignment between the energy levels in both dots constant. Several possible physical reasons for these structures are conceivable. In GaAs double quantum dots,
such lines are usually attributed to resonant tunneling through excited dot states
[102]. In graphene however, the situation in the constrictions defining the dot barri-
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ers is probably much more complicated than in the case of standard semiconductor
quantum dots, where the barriers can be considered as simple tunnel barriers. It is
known from earlier measurements that current through a graphene constriction is
suppressed for a certain back gate voltage range due to the formation of localized
states in the constriction [34–38, 42]. Even if the constrictions used for those measurements were much longer than the constrictions used to define the dots in this
work, the formation of localized states is still probable. This would lead to a complicated system, where not only the two dots can be charged, but also the localized
states in the constrictions. However, because of the sample geometry the extent of
the localized states in the constrictions has to be much smaller than the dot size,
and their charging energies are much larger. This notion is supported by the almost
perfect hexagons in the charge stability diagram despite the possible parasitic dots
in the constrictions. However, those resonances in the constriction between both
dots, but also between the dots and the leads, can lead to non-monotonic modulations of the tunneling. These resonances in tunnel coupling between both dots
have been observed in Refs. [45] and [47]. It is possible that such resonances in
the center constriction connecting the dots lead to additional structure inside the
triangles parallel to the baseline.
A striking feature about the lines parallel to the baseline inside the triangles is
the almost perfect periodicity, which has the same period for both bias directions.
This looks very similar to measurements in double quantum dot in a semiconductor
nanowire where periodic lines parallel to the baseline could be observed, and were
claimed to originate from confined phonon modes in the nanowire [115]. However, it
is not clear where confined phonon modes could form in the sample studied in this
chapter.
At a closer inspection additional lines parallel to the lower edge of the triangle
for Vbias = 6 mV and to the upper edge for Vbias = −6 mV are visible. Along these
lines, the alignment between the energy level of the left dot and the Fermi energy
in the left lead is kept constant. For positive bias voltage, they could be due to
excited states in the left dot. In the case of negative bias voltage, however, these
lines can not originate from an excited state in one of the dots, assuming the number
of carriers in both dots stays constant. These lines could be due to modulations of
the tunneling coupling between the left dot and the left lead, because of resonances
in this constriction [35]. They only occur parallel to the nearly horizontal edge of
the triangle, which corresponds to the direction of the stronger cotunneling lines.
Parallel to the other edge of the triangles, no lines are observable, even when taking
the derivative in the other direction.

8.7

Magnetic field dependence

Fig. 8.10 presents a study of one pair of triple points for different values of the
magnetic field, oriented parallel to the graphene plane. The figure displays the
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Figure 8.10: dI/dVGL as a function of VGR and VGL for T = 120 mK and Vbias =
−4 mV for different values of in-plane magnetic field. dI/dVGL is measured with a
lock-in amplifier by adding an ac modulation of 200 µV to VGL and detecting the
ac component of the current.

current differentiated by VGL , measured directly by applying an ac modulation to
VGL , and recording the ac current. Again, states parallel to the baseline as well
as lines parallel to the upper edge of the triangle are visible. The position of the
triangles in the gate voltage plane almost does not change at all up to B = 12 T.
This is in contrast to the case of a perpendicular magnetic field, where the position
of the triple points and the intensities change significantly on a magnetic field scale
∆B ≈ 250 mT due to the effects of the field on the orbital part of the wave functions.
Two effects of the parallel magnetic field on the triple points can be observed.
First, with increasing magnetic field, the number of visible states parallel to the
baseline increases, which is most pronounced for B = 12 T [Fig. 8.10(d)]. This
effect was observable for both pairs of triple points which were studied, and could
originate from Zeeman splitting. However, it was not possible to analyze in detail
the appearance of these additional lines because their broadening is similar to their
spacing. The second effect is the appearance of a line parallel to the left edge of the
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triangle at high magnetic fields. This line originates from modulated transmission
between the right dot and the right lead. The appearance of this line with high
magnetic field is surprising, as one would not expect the in-plane magnetic field
to localize states. This could be due to non-perfect alignment of the sample in
magnetic field, or to the fact that some areas of the structure are exposed to a finite
component of the out-of plane field, because of ripples always present in graphene
flakes [116].

8.8
8.8.1

Open questions
Technological challenges

The fabrication of a working graphene double dot sample is technologically challenging, and the yield was quite low (≈ 10%). The problems were non-working contacts,
too wide or etched through constrictions, leakage to the back gate, leakage over the
etched lines, and spontaneous death of the sample after cool down. The sample dimensions are at the limit of the resolution achievable by our ebeam lithography and
etching process, and a slight variation of the line thickness can already lead to the
constrictions being too wide or etched through. In order to increase the chances too
have enough working contacts, two metal contacts are evaporated for every gate or
lead. One of the samples showed perfect single dot behavior, even if the lithographic
design was similar to the one presented in Fig. 8.3 but slightly larger (constriction
between both dots: 80 nm, between dots and leads: 50 nm, dot diameter: 140 nm).
Therefore, it is not clear yet how narrow the constrictions have to be in order to
define a clear double dot.

8.8.2

Constrictions

It is not perfectly clear yet what the consequences of the dirty nature of the constrictions connecting the dots to the leads and between both dots are on the transport
properties of the double dot. As it was shown in chapter 6, it is probable that localized states, which can be charged depending on the position of the Fermi energy,
form in the constriction, and lead to resonances in the transmission. However, these
resonances do not have a strong influence on the honeycomb pattern in the charge
stability diagram. They only give rise to a modulation of the transmission and of
the strength of the current along the cotunneling lines that is slow compared to the
charging energy. This is due to the fact that in order to observe Coulomb blockade,
no clean tunnel barriers are required, but a resistor with a resistance of the order
of h/e2 is sufficient. But even if at a first glance the inhomogeneities in the constrictions seem not to disturb the clean double-dot behavior, it is conceivable that
they still have an influence on the measurements. It has been shown theoretically
that a charge trap coupled to a single quantum dot can lead to structures similar to
electronic excited states in a Coulomb diamond measurement, even in regions with
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undistorted, well-seperated Coulomb diamonds [117]. Such a situation can also lead
to negative differential conductance, which has already been observed in measurements of a graphene single dot [118]. Therefore, it could be possible that in the
case of a graphene double quantum dot, localized states in the constrictions lead to
additional features in the finite-bias triangles, similar to electronic excited states.
One indication for this are the features in Fig. 8.9(d) and (e) parallel to the upper
edge of the triangle, which can not originate from electronic excited states assuming
the number of charge carriers occupying the dots stays constant.

8.8.3

Number of charge carriers

Unfortunately, we can not determine the number of charge carriers occupying the
dots in our measurements. We can only estimate it to be very large, maybe hundreds
or even thousands. This is partly due to the narrow width of the constrictions connecting the dots to the leads, creating a region of suppressed conductance larger than
the experimentally accessible back gate voltage range (-30 V - +30 V). Therefore,
the dots can accommodate a very large number of carriers before the constrictions
get too open, and we can not even roughly estimate the center between the edges of
the gap. One could try to get an indication for the position of the charge neutrality
point by analyzing the positions of the triple points as a function of perpendicular
B-field and observe their convergence towards the Landau levels, as it has been done
for a single dot [99], or by opening a band gap in a double layer graphene double dot
by applying a perpendicular electric field. However, this would be much more timeconsuming for a double-dot compared to a single dot because the second dot adds
an additional dimension to the problem and to the required measurements. In addition, this approach is not possible in the sample studied in this work as the current
is completely suppressed over large back gate voltage regions. In order to identify
the region with low occupation numbers of the dots in a future sample, it would
be helpful to increase slightly the width of the constrictions. This would reduce
the region to look for the electron-hole crossover, and help to keep the constrictions
slightly transparent even close to the charge neutrality point.

8.8.4

Unusual triple points

Fig. 8.11 presents a closer study of one pair of triple points recorded at VBG =
−0.8 V for two different bias voltages Vbias = 0.5 mV and Vbias = 1 mV. In this
case, there is current flow not only at the triple points, but the current is also
strong along the connecting line between the triple points (Fig. 8.11(a)). The
current along the connecting line between the triple points is much higher than the
cotunneling current at the other edges of the hexagons where the potential of one
dot is aligned with the lead electrochemical potential, which can only be seen in
logarithmic representation (Fig. 8.11(b)). At higher bias voltage, the region with
current develops into a trapezoidal area instead of two separated triangles (Fig.
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Figure 8.11: Closer examination of one pair of triple points by a measurement of
the current as a function of VGR and VGL for an applied bias voltage Vbias = 0.5
mV and Vbias = 1 mV. The voltages applied to the gates are VBG = −8 V, VCL =
VCR = 0 V, VCG = 0.5 V, T ≈ 120 mK. (a),(d): linear colorscale (b),(e): logarithmic
colorscale (c),(f): representation of the numerical derivative of the current by VGR
after smoothening over 2 data points.

8.11(d,e)). The lines parallel to the baseline in the finite-bias triangles, similar
to the ones presented in Fig. 8.9, are also visible in the whole trapezoidal region
between the triple points. This can best be seen in Fig. 8.11(c) and (f) showing the
result of the measurement after a numerical derivation along VGR .
Such connected triple points were observed for different cooldowns and regimes,
sometimes as well-defined as in this case, but sometimes the current along the connecting line was also weaker, as can be seen for example in Fig. 8.8(a). The appearance of such a trapezoidal region of current is unusual, and can not be explained by
sequential tunneling processes. It might be due to cotunneling processes, occurring
only for very specific coupling configurations. In the case of this sample, the current
along the line connecting neighboring triple points was never observed for positive
back gate voltages, but only in the case of VBG around zero or negative.

8.8.5

Spin blockade in graphene double dots?

During this work, we also looked for Pauli spin blockade, as it has already been observed for example in GaAs heterostructures [108, 119], semiconducting nanowires
[120] and carbon nantubes [121, 122], but no evidence could be found in our experi-
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ments. The quest for spin blockade is more difficult in graphene than in the material
systems mentioned above for several reasons. In addition to the spin degeneracy,
there is also the two-fold valley degeneracy, which might survive even in etched dots
and has to be lifted in order to observe a strong suppression of the current [123].
Up to now, spin blockade has not been observed in a material with weak hyperfine
and spin-orbit interaction, as it is expected for graphene, and it is not clear which
magnetic-field behavior to expect. Because of the condition of closed shells, spin
blockade is usually observed in dots with small carrier numbers in other materials,
but this region is impossible to reach in the present sample. An other difficulty
for the observation of Pauli spin blockade is the presence of additional localizations
forming in the constriction between both dots. Even if these localizations do not
have a very strong influence on the electrostatic properties of the dots and still allow
an almost perfect honeycomb-shaped charge stability pattern, the presence of more
than two dots in series could make complicated the observation of spin blockade.

8.9

Conclusion and outlook

In this chapter, we have presented measurements on a graphene double quantum
dot. The hexagon pattern typical for double dots can be observed in the charge
stability diagram, and is continuous over many charge configurations. Different
coupling regimes can be achieved by changing the voltage applied to the center gate
or the back gate. The capacitive coupling between the dots is a non-monotonic
function of applied gate voltage. Despite the strong capacitive coupling between the
dots, the tunnel coupling is below the experimental resolution and no roundening
of the hexagons at the triple points can be observed. Inside the finite-bias triangle
additional structure can be observed. With the application of an in-plane magnetic
field, additional states become visible inside the triangles.
However, there are still many open questions worth a more detailed study. The
origin of the features inside the finite-bias triangles is not completely clear yet.
For further studies, the sample design could be modified to have an additional
charge detector. This would allow to investigate also the regimes where the current
through the dots is too low to be detected directly. It is also worth to keep looking
for Pauli spin blockade effects in a graphene double dot, even if no indication has
been observed until now. The observation of spin blockade would open many new
possibilities for deeper physical understanding and make possible to measure spin
coherence times in graphene.
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A

List of samples

name
NoA 06

picture

structure
etched graphene Hall bar
with graphene in-plane gates

Data
Chapter 4

unetched graphene flake with
contacts in Hall bar geometry

Chapter 4

graphene ring with two
graphene side gates

Chapter 5

1 μm
FE 2

2 μm
FA 24

500 nm
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name
FA 32

picture

FE 9

200 nm
NoG 12

structure
constrictions of different
geometry, etched out of 2
graphene flakes (scalebar:
200 nm)

Data
Chapter 6

2 constrictions of different
length, etched out of the
same graphene flake

Chapter 6

short, narrow constriction

Chapter 6

single electron transistor with
graphene plunger gates

Chapter 7

double quantum dot

Chapter 8

200 nm

200 nm
NoC 06

300 nm
FD 5

100 nm
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B

Processing of graphene samples in FIRST

Process

Description of process steps

Defining markers on
wafer

Cleaning: 2 min in acetone, US power 9; 2 min in isopropanol, US power 9, dry
with N2
HMDS coating: put 2-5 droplets of HMDS on paper in glassware, put wafer on
grid in glassware, put cover, leave for 20-30 min

Remarks
for better adhesion of the photoresist

Spinning: cover at last 1/3 of wafer by resist ma-N 1405, spinner parameters:
300 rpm, acc 2, 40 s
Soft bake: 60 s at 100◦ C
Exposure: MA6 mask aligner, channel 1(365 nm), if problem use CP, Lamp test
with correct sensor, Intensity 350 mJ/cm2 (around 50-70 s)
Develop: ma-D 533s, 60-70s, stir slightly, rinse in water for 120 s
Cleaning before deposition: small oxygen plasma asher, 30 s at 200 W, 0.7 Torr

important to remove HMDS
below bond pads, otherwise
they do not stick well to the
surface

Metal evaporation: 2 nm Cr / 40-50 nm Au

thick layer (200 nm): better
contrast in e-Beam, thin layer
840 nm): more flakes

Lift-off: > 10 min in 50◦ C acetone until gold starts to lift, blow Au away with
pipette and use US
Cleaning: 2 min in acetone, US power 9; 2 min in isopropanol, US power 9, dry
with N2
Cutting wafer into individual chips

Spinning: Shipley 1805, 60 s at 5000 rpm

thick layer of resist to protect
wafer during sawing

Hard bake: 2 min at 115 ◦ C
Contact Hansjakob Rusterholz for sawing into 7*7 mm chips
Deposition
graphene

of

Clean samples: 2 min in acetone, US power 9; 2 min in isoprop., US power 9,
repeat twice, dry with N2
Plasma ashing: 2 min at 200 W, 0.7 Torr
optional: coat chips with HMDS as described above

this might lead to more homogeneously doped flakes, higher
mobility

go to grey room, cover surface with paper, prepare pieces of blue tape next to
wafer saw
distribute graphite flakes on blue tape, fold 6-10 times
put chip on top of tape, press gently
short US pulse in acetone

to make sure the flakes used for
processing stick well

Clean samples: rinse 2 min in acetone, 2 min in isoprop., no more US power,
dry with N2
Contacting
flakes

of

the

Clean samples: rinse 2 min in acetone, 2 min in isoprop., no US power, dry with
N2
optionnaly: bake 2 min at 120◦ C

to remove water

Spinner: P(MAA/MMA) 1:1, 1000rpm for 1 s, 5000 rpm for 45 s
Bake: 15 min at 180 ◦ C
Spinner: PMMA 950K 1:1, 1000rpm for 1 s, 5000 rpm for 45 s
Bake: 15 min at 180 ◦ C
eBeam exposure
Develop: MIBK:IPA 1:3, 60 s, no stirring
Rinse: isopropanol, 60 s
dry with N2
Metal evaporation: 2 nm Cr at 1Å/s, 40 nm Au at 2Å/s
Lift-off: ≈5-10 min in acetone at 50 ◦ C, stir or blow with pipette to remove gold
Clean samples: rinse 2 min in acetone, 2 min in isoprop., no US power, dry with
N2
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Process

Description of process steps

Etching

Clean samples: rinse 2 min in acetone, 2 min in isoprop., no US power, dry with
N2
optionnaly: bake 2 min at 120◦ C

Remarks
to remove water

Spinning, Version 1 for normal size structures: PMMA 950K 1:1, 2s at 2000 rpm,
45 s at 5000 rpm
Spinning, Version 2 for small structures: PMMA 950K 2:5, 2s at 1000 rpm, 45 s
at 6000 rpm

for single-pixel lines,
thickness: ≈ 45 nm

resist

Bake 15 min at 180 ◦ C
eBeam exposure
Develop: MIBK:IPA 1:3, 60 s, no stirring
Rinse: isopropanol, 60 s
Etching in RIE, Version 1 for normal size structures: clean chamber (recipe
Christoph O2 clean), load sample, etch (recipe Christoph C-etch)
Etching in RIE, Version 2 for thin resist: clean chamber (recipe Christoph O2
clean), load sample, etch (recipe Johannes C-etch)
Remove resist: prepare two glasses of acetone at 50◦ C, hold sample upside-down,
immerse in first glass of acetone while moving slightly for ≈ 5s, immerse into
second glass of acetone for 2 min, rinse in isopropanol for 2 min, dry with N2

Glue
sample
chipholder

into

Sometimes the upper resist
layer is like a skin and deposits
on top of the sample, then it
can almost not be removed any
more

Prepare conductive silver paste: H20E A,B, approx 30g of each on a glass plate,
mix with toothpick
Optionally: use dummy as spacer

samples for scanning gate

glue sample to chipholder, contact back gate by droplet of glue from the side
Bake: with Formier gas in annealing oven, 20 min at 120 ◦ C, ≈400 mBar, 10
m3 /h
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