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Chapter 1

Introduction

Abstract

Graphene is a monolayer of sp2 hybridized carbon atoms arranged in a two-dimensional hon-
eycomb lattice. Theoretically described 65 years ago [1] and first isolated 50 years ago [2],
graphene started its rise in the year of 2004 when researchers from Manchester reported the
first field effect transistor (FET) based on multilayer graphene [3]. Since then, the amount
of scientific papers devoted to graphene has been growing exponentially in time (Fig. 1.1a).
In only a few years graphene production was scaled up to the industrial level [4] and the
Manchester team, Andrei Geim and Konstantin Novoselov, received the Nobel prize in Physics
2010. Altogether, the avalanche in the development of graphene research shows that graphene
became one of the ”hottest”’subjects in modern physics.

In this thesis I present my work on quantum transport in graphene for the last 4 years.
All studies were performed on graphene based FETs, where the electronic properties are con-
trolled by tuning the position of the Fermi level in graphene with an applied electrical field.
I start by investigating the sensing capabilities of standard graphene FETs fabricated on a
SiO2 substrate. Because of the influence of the invasive substrate, concealing the intrinsic
properties of graphene, such devices show a rather modest mobility of the charge carriers
(μ <15,000 cm2V−1s−1). To overcome this problem, a new method of obtaining a FET based
on free standing graphene membranes was developed. This allowed us to produce ultra-high
mobility devices (μ > 300,000 cm2V−1s−1) and investigate graphene’s electronic properties
in the regime of a low concentration and a μm-long mean free path of the charge carriers.
Using the developed method, we measured ballistic transport and quantized conductance in
suspended graphene for the first time. The thesis is finalized with two chapters devoted to the
studies of the magnetoresistance of suspended bilayer graphene and electron-electron interac-
tions that can influence the electronic spectrum of such bilayer system.
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T
wo-dimensional electron gases (2DEGs) based on conventional semiconductors
such as silicon (Si) or GaAs have played an important role in fundamental sci-

ence and technology. The high mobilities achieved in 2DEGs enabled the discov-
ery of the quantized conductance [5, 6]; both integer and fractional quantum Hall
effects [7, 8] and are exploited in high-electron-mobility transistors. The ”rise of
graphene” - a perfect 2D material, where electrons are confined in a single sheet
of atoms, opened a new chapter in the 2D world [9]. In contrast to conventional
semiconductors and as a result from graphene’s crystal symmetry, charge carriers in
graphene can be described by the Dirac equation, which defines the dynamics of rel-
ativistic and ”massless” particles. Low-energy excitations in graphene exhibit a linear
energy dispersion ε = vF · k�, corresponding to massless Dirac fermions having the
speed of vF ≈ 106m/s; 300 times smaller than the speed of light [1, 10, 11]. More-
over, in a honeycomb lattice the electron hopping between two independent sublat-
tices A and B (Fig. 1.1b) leads to the existence of pseudospin - a new degree of free-
dom for the charge particle in addition to its spin. The relativistic nature of charge
carriers in graphene provides an exceptional feature: mobility of the carriers can ex-
ceed 100,000 cm2V−1s−1 [12–14] and remains high enough for efficient electronic
transport even at highest electrical-field induced concentrations of n > 1013 cm−2.

(a) (b)

(c)

A
B

B
B

Figure 1.1: (a) Yearly publications on graphene from 2001 to 2011. (b) Honeycomb lattice
of graphene with two A and B sublattices. (c) Lattice structure of bilayer graphene in AB
stacking.
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This feature gives graphene superiority over commonly used doped Si with mo-
bilities reaching only 1,500 cm2V−1s−1 [15]. Although other 2DEGs based on GaAs-
AlGaAs heterostructures have comparable mobilities to graphene or even higher, the
2D gas in the heterostructures is hard to access electrically, since its electronic states
are buried under the surface [16]. Thus ”accessible” graphene offers a high potential
in electronics application. It has fast moving charge carriers, low resistance and high
thermal conductance [17]; all desirable properties for a transistor to operate at THz
frequencies while avoiding to overheat. As a consequence, the worlds fastest tran-
sistor is reported based on graphene (epitaxially grown on SiC) with 100-GHz cutoff
frequency, more than twice as high as Si metal-oxide semiconductor FETs [18]. How-
ever, there is a major disadvantage in graphene as the base material for electronics:
the conductance and valence cones of graphene’s band structure touch each other,
causing a finite conductance at the charge neutrality point. The relatively low on-off
ratio (∼100) [9] of graphene is a major problem for mainstream logic applications.
There is already progress in solving this issue; as an example, a semiconductor gap
can be engineered by breaking a sublattice symmetry in graphene either via substrate
interaction [19,20], lateral confinement [21] or chemical functionalization [22].

From this point of view bilayer graphene (Fig. 1.1c) is more attractive for ap-
plications. The band gap in bilayer can be tuned up to ∼0.3 eV by the application
of an electrical field [23]. With increasing number of carbon layers in graphene
stacks, the carriers are no longer ”mimicking” the relativistic massless particles. Bi-
layer graphene has a parabolic dispersion relation with an effective carrier mass of
about 0.054me [24, 25], while electrons still inherit their chirality from single layer
graphene (so called massive chiral fermions). Moreover, in addition to high mobili-
ties [26–28], ultra-clean bilayer graphene samples also showed gapped ground states
induced by electron-electron (e-e) interactions [28–31]. The fundamental interest in
these states lies in the fact that each gapped state is characterized by the graphene
layers’ polarization either by spin, valley or mixture of both; which results in new
transport properties of the system [32,33]. In the meantime, the combination of e-e
interaction and electrical field might result in a desirable size of the gap in bilayer
graphene FETs.

Due to the high Fermi velocity (electron velocity, vF ) of the carriers in graphene,
they can in theory propagate without scattering over large distances of the order of
μm. In reality, ”experimental” graphene has many sources of disorder that decrease
the mean free path of electrons to the values in the range of diffusive transport. The
sources of disorder vary from ordinary effects commonly found in semiconductors,
such as ionized impurities in Si substrate, to adatoms or adsorbed molecules at the
graphene surface, and to more unusual defects such as ripples associated with the
soft structure of graphene. Since all these defects influence the transport properties
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of graphene, the response in graphene resistance can be a powerful tool to investi-
gate the defect’s nature. In particular, the fact that graphene is a 2D material i.e.
has only surface, makes it sensitive to any change in the environment. As an ex-
ample, absorbtion or desorbtion of molecules can directly affect the electronic states
of graphene, resulting either in doping or an increased presence of scatterers that
influence the charge carrier mobility [34].

This sensitivity can also be a disadvantage. Each single device, depending on
conditions during the preparation, differs in initial properties. For example, the po-
sition of the charge neutrality point relates to the doping induced by the substrate or
moist air; the amount of hysteresis and its direction in the gate sweeps relates to the
charge trapping mechanism induced by the impurities. Furthermore, the mobility of
devices fabricated on invasive substrates is far below theoretically expected values
and reaches only 15,000 cm2V−1s−1. There are two ways to overcome this limita-
tion: (i) replace the substrate by a less invasive one, for example, boron nitride (BN)
crystals [14, 35]; (ii) remove the substrate below graphene creating a free stand-
ing membrane [12,13]. Relaxing graphene from the substrate’s influence reveals its
intrinsic properties. These high-quality samples (μ ≈ 600,000 cm2V−1s−1) can op-
erate in the ballistic regime, where the μm-long mean free path (λ) of the fermions
becomes comparable to the samples dimensions [13,36].

I would like to cover in this introduction chapter the ways of graphene production.
The commonly used ”Scotch tape” technique [3] of graphite exfoliation is rather easy
to perform and low cost. One literally peels off graphite layers with the Scotch tape
and transfers these layers on the desired substrate. The technique is time consum-
ing and low-yield. Therefore, in order to fullfill the industrial potential of graphene
mass production techniques need to be developed. One of the directions is controlled
graphite exfoliation, either by intercalation of graphite or reduction of graphene ox-
ide. Both approaches have a common basis - make graphite soluble and then either
disperse or transfer the graphene sheets on to the substrate. Depending on the pur-
pose of graphene production, exfoliation techniques can find their application. For
instance, low mobility conductive films, since the achieved μ is comparable to or-
ganic polymers; sensor application, due to the fact that graphene’s surface functional
groups and defects, resulting from the production process, are chemically more ac-
tive. Most probably, the highest scaling up potential is in graphene produced either
by chemical vapor deposition (CVD) or epitaxial growth. CVD is the decomposition
of a hydrocarbon in 2D carbon sheets on a catalyst substrate with the help of heat.
The CVD grown graphene on Cu, with its further transfer onto an insulating sub-
strate, was used to produce a first 30 inch touch screen based on graphene [4]. The
bottle-neck of the CVD graphene production is a reliable transfer method to keep
graphene’s crystallinity and to find the way of reusing catalytical materials (to lower
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the production costs). An alternative process is epitaxially grown graphene via ther-
mal decomposition of hexagonal α-SiC. It has the advantage that it is very clean
because the epitaxially matching support crystal provides the carbon itself and no
metal is involved. Moreover, this way graphene films are already grown on the insu-
lator, which makes it easy for FET production. There are still challenges to overcome;
the SiC substrate on top of which graphene is grown is not fully decoupled from its
surface material, influencing graphene’s electronic properties.

Graphene based research is one of the fastest growing topics, and despite remark-
ably rapid progress, there is still ”plenty of room at the bottom” (R.P. Feynman). For
those who remain sceptical about the potential for electronic application of graphene
I would like to conclude this section with quoting Mildred S. Dresselhaus: ”I still
remember the time when nobody believed in silicon”.
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1.1 Thesis outline

In this thesis I present my work on the quantum transport in graphene. All studies
were performed on graphene-based FETs, where electronic properties are controlled
by tuning the position of the Fermi level in graphene with an applied electrical field.
Below I shortly list the chapters of the thesis with a brief description of each of them:

Chapter 2 gives a theoretical introduction covering all subjects and experiments
discussed in following chapters.

Chapter 3 describes a number of experimental techniques which were used to
study the electronic properties of graphene-based FETs.

Chapter 4 presents our studies on the electronic properties of graphene FETs in
a moist environment [37]. We compare graphene’s response to different gas vapors,
where we vary either polarity of the liquids: water versus ethanol; or the atomic
weight of the molecules: water (H2O) versus heavy water (D2O). This approach al-
lowed us to correlate the electrochemical and electronic properties of a graphene FET
on a regular SiO2 substrate in ambient conditions.

Chapter 5 presents a new acid free method for obtaining a FET based on free-
standing graphene membranes [38]. A polydimethylglutarimide based organic resist
(LOR) is placed in between graphene and the oxide substrate in order to decouple
graphene from the underlaying SiO2 substrate. Using two lithography steps and a
standard lift-off procedure one can obtain a mechanically stable suspended mem-
branes of graphene, with almost no limitations on contact materials and device ge-
ometries.

Chapter 6 introduces the use of a newly developed acid free method (described
in the previous chapter) for the investigation of ballistic transport in a suspended
graphene nanoconstriction [36]. We observed for the first time a quantized conduc-
tance at integer multiples of 2e2/h in graphene at zero magnetic field. In contrast to
other 2DEGs, graphene has physical edges, thus the transmission of one dimensional
modes, in particular their degeneracy, depends on the crystallographic edge orienta-
tion (zig-zag or armchair) of a given sample. Since graphene has an additional valley
degree of freedom, our observation of the conductance steps in units of 2e2/h points
towards lifting of the valley degeneracy.

Chapter 7 describes the observation of the broken symmetry of states in sus-
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pended bilayer graphene in magnetic fields up to 30 T [27]. For magnetic fields
B > 1 T the resistance at the charge neutrality point diverges, which indicates the
opening of a field-induced gap. Both the sequence of this symmetry breaking and
the linear scaling of the gap-size with B point to Zeeman splitting as the cause of
first broken degeneracy, enhanced by the exchange interaction. Thus, the insulating
phase developing at the charge neutrality point has a ferromagnetic nature.

Chapter 8 is devoted to the investigation of the electron-electron interaction in
bilayer graphene. The studied sample of suspended bilayer graphene showed spon-
taneous gap opening with a transport gap value of 8 meV at 0.3 K [30]. The presence
of the transport gap and the B field response of the resistance at the charge neutrality
point suggest a spin polarized layer antiferromagnetic state as a ground state in the
studied bilayer graphene sample. The observed non-trivial dependence of the gap
value on the normal component of B suggests possible exchange mechanisms in the
system, which are not yet described by theory.

Chapter 9 presents our contribution to the route of the obtaining graphene via
graphene oxide reduction [39]. We demonstrate the deposition of graphene oxide
single layers by a Langmuir - Schaefer approach, followed by further chemical re-
duction on the substrate of interest. The reduced films consist of 90% single layer
graphene showing typical bipolar behavior and a mobility of 12 cm2V−1s−1 in the
metallic regime. The very large sheet size (10 - 150 μm2) and the controllable cov-
erage open the way to accessible large-scale deposition. The observed electronic
properties of the devices are among the best ones for reduced oxide materials, but
show rather low quality compared to the ”Scotch tape” exfoliation.
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Chapter 2

Theoretical and experimental background

Abstract

In this chapter I shall give a theoretical introduction covering all subjects and experiments
discussed in the rest of my thesis.

2.1 Band structure of single layer graphene

The electronic structure of an isolated carbon atom is (1s)2(2s)2(2p)2. In graphene
the s, px, py-orbitals hybridize in to an sp2 state. These orbitals create σ-bonds

with their neighbours separated by a = 1.42 Å under the angle of 120o. Therefore,
the atoms in graphene are arranged in a honeycomb lattice. These bands have a filled
shell forming a deep valance band and are responsible for the mechanical robustness
of graphene. The pz orbital remains its initial π-shape, which is perpendicular to
the planar structure. Since π-orbitals are partially filled with electrons they form a
conductance band [1]. Here I would like to specify that through out the thesis by
word ”graphene” I mean single layer graphene.

The main electronic properties of graphene are derived from the tight-binding
model [1–3]. The honeycomb structure can be described by triangular lattices with
two atoms, A and B, in the unit cell (Fig. 2.1a). We define the lattice vectors as
a1 = (a/2)(3,

√
3) and a2 = (a/2)(3,−√

3). Thus the reciprocal lattice vectors are
given by b1 = (2π/3a)(1,

√
3) and b2 = (2π/3a)(1,−√

3). The first Brillouin zone of
the honeycomb lattice has the same form as the original hexagons, but is rotated with
respect to them by π/2 (Fig. 2.1b). The honeycomb lattice has a special symmetry
group that contains an element swapping the two sublattices. Hence, for each value
of the momentum k within the Brillouin zone, two states exist with energies E±(k).
These two spectra branches are degenerate at the corners of the zone [4].

All points at the corners of the Brillouin zone can be reduced to two equiva-
lent corners that we label K and K ′. At low energy excitations the conduction
in graphene is determined by the ”quasi free” π-electrons. Following the common
nearest-neighbour tight-binding model for electrons, the energy bands have the form
[1–3]
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Figure 2.1: (a) Honeycomb arrangement of carbon atoms in graphene with two triangular A
and B sublattices. The lattice unit vectors: a1 and a2. (b) The first Brillouin zone (BZ) with
reciprocal lattice vectors b1, b2 and high symmetry points K,K′,M,Γ. (c) Band structure of
graphene: the conductance and valence bands touch at the K and K′ points. (d) Pseudospin
orientation in comparison to the wave vector direction in each dispersion branch of different
valleys.

E±(k) = ±t(3 + 2 cos(
√
3kya) + 4 cos(

√
3

2
kya) cos(

3

2
kxa))

1/2, (2.1)

where t ≈ 2.8 eV is the nearest-neighbour hopping energy (hopping between dif-
ferent sublattices) and the plus sign applies to the conductance band while the minus
sign refers to the valence band. The graphene band structure is depicted in Fig. 2.1c).
Both conductance and valence bands of graphene touch each other at single points
(K and K ′, so called Dirac points) in the Brillouin zone, making graphene a zero-gap
semiconductor, where the neutrality point is located at the intersection of the bands.
The most important electronic transport properties of graphene arise from the elec-
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tronic dispersion in the vicinity of these K points. For relatively small excitations
(|E| <1eV), the wave vector can be written as

−→
k =

−→
K + −→q with q � K, and the

dispersion of charge carriers in graphene is linear and takes the form:

E±(−→q ) = ±vF�|−→q |, (2.2)

where q is the momentum measured relatively to the K (K’) edge and vF is the
Fermi velocity, which is defined in a tight-binding picture as vF = dE/dp = 3ta/2

and has a value of ∼106 m/s. The first important property of graphene, already
mentioned in the introduction, is that the velocity of electrons does not depend on
the energy or momentum i.e. it remains constant for different carrier concentration.
The Eq. 2.2 has the form of the Dirac equation for massless relativistic particles:

E = ±
√
m2

oc
4 + c2p2, (2.3)

where mo is a rest mass brought to zero, c speed of light and p impulse, which results
in E = ±cp. From this point of view, graphene is the only system which allows
to study behaviour of the relativistic particles and their dynamics in the ”lab”. In
addition to spin degeneracy, common for all semiconductors, the existence of two
Dirac points at K and K ′ gives rise to a valley degeneracy gv =2 for graphene.

Moreover, in analogy to relativistic particles, charge carriers in graphene possess
chirality. To understand this, let us rewrite Eq. 2.2 as a 2D Dirac Hamiltonian at two
different Dirac points, K and K ′

HK = −→σ �vF
−→
k ,HK′ =

−→
σ′�vF

−→
k (2.4)

where −→σ = (σx, σy) and
−→
σ′ = (σx,−σy) are vectors of Pauli matrices. For ”reg-

ular” particles, σ describes the observable spin projections on a given axis, while for
particles in graphene this quantity represents a ”pseudospin” - an extra degree of
freedom next to the spin. In graphene σ, analogous to spin, describes the projec-
tion of pseudospin on to wave vector direction. The change in sign of this projection
would change the ”helicity” or ”chirality” of the particle. In Fig. 2.1d) we show the
directions of pseudospin and wave vectors at both Dirac points. As a consequence
of two inequivalent sublattices A and B contributing to the unit cell, the two linear
branches of the graphene energy dispersion become independent of each other and
possess opposite directions of the pseudospin. Therefore the chirality of the charge
carriers changes from the conduction to valence bands. There is also a simplified solid
state explanation of pseudospin, it is a mathematical consequence of the fact that the
electron obtains a phase shift in its wave function while hopping from the A to B lat-
tice points, which can be directly measured from Shubnikov-de-Haas oscillations [5].
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Most of the scattering processes are affected by the pseudospin conservation. This
leads to a suppression of the back-scattering (�k → −�k) in graphene.

The most important message of this section is that charge carriers in graphene
have a density independent velocity and carry four-fold degeneracy: spin (up and
down) and valley (K and K ′).

2.2 Band structure of bilayer graphene

Bilayer graphene consists of two single layers of graphene placed on top of each
other.1 The layers are held together by van der Waals forces [6]. There are two
possibilities to place two graphene layers on top of each other: AA-stacking, when all
atoms of the top layer are exactly above of the ones the bottom layer; or AB-stacking,
when layers are misplaced in such way that atoms of sublattice A1 from one layer are
located above atoms A2 from the other, while atoms of B1 lattice falls in the center
of the other’s layer hexagon (Fig. 2.2a). The AA-stacking type has not been observed
in natural graphite. This is due to the fact that AB-stacking is more energetically
favourable than AA, resulted from an interlayer orbital interaction [6,7].

The band structure of bilayer graphene can be also obtained from the tight-
binding model, where the hopping parameters γ were adopted from the graphite
nomenclature: γ0 = t ≈ 2.8 eV is the in-plane hopping energy (analogous to single
layer graphene); γ1 ≈ 0.4 eV is effective interlayer hopping energy between atom A1

and A2, while γ3 ≈ 0.3 eV connects B1 and B2 [7]. The unit cell of bilayer graphene
is depicted in Fig. 2.2b); similar to single layer case, it contains atoms from both
sublattices. Such symmetry supports a degeneracy point at each of two inequivalent
corners, K and K ′, of the hexagon Brillouin zone (Fig. 2.2c), where the conduc-
tance and valence bands intersect [8]. In addition to this, bilayer graphene has an
important property. The application of an electric field perpendicular to the layers
(z-direction) induces a band gap. This results from the non-equivalency of two lay-
ers, i.e broken inversion symmetry in the applied field. Taking all this into account
and assuming that γ3 << γ1, the electronic structure of graphene can be described
with following equation:

E±(q) = [V 2 + �
2v2F q

2 + γ2
1/2± (4V 2

�
2v2F q

2 + γ2
1�

2v2F q
2 + γ4

1/4)
1/2]1/2, (2.5)

where V is a shift in the electrochemical potential between two layers, induced by
an applied electrical field [1,3,8].

1The term double-layer graphene is also widely used in literature. In this thesis by double-layer
graphene I refer to two layers of graphene separated by an insulating tunnel barrier and may stacked
in a random orientation.
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Figure 2.2: (a) Lattice structure of AB-stacked bilayer graphene. The A1, B1 and A2, B2

sublattices from top and bottom layers respectively are shown. (b) Top view of the bilayer unit
cell. (c) The first Brillouin zone of bilayer graphene with K and K′ valleys. (d) Band structure
of bilayer graphene in the vicinity of K points: (Left) V =0; (Right) V �=0.

This formula becomes simplified assuming some approximations;

• For no electrical field and low energies: V = 0 and q � γ1/(2�vF ), which
corresponds to a charge carrier density of 5· 1012cm−2. Bilayer graphene is a
gapless semiconductor with a parabolic dispersion relation

E±(q) = �
2v2F q

2/γ1 = 1/(2m∗)�2q2, (2.6)

For small q the quaziparticles in bilayer graphene have an effective mass of
m∗ = γ1/2v

2
F , which is lighter comparing to the electron mass: m∗ ≈ 0.054me.

The given effective mass value is valid at the close vicinity of the CNP. Beyond
this approximation an exact calculation of m∗ = �

2(∂
2E

∂q2 )
−1 applied to Eq. 2.5

has to be performed. Traditionally effective mass value is measured from the
cyclotron resonance experiment or Shubnikov-de Haas oscillations, when the
system subjected to a magnetic field. However, in this case the measured mass
is an effective cyclotron mass mc = �

2

2π
dS(E)
dE |E=EF

where S(E) is the cross
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section of the Landau orbits (see Section 2.7) at the Fermi surface. For the
system with charge carriers having quadratic dispersion these two definitions
of mass coincide.2 However, this not the case for relativistic particles in single
layer graphene, which goes beyond the scope of this thesis.

If q � γ1/(2�vF ) then bilayer graphene has a linear dispersion, just as in the
single layer case.

• If V �= 0 and V � t, then bilayer graphene has a controllable band gap of
Δ = 2V − 4V 3/γ2

1 . Both band structure pictures for bilayer graphene, with
and without applied electrical field, are presented in Fig. 2.2d). Although the
bilayer energy bands have a common parabolic shape, the system is still chiral
because the A,B sublattice symmetry gives rise to pseudospin. The difference
from graphene is that the bilayer’s pseudospin has four components including
both layer and sublattice degrees of freedom [8,10]. So far γ3, which includes
next-neighbour interlayer coupling, was considered to be negligible. However,
detailed tight-binding model studies showed that taking in to account this pa-
rameter changes the band structure in bilayer graphene, producing four pock-
ets with linear dispersion around the K (K ′) point instead of a single touching
point of conductance and valence bands with a quadratic dispersion (so called
Lifshitz transition) [8,11].

In summary, bilayer graphene is a gapless semiconductor with quadratic disper-
sion, where a band gap can be induced by an external electrical field. Like in single
layer graphene, charge carriers in the bilayer have a valley degree of freedom and
chirality.

2.3 Graphene field effect transistors

One of the most important achievements first shown by Novoselov et.al. [12] is mak-
ing graphene and its electronic properties accessible for the scientific community
with an easy method. This article not only shows the possibility to isolate and detect
multilayer graphene on a SiO2 substrate, but also the way to change the Fermi level
of graphene using field effect transistor. It was a lucky choice to use a SiO2 substrate
for graphene isolation experiments [13]. Single layers of graphite placed on Si/SiO2

can produce an optical contrast of up to 15% for some wavelengths of incoming

2Experimentally obtained m∗ can differ from the theoretical value because of possible interaction-
induced band renormalization [9]. Moreover, one has to keep in mind that m∗ values determined either
from cyclotron resonance measurements or Shubnikov-de Haas oscillations can not be directly compared,
as Coulomb interactions may manifest differently in these two cases.
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Figure 2.3: (a) Graphene-based field effect transistor scheme, where a dc-voltage (Vg) is
applied in between graphene and the back of n++Si substrate. (b) Bipolar field effect in
graphene: change in graphene’s conductance under applied Vg. (c) Field effect transistor
based on suspended graphene membrane.

light. This happens due to the interference effects of light at the SiO2/graphene in-
terface. Thin graphite flakes are sufficiently transparent to add to an optical path,
which changes their interference colour with respect to an empty substrate. For cer-
tain wavelengths determined by the thickness of silicon oxide, even a single graphene
layer can be visible [14]. By applying the dc-voltage (Vg) in between graphene and
conducting n++-Si side of the oxide substrate (Fig. 2.3a), the Fermi level of graphene
can be tuned from the valence to conductance bands through the charge neutrality
point. Therefore, a graphene field effect transistor (FET) can be operated in both
regimes: holes and electrons, showing bipolar behavior as depicted in Fig. 2.3b).

From the plane capacitor model the induced charge density, n, in graphene is
given by the following relation

n = C/e(Vg − VCNP ) = α(Vg − VCNP ), (2.7)

where e is the elementary charge, C is the capacitance per unit area and VCNP

position of the charge neutrality point (CNP). In graphene community the commonly
used notation for C/e value is α, so called leverage factor or effective capacitance
in the units of cm−2V−1. We do not include the effect of quantum capacitance in
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graphene because of the fact that in our experiments the geometrical capacitance of
a device plays a dominating role [15].

The α value can be calculated as α = εoε/(d · e) and determined by the dielec-
tric constant ε of the insulating layer and its thickness d (εo is vacuum permittiv-
ity). Recent achievements in making high-quality graphene FET based on suspended
membranes opened a new chapter in the investigation of graphene’s intrinsic proper-
ties [16,17]. The leverage factor of such suspended samples can be estimated using a
problem of two capacitors in series. Within this problem a silicon oxide part (ε =3.9)
and a vacuum gap (ε =1) over which graphene is suspended (Fig. 2.3c) can be con-
sidered as two capacitors Cox and Cvac connected in series. Therefore one calculates
α for each capacitor separately and the actual effective capacitance of the system is
given by α = αoxαvac/(αox + αvac).

The electronic quality of the material is usually characterized by the mobility
(μ) of its charge carriers, which is semiclassically defined as an average drift ve-
locity of each electron per unit applied electric field. For graphene-based FETs on
the invasive SiO2 substrate the mobility already reaches rather high values of μ ≤
15,000 cm2V−1s−1 at room temperature (RT). However, the best quality devices
with μ >150,000 cm2V−1s−1 at RT were obtained by the removing an oxide sub-
strate underneath graphene and creating a suspended membrane [16,18]. As one of
the inventors of this method K. Bolotin said: ”Our study shows without question that
the charged crap is the problem and, if you want to make better graphene devices,
it is the enemy that you need to fight” [News on phys.org (March 13, 2012)]. The
scattering mechanisms limiting the mobility of graphene samples will be discussed in
the next section.

2.4 Electron transport and impurity scattering

The conductivity of graphene in the diffusive regime can be expressed by the Einstein
equation σ = e2νDOSD, where νDOS is density of states (DOS) in graphene and D

is the charge diffusion constant. The relation of D to a mean free path (l) and group
velocity vF of electrons is following D = 1/2vF l. The density of states (the number
of states per unit energy) for single a graphene layer is given by

νDOS = gνgs
2π|E|
h2v2F

, (2.8)

noting that graphene has both valley (gν =2) and spin (gs =2) degeneracies. Thus,
from Drude model [19] taking into account linear dispersion (Eq. 2.2), one can re-
late the distance that an electron travels in graphene before its initial momentum is
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destroyed, the mean free path, l, to the conductivity (σ) as

l =
σh

2e2kF
. (2.9)

One more important quantity which can be extracted from the conductivity measure-
ments and is often used as an indication of the device quality is mobility3, that can
be expressed as

μ =
σ

e · n (2.10)

There are two main types of scattering mechanisms which can limit graphene
electronic transport [1,3,4,20]: i) scattering by short- and long-range potential dis-
order; ii) electron-phonon scattering.

For average mobility samples on SiO2 substrate, the best agreement between the-
oretical predictions and experimental data is achieved by considering the long-range
disorder as a major reason for limiting conductivity [4, 20]. This disorder equally
scatters electrons on both sublattices but only within one valley. The scattering length
is large in comparison with the lattice constant a = 1.42 Å but still smaller than the
Fermi wavelength λF = 3.5/

√
n [m]. In graphene the long-range disorder can be

caused by randomly distributed charged (Coulomb) impurities close to the graphene
surface, either in the underlying substrate or on top of the graphene. These impuri-
ties introduce random potential fluctuations. A microscopic Drude-Boltzmann model
can be used to describe scattering by these impurity centers (with density ni) [20].
The model gives a linear dependence of the graphene conductivity on the charge car-
rier density (as can be seen from the experiment Fig. 2.3b). This may be understood
intuitively: the more charge carriers are present in graphene, the better is the screen-
ing effect of impurities by the 2D electron gas [21]; thus the probability of scattering
events decreases. Within this assumption σ can be expressed as

σ ≈ e2

h

|n|
nimp

(2.11)

Comparing this equation to Eq. 2.10 we can extract an important property of
graphene mentioned above, namely that beyond the vicinity of the Dirac point (n ≥
ni ≈ 1011cm−2) the mobility of the carriers in graphene does not depend on the
electronic density and is limited by the amount of charged impurities.

3An alternative way to estimate μ is from the magnetic field value, B, when the 2D system enters
the quantum Hall state. The condition μB � 1 applies that the electron performs a full cyclotron orbit
movement before being scattered. Since in quantum Hall regime the backscattering is suppressed, the
estimated μ is only sensitive to the scattering of momentum under small angles (in contrast to the diffusive
transport).
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Another type of disorder is the short-range disorder, which leads to scattering of
electrons within the same sublattice only. The examples of the short-range disorder
are: vacancies, cracks, boundaries etc. These defects start playing an important role
in the transport through high-mobility samples, where the Coulomb scatterers are
minimized. Meanwhile, the exact contribution of the short-range scatterers to the
conductivity value is under discussion. It has been observed that in high-mobility
samples the dependence of the conductivity on the carrier density has a sublinear
character. There are two theoretical approaches explaining this dependence.

First, an approach based on the self-consistent Born approximation (SCBA) which
gives the conductivity value expressed as

σ ≈ e2

h

|n|
nimp

ln2(
√
πnR), (2.12)

where R represents an average ”radius” of a short-range scatterer and is an order of
of the size of the primitive lattice vectors [22].

Second, an approach using the Fermi’s golden rule based on the Born approx-
imation which results in a constant conductivity independent on the charge den-
sity [20, 21]. The difference between these two approaches is that SCBA takes
into account the large deviation of the electron wave function, within the short-
range potential, from the usual plane wave used in the first Born approximation.
In the latter case, short-range scattering can dominate in the situation of a low
charged impurity concentration or high charge carrier density (when long-range im-
purities are screened). The conductivity is considered consisting of two contributions
σ = 1/(ρ(Vg) + ρs), where ρ(Vg) is the density depend long-range resistivity and ρs
short-range component4 (Fig. 2.4a).

The temperature dependence of the resistivity in graphene mainly arises from
phonon scattering. There are three types of the scattering observed in experiments:

• Acoustic phonon scattering, which is independent of the carrier density and
plays a dominant role at low temperatures T <150 K [24]. This scattering
leads to a linear increase in resistivity with T . At a technologically-relevant
carrier density of 1012 cm−2, due to the weak electron-phonon scattering, the
mean free path for electron-acoustic phonon scattering is more than 2 μm and
the intrinsic mobility limit is 200,000 cm2V−1s−1.

• Above 150 K an extrinsic scattering by surface phonons (remote interfacial
phonons) of the SiO2 substrate affects the conductivity and causes the T 2 de-
pendent resistivity [24, 25]. These surface phonons can be considered as a

4Nevertheless, in his Review of Modern Physics N. Peres [22] shows that fitting the same sublinear
conductivity dependence either with one or another approaches results in similar quality fits.
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Figure 2.4: (a) Electron transport in graphene below 300 K can be described by the expres-
sion σ = 1/(ρL(Vg) + ρs), where ρs is independent of Vg but varies with T . The temperature
change is shown by an arrow from bottom to top. (b) T dependence in bilayer graphene. At
the CNP, σ rapidly increases with T but (shown with an arrow), away from it, no changes are
seen. The inset plots values of μ. The graphs were adapted from Ref. [23].

long-range potential disorder, which gives rise to a density dependent resistiv-
ity in graphene, similar to charge impurity scattering.

• Phonon scattering can also represent a source of short-range disorder. Low
energy flexural phonons can result in higher power scaling of the resistance
component ρs ∼ T 5 for T > 200 K. The source of the phonons is mainly ripples
in the graphene sheet [23,26].

Similar scattering mechanisms are applied to the electronic transport in bilayer
graphene. However, the contribution of each mechanism is different from the single
layer graphene case due to the different density of states in the bilayer. Since bilayer
graphene has a normal quadratic energy dispersion (within Eq. 2.6 approximation),
its density of states is energy independent and can be expressed as

ν2DOS = gνgs
m∗

2πh2
, (2.13)

In general, for screened Coulomb charge impurity disorder the conductivity of
graphene bilayer behaves as

σ ∼ nβ , (2.14)

where β is charge density dependent and varies slowly changing from 1 at low densi-
ties to 2 at high densities. Owing to much the stronger screening in bilayer graphene
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Figure 2.5: (a) A schematic of random scattering of an electron in diffusive regime, when
both the width (W ) and length (L) of conducting channel are larger than the mean free path
(l). (b) Ballistic transport regime, in which the main scattering events occur at the walls of the
sample confinement. In this case λF ≤ l < W

short-range scattering plays a more important role even for the low mobility sam-
ples. Including of the short-range type of disorder is required to obtain a linear
change in the conductivity with density, which was confirmed experimentally [23].
Another important observation is that the bilayer conductivity away from the CNP
has a very weak temperature dependence (Fig. 2.4b). One of the explanations is the
absence of the contribution from the low energy flexural phonos because the bilayer
is stiffer then single layer graphene. However, in contrast to the latter, in the vicinity
of the CNP a strong insulating-type T dependence of bilayer graphene resistivity is
observed [3, 23]. This behaviour is caused by the thermally excited carriers. Owing
to the different DOS, the ratio between thermally excited carriers of bilayer and sin-
gle layer is ∼ m∗vF /T . Therefore bilayer graphene can have an order of magnitude
higher concentration of thermally excited carriers than single layer graphene at the
same temperature.

2.5 Ballistic transport in 2DEG

So far all our discussion was on diffusive electron transport. Electron transport is
diffusive when the mean free path of an electron is much smaller than the charac-
teristic dimensions of the system (the width, W , and length, L, of the conducting
channel, for example) and it is ballistic when the mean free path is much larger than
these (Fig. 2.5). In the first case, the motion of electrons is dominated by the scatter-
ing, discussed in Session 2.4, and the current is described within the diffusive Drude
model; in the second case, the current is determined by the ballistic motion of the
electrons in the electric field [27–29].

In the ballistic regime the system dimensions become of the order of the Fermi
wavelength, λF , and are larger than the mean free path. The electrons in the con-
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fined conductive channel behave as waves in a waveguide. Therefore, the conduc-
tance in case of quantum confinement will be determined by the number of trans-
verse modes formed from the wavefunctions of the electrons, N = WkF /π, where
kF = 2π/λ. Ballistic transport through such a channel can be well described by
the Landauer-Büttiker formalism that treats every conductive channel with a corre-
sponding transmission coefficient T ′ and each contact with a refection coefficient R′.
The two contacts at the end of the constriction are defined by their electrochemical
potential μ. Applying a voltage V between the contacts leads to a difference in the
electrochemical potentials of the two contacts given by δμ = μ2 − μ1 = −eV and a
net current is built up (Fig. 2.5b). Each mode transmitted in the channel will add
a conductance quantum of e2/h to the net current through channel, multiplied by
the mode’s degeneracy, g. According to the Landauer-Büttiker formalism the total
current through the ballistic channel will be given by the sum over all contributions
per mode. Assuming that every occupied mode has a transmission Ti = 1 and unoc-
cupied mode has Ti = 0, then the total current is

I =
N∑
i=0

TiV = Ng
e2

h
V, (2.15)

where N is the maximum number of occupied modes. Therefore the conductance
can be expressed as

G =
I

V
= Ng

e2

h
. (2.16)

Changing the width of a system allows to tune the number of available one-
dimensional modes transmitted through the channel. As Eq. 2.16 shows, the con-
ductance depends linearly on the number of transmitted modes, which brings us
to the conclusion that the conductance of the narrow channel will change stepwise
when increasing its width.

2.6 Quantized conductance in graphene nanoribbons

One dimensional (1D) transport in graphene has special properties. In contrast
to studied 2DEGs, where the lateral confinement of the 1D channel is created by
smooth electrostatically induced barriers,5 graphene’s 1D confinement is created by

5In a regular 2DEG such confined narrow channels can be created by the split gates of a point contact
[27]. The conductive channel of the point contacts is defined by the electrostatic depletion of the 2DEG
gas underneath split gates. Applying a voltage to the split gates offers the possibility to control the width
of the point contact and gradually change amount of the transmitted modes.
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Zigzag 

Armchair 

Figure 2.6: Graphene nanoribbon with a zigzag and armchair edges.

its atomical edges [30]. Theoretically there are two basic edge types distinguished
in graphene nanoribbons: (i) zigzag; and (ii) armchair, depending on the cutting
direction of the graphene sheet [30, 31]. The schematic drawing of both edge types
is shown in Fig. 2.6.

The electronic properties of graphene nanoribbons are strongly dependent on
their geometry. As in all previous cases, to determine the band structure of the
nanoribbon, tight-binding calculations can be applied [30]. In Fig. 2.7a) we show
a band structure of a semiconducting graphene nanoribbon with armchair edges.
When the number of unit cells along the width direction of a nanoribbon is a multiple
of 3, the armchair ribbon is a zero gap semiconductor, otherwise it has a gap around
the neutrality point. The bands of semiconducting armchair ribbons are linear around
the Fermi energy. Therefore the group velocity of their electrons around zero energy
should be constant, similar to graphene vF . An energy dispersion of the ribbons
with zigzag edges is presented in Fig. 2.7b). It has two bands crossing the chemical
potential at zero energy, which makes all zigzag nanoribbons metallic. However,
these bands are partially flat around their crossing point. This means that group
velocity of mobile electrons, that are localized at the edges edges, is close to zero in
zigzag nanoribbon.

To determine the conductance it is necessary to know how many 1D modes are
active for transport at a given energy. In the case of ideal non-disordered armchair
edges the valley degeneracy is lifted [31], leading to a quantization sequence 0 (for
a semiconducting ribbon), 1,2,3,...×2e2/h, when the Fermi energy is raised or low-
ered from the charge neutrality point. For zigzag edges on the other hand, theory
predicts a quantization in odd multiples 1,3,5,...×2e2/h, reflecting the presence of
both spin as well as valley degeneracy. However, realistic devices have a finite (edge
or bulk) disorder which will dominate the electronic transport in long and narrow
ribbons, making the experimental observation of conductance quantization very chal-
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Figure 2.7: Electronic dispersion for graphene nanoribbons. (a) with an armchair edge; (b)
with a zigzag edge. The width of the nanoribbon is N=200 unit cells. Zoom of the low energy
states shown on the right. The graphs were adapted from Ref. [1].

lenging. The presence of the point defects (at the edge) or bulk disorder can disturb
the constructive interference sufficiently to scatter electrons, which will lead to the
appearance of the transport gaps in the ribbon [32, 33]. Due to the difference in
the band structure, the conductance of armchair nanoribbon is more sensitive to the
edge disorder. The transport gap is less pronounced for the zigzag shape since for this
orientation most of the current at low doping is carried through the bulk states (the
edge states have zero group velocity). It was also shown theoretically by E. Mucciolo
et.al [33], that in case of moderate disorder, when the width of a nanoribbon can
be considered unchanged, the propagating modes open up at the same energies as
for an ideal edge, while the defects will introduce back scattering and mode mixing
which is reflected in shifting of the conductance steps downward (Fig. 2.8).

Similar arguments to the smearing of the quantized plateaus can be applied in re-
lation to the increasing length of a nanoribbon. Recent experiments on ballistic trans-
port in graphene nanoconstrictions (graphene nanoribbon connected to two wider
graphene leads), showed a possibility to observe well defined quantized plateaus
in such system as well [34]. This result was supported by a theoretical work by
M. Guimarães et. al. [35]. The conductance of the graphene nanoconstriction was
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Figure 2.8: Suppression of the conductance quantization steps due to weak edge disorder.
(a) Armchair and (b) zigzag edge. Solid (dashed) lines indicate zero (room) temperature in
the contacts. Increasing of p1 value corresponds to the increasing of the disorder at the edge.
The graphs were adapted from Ref. [33].

compared to the conductance of a graphene nanoribbon (both with armchair edges),
reflecting the same quantization plateaus at integers of e2/h but with smoother tran-
sitions between them. It was also shown that increasing the constriction length (ex-
cluding disorder effect) will smear out the conductance steps and introduce peaks
attributed to Fabry-Perot oscillations due to the reflection at the graphene leads.
Therefore, in order to obtain well defined plateaus, observed experimentally in a
ballistic nanoconstriction, its length has to be comparable to the width.

Energetically the zigzag edge graphene is more favourable. This comes from the
fact that the next nearest-neighbour parameter in outer the bond of the armchair
edge t′ is non equivalent to its ”bulk” value [7].

2.7 Quantum Hall effect

The Quantum Hall effect (QHE) is a quantum phenomena discovered in 2D systems
subjected to strong magnetic fields (B). It manifests itself in a quantization of the
transverse resistance Rxy in universal units of h/e2. The importance of this discovery
lies in the fact that the resistance quantization is independent of the material and
geometry of the sample and can therefore be used as a metrology standard for Ohm.

Considering a semi-classical approach [19,36], the application of a magnetic field
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Figure 2.9: Schematics of the edge states in 2DEGs in the quantum Hall state. (a) Sample in
an (x, y, E) representation, showing the relation between Landau level separation and edge
states at the fixed Fermi energy. (b) an (x,y) cut at the Fermi energy showing both insulating
bulk, edge states of corresponding skipping orbits.

normal to the sample plane forces the electrons to oscillate around its vector direction
(Lorentz force). If the system is ”pure enough”, the rotating electron can perform a
full cyclotron orbit before being scattered. The energy of the oscillating electrons is
quantized according to

En = (n+
1

2
)�ωc, (2.17)

where ωc = eB/m∗ is the cyclotron frequency6 and n =0,1,2,..is the index that clas-
sifies electron’s quantum state - the so called Landau level (LL). In a strong magnetic
field (when the cyclotron orbit is smaller than the mean free path) the system enters
a QH regime. In this regime electrons are only allowed to occupy formed LL states,
which also means that now a continuous 2D density of states is converted in a dis-
crete DOS (defined by the LL distribution). To describe the transport in the quantum
Hall regime and explain the existence of Hall resistance (or conductance) plateaus
we will use the edge state picture. Every real sample is confined by its edges. For
a finite sample width, the Landau levels are bent at the edges of the sample and
the confining potential results in an upward (downward) bending for electron (hole)
Landau levels (Fig. 2.9a).

For each Landau level intercepting the Fermi energy, a so called edge state is
formed. In a semi-classical picture those states can be described by skipping orbits,
which are cyclotron orbits reflected at the edge (Fig. 2.9b). Their skipping along the

6Note that for a 2D system with quadratic dispersion in Eq.2.17 we can use an effective mass value,
while for relativistic particles the cyclotron mass has to be used instead.
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edge results in a net current. Hence edge states act as 1D transport channels that
carry the current, while the circular motion in the bulk does not contribute to the
transport. Similar to the lateral confinement case, each channel - mode contributes
with one conductance quantum, e2/h, times its degeneracy. Therefore, the transverse
conductance (Gxy) of the sample will change stepwise when a new Landau level
crosses the Fermi level. This transition between two conductance steps in Gxy is
accompanied by the maximum in longitudinal resistance (Rxx) [1, 19]. This can be
achieved either by tuning the Fermi level position or changing the B value, hence
altering separation between Landau levels.

The number of occupied Landau levels, which is also determined as the ratio of
the number of electrons in the given area to the number of magnetic flux quanta
penetrating the same area, is called the filling factor and can be expressed as

ν =
ne

eB/h
, (2.18)

where ne is charge carrier density.
Since electrons in both bi- and single layer graphene are chiral and have different

band structures, the Landau levels spectrum and levels degeneracy is different from
a regular 2DEG case.

In graphene, Landau level formation leads to unusual Hall plateaus where the
Hall conductance is quantized at half-integer multiples Gxy = 4(n + 1/2)e2/h; here
4 is the edge channel degeneracy including spin and valley [37]. This is a direct
consequence of the linear dispersion (Eq. 2.2) and the energies of electrons are given
as

En = ±vF
√
2e�B(N + 1/2± 1/2), (2.19)

where the ± sign in front refers to holes and electrons, respectively and the ± at
the end of the equation is a result of the pseudospin. The equation also shows that
the lowest LL (N = 0) appears at E = 0 and accommodates particles with only one
projection of the pseudospin ”-”. All other levels N ≥ 1 are occupied by carriers
with both pseudospin directions. As a result, in contrast to 2DEGs, graphene has
a zero-energy level equally shared by both electrons and holes, which is half filled
for a neutral system [5]. Therefore, the sequence of Hall plateaus starts at half
integer 1/2×4e2/h [5,38]. Another important consequence of the Dirac nature of the
particles in graphene, is scaling of the En as

√
B (Fig. 2.10a). In this case the energy

spacing between first LL Δ = E1 −E0 is larger than in conventional 2DEGs. Because
the observation of conductance quantization relies on the condition Δ ≈ kBT (where
kBT is thermal energy) the QHE effect in graphene can be observed even at room
temperatures [39].
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Figure 2.10: Density of states in single layer (a) and bilayer (b) graphene in QH regime.

The bilayer graphene has similar to the parabolic dispersion case (Eq. 2.17) en-
ergy ladder:

En = ±�ωc

√
N(N − 1), (2.20)

except for the lowest LL. The states with N = 0 and 1 have the same zeroth energy E0

(Fig. 2.10b), thus the lowest LL has an additional orbital degree of freedom, which
results in its eightfold degeneracy taking spin and valley into account [40], while
the rest of the Landau levels (N ≥ 2) are 4-fold degenerate. The Hall conductance
exhibits plateaus at integer values of 4e2/h and has a double 8e2/h step between the
holes and electrons conductive regimes across N = 0 that is accompanied by a max-
imum in Rxx. The absence of a Gxy =0 plateau, common in a conventional 2DEGs,
accompanied by Rxx peak in the vicinity of zero density is the result of the existence
of the zero-energy LL, which is the ”fingerprint” of a chiral nature of quasiparticles.
A common way to describe the conductance quantization is using a filling factor no-
tation (ν) Gxy = νe2/h, with ν = ±2,6,10,... corresponding to the plateaus sequence
for single layer graphene and ν = ±4,8,12,... for bilayer graphene.

2.8 Transition from the QHE to the quantized conduc-
tance state

In the ballistic regime of a 2D system one can study the transition from the quantized
conductance state to the quantum Hall state upon applying a magnetic field. Both
these effects obey the same fundamental physics: the current in the system is carried
by 1D channels but the nature of the confinement is different. An application of
a high enough B to the system in the ballistic regime will cause one dimensional
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W

Figure 2.11: A semi-classical model of the transition from ballistic regime to quantum Hall
state. (a) Ballistic regime at zero field. (b) Bending of an electron trajectory when a magnetic
field is applied. The B value is still low such that the system remains in the ballistic regime.
(c) B reaches the value at which the electron starts following skipping orbits and no longer
reaches the opposite edge of the sample. In this case the width of the constriction ,W , is equal
to the cyclotron diameter.

subbands, which determine the channel conductance at zero field and continuously
transform in to the edge channels which carry the current in the quantum Hall regime
[41].

In Fig. 2.11 we show a semi-classical model of the crossover from a quantized
conductance to the quantum Hall regime state. In the presence of magnetic field an
electron trajectory starts to bend. When the cyclotron diameter dc = 2lc = 2�kF /eB

is still bigger than the constriction width (W ), the system remains in the ballistic
regime Fig. 2.11b). Once B = BQHE the cyclotron diameter becomes equal to width,
dc = W , and the electron’s trajectory fully bends. From now on the 2D system enters
the QHE state where channels in the edges are separated by an insulating bulk. The
value of BQHE will be defined by W and can be used in the experiment to determine
the width of the ballistic constriction.

2.9 Electron-electron interaction in graphene based sys-
tems

Many-body physics, in particular electron-electron interactions, near the Dirac point
is one of the fastest growing directions in graphene research. Depending on the
strengths of the electrostatic interactions between electrons in the Fermi liquid, the
system can lower its energy by exchange interaction, which results in the appearance
of the fractional QH effect [17,42,43], lifting of the lowest Landau level degeneracy
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[17,43], electron spectrum reconstruction [44], etc. The strength of the interactions
is characterized by the interaction parameter, also called the effective fine-structure
constant (rs), which is defined as the ratio of the average interelectron Coulomb
interaction energy and the Fermi (kinetic) energy [3]. A significant aspect of the
single layer graphene interaction parameter that it is carrier density independent,
unlike the rs parameter for bilayer and other 2DEGs, which increases with decreasing
carrier density as rs ∼ 1/

√
n. The exact formulas are following: rs = e2/(ε0εhvF )

for single layer graphene; rs = 2me2/(ε0ε�
2
√
πn) for bilayer graphene and Si [100];

rs = me2/(ε0ε�
2
√
πn) for GaAs 2DEG. Thus, in vacuum single layer graphene has

rs ≈ 2.2, while bilayer has rs ≈ 68.5/
√
n. Instead for a GaAs 2D gas rs ≈ 4/

√
n and

for Si [100] on SiO2 rs ≈ 13/
√
n.

Single layer graphene is, by comparison, always a fairly weakly interacting sys-
tem, while bilayer graphene could become a strongly interacting system at low con-
centrations, where the kinetic energy of electrons is low compared to the Coulomb
interaction. The electron-electron (e-e) interactions can be also stimulated by the
magnetic field in the QHE regime. As we discussed, in this regime the continuous 2D
density of states is converted into a sequence of discrete Landau levels. This implies
that many electrons occupy a level with the same energy, i.e. such a level is strongly
degenerate [19]. It was predicted theoretically that quantization would appear at
all integer filling factors in samples with disorder energy scales weaker than the e-e
interaction scale [45,46]. This prediction was experimentally verified in both single
layer [17,43] and bilayer graphene [47,48]. The appearance of quantization steps in
G beyond the expected sequence is caused by symmetry breaking in the system which
lifts the degeneracy of the LLs. The exact broken symmetry driven by the interaction
can be described by two theories: (i) quantum Hall ferromagnetism (QHF), which
focuses on interactions between states in the same LL, and (ii) magnetic catalysis
(MC), which focuses on the ν =0 case and assumes that Landau level mixing plays
an essential role [49]. These theories can be distinguished in an experiment by their
theoretical predictions. While QHF theory predicts the quantization effects to appear
at all integer filling factors, the MC theory predicts an extra charge gap only around
the CNP (ν =0). The recent experimental observation of QH plateaus at all integer
filling factors for graphene on h-BN [43] and suspended bilayer graphene [50] seems
to support QHF theory.

In contrast to graphene, the lowest Landau level in bilayer graphene has an extra
degeneracy due to the fact that Landau levels with indexes n = 0 and n = 1 have the
same energy. Therefore at low concentration and placed in a magnetic field bilayer
samples are expected to show richer physics of many-body effects. Indeed, already
conventional bilayer samples on a SiO2 substrate showed symmetry breaking of the
lowest Landau level [47], however only at rather high fields B > 20 T. The sus-
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Figure 2.12: Two ground states in bilayer graphene which can be induced by e-e interaction.
(a) Anomalous quantum Hall state with layers being valley polarized. (b) Layer antiferromag-
netic state with layers being spin polarized. The solid arrow represents K valley and dashed
arrow represents K′ valley.

pended bilayer devices also reach the QH regime and show appearance of the broken
symmetry quantum Hall plateaus at lower fields (B > 1-5 T) [48,50,51]. While QH
states with N >4 are four-fold degenerate, similar to graphene, and therefore their
broken symmetry states behave in analogy to the graphene ones, the physics in the
ν =0 QHE state of bilayer graphene is different from that in graphene. The quasi-
parabolic dispersion of bilayer graphene and the non-vanishing density of states at
the CNP makes it susceptible to interaction induced symmetry breaking even at zero
magnetic field.

There are two competing theories describing e-e interactions induced ground state
of bilayer graphene: a transition (i) to a gapless nematic phase [52–54] or (ii) to a
gapped layer polarized state (excitonic instability) [45, 55, 56]. The nematic phase
transition is accompanied by a reconstruction of the low energy spectrum around
the charge neutrality point. This results it a lowering of the DOS at the CNP which
was observed experimentally [57]. However, one of the most interesting many-body
effects in bilayer graphene (from the FET applications point of view) is the excitonic
instability, when the charge density contribution from each valley and spin sponta-
neously shifts to one of the two graphene layers [56, 58]. This breaks the inversion
symmetry of the system and introduces a band gap up to 30 meV [45, 58] in the
bilayer energy spectrum. There are 16 ”excitonic” ground states, that can be con-
structed from the flavor (spin and valley) distribution between the two graphene
layers. Current experiments shed light on the possible lowest energy states out of
this big variety. So far there are two states which seem to be observed in experiments
- the anomalous quantum Hall state (AQH) [51,59] and the spin polarized layer an-
tiferromagnetic state (LAF) [60, 61]. In case of AQH state the electrons in one layer
occupy valley K whereas electrons in the other layer occupy valley K ′ (Fig. 2.12a).
This state supports topologically protected edge channels and would exhibit a finite
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conductance of 4e2/h. The LAF state has opposite spin orientation for opposite layers
(Fig. 2.12b) and exhibits zero conductance at the CNP (ν =0).
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Chapter 3

Fabrication and experimental setup

Abstract

In this chapter I describe the fabrication process and experimental details of our measure-
ments. The electrical measurements were performed in two places: in the Physics of Nan-
odevices group of the Zernike Institute for Advanced Materials, University of Groningen and
in the High Field Magnetic Laboratory (within EuroMagNET and FOM-HFML proposal), the
Radboud University in Nijmegen.

3.1 Graphite exfoliation: ”Scotch tape” technique

M
ost of the samples discussed in this thesis were obtained by micromechanical
cleavage of bulk graphite also commonly known as ”Scotch tape” technique. To

get a clean surface of graphite, a Scotch tape is pressed on the graphite surface and
pulled off (Fig. 3.1a). This procedure leaves freshly cleaved graphite pieces glued to
the tape (Fig. 3.1b). Then the scotch tape together with the cleaved bulk graphite
is pressed against a SiO2 substrate (Fig. 3.1c). Due to the van der Waals forces
between the substrate and graphite, single or multilayer pieces remain on the wafer
after withdrawing the tape (Fig. 3.1d).

Among the exfoliated piece the single layer graphene flakes can be identified us-
ing optical microscopy. It is possible to observe the one atom thick graphene flakes on
SiO2 due to the interference effects of light at the SiO2/ graphene interface. For our
devices we used n++-doped (0.007 Ωcm) silicon wafers with either 300 or 500 nm
thick SiO2 layers. In case of suspended graphene devices, an additional photore-
sist (LOR) layer was deposited on SiO2 substrate prior to graphite cleaving. The
maximized contrast for single graphene layers in the visible range depends on the
substrate thickness and dielectric constant [1]. In most of our experiments the green
filter (455 nm wavelength) combined with adjustments of the colour hues in the soft-
ware of microscope are sufficient for obtaining up to 8% contrast for a single layer
graphene. Each additional layer of graphene adds about 3% to the contrast of the
flake (Fig. 3.2).
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(a) (b)

(c) (d)

Figure 3.1: ”Scotch tape” technique of graphite cleaving. (a) Piece of HOPG graphite with
glued tape. (b) Cleaved graphite piece. (c) Pressing of freshly cleaved graphite to the SiO2

surface. (d) Removal of the bulk graphite from the substrate.

Some of the studied single and bilayer graphene flakes were inspected by Ra-
man spectroscopy to verify the number of layers [2]. Unfortunately, for suspended
graphene on LOR the Raman spectra have a strong background which does not allow
to resolve any bands. Therefore, for these samples the number of layers was verified
via the sequence of appearing quantum Hall plateaus.

The graphite crystal used to obtain the graphene flakes is commercially available
highly ordered pyrolytic graphite (HOPG grade ZYA from SPI supplies). For device
preparation one needs to determine the exact position of graphene on the silicon
wafer. This is done by patterning the substrate with markers. The pattern of gold
markers is made by standard optical lithography and lift-off techniques. The short-
est distance between markers is 14 μm, designed for the exact identification of the
position of graphene flake either by optical or atomic force microscopy. The set of
markers is also used for the alignment of the electron beam during the lithography
process.
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Figure 3.2: Exfoliated multilayer graphene with thickness variation from single up to four
layers. The number of layers is shown for each region based on their contrast differences.
Bright regular dots are markers (separated by 14 μm) and large shiny piece in the right corner
is bulk graphite.

3.2 Graphene towards mass production: graphene ox-
ide reduction and epitaxial graphene

The ”Scotch tape” technique is low cost, however, very time consuming. Moreover
the yield of graphene is low with flakes of rather small dimensions (≤100 μm2).
Therefore, despite the fact that most of the fundamental research can be done using
the ”Scotch tape” method, for mass production alternative techniques are required.
There are two main directions in this area: (i) controlled graphite exfoliation; and
(ii) graphene growth on different substrates.

The first direction uses either intercalation of graphite or reduction of graphene
oxide. The intercalation route is to introduce chemical species (ionic compounds like
iodine chloride, ICl, or iodine bromide, IBr) in between graphite layers which can
be treated in a certain manner (sonication or heating at ∼1000oC) such that they
expand forcing graphene layers apart [3]. The graphene oxide route consists of an
oxidation of graphite powder in the solution, such that it becomes soluble i.e. sepa-
rates in to oxidized graphene sheets [4]; and then a deposition of these flakes on the
substrate [5,6]. Finally, graphene oxide is treated with reducing agents (NaBH4), fol-
lowed by thermal or electrochemical treatment, in order to remove surface functional
groups and obtain ”pure” graphene sheets. It has been also shown that annealing
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of reduced graphene oxide in ethylene (C2H4) atmosphere improves the electronic
properties of the graphene, which can be explained by partial reconstruction of the
lattice defects [6].

The epitaxial growth of graphene produced either by chemical vapour deposition
(CVD) or growth on SiC substrate. CVD is the decomposition of a hydrocarbon (CH4)
and formation of 2D carbon sheets on a catalyst substrate with the help of heat. The
most common catalysts are metals: Cu, Ni, mainly because of their of cost, grain size,
etchability, and their wide use and acceptance by the semiconductor industry. It was
shown that CVD growth of graphene on Ni occurs by a C segregation or precipitation
process whereas graphene on Cu grows by a surface adsorption process [7]. Lately
the main focus of the industrial application of CVD graphene has been directed to-
wards Cu substrates, since this method allows to grow homogeneous graphene layers
on a flexible Cu foil [8].

Another process of obtaining graphene is epitaxial growth via thermal decompo-
sition of hexagonal α-SiC. Since the epitaxially matching crystal provides the carbon
itself and no metal is involved, the method has an advantage of being very clean
compared to CVD. Moreover, this way graphene films are already grown on the in-
sulator, which can make it easy for FET production. The main disadvantage it that
the SiC substrate is coupled to the graphene grown on top of it, hence influencing
the graphene’s electronic properties. There is already progress in solving this issue:
By hydrogen intercalation the graphene layer can be decoupled from the topmost Si
atoms and form a quasi-free-standing epitaxial graphene [9].

3.3 Electron beam lithography

After isolating a graphene flake and mapping its exact position relative to the pattern
of markers we are ready to fabricate the electrical contacts. For the nanodevice
fabrication we use electron beam lithography (EBL) with standard metal deposition
and lift-off techniques.

3.3.1 Fabrication recipe of a graphene device on SiO2 substrate

The fabrication of graphene devices proceeds as follows:

• Baking of the sample on a hot plate at 180oC for 60 sec. This step helps to
eliminate water molecules on the wafer surface, leading to a better adhesion of
the polymer.

• Spin-coating the PMMA resist (Polymethylmethacrylate, 950k) at 4000 rpm
on the piece of wafer. The resulting thickness of resist is determined by the
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percentage of the PMMA diluted in the solvent. Since for better lift-off the
thickness ratio between the resist and deposited material has to be at least 2:1,
one can chose the percentage of used PMMA solution depending on the design
of the given device. As an example, 4% PMMA gives 270 nm thick layer, while
2% PMMA - 70 nm.

• Then the sample is placed on a hot plate at 180oC for 90 sec to remove the
solvent.

• The designed pattern of contacts are written by EBL. In this technique a focused
beam of electrons exposes the required pattern of contacts on the sample cov-
ered with polymer (resist). For the commonly used positive resist the polymer
chains break in the regions exposed to the electron beam. For EBL exposure
we usually use 10 kV of accelerating voltage for electrons with an area dose of
100-150 μC/cm2.

• The sample is developed for 1 minute in a 3:1 (60 mL: 20 mL) mixture of IPA
(propan-2-ol) and MIBK (4-methyl-2-pentanone) at 20oC. For further cleaning
the wafer is washed in two baths of IPA. To avoid drying marks on the sample
surface, it is blown dry with nitrogen. After EBL exposure the broken chains be-
come soluble in the developer. The end result is a wafer covered with polymer
except of the places where the contacts have to be deposited.

• The next step is to evaporate the metal on the sample for the contacts. The
evaporation is done in vacuum (≤1×10−7 mbar) by electron beam evaporation
of a target material. We usually evaporate thin layer of Ti as an adhesion layer
followed by Au layer. The exact thickness of the contacts of the studied devices
is specified in each chapter.

• The last step is the lift-off: the sample covered with metal is dipped into warm
acetone followed by washing in IPA. The acetone reacts with the resist un-
derneath the metal and breaks it down lifting up the metal layer. Only those
regions of the sample surface, that were uncovered with polymer, remain con-
tacted by metal. The sample with a pattern of metal contacts is mounted and
wire bonded on a chip-carrier and is ready to be measured (Fig. 3.3).

3.3.2 Fabrication recipe of a suspended graphene device

For the fabrication of the devices suspended over the polydimethylglutarimide based
organic resist (LOR-A) a different recipe was developed [10]. This recipe allows to
make graphene-based devices without affecting the resist underneath graphene.

The recipe is the following:
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300 μm

Figure 3.3: Scanning electron micrograph of a typical graphene device wire bonded to the
chip-carrier.

• A 1,15 μm thick LOR layer is spin-coated on to a SiO2 4 inch wafer. The wafer
is baked on a hot plate at 200oC for 15 min. This thickness yields good visibility
of the graphene illuminated with green light under an optical microscope.

• Graphene is exfoliated on the polymer (Fig. 3.4a).

• Electron beam lithography is used to fabricate contacts to graphene. To achieve
a good undercut for successful lift-off of the EBL patterned structures, we first
spin coat a 300 nm thick 50 K molecular weight PMMA layer (All resists), which
we bake on a hot plate at 180oC for 90 s, and thereafter we spin coat a 150 nm
thick 450 K PMMA layer (Elvacite 2041 in oxylene) and bake it on a hot plate
for 90 s at 180oC (Fig. 3.4b). Note that the molecular weight of the PMMA and
the type of solvent are not important. The main requirements are that the top
PMMA layer has a higher molecular weight with respect to the bottom PMMA
layer and that both PMMA resists can be dissolved in hot xylene for the lift-off
process.

• The EBL exposure is done at 30 keV with an area dose of 180 μC/cm2; we
develop the structures in xylene for 4 min at 21oC. We have chosen xylene
because it does not develop the EBL exposed LOR.

• After development, we rinse the sample in hexane and blow it dry with nitrogen
(Fig. 3.4c).
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Figure 3.4: Fabrication procedure of a suspended graphene device on LOR. (a) The Scotch
tape technique is used to deposit graphene on a LOR layer. (b) For the EBL step, we spin
coat two PMMA polymer resists on top of the graphene layer. (c) Development of the exposed
areas is done using xylene at 21oC. The undercut obtained in the EBL exposed structures is
necessary for successful lift-off. (d) Evaporation of Ti/Au. (e) Lift-off is done in hot xylene
(T = 80oC). (f) The parts of the graphene layer that should be suspended are exposed with
the EBL again. (g) Suspended graphene is obtained after removal of the exposed LOR with
ethyllactate developer at 21oC.

• In case of suspended samples the fixed thickness of metals was evaporated:
5 nm of Ti as an adhesion layer and 75 nm of Au (Fig. 3.4d).

• A crucial step is the lift-off (Fig. 3.4e), which is done in hot xylene (80oC),
an organic solvent that at this temperature is active enough to dissolve the
PMMA layers but which does not affect the (EBL exposed) LOR at all. Note
that the LOR stays in the solid phase during lift-off because its glass transition
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temperature (190oC) is well above 80oC. After lift-off, we rinse the sample for
60 s in ethyllactate at 21oC and for 30 s in hexane (21oC), and we blow it dry
with nitrogen. (At a later stage we optimized the lift-off in order to reduce
PMMA polymer remains on the LOR. For this, we blew the sample dry with
nitrogen immediately after removing it from hot xylene.)

• To make the graphene suspended, a second EBL step is used to expose (area
dose 1050 μC/cm2) the LOR underneath the graphene layer (Fig. 3.4f,g). We
develop in ethyllactate at 21oC for 60 s to remove the EBL exposed LOR, rinse
the sample in hexane, and blow it dry gently with nitrogen.

• Ultrasonic wire bonding is used to electrically contact the devices. To en-
sure good ohmic contact between the bonding wire and the contact material
(Ti/Au), we introduce a silver paste droplet (dissolved in xylene) at the contact
area.

In graphene research using mechanical cleaving technique, each single graphene
device is unique, since it requires contacts to be designed specifically for each given
flake avoiding crossing of graphite pieces and contamination that appear on the SiO2

surface after cleaving.

3.4 Experimental setup

The measurements of graphene resistance were performed in vacuum (≤1×10−6 mBar)
both at room and low temperatures (down to 300 mK).

3.4.1 Setup of the lock-in based measurements performed at Physics
of Nanodevices group of the University of Groningen

The samples were mounted into the electrical measurement setup, an electrical scheme
of which is presented in Fig. 3.5a) All measurements were performed with the stan-
dard lock-in technique. The lock-in amplifier (Stanford SRS 830) produces an ac-
voltage as an output signal, a sinusoid with frequencies up to 100 kHz. This ac-
voltage is used as reference for generating the ac-current in an IV-measurement box.
The IV-measurement box consists of a voltage-current converter with output ampli-
tudes varying from pA to 100 mA and voltage amplifier. From the IV-box the current
passes through the RC-filter box (with 1 kΩ resistance and 10 nF capacitance). The
filters reduce pick up noise and cut out the high frequency spikes from the network
environment. From the filter box, the electrical current is sent to the sample. The
measured voltage drop over the graphene is pre-amplified in the IV-box and sent back
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Figure 3.5: Electrical scheme of the lock-in setup in Physics of Nanodevices group. (a)
Contacts in four-probe configuration: Rf=1 kΩ and Cf=10 nF. (b) Three-probe configuration
of the contacts. (c) Two-probe configuration of the contacts.

to the lock-in amplifier. The lock-in amplifier compares this input signal to its inter-
nal sine wave at the frequency fixed by the user and amplifies only the component
with the given frequency, filtering out the rest. Besides that a back gate voltage can
be applied to the graphene with the use of a voltage source (Keithley 6517A). All
measurements are automated and controlled by LabView software.

To determine the resistance of graphene, three different types of electrical probing
can be distinguished:

2-probe measurement: The current is sent between two electrodes and the volt-
age drop is measured between the same set of electrodes (Fig. 3.5c). The measured
2-probe resistance (R2p) contains contributions of the resistance from the sample
itself (the measured graphene piece) Rg, the contact resistance of the metallic lead
to the sample Rc and the resistances of the wires Rw and the filters Rf . Therefore,
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Figure 3.6: Electrical scheme of the voltage spectroscopy setup. The amplification of input
current in VI-box is determined via Ra value, which is fixed by user.

when performing 2-Probe measurements, one has to keep in mind all contributions
before analyzing the sample resistance itself.

3-probe measurement: Requires three electrodes, where the current path and
measured voltage drop have one common probe number 2 (Fig. 3.5b). In this case
the measured resistance contains the contribution only from the probe: Rw2, Rf2 and
Rc2. Therefore, this method can be used to extract the contact resistance knowing
Rw2 and Rf2 .

4-probe measurement: Requires four electrodes, where two outer electrodes
number 1 and 4 are connected to the current source and two inner electrodes number
2 and 3 to the voltage probes. In this configuration the measured resistance is the
sample resistance itself, Rg2, without any contributions of the contacts (Rw, Rf and
Rc).

3.4.2 Voltage-biased measurements

Next to the IV-bias measurement, we also performed voltage (VI) biased measure-
ments to estimate the energy spacing of the quantized subbands and Landau levels.
The setup for these measurements is shown in Fig. 3.6.

In VI-measurements a small ac-excitation signal from lock-in (Vac ∼100 μV) is
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Figure 3.7: Electrical scheme of the lock-in setup in HFML. Inset: Scanning electron micro-
graph of a typical suspended bilayer membrane in between two contacts.

superimposed with a dc-voltage Vdc in the VI-measurement box and applied between
the source and drain contacts of the sample. Changes in Vdc between source and
drain alter the population of the subbands in the graphene and lead to the changes
in the measured current through the sample. The current is amplified and converted
to voltage in the VI-box and sent to the input of a lock-in (the amplification factor
is given by Ra value). This way the differential conductance G = dI/dV between
source and drain of the sample can be probed. To resolve the subbands in these
voltage spectroscopy measurements, the ac-component must be smaller than kBT

and the energy spacing Δε of the subbands.

3.4.3 Setup of the lock-in measurements performed at the High
Field Magnetic Laboratory of Radboud University in Nijmegen

The results from two chapters of this thesis were obtained in the High Field Magnetic
Laboratory (HFML), Nijmegen. Here we used a different configuration of the lock-in
measurement setup shown in Fig. 3.7.

This particular setup was built to perform ac-measurements of the graphene sam-
ple with highly resistive CNP at T≤4.2 K. Therefore, to minimize self-heating in the
graphene the following scheme was used. An ac-source maintained a fixed voltage
amplitude of 45 mV (1.87 Hz frequency) across the sample in series with a 45 MΩ re-
sistor. The current, I, through the sample is monitored by a lock-in (lock-in 1), whose
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output U1 is proportional to the current flowing in the circuit (U1 = I×1 kΩ). Simul-
taneously, the four-probe voltage across the sample (U2) is phase detected by another
lock-in (lock-in 2) connected through an preamplifier and having an input resistance
up to 100 MΩ. Then the resistance of the sample is determined by R = 1 kΩ×U2/U1.

3.5 Current Annealing

To obtain suspended samples with high carrier mobility, a current annealing tech-
nique is used. We performed this annealing at three different temperatures: room
temperature, 77 K and 4.2 K. Though we could produce high mobility samples in all
cases, the optimal temperature is 4.2 K. The reason for that is any further cooling
down of the samples annealed at higher temperatures showed to introduce contami-
nations. Hence, an additional annealing step was required at lower temperatures. To
our knowledge, our current annealing technique is not fundamentally different from
the standard one except that, in case we aim to create a nanoconstriction, we push
the annealing to the limit. However, our experience with suspended devices obtained
by commonly used acid based method is very limited, therefore we can not make a
direct comparison of our annealing procedure to others.

For all our suspended samples we use a following procedure. With a Keitley 2410
current source a dc-current is being ramped across the suspended graphene de-
vices for each measured region separately in vacuum at 5.0×10−6 - 2.0×10−7 mbar.
While increasing the dc-current through the devices the resistance (R) of the mem-
brane is monitored (Fig. 3.8b). At typical current densities of approximately 0.5-
1.5 mA/μm/layer the resistance starts increasing rapidly, indicating the combination
of two effects: the rise in the graphene temperature (to T > 600oC), followed by the
shift of the charge neutrality point from a strongly gated situation (usually p-doped)
towards zero gate voltage. The steep increase in the resistance is accompanied by
the change in the voltage drop over the contact through which the current is being
sent. Therefore, in order to avoid an unpredictable change in the voltage drop across
the membrane we put a voltage compliance to our current source. In Fig. 3.8b) a
typical successful procedure of current annealing is shown in time. The graphene
piece is 1.5 μm wide and 1 μm long. Up to 0.75 mA (700 s) the 2-probe resistance
raises slowly from 2.5 up to 2.7 kΩ while the voltage drop over the graphene in-
creases up to 2 V (not shown). Above 0.75 mA the R starts changing faster followed
by a sudden jump to 3.9 kΩ (shown with an arrow). Since the usual voltage com-
pliance is set to 10%, the current Idc through the sample drops in order to keep the
same voltage of 2.3 V at this resistance. This is a moment, when the flake becomes
warm enough to activate the process of desorbing of the residues from its surface.
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(b)(a)

Figure 3.8: Current annealing procedure. (a) Evolution of the resistance changes in graphene
with the back gate voltage after several current annealing steps with Idc ∼1 mA. The width
of graphene is 1.2 μm and the length is 0.8 μm. (b) Comparison of the resistance (left axis)
change in graphene with the applied dc-current (right axis) versus time. A sudden change in
the resistance accompanied by the reduction of current due to the voltage compliance is shown
with a solid arrow. The width of graphene is 1.5 μm and the length is 1 μm.

We suggest that this process is accompanied by the sharp change in the sample resis-
tance. At the fixed voltage the resistance keeps on increasing, therefore the current
is lowered even more (region between 860 and 900 s). At this stage it is clear that
the suspended membrane changed its electronic properties, thus we decide to ramp
down the current and check the back voltage dependence. Note, that the increase in
R while the Idc is still decreasing (starting from 925 s) is related to the reduction of a
local gating of the sample due to the dc-voltage applied over the contacts. Most of the
time the graphene region requires several annealing steps before either exhibiting a
sharp Dirac curve in the back gate scan or breaking.

One of the examples of a typical evolution of the resistance dependence with a
back gate voltage is presented in Fig. 3.8a). Initially, the region is highly p-doped
with few hundred Ωs slope within the window of scanned back gate. The first cur-
rent annealing step (Idc ∼1 mA) brings the CNP close to zero back gate voltage with
asymmetric and inhomogeneous shoulders. The second step shifts the CNP into neg-
ative gate voltages (n-doping) and introduces rather wide gate dependence, which
actually indicates that the quality of the sample gets worse in comparison to the first
annealing step. Note, this is a common trend we observe in most of the single, bi-
layer and trilayer graphene samples: from being p-doped sample changes to being
n-doped with further final improvement. Hence, third annealing step recovers the
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Figure 3.9: Scanning electron micrograph of a typical suspended device on LOR polymer.
Regions A and B were annealed with dc-current while C was left untouched for the comparison
and looks dirtier.

CNP close to zero voltage and after the 5th step we observe a sharp and smooth back
gate dependence of R with Vg. After this current annealing step the mobility of the
sample becomes 480,000 cm2V−1s−1 at a charge carrier density n = 2.5× 109 cm−2.
This value is taken at the inflection point of the Dirac curve, which indicates the tran-
sition into the metallic regime. However even for higher charge carrier densities the
mobility remains around 100,000 cm2V−1s−1.

The current density required to clean the graphene membranes varies from sam-
ple to sample and depends on the suspended graphene dimensions and level of its
contamination. We relate this to the fact that suspended graphene has the metal
contacts as a heat sink, the closer they are the higher the current density required
to bring the charge neutrality point to zero (hence reach high enough temperature
for desorbing polymer remains from the graphene surface). In Fig. 3.9 a scanning
electron microscopy image of a typical suspended device is shown.

Regions A and B are annealed with current densities of 0.68 and 0.48 mA/μm/layer,
respectively. For comparison the region C was left untouched and shows highly p-
doped state. In the SEM picture one can see the difference between the current
annealed and non-annealed regions. The region C shows a homogeneous coverage
with brighter residues, which is not observed in the annealed regions. Note also that
the graphene layer has a tendency to constrict after current annealing as in region A

(see also Fig. 6.1a) in Chapter 6). In several cases the devices break during the an-
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nealing procedure. About 20% of the 2-probe regions survive the current annealing
step and become high mobility samples.

I would like to conclude this chapter by emphasizing that each graphene re-
searcher has his/her own little tricks to exfoliate graphite, to find single flakes with
the optical microscope, to make a contact pattern, etc. All these tricks are very spe-
cific to the user, clean-room environment and can be crucial. However, explaining
my tricks goes beyond the scope of this thesis and they have to be developed by each
scientist independently as long as the basic recipes are followed.
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Chapter 4

Relating hysteresis and electrochemistry in
graphene field effect transistors

Abstract

Hysteresis and commonly observed p-doping of graphene based field effect transistors
(FETs) have been discussed in reports over the last few years. However, the interpretation
of experiments differs; the mechanism behind the appearance of the hysteresis and the role
of charge transfer between graphene and its environment are not clarified yet. We analyze
the relation between electrochemical and electronic properties of graphene FETs in a moist
environment extracted from the standard back gate dependence of the graphene resistance.
We argue that graphene based FETs on a regular SiO2 substrate exhibit a behaviour that cor-
responds to electrochemically induced hysteresis in ambient condition, and can be caused by
a charge trapping mechanism associated with the sensitivity of graphene to the local pH.

4.1 Introduction: graphene based FETs in ambient con-
dition

G
raphene, as a single atom thick layer of carbon atoms, has already showed po-
tential for application in electronics and biosensing [1]. However, graphene as

a truly 2D system is ultrasensitive [2] to the underlying substrate and surface chem-
istry, which alters the charge transport properties of pristine graphene. One of the
main issues in graphene devices is a hysteretic behaviour of its resistance observed
in ambient conditions, when a gate voltage is swept back and forth. The presence of
hysteresis and the commonly observed p-doping1 of graphene based field effect tran-
sistors (FETs) was already discussed in recent reports [3–6]. The interpretation of
experimental works differs; the mechanism behind the appearance of hysteresis and
the role of charge transfer between graphene and its environment are not clarified
yet.

1Note that by doping term in graphene is not meant as a substitution of carbon atom with a foreign
one, like in the common 2D systems, but a presence of either a charge transfer or an additional electrical
field close to graphene surface.
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In an ideal case of grounded graphene its charge neutrality point (CNP) is located
at zero back gate voltage. However, in ambient conditions most of the graphene
based FETs show initial p-doping (CNP is positioned at positive Vg) and hysteresis.
We point out that these two effects can be related but do not necessarily have the
same nature. The doping of graphene can be caused either by the adsorbates on top
or underneath the graphene surface [2–4] or by the electrochemical processes involv-
ing graphene [5–7]. Depending on the nature of the dopant or the electrochemical
environment, the initial doping can be either p or n, which introduces a shift of the
graphene CNP to positive or negative gate voltages, respectively. One should keep in
mind that even in the absence of a net doping the dynamic response of the graphene
resistance, namely hysteresis, can be different.

There are two types of directions defined for hysteresis; positive and negative
[4]. The positive direction of hysteresis corresponds to the CNP shifting toward
negative voltages while the gate voltage is swept further into the negative regime.
In case of negative hysteresis the shift of the resistance with respect to the gate
voltage is in the opposite direction: the CNP shifts toward more positive values while
sweeping the gate into the negative regime. Wang et al. [4] proposed that negative
and positive hysteresis directions can be attributed to two competing mechanisms:
capacitive coupling and charge trapping from/to graphene, respectively.

Capacitive coupling enhances the local electrical field near graphene, inducing
more charge carriers and causing a negative direction of hysteresis. An example of
a mechanism for capacitive coupling is a dipole layer placed in between graphene
and the back gate. In moist air and without additional treatment of the silicon oxide
substrate (a common insulator for a GFET) this dipole layer exists as adsorbed wa-
ter molecules at room temperature [3, 8] or ordered ice at low temperature [4, 9].
The capacitive coupling mechanism is also dominant in electrolyte-gating devices, via
ions in the electrical double layer [4]. The positive direction of hysteresis is caused by
a charge trapping mechanism. Accumulated charge in trap centres will start screen-
ing the electric field of the back gate. One example of trap centers is the surface
states in between SiO2 and graphene [4,10–12]. In the case of graphene based FETs,
traps in bulk SiO2 or the SiO2/Si interface were excluded in a recent report by Lee
et al. [13], who measured time scales that were too fast for these types of trapped
centres.

A separate charge transfer mechanism was observed for the hydrogenated sur-
face of diamond [14], carbon nanotubes [15] and graphene based FETs [5–7], is
the dissociation of adsorbed water and oxygen on the carbon surface. Because wa-
ter in equilibrium with air is slightly acidic (pH=6), the electrochemical potential of
the carbon surface is higher than that of the solution, resulting in electron transfer
from graphene. Therefore, a graphene FET possesses a net p-doping in moist air.
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The electron transfer is mediated by oxygen solvated in water and can occur in the
opposite direction with increasing pH. This reduction can therefore influence the dy-
namic response of graphene devices under an applied back gate and cause a positive
hysteresis.

A recent report by Fu et al. [16] opened the discussion of whether the graphene
pH sensitivity is caused by charge transfer directly between graphene and the so-
lution [17–19] or whether the sensitivity is mediated by a layer on top of or next
to graphene (either oxide or polymer residue). This layer can provide terminal hy-
droxyl groups which can be protonated or deprotonated depending on the proton
concentration in the solution (pH), yielding a bound surface charge layer, which can
electrostatically induce carriers in graphene. Recently it was reported that applica-
tion of a gate potential can lead to a local change of pH in a thin water film next to an
oxide substrate [20]. We argue that a combination of these two effects can result in a
positive hysteresis in graphene, where the residues act as mediators for charge trap-
ping actuated by pH changes induced via electrical field of the gate. We emphasize
that both cases, independent of whether the charge trapping is direct or mediated by
residues, would lead to the same direction in hysteresis and will be undistinguishable
in transport experiments. Although replacement of the silicon oxide with either a hy-
drophobic [3, 12] or an oxygen free [5] substrate did show suppression of both the
initial p-doping and the hysteretic behaviour, none of the reports link the chemical
reduction to the direction of hysteresis.

In this work we analyze the relation between electrochemical and electronic prop-
erties of graphene FETs in a moist environment. We argue that graphene based FETs
on a regular SiO2 substrate exhibit behaviour that corresponds to electrochemically
induced hysteresis in ambient conditions, caused by charge trapping mechanisms
associated with the sensitivity of graphene to the local pH.

4.2 Methods

Samples were obtained by mechanical exfoliation of graphite (Highly Ordered Py-
rolytic Graphite or Kish) on an oxidized n++-doped silicon substrate (300 or 500 nm
thick oxide layer), which functions as a back gate. The SiO2 wafers are commercially
available from Silicon Quest International, where the oxide is prepared by dry oxi-
dation. Single layer graphene flakes were chosen based on their optical contrast and
thickness measured by atomic force microscopy. A small number of samples were
inspected with Raman spectroscopy to verify the number of layers. Ti/Au (5/40 nm
thick) electrodes were prepared using standard electron beam lithography and lift off
techniques. For electrical measurements samples are placed in a vacuum can with
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base pressure of 5 · 10−6 mbar, using a standard low frequency ac lock-in technique
with an excitation current of 100 nA. The carrier density in graphene is varied by
applying dc-voltage (Vg) between the back gate electrode and the graphene flake,
as depicted in Fig. 4.1a). The charge carrier mobilities (μ) ranged from 2.500 up to
5.000 cm2V−1s−1 at a charge carrier density of n = 2 · 1011cm−2.

The sensor properties of the devices were studied in the following way. First, we
pumped down the sample can (95 cm3 in volume) to the base pressure. Then a valve
connecting the can to a volume, containing liquid water and filled with saturated
vapour (H2O or D2O at 32 mbar saturation pressure) at 25oC, was kept open for 1 s
(short exposure to the vapour). After the measurement, the valve to the sample com-
partment was fully opened, connecting the sample volume to the water container
(flooding with water vapour). In the case of ethanol vapour exposure the procedure
was the same, but the partial pressure of ethanol in the liquid cavity was 78 mbar.
The purity of heavy water and ethanol was 99.9%. A graphene based FET on a hy-
drophobic substrate was also prepared by exposure of SiO2 to hexamethyldisilazane
(HMDS) vapour prior to graphene deposition. HMDS forms a self-assembled mono-
layer which protects graphene from the influence of dangling bonds in silicon dioxide
and prevents adsorbtion of water molecules in the vicinity of graphene.

4.3 Results and discussion: sensitivity to vapours

In ambient conditions the devices appear to be p-doped, with a pronounced positive
hysteresis in the dependence of resistivity versus gate voltage (not shown). To re-
move adsorbates from the graphene surface, we performed global annealing of the
device in vacuum at 130oC for 1.5 h. After annealing, the gate dependence does
not show hysteresis and becomes symmetric around the CNP (Fig. 4.1c), which is
located at a negative gate voltage (-11 V), indicating electron doping. Similar shifts
toward negative gate voltages were observed by Romero et. al. [10] and associated
with SiO2 surface states. We shall call this position of the charge neutrality point the
initial position (after annealing). Short exposure to water does not cause hysteresis,
but reduces μ by 25 % compared to the initial state, thus can be attributed to the
increase of a number of the scatter centers for charge carriers [2] (Fig. 4.1d). Since
graphene is hydrophobic, we assume that during the short exposure adsorbates only
occasionally agglomerate on the graphene surface in the vicinity of polymer leftovers
which are unavoidably present after the lithography step (Fig. 4.1a).

Flooding the sample chamber with H2O vapor assures full coverage of the previ-
ously annealed SiO2 and graphene surface with a thin film of water (3 nm thick [21]),
similar to ambient conditions. After flooding we observe both electron-hole asymme-
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Figure 4.1: (a) Scheme of a graphene based device with a discontinuous layer of adsorbed
water in case of a short exposure to H2O vapour. Dangling bonds in SiO2, lithographic polymer
remains (red ovals) on the graphene surface, and electric field lines between graphene and
the back gate are schematically drawn; (b) A continuous thin layer of water on the graphene
surface in the case of flooding the sample with water vapour; (c) Graphene resistance vs gate
voltage after annealing (initial state); (d) After a short exposure to water vapour; (e) Positive
hysteresis developed after further flooding with water vapour.

try and a highly hysteretic behavior of the graphene device, where the CNP for trace
and retrace are situated at Vg of opposite signs (Fig. 4.1e). Moreover, a decrease of
the scanning rate in gate voltage sweeps (V/s) leads to more pronounced hysteresis
with the spacing between trace and retrace maxima increasing from 6.5 V at 1 V/s
up to 23.5 V for 0.1 V/s. The cycle of annealing and water exposure was repeated a
few times showing reproducible results. The positive direction of hysteresis indicates
charge trapping mechanism, while the electron -hole asymmetry can be explained
in two ways: either there exits a real asymmetry due to doping of the graphene un-
der the contacts [22] or this asymmetry is an artifact of charging and discharging
graphene due to the hysteresis. Since we do not observe an asymmetry in the initial
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(a) (b)

(c) (d)

Figure 4.2: Calculation of the charge current in graphene. (a) Gate voltage dependence of
graphene resistance ”flooded” with water vapour and measured at a rate of 0.1 V/s. The curve
is divided into parts with a fixed step in gate voltage ΔVfixed, corresponding to the change
in resistance ΔR; (b) Gate dependence of graphene resistance briefly exposed to H2O vapor.
As a result of the charge transfer now the same change ΔR requires different value of applied
voltage ΔVi ; (c) Calculated charge current vs gate voltage for three different scan rates: 0.5;
0.25 and 0.1 V/s; (d) Linear scaling of the peak, at positive gate voltage shown in (c), with
the scan rate.

curve, the latter situation will be assumed in further discussions.

Next, we present a novel analysis of hysteretic back gate voltage sweeps from
the point of view of time dependent shifts in CNP. These shifts represent a change in
carrier density within a certain time, equivalent to a current. We estimate this current
corresponding either to the charge flow in or out of graphene, or the induced charge,
in the following way. Charge current is extracted by comparing the non hysteretic
Dirac curve of graphene, which is shortly exposed to water vapour, to the curves after
the sample is flooded, measured at different scan rates: 0.5; 0.25 and 0.1 V/s. The
exact procedure is shown in Fig. 4.2a) and b). For each scan rate the gate voltage
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axis was divided into fixed regions ΔVfixed. A change in voltage ΔVfixed induced
a change in the carrier density and resistance ΔR accordingly. As a result of the
charge trapping mechanism induced by water, the same ΔR will require a different
value of gate voltage ΔVi in the case of the non-hysteretic curve. The difference
between ΔVfixed and ΔVi will be proportional to the amount of additionally induced
or transferred charge in graphene. The charge current (A/μm2) in graphene can then
be calculated as:

Ii =
eα(ΔVi −ΔVfixed)

ΔVfixed/β
(4.1)

where e is the elementary charge, α = 2 · 1014m−2V −2 with e · α the charge ca-
pacitance per unit area for 500 nm SiO2, and β is the scan rate of the gate sweep
(V/s).

The calculated charge current curves (Fig. 4.2c) resemble the electrovoltaic char-
acteristics of graphene based electrochemical cells with controlled pH [16]. A graphene
based device on a SiO2 substrate can act as a working electrode in the thin layer
of water covering the hydrophilic oxide surface. Thus we can consider graphene
based devices as electrochemical cells. Moreover, the height of the observed peaks
scales linearly with the scan rate of the applied gate voltage (Fig. 4.2d) which, for an
electrochemical cell, suggests that these peaks originate from a non-Faradaic or non-
diffusion limited process involving the adsorbed ions on the graphene surface [17].
We performed the same sequence of experiments with graphene devices on HMDS
primed SiO2. In contrast to graphene on hydrophilic SiO2, we observe neither hys-
teresis nor any changes in the graphene resistance when exposing to water vapour.

From the fact that the initial curve (after annealing) has no hysteresis we can
exclude charge trapping in the surface states of SiO2. Compared to current annealing
procedure, which has a local effect [4], here we globally anneal the sample which
assures desorption of H2O molecules from the whole SiO2 surface and prohibits their
diffusion back to the graphene surface. The hysteresis appears only when the amount
of water in the system is high enough to form a continuous layer. The linear scaling
of extracted height of current peaks with scan rate indicates the reversible charging
of an ionic layer at the graphene surface (electrode) by an applied gate voltage.
The absence of hysteresis in the graphene resistance when HMDS is used supports
the idea that the trapping mechanism is related to the presence of a water layer on
the SiO2 surface. The dielectric constant of water is εH2O = 80, much higher than
εoxide = 3.9. Therefore the electrical field lines in the device deviate from plane
capacitor and can be present in the water layer (Fig. 4.1b). The strong electrical
field across the water layer can either cause dissociation of water molecules [23] or
proton release/uptake by terminal OH− groups at the oxide surface, as previously
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(a) (b)

(c) (d)

Figure 4.3: Changes in graphene resistance vs gate voltage after exposure to ethanol and
D2O vapours.(a) The initial state; (b) After further flooding with ethanol vapour; (c) The
initial state (for another sample); (d) Previously mentioned [(c)] sample after further flooding
with D2O vapour.

described [16, 20]. Both these mechanisms lead to a local pH change in the vicinity
of graphene. Depending on the pH, the dangling bonds of the oxide or polymer
residues on the graphene will change their charge state, inducing an opposite charge
in graphene [16, 23]. At the present state we can not pinpoint the exact identity of
the ionic species causing the change of environment around the graphene. A possible
electrochemical reaction on the unprotected Au electrodes is not relevant as this was
ruled out by Wang et al. [4], with experiments where both samples with protected
and unprotected gold contacts showed the same type of hysteresis.

Since the dipole nature of water molecules is often discussed in relation to the
hysteresis observed in graphene devices [3,4,9], we decided to study the response of
graphene resistance to ethanol vapours. A pure neutral ethanol solution has at least
100 times less concentration of H+ and OH− ions than pure water [24]. However,
the dipole moment of an ethanol molecule �pe = 1.68D is comparable to that of
water �pw = 1.85D [24], which makes it possible to separate the electrochemical from
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electrostatic influences on the charge carrier density in graphene. In Fig. 4.3a) and
b) the changes in graphene resistivity after ethanol vapour exposure are presented.
Except for the reduction of charge carrier mobility by 25 % (comparable to water
exposure) neither considerable hysteresis nor doping were observed.

We also performed similar experiments using D2O vapour with another set of
samples. Chemically, D2O molecules behave similar to H2O. However, D+ ions are
two times heavier than H+, whereas the relative increase in mass of OD− ions com-
pared to OH− is negligible. If the electrochemical process on graphene surface is
proton diffusion limited, one expects to observe a different behavior of the hysteresis
at various scan rates. Experimentally we do not observe any significant difference in
graphene’s response when comparing H2O and D2O. Heavy water exposure causes
doping and direction of the hysteresis comparable to normal water values (Fig. 4.3c
and d).

Our experiment with ethanol vapour supports the idea that the polarity of molecules
adsorbed in the graphene vicinity does not influence the dynamic response of the
graphene resistance to a gate voltage. We suggest that the main reason of the
observed hysteresis in ambient conditions is the electrochemical activity of water
molecules in the graphene environment.

4.4 Conclusions

We have shown that the commonly observed positive hysteresis in graphene FETs can
be derived from the electrochemical activity of water adsorbed on the SiO2 substrate.
In a moist environment a standard graphene FET can act as an effective electrochem-
ical cell with graphene being an electrode in the thin layer of water. Therefore the
application of the back gate voltage may lead to local changes of pH which in turn
affect the carrier density in graphene. From this point of view we suggest that, next
to the contact doping effect, the observed electron-hole asymmetry in graphene resis-
tance appears as an artifact of the hysteresis caused by charge trapping. Experiments
conducted with ethanol vapour and heavy water did not show a relation between the
hysteresis and either dipole moment or mass of adsorbed molecules, supporting the
idea of electrochemical activity of water as a key element in the dynamic response
to gate voltage sweeping. These findings give a further insight to graphene-related
electrochemistry outside an ideal electrochemical cell and open perspectives for the
application of a graphene FET as a memory element.
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Chapter 5

Large yield production of high mobility
freely suspended graphene electronic devices
on a polydimethylglutarimide based polymer

Abstract

The recent observation of a fractional quantum Hall effect in high mobility suspended graphene
devices introduced a new direction in graphene physics, the field of electron-electron interac-
tion dynamics. However, the technique used currently for the fabrication of such high mobility
devices has several drawbacks. The most important is that the contact materials available for
electronic devices are limited to only a few metals (Au, Pd, Pt, Cr, and Nb) because only those
are not attacked by the reactive acid etching fabrication step. Here we show a new technique
that leads to mechanically stable suspended high mobility graphene devices and is compatible
with almost any type of contact material. The graphene devices prepared on a polydimethyl-
glutarimide based organic resist show mobilities as high as 600,000 cm2V−1s−1 at an electron
carrier density of n = 5.0 × 109 cm−2 at 77 K. This technique paves the way toward complex
suspended graphene based spintronic, superconducting, and other types of devices.

5.1 Introduction: ways to make graphene suspended

The widely accepted method to produce a suspended graphene electronic device
is to deposit graphene on a silicon oxide (SiO2) coated Si substrate [1, 2], con-

nect the graphene layer to Cr/Au electrodes, and remove a part of the SiO2 using wet
etching with buffered hydrofluoric acid (BHF) [3–7]. This technique has some seri-
ous drawbacks, however. Because this etching is isotropic, the SiO2 below the narrow
Cr/Au contacts is also partially removed [3–7], which can lead to mechanically un-
stable devices and a low yield of working devices. In addition, the contact materials
available for electronic devices are limited to Au, Pd, Pt, Cr, and Nb, because only
those five metals are not attacked by BHF etching [8]. All other materials metals
(Ag, Al, Ti, Cu, etc.), oxides (AlxOy, MgO, indium tin oxide, etc.), ferromagnets (Co,
Ni, Py, etc.), half metals (CrO2, La(1−x)SrxMnO3, etc.) and other anorganic materials
necessary for the fabrication of graphene based spintronic [9], superconducting [10],
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optoelectronic, and other types of devices are affected by BHF. Therefore, it is cru-
cial to find a method to produce a suspended graphene device that excludes this
aggressive BHF etching step.

5.2 Methods: graphene suspended over the polymer

We present a unique technique that circumvents the above-stated limitations and
leads to very mechanically stable suspended graphene devices with a remarkably
high yield. The idea is to deposit graphene on an organic polymer and to remove the
polymer underneath the graphene layer in a controllable way by using an organic
solvent that is harmless to anorganic materials such as metals, insulators, and fer-
romagnets (Fig. 5.1). Multilayer resist technologies have previously been used for
the fabrication of suspended carbon nanotube devices [11, 12]; however, those can-
not be used for the production of mechanically stable large size suspended graphene
devices or with complex structures such as suspended top gates and graphene pat-
terned by etching. We used LOR-A (MicroChem), a polydimethylglutarimide (PMGI)
based organic lift-off resist (LOR) that shows excellent resistance to a wide range of
solvents and is stable at temperatures up to 1900C. As we show later in the paper,
this technique is compatible not only with plasma etching techniques that can be
used, for example, to etch a well-defined Hall bar structure in graphene, but also
with techniques for the production of free-standing top gates in order to obtain elec-
trostatically defined free-standing bilayer graphene quantum dots and graphene pn
junctions. This technique can also be used to produce a suspended graphene device
on a flexible substrate for the investigation of mechanical strain related effects on
the mobility and bandgap of bilayer and single layer graphene. The devices were
prepared as shown in Fig. 5.1 (the detail step by step recipe is described in Chap-
ter 3.2.2). Highly n-doped (0.007 Ωcm) 4 inch Si wafers covered with a 300 nm (or
500 nm) silicon oxide dielectric were used as a starting material, onto which we spin-
coated a layer of LOR-A polymer with a thickness of 1.15 μm. This thickness provides
good graphene visibility in the green spectrum when using an optical microscope.
We deposited highly oriented pyrolytic graphite (HOPG) graphene onto the LOR-A
polymer using the Scotch tape technique [2] (Fig. 5.1a). Standard electron beam
lithography (EBL) was used to fabricate a graphene electronic device (Fig. 5.1b,c).
We evaporated 5 nm of Ti as an adhesion layer and 75 nm of Au using an e-gun
evaporator at a pressure of 4.0×10−7 mbar (Fig. 5.1d).

A crucial step is lift-off (Fig. 5.1e), which is done in hot xylene (80oC), an or-
ganic solvent that at this temperature is active enough to dissolve the PMMA layers
but which does not at all affect the (EBL exposed) LOR. To make the graphene sus-
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Figure 5.1: Fabrication procedure of a suspended graphene device on LOR. (a) The Scotch
tape technique is used to deposit graphene on a LOR layer. (b) For the electron beam lithog-
raphy (EBL) step, we spin coat two polymethylmethacrylate (PMMA) polymer resists on top
of the graphene layer, the low molecular weight resist PMMA 50 K and the high molecular
weight resist PMMA 450 K. Exposure is done at 30 keV with an area dose of 180 μC/cm2. (c)
Development of the exposed areas is done using xylene at 21oC. The undercut obtained in the
EBL exposed structures is necessary for successful lift-off. (d) Evaporation of Ti/Au. (e) Lift-off
is done in hot xylene (T = 80oC). (f) The parts of the graphene layer that should be suspended
are exposed with the EBL at 30 keV and area dose 1050 μC/cm2. Note that instead of an EBL
step, deep-UV exposure also can be used to expose the LOR (see Fig. 5.4b). (g) Suspended
graphene is obtained after removal of the exposed LOR with ethyllactate developer at 21oC.

pended, a second EBL step is used to expose the LOR underneath the graphene layer
(Fig. 5.1f,g). We developed in ethyllactate to remove the EBL exposed LOR, rinsed
the sample in hexane, and gently blew it dry with nitrogen.
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5.3 Results and discussion: QHE measurements

All of the suspended graphene devices we have made (26 in total) with lateral sizes
up to 10 μm have remained intact after this procedure, and this, remarkably, without
the use of a critical point drying system. There are three reasons for this. Firstly,
the surface tension of hexane, γ = 18 nN/μm, is far too weak to rupture the sus-
pended graphene layer during the drying process. The capillary force Fc that the
solvent applies on a suspended graphene membrane with a width W and length L

that is suspended at a distance d away from the substrate is Fc = 2W (L+d)
d γcosθ [13]

Because hexane, the suspended graphene layer, and any possible PMMA/LOR poly-
mer contaminants on it are all hydrophobic, the wetting is very good, resulting in a
contact angle of θ ≈0o. The capillary force applied on a suspended graphene layer
with L = 10 μm and W = 1 μm is in this case around Fc0 = 0.4 μN; however, the
total (uniaxial) force needed to break a graphene layer with a width of 1 μm is ap-
proximately 42 μN [14], which is more than 2 orders of magnitude larger. Secondly,
given that the distance between the suspended graphene and the SiO2 substrate is
1.15 μm, the chance that the graphene layer will stick to the SiO2 surface via the
van der Waals force is small, as the graphene layer would first have to be stretched
by εs ≈3% in order to reach the substrate. Taking into account that the elastic
constant E of graphene [14] is ∼340 N/m, a strain of εs=3% requires a capillary
force of Fc = 2dWEεs/L=2.2 μN� Fc0. And thirdly, each of the metallic elec-
trodes connected to the graphene layer is supported by a solid pillar of LOR polymer
(Fig. 5.1g), which makes the suspended graphene device mechanically very stable,
not only against surface tension but also with regard to the electrostatic force ap-
plied during gate voltage measurements. This last property is what is lacking in large
size suspended graphene devices produced by BHF etching of the SiO2 substrate, in
which the parts of the metallic electrodes on top of the graphene layer are not sup-
ported anymore by solid pillars of SiO2 and can therefore become very mechanically
unstable. [3–7]

Characterization of the electronic quality of the suspended graphene devices was
performed by using a standard lock-in technique with an excitation current of 10 nA
up to 1 μA, which was sent through the device in two-probe and four-probe geome-
tries. All of our suspended devices show very low ohmic contact resistance (<60Ω)
between the Ti/Au contacts and the graphene, which is important for metrology pur-
poses in order to obtain an accuracy of 1 ppm or higher in the quantum resistance
standard.

Our suspended devices usually show strong p-doping, and current annealing is
needed to remove the dopants originating from the PMMA and LOR polymer re-
mains that cover the suspended graphene layer. The device shown in Fig. 5.2a)



5.3. Results and discussion: QHE measurements 69

(a)

(b)

(c)

(d)

A B

5μm

2μm

Figure 5.2: Suspended graphene device on a LOR polymer layer. (a) Optical image of
a 40 μm long graphene layer with 80 nm thick Ti/Au electrodes and suspended graphene
parts of (from left to right) 2, 10, 5, 4, 10, and 2 μm. (b) Picture taken with a scanning
electron microscope under an angle of 70o. A zoomed view of the 10 μm long suspended
graphene layer shows a small amount of LOR-A resist underneath the graphene layer that was
not removed completely after 1 min of development in ethyllactate. This issue can be resolved
by increasing the development time from 1 min (used for this device) to 1.5 to 2 min. The
dissolution rate of the LOR layers is around 1.5 μm/min when exposed with 30 keV electrons
at an area dose of 1050 μC/cm2. (c) The resistivity of the 2 μm long suspended graphene
part (region A) shown already before a current annealing step; there is a clear Dirac neutrality
point at Vg = 1 V applied gate voltage. All other suspended graphene regions show strong
p-doping, and a current annealing step is needed to clean up the polymer remains from the
suspended graphene in order to observe the Dirac neutrality point at ∼0 V gate voltage. (d)
The mobility of the suspended graphene layer in region A is around 37,000 cm2V−1s−1 at
nh = 4.7 × 1010 cm−2, for which no current annealing was used. Region B shows a mobility
of 600,000 cm2V−1s−1 at ne = 5.0× 109 cm−2 after current annealing.
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and b) (device A) was originally designed to test whether it is possible to create a
10 μm suspended graphene layer without the use of a critical point drying system.
Each part of the graphene layer between the Ti/Au electrodes was shown to be sus-
pended after inspection under a scanning electron microscope. The graphene layer
is suspended 1.15 μm above the 500 nm thick SiO2 layer and has a gate capaci-
tance of 10.5 aF/μm2 (see below). The majority of the suspended regions shows
strong p-doping, except for one area (Fig. 5.2c) showing very low doping, for which
we extracted at T = 77 K a mobility of 37,000 cm2V−1s−1 at a hole charge car-
rier density of nh = 4.7 × 1010 cm−2 (Fig. 5.2d). Current annealing (250 μA dc
current) of the 4 μm long suspended part of the graphene device at T = 77 K re-
sulted in a 600,000 cm2V−1s−1 mobility device at an electron charge carrier density
of ne = 5.0 × 109 cm−2. Note that at this specific carrier density the first derivative
of the resistivity curve versus gate voltage shows a maximum, which we interpret as
the crossover into the metallic electron regime, where we can extract a well-defined
mobility.

The suspended graphene device shown in Fig. 5.3a) (device B) has a slightly
lower capacitance of 8.6 aF/μm2, because it was prepared on a SiO2 insulating layer
300 nm in thickness and coated with a 1.4 μm thick LOR-A resist. This capaci-
tance is extracted from the two-probe quantum Hall measurements in Fig. 3d. Note
that the geometrical capacitance for this device is 30% smaller than the one ex-
tracted from the quantum Hall filling factors. All mobilities presented in this work
are therefore calculated using the electrically measured capacitance. Note that a
similar discrepancy on the order of 15% to 30% between the geometrical and elec-
trically defined capacitances was also found in other experimental studies. [1, 3]
On this device, we performed a current annealing step in vacuum (10−5 mbar) at
room temperature (290 K) by sending a 400 μA dc current through the 3.2 μm wide
suspended graphene, which resulted in a slightly p-doped device with a mobility of
70,000 cm2V−1s−1 at nh = 2.2×1010 cm−2 (Fig. 5.3b and c). At T = 77 K, the mobil-
ity increased to 250,000 cm2V−1s−1 (nh = 1.0×109 cm−2). In Fig. 5.3d), we present
the conductance of the device under a magnetic field applied perpendicularly to the
graphene layer at temperature T = 4.2 K. The appearance of the Landau plateau
with the filling factor ν = 2 in a magnetic field of only 0.5 T is a clear indication of
the excellent electrical quality of the graphene layer. This, together with the linear
dependence of filling factors 2, 6, and 10 on the gate voltage, implies that possible
sagging and/or deformation (e.g. due to electrostatic force from the gate electrode)
is not important [3].

We note that both devices presented in this Chapter, although exposed to 30 keV
electrons during the EBL exposure, still show excellent conducting properties and
high mobility, indicating that a 30 keV low dose exposure does not introduce any
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Figure 5.3: Electronic measurements on a suspended graphene device prepared on a 1.4 μm
thick LOR (300 nm thick SiO2). (a) Optical image of the sample. The outer Au electrodes
are connected to a current source, and the inner electrodes are connected to a voltage probe.
(b) The device was initially heavily p-doped, and after current annealing at room temperature
(RT) in vacuum (10-5 mbar) we obtained a clear Dirac neutrality point at Vg = 8 V. The Dirac
linewidth becomes very narrow at 77 K. The resistivity increases by a factor of 5 from RT to
4.2 K. (c) The RT mobility at nh = 2.2 × 1010 cm−2 is 70,000 cm2V−1s−1 and increases to
250,000 cm2V−1s−1 at 77 K and nh = 1.0×109 cm−2. (d) Application of an external magnetic
field B perpendicularly to the suspended graphene layer at 4.2 K. The characteristic quantum
resistance plateaus for graphene at 2G0, 6G0, and 10G0 are clearly visible in a magnetic field
of 1 T. The 2G0 plateau is already well developed at B = 0.5 T, which is a clear indication of
the excellent electronic quality of our suspended graphene device.

significant damage to the graphene crystal. Note that we cannot exclude some
(amorphous) carbon deposition due to the electron beam exposure of the uncovered
graphene. Apparently any residual carbon is removed during the current anneal-
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Figure 5.4: Scanning electron microscope pictures showing the potential of the new tech-
nique. (a) Top view of a freely suspended graphene Hall bar at a distance of 1.15 μm from
the SiO2 substrate. We introduced two extra fabrication steps in between steps [(e)] and [(f)]
(Fig. 5.1) in order to etch a Hall bar (see Sec. 5). (b) Side view under a 70o angle. Here,
instead of the final EBL exposure, we introduced a short deep-UV exposure followed by devel-
opment in ethyllactate in order to obtain suspended graphene (step [(f)], Fig. 5.1). Note that
the LOR below the gold contacts is not exposed, because the 75 nm thick gold functions as a
mask layer for the deep-UV light. This shows the potential of using optical lithography for the
mass production of suspended graphene devices fabricated with this technique.

ing procedure, since high mobilities are achieved. We have also performed mea-
surements on a suspended graphene device with four electrodes in a Hall geometry,
wherein we find a mobility of 380,000 cm2V−1s−1 (ne = 2.5×109 cm−2, T = 4.2 K),
showing behaviour similar to that of sample B. We also succeeded in obtaining sus-
pended graphene devices etched into a Hall bar geometry using a pure oxygen plasma
in a reactive ion etching system (Fig. 5.4a). Such types of devices will be used for a
more precise investigation of e-e interactions in graphene. Because the PMGI based
resist is sensitive to deep-UV light, standard optical lithography can be used for the
large scale preparation of suspended graphene devices (Fig. 5.4b).

5.4 Conclusions

We present a technique for the production of a suspended graphene device on a PMGI
based resist that shows superior behaviour as compared to the fabrication technique
used currently by the graphene community, in which a suspended graphene device is
obtained after BHF etching of the SiO2 substrate. Firstly, the technique is compatible
with all anorganic contact materials such as metals, ferromagnets, and insulators,
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which is not the case for the BHF etching technique, with which only five contact
materials - Au, Pd, Pt, Cr, and Nb - are inert to the strong acid. Secondly, as long
as the distance between the suspended graphene and the substrate is large enough,
this technique does not require the use of a critical point drying system, an instru-
ment that is a necessary tool for the production of suspended graphene devices of
2 μm or longer when the BHF method is used [3–7]. And thirdly, mechanical stabil-
ity is ensured in the LOR-A suspended devices because each of the electric contacts
affixed to the suspended graphene is supported by a solid column of polymer resist.
The technology presented in this Chapter is also applicable for the production of
suspended (carbon) nanotube/nanowire devices (with top gates), suspended submi-
crometer thin anorganic membranes, and electrodes on a polydimethylglutarimide
organic dielectric.

5.5 Recipe

The detailed recipe is described in Chapter 3.2.2. To etch the Hall bar in Fig. 5.4a),
we introduce two extra fabrication steps in between steps (e) and (f) in Fig. 5.1. We
spin-coat ∼100 nm PMMA 400 K dissolved in oxylene on the sample, bake it on a hot
plate at 180oC, expose the parts of the graphene that have to be etched away with
30 keV electrons (dose 180 μC/cm2), and develop for 4 min in xylene. The Hall bar
structure is etched using oxygen plasma in a reactive ion etching system.
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Chapter 6

Quantized conductance of a suspended
graphene nanoconstriction

Abstract

One of the most promising characteristics of graphene [1] is the ability of charge carriers
to travel through it ballistically over hundreds of nanometres. Recent developments in the
preparation of high mobility graphene [2–4] should make it possible to study the effects of
quantum confinement in graphene nanostructures in the ballistic regime. Of particular interest
are those effects that arise from edge states, such as spin polarization at zigzag edges [5] of
graphene nanoribbons [6,7] and the use of graphene’s valley degeneracy for ’valleytronics’ [8].
Here we present the observation of quantized conductance [9,10] at integer multiples of 2e2/h
at zero magnetic field in a ballistic nanoconstriction of high-mobility suspended graphene.
This quantization evolves into the typical quantum Hall effect for graphene at magnetic fields
above 60 mT. Voltage bias spectroscopy reveals an energy spacing of 8 meV between the first
two subbands. A pronounced feature at 0.6×2e2/h present at a magnetic field as low as
∼0.2 T resembles the ’0.7 anomaly’ observed in quantum point contacts in a GaAs-AlGaAs
two-dimensional electron gas, possibly caused by electron-electron interactions [11].

6.1 Introduction: lateral confinement in graphene

C
onductance quantization in zero magnetic field in graphene ribbons is expected
to strongly depend on the type of edge termination [6, 7, 12–14]. In the case

of ideal non-disordered armchair edges the valley degeneracy is lifted, leading to a
quantization sequence 0 (for a semiconducting ribbon), 1,2,3,...×G0, when the Fermi
energy is raised or lowered from the charge neutrality point. Here G0 =2e2/h, with
e the electron charge, h the Planck constant and the factor two is due to the spin de-
generacy. For zigzag edges on the other hand, theory predicts a quantization in odd
multiples 1,3,5,...×G0, reflecting the presence of both spin, as well as valley degen-
eracy. However, realistic devices have a finite (edge) disorder which will dominate
the electronic transport in long and narrow ribbons, making the experimental ob-
servation of conductance quantization very challenging. Signatures of the formation
of one-dimensional subbands because of quantum confinement have been reported
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for nanoribbons fabricated on a silicon oxide (SiO2) substrate [15, 16]. However,
those devices are not in the ballistic regime because they have the characteristics of
a diffusive, disordered system and lack uniform doping owing to strong interaction
with the substrate. In such a narrow and long ribbon an edge disorder of typically
only a few per cent of missing carbon atoms will prevent the observation of quantum
ballistic transport and conductance quantization [17–19].

A way to circumvent this problem is to prepare a constriction with a length com-
parable or shorter than the width, for which conductance quantization is theoreti-
cally possible for an edge disorder of 10 % or even higher [18–20]. To investigate
quantum ballistic transport and conductance quantization in graphene it is therefore
crucial to prepare a narrow, short and high-mobility constriction with uniform (gate-
controllable) doping. This can be achieved by decoupling the graphene layer from the
substrate and preparing a high mobility graphene layer suspended 0.2-1 μm above
the SiO2 surface. High-quality quantum Hall effect (QHE) and fractional quantum
Hall effect (FQHE) were measured experimentally in such devices using a 2-probe
geometry [21,22].

6.2 Results and discussion: graphene nanoconstric-
tion

In this work we prepared similar 2-probe devices using a newly developed poly-
mer based method [23] (see Section 6.4) resulting in suspended graphene at 1 μm
distance above the SiO2/Si substrate (Fig. 6.1). The suspended graphene layer is
contacted by 80 nm thick titanium/gold electrodes supported by 1 μm thick pillars
of LOR-A polymer. The electrical characterization was performed using a standard
lock-in technique with an applied current of 2.5-10 nA.

Application of a voltage to the Si substrate underneath the 500 nm thick SiO2

allows us to tune the charge carrier density in the suspended graphene device. To ob-
tain high mobility it is crucial to anneal the graphene layer by sending a dc-electrical
current through it (∼1 mAm μm−1) in vacuum at 4.2 K [2,24]. This leads to a local
temperature increase up to 500oC due to Joule heating [2]. Mobilities as high as
600,000 cm2V−1s−1 at a charge carrier density of 5×109 cm−2 at 77 K have been
reported in such devices, indicating that the electron mean free path can be several
hundred nanometers long [23]. What makes the current annealing step special is
that it not only can lead to a high-mobility sample, but it can also result in the for-
mation of nanoconstrictions [25] (Fig. 6.1a). Note however, that although we can
systematically obtain high-mobility graphene devices with a typical yield of 20%, the
formation of these nanoconstrictions is still not well controlled.
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Figure 6.1: A typical suspended graphene device. (a) Scanning electron microscopy picture
of a typical suspended high-mobility graphene device showing the formation of graphene con-
strictions after the current annealing step in vacuum at 4.2 K (regions A and B). The scale bar
is 2 μm. No current annealing was applied to region C. (b) A schematic cross-section of the
device. The graphene layer is suspended about 1 μm above the 500 nm thick SiO2 and the
electrodes are kept in place by pillars of LOR polymer. The n++-doped silicon substrate is used
as a back gate electrode to control the charge-carrier density.

We nevertheless succeeded in making electronic measurements on a high-mobility
graphene nanoconstriction with uniform doping, showing conductance quantization
at zero magnetic field [9, 10] for both electrons and holes. For this device we plot
the conductance G at 4.2 K for holes versus the Fermi wavenumber kF in Fig. 6.2a).
The Fermi wave number kF =

√
πn is determined by the gate voltage applied to the

Si substrate, which allows us to tune the density of charge carriers n in a continuous
way from 0 to ∼3×1011cm−2. The formation of quantized plateaus at 1, 2 and
3×G0 is visible, and also the development of plateau-like features at 4 and (possibly)
5×G0. Note that the presence of quantization at both odd and even multiples of
G0 implies that the valley degeneracy is lifted. Although with slightly lower quality,
similar plateaus are also observed for electrons (Fig. 6.2b). The initial width of this
device before the current annealing step was about 2.5 μm and it is suspended over
1.5 μm distance between the gold electrodes. An estimate of the actual width W

of the constriction formed after the current annealing step can be obtained using
the approximate semi-classical relation G = 4e2/h · kFW/π for ballistic graphene
constrictions (see Chapter 2.5). From this relation we extract W ≈200 nm for holes
and 275 nm for electrons. This difference in obtained widths is probably related to
the uncertainty in the exact position of the Dirac point. This is caused by the presence
of small non-uniform residual doping, which also results in different confinement
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(a) (b)
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Figure 6.2: Quantized conductance in a graphene nanoconstriction at T=4.2 K at zero ex-
ternal magnetic field. (a) Conductance G as function of the Fermi wave number kF at zero
external magnetic field for holes. A total of 80Ω contact resistance was subtracted. Clear quan-
tization is observed at 1,2,3×2e2/h and plateau-like features are visible at 4 and 5×2e2/h. The
dashed line is a fit using the semi-classical relation of the conductance in the ballistic regime,
which gives the width of the constriction W ≈200 nm. (b) For electrons we observe a similar
sequence of conductance quantization (a 80 Ω contact resistance was subtracted). In this case
we obtain W ≈ 275 nm from the fit.

potentials for electrons and holes and which can also account for the different quality
of the quantized plateaus.

To confirm our conclusions we studied the transition to the QHE by applying a
perpendicular magnetic field B at 4.2 K (Fig. 6.3a) [26]. The typical QHE behaviour
for graphene, showing quantized plateaux at 1,3,5,...×G0 is observed when the mag-
netic field is strong enough such that the electron (hole) cyclotron diameter is less
than the width of the constriction. The situation changes when the field strength is
reduced such that the cyclotron diameter 2lc becomes equal to or greater than the
width of the constriction. In this case the carriers begin to experience (quantum)
confinement and a continuous crossover is expected from the QHE regime to quan-
tized conduction at zero magnetic field [26, 27]. The edge channels, which carry
the current in the quantum Hall regime, continuously transform into one dimen-
sional subbands at zero field. This effect is clearly visible in Fig. 6.3b), where the
G0 plateau remains well developed down to 0 mT. The distance ΔVN in gate volt-
age between the centre of the quantized plateau corresponding to the first subband
(N = 1) and the Dirac neutrality point versus magnetic field is shown in Fig. 6.4a).

At magnetic fields above 60 mT the plateau position in the gate voltage (or den-
sity) scales linearly with magnetic field, characteristic of the QHE regime. However,



6.2. Results and discussion: graphene nanoconstriction 79

(a)

(b)

Figure 6.3: Quantized conductance in a graphene nanoconstriction in zero and finite mag-
netic field at T= 4.2 K. (a) Magnetic field dependence (in Tesla) of the two-probe quantum Hall
effect in a graphene ballistic nanoconstriction as a function of the gate voltage Vg. A capaci-
tance of 8 aFμm−2 is extracted from the 2-probe quantum Hall measurements at a magnetic
field of 500 mT. The quantized plateaus at 1,3 and 5×2e2/h are characteristic for graphene. A
contact resistance of 80 Ω was subtracted from the 2-probe measurements. (b) Transition from
the quantum Hall effect to quantized conductance at zero magnetic field. Note that at zero
magnetic field we observe Fabry - Pérot like oscillations superimposed on the 2e2/h plateau,
possibly the result of reflection at the ends of the constriction. The feature at 0.6×2e2/h (e.g
at Vg=-1.5 V and 3 V for B= 0.5 T) is believed to be the result of e-e interactions, similar to
the 0.7 anomaly observed in a GaAs-AlGaAs heterostructures.
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(a) (b)

Figure 6.4: (a) The distanceΔVN in gate voltage between the centre of the quantized plateau
corresponding to the N=1 subband and the charge neutrality point versus external magnetic
field B applied perpendicular to the suspended graphene layer. Here, ΔVN saturates at 0.5 V
for fields below 60 mT, from which we extract the width of the constriction (300 nm). (b) The
same plot was made for the N=3 subband and approximately the same width was obtained.
Note that ΔVN saturates below 150 mT in this case.

at B ≈ 60 mT there is a crossover below which we observe a saturation in the po-
sition of the plateau. Using the relation lc = �kF /eB and 2lc = W (which holds at
the crossover) at 60 mT for N = 1 and 150 mT for N = 3 (Fig. 6.4b), we obtain
W ≈ 300 nm. Although one must be careful when applying these semi-classical rela-
tions in quantum regime, this width is consistent with the width extracted from the
fit of G versus kF in Fig. 6.2.

Surprisingly, in the magnetic field traces at 0.25, 0.5 and 1 T (Fig. 6.3b) we
observe a well developed feature at ∼0.6×G0 which strongly resembles the char-
acteristic ‘0.7 anomaly’ observed at ∼0.7×G0 in quantum point contacts in GaAs-
AlGaAs heterostructures [11]. This feature cannot be the result of Zeeman splitting
because at 200 mT this splitting is only gμBB ≈ 25μeV (g ≈ 2) and an order of
magnitude smaller than the thermal energy at 4.2 K. We attribute the observed effect
to electron-electron interactions, similar to the case for the ‘0.7 anomaly’ in GaAs-
AlGaAs [11,28]. This unique opportunity to study electron-electron interactions in a
graphene nanoconstriction at a moderate field of a few hundred mT or lower is com-
plementary to the high-magnetic field studies done recently in graphene [21, 22].
At fields above 2 T, other features develop that could be precursors of the fractional
quantum Hall effect in a constriction (Fig. 6.3a). Note that the behaviour is different
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(a) (b)

Figure 6.5: Voltage bias spectroscopy at T = 4.2 K. (a) The differential conductance G versus
dc-bias voltage Vsd at zero external magnetic field measured with an excitation ac-voltage of
Vac = 150 μV in the gate voltage interval of -6 V< Vg < 0.8 V. Each line in this plot corresponds
to a dc-bias measurement at a different gate voltage, from Vg = -6 V (top) to 0.8 V (bottom)
in steps of 50 mV. For Vsd = 0 V we observe conductance quantization at 1,2,3 and 4×2e2/h.
The energy spacing between the N=1 and N=2 subbands is approximately 8 meV, which is
consistent with the energy spacing expected for a 240 nm wide constriction. (b) Voltage bias
spectroscopy at B = 50 mT and -40 V< Vg < 0.8 V. The regular 1,3,5 and 7×2e2/h plateaus
are obtained (after subtraction of 700 Ω). The energy spacing between the N=5 and N=7
subbands is approximately 8 meV.

from that observed in GaAs-AlGaAs quantum point contacts, where the 0.7 anomaly
continuously evolves into a 1/2G0 spin-resolved plateau when a magnetic field is
applied [11].

Finally we perform voltage bias spectroscopy measurements to extract the sub-
band energy spacing. In Fig. 6.5a), we present the measurement at B = 0 T and in
Fig. 6.5b) at B = 500 mT. The results at B = 0 T show a conductance quantization
at 1,3,5 and 7×G0 at zero or low voltage bias. The formation of a half-integer quan-
tized plateau [29] in between the N = 5 and N = 7 plateaus in Fig. 6.5b) is observed
for a bias of approximately 8 meV. This is close to the expected value of 7.5 mV corre-
sponding to the average energy spacing between N = 5 and N = 7 plus the average
energy spacing between N = 7 and N = 9 for subband energies En = vF

√
2�eBn

(where n =0,1,2... indicates the orbital quantum number). After this control mea-
surement we extract in a similar way the energy spacing (Fig. 6.5a) at B = 0 T. The
results show quantization at 1,2,3 and 4×G0 at zero bias. Here we extract an en-
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ergy spacing of 8 meV between the N = 1 and N = 2 subbands, which corresponds
to an energy spacing ΔE = �vFπ/W = 8 meV when we assume a 240 nm wide
constriction. These energy scales are consistent with the observed weak temperature
dependence of the quantized conductance at 1.5, 4.2 and 12 K. Although we have
verified in three independent ways the formation of a constriction with a width of
about 250 nm, we could not confirm the width after the measurement with, for ex-
ample, scanning electron microscopy, because the constriction broke during warming
up to room temperature. The brittleness of suspended graphene nanoconstrictions is
a known problem, which might be solved by preparing high-mobility constrictions on
a crystalline substrate such as boron nitride [4]. Finally we note that we do not ex-
pect a particular edge structure to dominate in our nanoconstriction. We conjecture
that the edges provide effective boundary conditions for the wave functions, which
can lead to conductance quantization, provided that the constriction is sufficiently
short.

6.3 Methods: sample preparation

The preparation of our devices is done as in Chapter 3.2.2. We use an acid-free
method to fabricate a suspended graphene device. For this we spin-coat a 1.15 μm
thick LOR-A (MicroChem) resist layer on a highly n-doped (0.007 Ωcm) 4” Si wafer
covered with 500 nm silicon oxide dielectric. A highly doped Si wafer is used as the
back gate of our suspended graphene device. We deposit HOPG graphene on the
LOR-A polymer using the ”Scotch tape” technique and use standard electron beam
lithography (EBL) to contact the graphene layer to metallic electrodes. We evaporate
5 nm of Ti as an adhesion layer and 75 nm of Au using an e-gun evaporator at a
pressure of 5×10−7 mbar. After lift-off in hot (80oC) xylene we perform a second
EBL step to expose the LOR resist underneath the graphene layer. We develop in
ethyllactate to remove the EBL-exposed LOR resist, rinse the sample in hexane and
blow it dry gently with nitrogen.

6.4 Conclusions

We have shown quantized conductance in a quantum ballistic graphene nanoconstric-
tion. The appearance of quantized conductance at integer multiplies of G0 =2e2/h at
zero external magnetic field is assigned to a constriction in which the valley degener-
acy is lifted. The quantization found at ∼0.6×2e2/h at finite magnetic field resembles
the 0.7×G0 anomaly observed in quantum point contacts in a GaAs-AlGaAs 2DEG.
Future experiments in graphene nanoconstrictions can shine light on the detailed
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role of edges in the effective scattering of ballistic charge and spin carriers at zigzag
or armchair edges and the effect of strain on quantized conductance [30].
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Chapter 7

Field induced quantum Hall ferromagnetism
in suspended bilayer graphene

Abstract

We have measured the magneto-resistance of freely suspended high-mobility bilayer graphene.
For magnetic fields B > 1 T we observe the opening of a field induced gap at the charge
neutrality point characterized by a diverging resistance. For higher fields the eight-fold degen-
erated lowest Landau level lifts completely. Both the sequence of this symmetry breaking and
the strong transition of the gap-size point to a ferromagnetic nature of the insulating phase
developing at the charge neutrality point.

7.1 Introduction: symmetry breaking of the lowest
Landau level

The unique electronic properties of monolayer and bilayer graphene make them
promising candidates for future applications in nanotechnology. Though (bi-

layer) graphene on a SiO2 substrate can show a mobility up to 20,000 cm2V−1s−1 [1],
much cleaner and higher mobility samples are necessary in order to investigate its in-
trinsic properties, and, in particular, electron interaction effects. Mobilities exceeding
100,000 cm2V−1s−1 can be obtained by removing the SiO2 substrate underneath the
graphene [2,3] or by depositing graphene on a boron nitride crystal [4]. These high-
mobility samples display new interaction-induced phenomena such as a fractional
quantum Hall effect [5–7], broken-symmetry states [8], a magnetic-field induced
insulating phase [8], and quantized conductance at zero magnetic field [9].

In the two-dimensional electron system of bilayer graphene (BLG) the applica-
tion of a perpendicular magnetic field results into an unconventional integer quan-
tum Hall effect with plateaus at filling factors ν = ±4,±8,±12, ... [10] The lowest
Landau level is eight-fold degenerate, owing to spin, valley and orbital degrees of
freedom. In standard BLG samples deposited on SiO2, magnetic fields around 10 T
are required to observe fully quantized plateaus and the eight-fold degeneracy of the
lowest Landau level is only lifted for the highest quality samples at magnetic fields
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exceeding 20 T [11]. At 0 T the density of states in BLG does not vanish at the
charge neutrality point, in contrast to single layer graphene, therefore, even an ar-
bitrarily weak interaction between charge from conduction and valence band states
will trigger excitonic instabilities which causes a variety of gapped states [12–16].

Here we present two-terminal magnetotransport experiments in suspended BLG
at temperatures ranging from 1.3 K to 4.2 K and magnetic fields up to 30 T. We
observe a sudden gap opening at the CNP already for B ≥ 1 T and the appearance of
broken-symmetry states at filling factors ν = ±1,±2,±3 for higher fields. Detailed
investigation of the energy gap at filling factor ν = 0 reveals an exchange-interaction
driven linear scaling at low magnetic fields, in agreement with earlier reported results
[8]. At high fields we observe the cross-over to a much smaller gap. This high field
transition and the appearance of broken symmetry states at ν = 1, 2, 3 are consistent
with the formation of a quantum Hall ferromagnetic state [13,17].

7.2 Experimental details

We prepare a suspended BLG sample using an acid free method [18]. Following stan-
dard techniques [19], we first exfoliate flakes from highly oriented pyrolytic graphite
(HOPG) and deposite them on a Si/SiO2 substrate covered with a 1.15 μm thick
LOR-A resist layer. Bilayer flakes are then identified by their optical contrast [20].
Subsequently, two electron beam lithography steps are performed in order to contact
the flakes with Ti-Au contacts and to remove part of the LOR-A below the graphene
flakes. The resulting device is freely suspended across a trench formed in the LOR-A
with two metallic contacts on each side, see inset of Fig. 7.1. Carriers in the BLG
sheet can be induced by applying a back-gate voltage VG on the highly n-doped Si
wafer. The geometrical gate capacitance is given by a combination of the vacuum gap
(1.15 μm) and SiO2 substrate (0.5 μm). Using a serial capacitor model we calculate
a gate capacitance of 7.2 aF/μm2 which directly relates the carrier concentration to
VG as n = α(VG − VCNP ) with leverage factor α = 0.5 × 1014 m−2V−1 and a finite
voltage of the the CNP of VCNP = 1.2 V. In high magnetic fields, the geometric capac-
itance increases due to the formation of edge states [21] and α becomes dependent
on B. Therefore, the exact values of capacitance were determined experimentally
by identifying the filling factors of quantized Hall plateaus in magnetic field (details
can be found in the appendix). After mounting the devices is slowly cooled down to
4.2 K and current annealed [22] by applying a dc-current up to 3 mA. This local an-
nealing results in to the high quality sample with mobility μ ≈ 100,000 cm2V−1s−1

at a charge carrier density n = 2× 1011 cm−2. The value of the mobility is calculated
based on the dimension of suspended graphene before current annealing: 0.3 μm
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wide and 2.1 μm long. However, in the membrane the distribution of the tempera-
ture during current annealing is non homogenous [9], which most probably leads to
the middle part of the membrane being annealed and non annealed regions close by
the contacts. In this case the estimation of the mobility value based on geometrical
dimensions might be not precise. We can also estimate the quality of obtained sample
from the value of magnetic field at which the system enters the quantum Hall regime
(B > 0.5 T). Assuming μB � 1 for QHE to exist [2], the observation applies a lower
bound for the mobility of 20,000 cm2V−1s−1. Measurements were performed with
standard low-frequency lock-in techniques in two-probe geometry with an excitation
current of 2 nA.

7.3 Results: unconventional QHE, field induced gap
opening

In Fig. 7.1 we show the data for the two-probe resistance R (Fig. 3.5c) of our sus-
pended BLG device at B = 0 T and B = 1 T as a function of VG (top x-axis)
and n (bottom x-axis), respectively. The two-probe resistance R is characterized
by a magnetoresistance ρxx = L/w · Rxx with superimposed Hall-resistance ρxy,
R = (L/w) · ρxx + ρxy. Here L/w ≈ 6.7 is the aspect ratio of the device. The traces
are corrected by phenomenological contact resistances (1 kΩ on the electron-side and
1.7 kΩ on hole-side) which were determined from a finite resistance background ob-
served at high carrier concentrations; the background resistance increases by about
a factor 2 in the range B = 0...30 T. These contact resistances most probably origi-
nate from in-series connected, non-annealed parts of the sample [23], contact dop-
ing [24,25] and the finite resistance of the current leads. The sharp maximum at the
CNP of the zero-field data indicates the high electronic quality of the sample. At 1 T
the resistance already exhibits fully quantized plateaus at filling factors ν = 4 and
a developing quantization at ν = 8 and ν = 12. The formation of these plateaus is
caused by a quantization of ρxy = h/νe2 and the associated zero minima in ρxx when
the Fermi energy lies between two Landau levels [10]; it confirms the high electronic
mobility (μ � 1/B) of our device required to observe this unconventional quantum
Hall effect.

Additionally, as soon as a finite magnetic field is applied, the resistance at the
CNP, RCNP , starts to diverge. Whereas at zero magnetic field RCNP is only very
weakly temperature dependent and comparable to the resistance quantum, already
at 1 T it is nearly an order of magnitude higher and starts to increase strongly with
decreasing temperature, see left inset in Fig. 7.1. The nature of the gap opening at
the CNP is elucidated further in Fig. 7.2a where we show the resistance as a func-
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Figure 7.1: Resistance as function of the concentration by sweeping the back gate from -60 V
to 60 V for 0 T (black) and 1 T (red). A constant contact resistance has been removed. Top-left
inset: Temperature dependence of the resistance at the CNP for 0 T and 1 T; Top-right inset:
SEM picture of the suspended device.

tion of carrier concentration n for several magnetic fields. The diverging resistance
at the CNP appears at similar magnetic field as the plateaus at filling factors -4 and
4; i.e. the eight-fold degeneracy of the zero-energy Landau level breaks directly into
two four-fold degenerated Landau levels, as already predicted theoretically [26] and
proven experimentally [27]. At low fields B < 0.1 T we observe a small decrease of
the resistance maximum at the CNP (not shown in the figure). This small decrease
in resistance can be explained by the presence of local inhomogeneities which give a
small splitting between the valley-polarized energies; the cross-over of these energy-
states at finite magnetic field results in a resistance minimum. When the magnetic
field is above B ≥ 0.1 T we observe a rapid increase of the resistance-maximum at
the CNP, shown in Fig. 7.2b). We can interpret this rapid increase as a result of the
spin-splitting of the two energy levels at zero energy or by disorder, e.g. unevenly
charged top and bottom layer. The last scenario would lead to a strong temperature
dependence at zero field and ultimately to an insulating state at zero field, as dis-
cussed in the next Chapter (Ref. [28]). The absence of a temperature influence at
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Figure 7.2: (a) Resistive behaviour of the sample near the CNP at T=1.3 K. The dots mark the
positions n = 3× 1014, 0 and − 3× 1014 m−2 where the gap opening has been analyzed (see
text for more details). (b) Resistance RCNP as function of B/T at T = 4.2 K and 1.3 K; inset:
Qualitative picture of the DOS near the CNP. The conduction at energy E is directly related to
the thermal excitation of electrons to the conduction edges Ec1 and Ec2. (c) Calculated gap
Δ as function field B for T = 1.3 K; the dashed line represents the theoretical single electron
Zeeman energy gμBB.

0 T and the CNP centered at very low gate-voltage points to a non-disordered bilayer,
therefore we interpret the rapid increase by a result of spin splitting.

The absence of the density of states at E = 0 in the inset of Fig. 7.2b) results in a
diverging resistance at the CNP. The resistance RCNP at the CNP follows a classical
Arrhenius-activation behaviour Rxx ≈ exp (Δ/kBT ), in where Δ is a scale for the
size of the gap. The resistance increase scales best with ln (R) ≈ B/T , from which
we obtain a gap Δ = 0.34 meV/T ×B. This gap is about a factor 3 times larger than
the Zeeman splitting gμBB, which can be explained by the dominating exchange
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energy [29]. Eq. 7.1 describes the total spin energy ΔS , determined by the sum of
the single electron Zeeman energy gμBB and the exchange energy Eex · (n↑ − n↓).
Here n↑−n↓ is the normalized difference between spin-up and spin-down occupation.

ΔS = gμBB + Eex · (n↑ − n↓) (7.1)

At low fields the two energy levels are still overlapping and the system is not
fully spin polarized, (n↑ − n↓) < 1. Assuming Gaussian-shaped Landau levels we
can approximate (n↑ − n↓) =

√
2

π
ΔS

Γ with leads with help of equation (7.1) to the
gap ΔS = gμBB

1−Eex/Γ
. The observed spin-enhancement by a factor 3 corresponds to a

typical level width Γ = 2 meV and an exchange energy Eex = 1.3 meV at B = 1 T cor-
responding to a value of about 2 % of the Coulomb energy EC = e2/εrlB = 56 meV,
where lB is the magnetic length.

The behaviour in high magnetic fields is experimentally more complicated to ac-
cess, because the measured resistance rapidly exceeds several MΩs and a quantitative
analysis becomes difficult. However away from the CNP the measured resistances
stay low enough to guarantee a reliable interpretation up to the highest magnetic
fields. This situation is illustrated in the inset of Fig. 7.2b), where we sketch the
quantized density of states in the lowest Landau level around the CNP with a gap
2Δ opening at E = 0. When the Fermi energy is located at a finite energy E < Δ

(i.e. still inside the localized parts of the DOS), conduction will occur by thermal ex-
citation to the conductivity edges Ec1 and Ec2 of the extended states. The resistance
R(E) at this energy will then be given by

R(E) ∝ e
Δ(E)+E

kbT + e
Δ(E)−E

kbT =
1

2
e

Δ(E)
kbT cosh

(
E

kbT

)
(7.2)

For relatively small energies E << kBT the cosh-term can be approximated by a
first order Taylor expansion cosh

(
E

kBT

)
≈ 1 + 1

2
E2

k2
BT 2 = γ(E). For small E we can

interpret Eq.7.2 as RCNP ∝ 1
2e

Δ(E)
kbT γ(E). At the CNP, E = 0, this approaches a trivial

Arrhenius-behaviour, while for non-zero fixed energy γ(E) is an energy dependent
renormalization factor which for E << kbT is independent of T .
We analyze the resistance at concentrations n = ±3 × 1014 m−2 (dots marked in
Fig. 7.2a) and multiply this data with a fixed constant to make an overlap with the
low field data). All data points R > 1 MΩ in Fig. 7.2b) are verified by this method and
therefore reliable up to the highest field. This proper scaling for both low and high
resistances also excludes a strong effect of the local heating due the finite excitation
voltage we apply over the sample.

From Fig. 7.2b) we see that the scaling of the resistance at high magnetic fields
is remarkably different from the linear field increase at low fields. This observation
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is again visualized in Fig. 7.2c) where we show that the calculated gap strongly
bends and the slope strongly reduces. In this regime the gate sweeps are packed
more densely for increasing magnetic field and the energy E gets comparable to the
thermal activation kBT thus we are no longer able to calculate the gap-size with a
simple Arrhenius-behaviour. Experimental limitations of our suspended samples do
not allow us to access much higher temperatures, therefore we can only speculate
here about further gap-study.

At high enough fields we expect to fulfill the criteria of fully spin-polarized sys-
tem, (n↑ − n↓) → 1. The sudden strong change of the gap-size suggests that our
system indeed gets fully spin-polarized, in literature also known as the cross-over
to a quantum Hall ferromagnetic state. Further increase of the magnetic field leads
hypothetically to a dominating spin-splitting gμBB, because Eex ∝ √

B. Additional
measurements in titled magnetic fields are necessary to decouple the influence of the
single electron Zeeman energy and exchange energy.

After the detailed study at low concentrations we examine the QHE at higher
concentration. In Fig. 7.3a) we show the corrected two-point resistance as a function
VG at 4.2 K for B = 1 T, 5 T, 12 T, 17.5 T and 30 T. Apart from the distinct ν =

±4 plateaus, which are already well pronounced at 1 T, additional plateaus at ν =

±3,±2, and ±1 start to appear in higher fields. In Fig. 7.3b) we show the derivative∣∣∣ dR
dVG

∣∣∣ of the resistance curves, where we can already recognize distinct maxima and
minima for lower fields. In Fig. 7.3c) we follow the position of the minima with
increasing magnetic field. We see that the maximum applied gate voltage VG = 60 V
limits the observation of filling factors ν = ±4 up to 9 T, while ν = ±2 remains
observable up to fields of 15 - 20 T and filling factor ν = ±1 is still observable at the
highest applied field, 30 T. From Fig. 7.3c) we observe that the position of the minima
strongly deviates from the linear relationship between the induced charge carrier
concentration n and the applied magnetic field B, n = ν eB

h . The equidistance of the
minima for fixed magnetic fields excludes a capacitance change due the bending of
the membrane, which could be expected given the particular big difference between
the electric field induced bending (10 - 20 nm) [30] and the vacuum gap over which
graphene is suspended (∼ 1.5 μm). In the appendix we discuss in more detail how
to extract the exact relation between the applied field B and the induced charge
concentration n from this data.

Experiments on suspended graphene samples are mainly performed in a two-
probe configuration. Experimental limitations of the annealing procedure do not
allow us to obtain very homogenous samples in a four-probe configuration. There-
fore more effort has to be done to do a proper analysis on both the magnetoresistance
and Hall resistance. In Fig. 7.4 the appearance of the different filling factors is further
elucidated; in particular at positive gate-voltages, the influence of contact resistance
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Figure 7.3: (a) Gate weeps R(VG) at constant magnetic fields B = 1 T, 5 T, 12 T, 17.5 T and
30 T for T = 4.2 K; the curves are shifted up for clarity. (b) Derivative dR/dVG for the curves
in [(a)]. (c) Position of the minima for ν = ±12, ±8, ±4, ±3, ±2 and ±1 as function of the
magnetic field.

is here experimentally the smallest. As shown in Fig. 7.3b) the derivative of our
data, dR

dVG
, shows already at very low field a very clear appearance of filling factors

ν = 1, 2, 3 and 4. A small change in the slope of Rxy causes a very distinct mini-
mum in the derivative. Theoretically we can use a model that directly describes the
magnetoresistance Rxx in terms of the Hall resistance Rxy [31], i.e. Rxx ∝ n

dRxy

dn .
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Figure 7.4: (a) Rxx-oscillations after removing linear background from n dR
dn for B = 3 T, 5 T,

12 T and 20 T at 4.2 K. (b) Dingle plot of ν = 8 and ν = 4: amplitude A of the oscillations as
function of the inverse field 1/B. (c) Dingle plot for ν = 3, 2 and 1. (d) Schematic plot of the
appearance filling factors with increasing magnetic field. The dashed lines show the center of
the Landau level, while the grey shaded area is the Landau level broadening determined by
the Dingle temperature TD.
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In Fig. 7.4a) we study the appearance of the filling factors by plotting the obtained
magnetoresistances Rxx−R0. Here we removed from all data the linear background
R0 of the 12 T data shown in the inset of Fig. 7.4a) and centred all curves around
the x-axis. We used the obtained leverage factor α(B) to determine the exact con-
centration n. Already at 3 T we observe the appearance of clear oscillations around
ν = 2 and ν = 3 followed by the appearance of ν = 1 at 5 T. The amplitude A of the
oscillation is defined by the difference between the minimum and the first maximum.
A single oscillation can best be analyzed by applying Lifshitz-Kosevic equation [32]
A · cos (f(B)), here A is the amplitude and f(B) a field-dependent function that de-
termines the frequency and phase. The amplitude A is finite due to the Landau level
broadening, and is damped by the Dingle-factor exp (−β · TDmc/B), where TD is the
Dingle-temperature, mc the cyclotron mass in units of electron mass me, B the mag-
netic field and β = 14.694 T/K. In Fig. 7.4b) the amplitudes A for ν = 4 and ν = 8

are plotted as function of 1/B, which affects in a linear decrease with slope β ·TDmc.
The obtained Dingle temperatures TD is listed in the table below. We repeat the same
procedure for filling factors 1, 2 and 3 in Fig. 7.4c).

ν 8 4 3 2 1
TD (K) 2.4± 0.4 1.4± 0.4 29.2± 4 9.2± 1.2 58± 8

Compared to ν = 4, fully quantized at B = 1 T, the Dingle temperatures TD for the
degenerate filling factors are one order of magnitude larger, which means that fields
B ≥ 10 T are required to observe full quantization; in particular filling factor ν = 1

becomes quantized at fields B ≥ 30 T.
In Fig. 7.4 we illustrate qualitatively the appearance of the different Landau-

levels for increasing magnetic field. The corresponding grey shaded areas describe
the Landau level broadening Γ, directly determined by the Dingle temperature TD;
higher Dingle temperatures correspond broader Landau levels. While the position
of the energy moves linearly with increasing field, the Landau level broadening Γ is
proportional to the square root of the applied field, Γ ∝ √

B. With increasing field the
overlap between the shaded areas decreases and the plateau starts to appear. As we
can see from Fig. 7.4d) Landau levels around ν = 2 and ν = 3 do indeed not overlap
anymore for similar magnetic field, however the shaded areas for ν = 1 overlap till
higher fields. Finally the overlapping of filling factors ν = ±1 disappears at similar
magnetic field as the resistance at the CNP starts to bend strongly, supporting the
idea of a cross-over to a fully spin polarized state at ν = 0.
After the appearance of the non-degenerated filling factors ν = 4 and 8 a gap at ν = 0

forms, followed by filling factors ν = 2 and, at high fields, ν = 1 and 3. This sequence
agrees with the proposed model of the formation of a quantum Hall ferromagnet in
the lowest Landau level and the observed behaviour at the CNP.
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7.4 Conclusion

We performe experiments on a suspended BLG sample which shows a field induced
gap at the CNP for fields B > 1 T. The gap at ν = 0 opens simultaneously with the
formation of quantized plateaus at ν = ±4, which implies that the eight-fold de-
generate lowest Landau breaks directly in two fourfold-degenerated spin-polarized
subbands. At high magnetic fields we observe a smooth transition to a much smaller
gap, which is consistent with the picture of the formation of a spin-polarized quan-
tum Hall ferromagnetic state. Moreover, following the lifting of degeneracy of the
lowest Landau level we observe a breaking of ν = 0 in ν = ±2 and finally in ν = ±1

and ν = ±3, in agreement with the theoretically proposed model of a quantum Hall
ferromagnet.

7.5 Appendix

In applied magnetic fields the capacitance of the sample shows an increases from
the geometrical value of 0.5 ×1014 m−2 V −1 up to 1.8 ×1014 m−2 V −1 at 9 T and
saturates at this value for the highest fields. This effect is also observed implicitly in
recent publications [8, 33] on high quality suspended bilayer-devices but not men-
tioned by authors in the text. As discussed in Ref. [21] the increase in capacitance of
the system under applied magnetic field could be understood as the deviation from
the flat-plate capacitor model at the point when the width of the graphene flake is
smaller or comparable to the distance to the back gate.

The charge carrier distribution in graphene becomes non-homogenous and in-
creases at the edges. Since the classical cyclotron diameter (dP ) of charge carrier
depends inversely on magnetic field as

dP = 2

√
4πn

gsgv

h

2πeB
, (7.3)

the increase of B will cause edge channels in the quantum Hall regime do propa-
gate closer to the edge, where the density can be a few times higher than in bulk
graphene. This would result an increase in capacitance extracted from QH plateaus
based on the charge density where known filling factors appear (n = νeB/h). The
cyclotron radius is expected to be dependent on the charge carrier density as well.
The exact calculations for different device geometries with charge carrier distribution
in graphene, compared to the experiments, are discussed in the Ref. [21]. Fig. 7.5
shows the extracted leverage factors from the position of the QH plateaus for the
given device, which depends both on the magnetic field and on the charge carrier
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Figure 7.5: Capacitance profile near the edge of the suspended graphene. Symbols correspond
to the experimental leverage factor of individual quantized plateaus versus dP . Filled symbols
are for hole transport and open symbols are for electron transport, dashed line shows α of
a simple plane capacitor, while solid line shows the calculated α using a three-dimensional
electrostatic model.

density. The experimental data are compared to α calculated from a parallel plate
capacitor and α(x) from the three-dimensional electrostatic model. Using the di-
mensions of the measured device, the extracted α closely follows the profile of α(x)
justifying our corrections to the capacitance at different B and filling factors.
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Chapter 8

Transport gap in suspended bilayer graphene
at zero magnetic field

Abstract

We report a change of three orders of magnitude in the resistance of a suspended bilayer
graphene flake which varies from a few kΩs in the high-carrier-density regime to several MΩs
around the charge neutrality point (CNP). The corresponding transport gap is 8 meV at 0.3 K.
The sequence of quantum Hall plateaus appearing at filling factor ν = 2 followed by ν = 1

suggests that the observed gap is caused by the symmetry breaking of the lowest Landau
level. Investigation of the gap in a tilted magnetic field indicates a weak linear decrease of the
resistance at the CNP for increasing total magnetic field. These observations are in agreement
with a spontaneous layer polarization at zero magnetic field, followed by splitting of valleys
then spins originating from different valleys with increasing magnetic field. Both the transport
gap and B field response point towards a spin polarized layer antiferromagnetic state as the
ground state in the bilayer graphene sample. The observed non-trivial dependence of the gap
value on the normal component of B suggests possible exchange mechanisms in the system.

8.1 Introduction: spontaneous gap opening in bilayer
graphene

F
ollowing the isolation of single layer graphene, the study of bilayer graphene
(BLG) became a separate direction of research in the study of two-dimensional

materials. Charge carriers in bilayer graphene have a parabolic dispersion with a
band effective mass of about 0.054 me [1, 2] and posses a chirality, visible as an
unconventional quantum Hall effect [3]. The eight-fold degenerate lowest Landau
level (LLL) in bilayer graphene has spin, valley and orbital degrees of freedom, where
in the latter case Landau levels of N = 0 and 1 (each four fold degenerate) have
the same energy [2, 3]. Recently fabricated graphene devices have mobility of μ >

10, 000 cm2V−1s−1 and allowed the study of many-body phenomena at low charge
carrier concentration (n < 1010 cm−2) [4–11].

The non vanishing density of states at the charge neutrality point (CNP) in bi-
layer graphene is believed to lead to a variety of ground states triggered by electron-
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electron interaction. Two competing theories describe the ground state of BLG: a
transition (i) to a gapped layer polarized state (excitonic instability) [12–17] or (ii)
to a gapless nematic phase [18–20].

The excitonic instability is a layer polarization in which the charge density contri-
bution from each valley and spin spontaneously shifts to one of the two graphene lay-
ers [16,17]. This redistribution is caused by an arbitrarily weak interaction between
charges from the conduction and valence band states [12, 13]. Since each bilayer
flavor (spin or valley) can polarize toward either of the two layers, there are 16 pos-
sible states [16, 17], which can be classified by the total polarization as being layer

ferromagnetic (all degrees of freedom choose the same layer), layer ferrimagnetic
(three of the four valley-spin flavors choose the same layer), or layer antiferromag-
netic (with no overall polarization). To make it clear, the term ”magnetic” should be
associated with flavor (not only spin) orientation between two layers. These states
are considered as analogous to the biased bilayer [21] in the sense that the charge
transfer can be attributed to the exchange potential difference between low-energy
sites on the opposite layers [16]. The total energy of the system is lowered by the
gain in the exchange interaction via breaking of the inversion symmetry, i.e. intro-
ducing a gapped state. Antiferromagnetic polarization is electrostatically favorable
due to the absence of a net charge on both layers; however, the actual ground state
is theoretically undefined [12, 16, 22]. Recent experiments have suggested the pos-
sible existence of two of the antiferromagnetic states: the anomalous quantum Hall
(AQH) state [5,6] and the spin-polarized layer-antiferromagnetic (LAF) state [7]. To
avoid confusion we note that in earlier literature [16] the LAF state is also called
the quantum valley Hall state. The AQH state has electrons that are polarized in the
same layer for both spins and in opposite layers for opposite valleys [16, 22]. This
state has spontaneously broken time-reversal symmetry and therefore possess a sub-
stantial orbital magnetization exhibiting the quantized Hall effect (at zero magnetic
field), while its spin density is everywhere zero [22]. Due to its magnetization, the
AQH state can be favoured over other ground states in a perpendicular magnetic
field. The LAF state has opposite spin polarization for opposite layers. In contrast
to the AQH state, the LAF state does not have topologically protected edge states,
which brings its minimum conductance to zero. For both states the theoretical esti-
mations of the gap Δ give the value of 1.5-30 meV. [13,16] However, the inter-valley
exchange weakly favours the LAF state [16, 23]. One of the ways to determine the
character of the bilayer ground state experimentally is to investigate the response of
the gap value to a magnetic field B (which couples to spin) and to the electrical field
E (which couples to layer pseudospin) [23]. When Zeeman coupling is included, the
QAH-state quasiparticles simply spin split, leaving the ground state unchanged but
the charge gap reduced. It was calculated that for a 4 meV spontaneous gap at zero
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field, a field of B = 35 T drives the gap to zero. On the other hand, the gap in the
LAF state is weakly B field dependent.

The second possible description for the ground state of BLG is based on a nematic
phase caused by the renormalization of the low-energy spectrum [18, 19]. Detailed
tight-binding model studies showed that inclusion of next-neighbour inter-layer (γ3)
coupling changes the band structure in the bilayer, producing a Lifshitz transition in
which the isoenergetic line about each valley is broken into four pockets with linear
dispersion [2, 24]. At energies higher then 1 meV the four pockets merge into one
pocket with the usual quadratic dispersion. Moreover, electron-electron interactions
might result in further transformation of the energy spectrum , where the number of
low energy cones can be reduced to 2 near each of the two K points [18,19]. In this
case the minimum conductance of the bilayer graphene is supposed to be increased
comparing to a bilayer with parabolic dispersion (8e2/h). This scenario was also
supported by the experimental results on suspended bilayer graphene in which strong
spectrum reconstructions and electron topological transitions were observed [10].

We present the electric transport properties of a suspended bilayer graphene de-
termined by studying its behaviour in tilted magnetic fields. At B = 0 T we observe
the spontaneous opening of a gap when the charge carrier density is changed from
the metallic regime (n = 3.5× 1011 cm−2) to the CNP. At a temperature of 1.3 K we
measure a resistance increase from 5 kΩ up to 14 MΩ. The observation indicates a
gapped ground state of the studied bilayer graphene with a gap value of 6.8 meV.
Measurements in a tilted magnetic field showed that the resistance at the CNP de-
creases with an increase of the magnetic field. Based on this we propose a possible
scenario of symmetry breaking in this bilayer graphene sample: spontaneous valley
splitting at zero magnetic field followed by the splitting of the spins originating from
different valleys with increasing B. Both the gap value and its weak linear decrease
with B supports the LAF state as the ground state of the studied sample.

8.2 Experimental details

Suspended bilayer graphene devices were prepared using an acid free technique.
[25, 26] We deposited highly ordered pyrolytic graphite on an n++Si/SiO2 wafer
(500 nm thick) which is covered with an organic resist LOR (1.15 μm). A standard
lithography procedure is performed in order to contact bilayer graphene flakes (de-
termined by their contrast in an optical microscope) with 80 nm of Ti/Au contacts.
A second electron beam lithography step is used to expose trenches over which the
graphene membrane becomes suspended. To achieve high-quality devices we use the
current annealing technique by sending a dc current through the membrane (up to
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1.1 mA) at a temperature of 4.2 K. While ramping up the dc current, simultaneously
we keep track of the sample resistance. Once the resistance reaches values of the or-
der of 10 kΩs we stop annealing and check the gate voltage dependence. We repeat
this procedure until a sharp resistance maximum at the CNP located close to zero
Vg appears. More details on the current annealing procedure can be found in Chap-
ter 3.4. The studied device was 2 μm long and 2.3 μm wide. All measurements were
performed in four-probe geometry (Fig. 3.5a) with contacts across the full width of
graphene at the temperatures from 4.2 K down to 300 mK. The four-probe method
allows the elimination of contact resistances. As discussed below the resistance mea-
surements consist of a superposition of the longitudinal magnetoresistance (ρxx) and
Hall-resistance (ρxy). The carrier density in graphene is varied by applying a dc
voltage (Vg) between the back gate electrode and the graphene flake. Based on the
serial-capacitor model, the unit capacitance of the system is 7.2 aFμm−2, which re-
lates the gate voltage to the density as n = αVg, where α is the leverage factor of
α = 0.5× 1010 cm−2V−1. The typical current we use is around 1 nA. See Chapter 3.3
for details.

8.3 Temperature dependence and quantum transport

Our pristine samples are strongly p-doped with the CNP situated beyond 60 V and a
metallic resistance of a few hundreds of ohms over the entire voltage range. There-
fore we perform the current annealing technique in order to obtain high-quality de-
vices. In contrast to previous samples, in which each succesive step of current an-
nealing tended to cause a sharper change in the resistance values within the scanned
region of Vg, the bilayer sample discussed here already shows after the first current
annealing step a highly resistive region around the CNP (not shown). The next an-
nealing step (1.1 mA) moves the charge neutrality point to Vg = 1.2 V. However,
surprisingly the resistance around the CNP becomes 14 MΩ and is reduced down to
5 kΩ in the metallic regime at Vg = -60 V (Fig. 8.1a, inset). This fact points to-
ward opening of a gap. The temperature dependence of the membrane from 4.2 K to
300 mK is shown in Fig. 8.1a). There is an essential change of about 6 MΩ in the max-
imum resistance (Rmax) from 4.2 down to 1.3 K; however, further lowering of the
temperature does not change Rmax much. From an Arrhenius plot of the resistance
at the CNP (Fig. 8.1c) we can extract a thermal excitation gap of 0.33 meV [27]. The
saturation of resistance at lower T can be explained by variable-range hopping with
different temperature dependence. We would like to point out that our excitation
current value of 1 nA gave a voltage drop proportional to 10 mV at the CNP, which
is much higher than the energy kBT at measured temperatures (0.3 meV). Therefore
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(b)

(c)

(a)

Figure 8.1: Four-probe resistance of the suspended bilayer graphene. (a) Gate voltage de-
pendence of sheet resistance of the sample at the temperatures of 4.2 K (black), 1.3 K (red),
0.7 K (green), and 0.3 K (blue). Inset: Resistance at 4.2 K on a logarithmic scale showing the
dramatic change from the CNP to the metallic regime. (b) Transport gap extraction at 4.2 and
0.3 K. The energy gap in the bias direction is highlighted by the conductance crossover (fitted
with dashed lines) at zero. The values of the transport gap are 3 meV (4.2 K) and 8 meV
(0.3 K). (c) An Arrhenius plot of the resistance. The value of the extracted thermal gap is
0.33 meV.

one has to be careful in comparing transport and thermal excitation gaps.
The observed gap formation as a function of gate voltage can be explained via

several scenarios:
(i) A lateral confinement in the membrane, where the energy levels are

En =
�
2k2

2m∗
=

�
2π2

2m∗W 2
l2 (8.1)

W = 2.3 μm is the width of the flake and l is an integer value. However, the first
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two levels are found to have energies of E1 = 1.3 μeV and E2 = 5.3 μeV, which are
much lower than kBT at measured temperatures.
(ii) True gap formation with zero density of states within the gap and available states
in the conduction and valence bands.
(iii) A transport gap, accompanied by the observation of reproducible conductance
oscillations in the region of suppressed conductance. In such a regime transport is
limited by the quantum confinement effect along the width (mainly originating from
the impurities) [28].
(iv) A more complicated case, where the gap value depends on the charge carrier
density, i.e., the energy of the levels changes while they are being filled with carriers.
This situation might happen when the gap is induced by a charge redistribution in
between layers, which would be influenced by the applied back gate voltage.
At the moment, we can not determine the exact gap type; therefore, further analysis
is performed assuming a transport gap scenario, but keeping in mind that this gap
value can depend on the density.

In analogy to graphene nanoribbon studies [28, 29], we extract the transport
gap from the gate dependence of the sample conductance as shown in Fig. 8.1b).
From a linear approximation of conductance one gets a region of ΔVg where the
sample shows insulating behaviour. This region ΔVg relates to the wave vector as
Δk =

√
πΔn =

√
παΔVg. Taking into account the quadratic dispersion of bilayer

graphene, the corresponding energy scale can be calculated as

ΔEF =
�
2k2

2m∗
=

�
2

2m∗
παΔVg (8.2)

From conductance graphs at different T we find ΔEF = 3 meV at 4.2 K and
ΔEF = 8 meV at 0.3 K. The values of the transport gap are comparable to the
energy gap (extracted in the bias direction) values of single-layer 50-85 nm wide
graphene nanoribbons [28, 29], where in contrast to our case the gap is created by
lateral confinement. The resistance value of 5 kΩ in the metallic regime, similar to
that of regular graphene devices, serves as an additional justification for excluding
lateral confinement as a cause of the observed transport gap. We can calculate the
mobility of the charge carriers using the standard formula μ = 1/(eRsqn), where Rsq

is the square resistance of the sample and e is the elementary charge. The mobility
value μ ∼ 20, 000 cm2V−1s−1 at n = 3.5 × 1011 cm−2 corresponds to the value of
high quality bilayer graphene devices. Due to the symmetry of resistance change
around the CNP (Fig. 5.1b) and the fact that the CNP itself is situated around zero
gate voltage (Vg = 1.2 V), that corresponds to the density of n = 0.77 × 1010 cm−2

at 0 V, we can also exclude the low quality ”p-doped” regions close to the contacts
(which can form after current annealing) as the cause of the reported gap. However,
we can not exclude a charge inhomogeneity in the sample bulk which might lead to
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(a)

(b)

(c)

(d)

Figure 8.2: Quantum transport at 1.3 K. (a) Quantum Hall conductance of the suspended
bilayer at B =0 and 5 T. (b) Quantum Hall conductance of the suspended bilayer at B = 7
and 11 T. The exact filling factors ν corresponding to the observed plateaus are shown. (c)
Resistance of the sample in the quantum Hall regime. (d) Scaling of the filling factor positions
in graph of gate voltage (Vgν) vs magnetic field.

the observed order of magnitude difference between electrical and transport gaps, in
analogy to the nanoribbon case.

It is hard to establish the appearance of quantum Hall plateaus on top of the de-
veloped transport gap1 around the CNP in our suspended bilayer device. However,
we have achieved the observation of quantum Hall transport shown in Figs. 8.2a)
and 8.2b). The first quantum Hall plateau appears at 5 T on the electron side (red
curve) and we attribute it to the filling factor ν = 2. This plateau is followed by
the appearance of ν = 1 at 7 T (Fig. 8.2b). The conductance values of the observed

1The resistance values reach MΩs
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Figure 8.3: Landau level hierarchy of the symmetry breaking of the lowest Landau level in
bilayer graphene. Suggested scenario of spontaneous layer polarization with ground-state gap
Δ followed by valley then spin splitting at high B.

plateaus deviate from the expected ones of 2e2/h and 1e2/h, since they are affected
by charge inhomogeneity. Therefore, we determine the exact values of the corre-
sponding plateaus by the scaling of their positions in the graph of density (Vgν) vs
magnetic field B (Fig. 8.2d). As expected from ν = n/(eB/h) the scaling is linear
with the leverage factor of α = 0.64×1014 m−2 V−1 for ν = 2 and 1. To use the same
α for both filling factor sets (see Fig. 8.2d) the slopes of Vgν versus B; and ν values
respectively, have to be a factor 2 different. Therefore, we have to point out that the
linear scaling will hold as well for a leverage factor of 1.1 × 1014 m−2 V−1 if we as-
sume ν = 4 and 2 as the observed sequence of plateaus. From previous studies [30]
we know that the capacitance probed by the quantum Hall effect (QHE) in graphene
devices (especially in suspended samples) can be higher than the geometrical value,
due to the deviation from the plane capacitor model. However, we attribute the ob-
served plateaus to the filling factors 2 and 1. As we noticed before [8,25], most of the
time the current annealing procedure leads to the formation of high-quality annealed
region connected in series with low mobility p-doped regions close to the contacts.
Therefore higher values of the conductance plateaus can be explained by a p-doped
slope, which increases with magnetic field B. This might also be the reason for the
absence of resistance quantization on the electron side (Fig. 8.2c). Assuming μB �1
for the formation of QHE plateaus [31], our observation implies a lower bound of
2,000 m2 V−1 s−1 for the mobility.

To summarize our QH transport results: We have shown that a zero-field gap
opens at the CNP in the studied graphene bilayer. This observation points to a possi-
ble symmetry breaking of the ground state in bilayer graphene. The application of B
does not restore the broken symmetry and brings the systems in to the QH regime.
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In Fig. 8.3 we show the hierarchy of the splitting of the eightfold degenerate lowest
Landau level in an applied field B [32]. The development of the level structure with
B will be specified and discussed in Section 8.4. Meanwhile, if we assume that at
B = 0 T one of the degeneracies is already lifted, then, with increasing field, one
can expect quantization at the filling factors ν = 0 and 4 followed by ν = 2 and 1.
However, if the initial symmetry breaking is strong enough and the scanned window
in energy is limited (Vg), then one can expect quantization at ν = 2 followed by
ν = 1. This described hierarchy of levels splitting and sequence of plateaus will be
observed independently of whether valley or spin splitting occurs first.

8.4 Resistance at the CNP in tilted magnetic field

It is known that in 2D systems the spin (Zeeman) splitting is determined by the total
magnetic field component, Btot [23, 32, 33], while the orbital effect (QHE) is given
by the normal component Bn = Btot cos (θ), where θ is the angle between these two
vectors (Fig. 8.4c). Therefore, to clarify the nature of the gapped ground state of
bilayer graphene and its evolution in a magnetic field we perform a tilted-magnetic-
field experiment.

All measurements presented below were performed at a temperature of 1.3 K.
The application of the magnetic field perpendicular to the sample plane leads to an
increase in the resistance at the CNP, as expected for QH transport in the case of
broken-symmetry states. To distinguish between the normal component and total
B we perform a series of experiments keeping Bn fixed while gradually increasing
Btot. As an example, in Fig. 8.4a) we show a change in Rmax at Bn = 5 T with Btot

increasing from 6 to 30 T for different angles θ. The actual maximum of the resistance
consists of three peaks: highly resistive in the middle (Vg = 1.2 V) and two side
peaks at the gate voltages at -0.5 and 3 V. The total magnetic field causes a decrease
in the resistance and the middle peak starts splitting into two peaks (or developing
a minimum in resistance at the CNP) when Btot > 6 T for the studied values of Bn.
We observe exactly the same behaviour in the experiment when Bn = 0 and the
applied field is parallel to the graphene membrane: the maximum of the resistance
goes down and develops a local minimum at the CNP (Fig. 8.4b). We attribute this
change to an increase of the total magnetic field. The fact that the resistance changes
with Btot indicates that the observed effect is not a simple quantum localization due
to inhomogeneity in the sample.

All three resistance maxima around the CNP decrease in a parallel applied B.
However, only the middle maximum at Vg = 1.2 V shows a clear scaling with the
total magnetic field (Btot) at different tilted angles θ (Fig. 5.4a). As one can see
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θ

(a)

(b)

(c)

< 7 T

> 7 T

Figure 8.4: (a) Behaviour of the resistance at the charge neutrality point at fixed Bn with
increasing Btot at T=1.3 K. From top to bottom, angle and total field are 27◦ (6 T), 45◦

(8 T), 63◦ (12 T), 27◦ (6 T), 72◦ (16 T), and 81◦ (30 T). (b) Behaviour of the resistance
at the charge neutrality point when B has only the in-plane field component (θ = 90◦). (c)
Suggested scheme of the split valley followed by spin splitting induced by B.

in the case of Btot = Bn [θ = 0, black curve in Fig. 8.5a)] the resistance keeps on
increasing up to around 14 T; a further increase in the magnetic field brings Rmax

to lower values Fig. 8.5a). Once the non zero angle is introduced the common trend
for Rmax is a decrease.

We suggest that the behavior of the middle peak is caused by a many-body effect
and can be explained by the Zeeman-like splitting closing the spontaneous gap. The
hierarchy of energy levels is depicted in Fig. 8.3). Once B is large enough the LLL is
split into four levels, each two-fold degenerate. If we assume that the latter degen-
eracy is that of spin, then after the appearance of the plateau associated with filling
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(a)

(b) (c)

Figure 8.5: (a) Change in the Rmax of the middle peak with total magnetic field Btot. (b)
ln(Rmax) as a function of Btot at different Bn. The values of Bn from left to right are 1, 4, 9,
13.7, 17, 21.2, and 25 T. (c) The slope of the linear fit from (b) as a function of the normal
component Bn.

factor ν = 1 we expect the value of the ground-state gap Δ to be lowered by spin
splitting coupled to Btot. Here we would like to emphasize that we do observe the
appearance of ν = 1 and a minimum of resistance at the CNP in a similar magnetic
field Btot > 7 T. In a simplified way we describe the resistance value at the CNP point
as

lnRmax ≈ Δ/(kT )− g∗μBBtot/(kT ), (8.3)

where g∗ is an effective g-factor including exchange electron interaction and Landau
level broadening [8, 33, 34]. The change in ln(R) versus Btot at fixed Bn values is
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shown in Fig. 8.5b). This dependence can be best described as linear. The slope
and the y intercept of the linear fit of Fig. 8.5b) give the values of Δ and g∗μB

respectively. Surprisingly, both these contributions scale with the Bn component. In
Fig. 8.5c) we show g∗μB values versus Bn. We also calculate Δ, which is found to be
increasing with Bn component from 1.4 meV at Bn = 1 T up to 1.7 meV at Bn = 25 T
(not shown). These Δ values are of the same order as the measured transport gap
(which can overestimate a real energy gap) and also correspond to the theoretically
predicted gap of 1.5-30 meV for the excitonic instability [13,16,23].

In summary, tilted-magnetic-field experiments show that the resistance at the CNP
of the studied gapped bilayer graphene decreases linearly when the total magnetic
field component is increased. This points to a many-body effect and weak reduction
of the gap in an applied magnetic field. The developed minimum in the resistivity in
Fig. 8.4 can be explained by the overlapping of spin-up and spin-down levels from
the adjacent Landau levels due to Zeeman splitting in the applied B [34]. However,
g∗ < 0.2, estimated from our experiments, is very low for spin splitting. In addi-
tion, although the resistance decreases in a parallel field, the Rmax value does not
change by an order of magnitude. This behaviour in B is consistent with the layer-
antiferromagnetic being the ground state of the studied bilayer sample [23]. Since
in this state the top and bottom layers host spins with opposite orientations, their
interaction with the applied B can not be described as a simple Zeeman splitting.
Our results also lead to an additional question: What is the role of exchange energy
and level broadening Γ in the LAF state? Naively, the scaling of g∗μB with Bn can be
understood from the dependence on the level broadening Γ. The Γ value scales with√
Bn, meaning that for bigger Bn a smaller Btot is needed to observe overlapping of

the levels. In reality the situation can be much more complicated, including possible
exchange mechanisms that we do not understand yet. This is also supported by the
fact that the ground-state gap Δ depends on Bn as well.

Based on these results we suggest a possible scenario of symmetry breaking in
high-quality bilayer graphene (Fig. 8.3 and Fig. 8.4c). The first splitting is caused
by the layer polarization and results in the observed transport gap. Application of a
magnetic field induces valley splitting followed by spin splitting of both K and K ′

levels. When B is high enough then the energy of the spin-up level from K will
start approaching the spin-down level from K ′. The overlapping of the levels will
cause a decrease in the resistance at the charge neutrality point. Since we do observe
a transport gap in our sample, we exclude a nematic phase transition. In addition
to this, the response of the sample in tilted B fits the LAF state. The cause of the
layer polarization can be a combination of two effects: electron-electron interaction
(which determines the B field behaviour of the middle resistance maximum) and a
contamination of the sample surface with charged impurities which breaks inversion
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symmetry (via the introduction of an electrical field) [21].

8.5 Conclusions

We report a transport gap of 3 meV in suspended bilayer graphene at 4.2 K, which
increases with decreasing of temperature. The sequence of appearance of the QHE
plateaus at the filling factor ν = 2 followed by ν = 1 supports the suggestion that
the observed gap is caused by symmetry breaking. Measurements in a tilted mag-
netic field indicate that the resistance at the CNP shows a weak linear decrease
when the total magnetic field is increased. The gap value and weak response of
the sample to applied magnetic field imply that the predicted spin-polarized layer-
antiferromagnetic state is the ground state of the investigated sample. The observed
non-trivial dependence of the gap value on the normal component of B suggests
possible exchange mechanisms in the system.
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Chapter 9

Large yield prepa-
ration of high electronic quality graphene by
a Langmuir-Schaefer approach

Abstract

Controlled deposition of graphene single layers is demonstrated by use of a Langmuir-
Schaefer approach and oxidized graphene as a starting material. The transferred films consist
of 90% single layer graphene showing typical bipolar behaviour and a mobility of 12 cm2V−1s−1

in the metallic regime. Very large sheet size (10 - 150 μm2) and controllable coverage open
the way to accessible large-scale deposition.

9.1 Introduction

G
raphene was discovered less than seven years ago and proved the existence of
pure two-dimensional systems, thought physically impossible in the past. It

appeared very quickly that this exceptional material showed many outstanding prop-
erties. Since electrons and holes in graphene have potential for high carrier mobil-
ities, this novel material has become an exciting new playground for physicists [1];
properties such as the half-integer quantum Hall effect at room temperature [2, 3],
spin transport [4], high elasticity [5], electromechanical modulation [5], and ferro-
magnetism [6] all contribute to the fame of graphene. Since the first experiments
conducted five years ago on micromechanically cleaved graphite (the renowned but
low-yield adhesive tape method), the growing appeal of graphene’s properties has
focused much of the research attention towards the conception of a reliable method
for large-scale production [7–9]. Recent advances using chemical vapour deposi-
tion and successful transfer of the prepared films to arbitrary substrates [5] brought
impressive results in terms of crystalline quality of the layers and consequent elec-
trical and mechanical properties. Notwithstanding these results, truly controllable
single- or multilayer large-scale deposition is still a pressing issue and a method for
depositing high-quality graphene at variable coverage on an arbitrary surface is not
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yet available. Moreover, for practical application or simply for fundamental research
purposes, good adhesion of graphene to the substrate is of great importance.

9.2 Graphene production by chemical reduction of gra-
phene oxide

In this work we developed a technique for the controlled deposition of single-layer
graphene on arbitrary substrates. The deposition method and post-treatment of the
sample are summarized in Fig. 9.1. It has been known for a very long time that
graphite can be exfoliated and turned soluble by chemical treatment as described
elsewhere [10–12]. Following Staudenmaier’s method, [10] we produced our start-
ing material by oxidizing powdered graphite in order to obtain exfoliated hydrophilic
single-layer flakes of graphene oxide (GO). A water solution (5 ppm) of GO was used
as a subphase for a Langmuir Schaefer deposition [13]. The injection of the long-
chain molecule octadecylamine (ODA) (Fig. 9.1g) at the air-water interface triggers
GO hybridization by covalent bonding via the amide functionality [14] (Fig. 9.1b).
This process results in the formation of a mixed floating layer of ODA-GO. By apply-
ing external pressure to this hybrid Langmuir film through the movable barrier of a
Langmuir-Blodgett (LB) apparatus, its packing can be modified. Indeed, as in any
classical LB experiment, the applied pressure pushes the surfactant molecules along
the water surface [15]; the grafted GO sheets will simply follow that movement and
therefore be packed differently depending on the surface tension established in the
trough. The hybrid Langmuir film can be transferred to an arbitrary support by hori-
zontally lowering the desired substrate to contact the ODA-GO- water interface- this
method of transferring is known as the Langmuir-Schaefer method (Fig. 9.1g). As
this process is aiming for large-scale deposition, it is important to note that the sub-
strate size is virtually unlimited since the dimension of the LB trough is the only
restricting factor. Additionally, the whole deposition process is realized under ambi-
ent conditions.

Once ODA-GO has been transferred to the desired substrate, some chemical and
thermal treatments are necessary in order to convert the deposited GO to graphene.
Lowering the sample in a reducing agent will eliminate the majority of the functional
groups (as seen in the X-ray photoelectron spectroscopy (XPS) image in Fig. 9.1i),
top panel, and discussed below). However, as demonstrated by electronic transport
measurements after each production step, the chemical reduction alone results in
poor conductivity, whereas an additional annealing step at ∼700oC for 1 h under
vacuum results in a partial reconstruction of the graphene mesh and consequently
causes a drastic increase in mobility. As a further treatment step we exposed the
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Figure 9.1: (a) Schematic representation of GO. (b) ODA-functionalized GO. (c) GS on the
substrate after reduction and annealing. (d) Photograph of a solution of GO in water. (e) LEED
pattern of GSs on the substrate after reduction and annealing. (f) The same with indication
of the ring structure. (g) Schematic representation of the deposition procedure. (h) Optical
photography of SiO2 on a n++-doped Si wafer with (left) and without (right) GO. (i) XPS
spectrum of the C1s core level region of GO and reduced GO (top panel),annealed GS (bottom
panel,curve1), annealed GS after C2H4 treatment (bottom panel,curve2), and HOPG (bottom
panel, red curve).

graphene sheet (GS) sample to 1×10−6 mbar of ethylene (C2H4) while annealing
(∼700oC). From the change in electronic transport properties (discussed below) it
seems that bringing C2H4 molecules on to the hot graphene surface favours healing
of some defects and protection of the remaining ones. The mechanical stability of the
films and their adhesion to the substrate is of great importance if one wants to process
GS by lithography or other methods at an industrial scale. For all experiments, our
deposited GO and GS could sustain every chemical and physical treatment without
loss of material.
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9.3 Material characterization

The C1s core level region of the XPS spectrum (SSX-100; Surface Science Instru-
ments) acquired on the deposited GO and shown in Fig. 9.1i), gives evidence for the
presence of an estimated 30% of oxidized carbon in the as-deposited film. In fact,
the shoulder on the high binding energy side is attributed to an overlap of carbon in
C − O, C = O, and C − N bonds resulting from the functionalization of graphene.
After chemical reduction to obtain GS, this shoulder mostly disappears (Fig. 9.1i),
testifying to the expected decrease in oxygen content. However, the width of the C1s
peak, even if noticeably decreased after reduction, hints that leftover ODA molecules
or defects are present. Annealing at ∼700oC with and without C2H4 exposure caused
the C1s peak to shift towards lower binding energies and yielded a significant lower-
ing of its full width at half maximum to reach the values close to pure highly ordered
pyrolytic graphite (HOPG) (Fig. 9.1i). This might suggest that the heat treatment
induces a reconstruction of the graphene mesh. Contrary to what was claimed pre-
viously [7], XPS can not provide a quantification of the defect level since it allows
only the relative C content of the surface to be established. Low-energy electron
diffraction (LEED) is a useful tool to ascertain the crystalline quality of the annealed
GS on Au. The ring structure observed in the diffraction pattern shown in Fig. 9.1e)
and f) reveals a large-scale polycrystalline arrangement resulting from the presence
of many crystalline objects (the graphene flakes) orientated arbitrarily with respect
to each other on the substrate surface (prior to the annealing process only a diffuse
background was visible but no LEED pattern). While previously published diffraction
patterns were acquired with a very localized probe (transmission electron microscopy
(TEM)), this one was produced with a 1 mm diameter electron beam (tilted on pur-
pose to enable better visualization of the diffraction pattern) and hence shows the
high crystalline quality of the sample on an unprecedented large-scale level.

Optical photography nicely illustrates the uniformity of the deposited film, as
shown in Fig. 9.1h), which depicts n++-doped Si wafer substrates terminated by a
300 nm SiO2 layer with and without the deposited GO film. Due to white-light inter-
ference between the dielectric layer and the deposited film, one can observe a clear
contrast between the purple-violet coloration of the SiO2 layer and the deposited GO,
resulting in a green hue [16].

Scanning electron microscope images (SEM; JSM-7000F; Jeol) of the transferred
graphene or ODA-GO films on Au look the same and exemplify the coverage depen-
dence for various surface pressures (Fig. 9.2a-c); the broad-field view reveals the
extended uniformity of the deposited graphene film. One can clearly observe that
low-pressure deposition (e.g., P = 0 mN m−1 barriers extended, Fig. 9.2a) leads to
relatively low coverage and well-isolated GSs. Raising the surface pressure produces
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Figure 9.2: (a) SEM images of GSs obtained through deposition on Au/Si at various applied
surface pressures 0 mN m−1, (b) 20 mN m−1, (c) 40 mN m−1 (scale bar: 40 μm). (d)
Distribution of sizes of GSs deduced from the SEM images. Tapping mode AFM (15×15 μm2)
micrographs of GSs. (e) A single-layer GS after the annealing step showing several small
wrinkles. (f) A double-layer GS after C2H4 treatment. The arrows point to regions where the
top layer is partially peeled off and folded back, revealing the single layer below. The bright
rectangular dots are 40 nm high Ti/Au markers deposited for lithography alignment.

a denser packing as seen in Fig. 9.2b) and c). In spite of this coverage enhance-
ment, the substrate is still to a very large extent covered by single layers and only
very few overlaps between sheets are observed. The SEM images show that the size
distribution of the GS ranges from 2.5 to 150 μm2 with an average value of 30 μm2

and a most probable value of 10 μm2 (Fig. 9.2d). A full coverage of the substrate
comparable to that obtained by Cote et. al. [17] for pure GO is difficult to obtain
using our approach due to the presence of the surfactant, which is indispensable for
proper adhesion of the GO sheets and their post-treatment to obtain graphene.

The subphase concentration, for example, the amount of GO dissolved in wa-
ter, is one of the key parameters for a successful deposition: a concentration lower
than 1 ppm leads to low coverage even at high surface tension, however, a signif-
icant amount of multiple layers and overlapping GSs is observed for deposition at
concentrations higher than 10 ppm. Atomic force microscopy (AFM; Nanoscope
IV, Veeco) images of the single layer flakes show high-quality graphene with well-
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defined edges and a relatively low amount of surface defects in the form of cracks
and wrinkles (Fig. 9.2e). The average height of the annealed GS flakes was within
0.8-1.2 nm (Fig. 9.2e), which corresponds to the single-layer GS with oxygen- and
hydro-containing groups [8]. After exposure to C2H4 at high temperature the av-
erage height of the flakes was within 0.3-0.5 nm, showing the fingerprint of a sin-
gle atomic sheet similar to mechanically exfoliated flakes [4]. This result can be
explained assuming that the oxygen- and hydro-containing bonds were partially re-
placed by C2H4, which is hydrophobic. The AFM tip interaction with graphene is
therefore changed and we can speculate that the sheets have become flat. This mech-
anism was confirmed by the behavior during electrical measurements (see below).
A double layer GS with a partially peeled-off single layer is shown for comparison
(Fig. 9.2f); the measured double-layer height amounts to 0.6 nm.

9.4 Electrical measurements

For electrical characterization of the obtained graphene, the flakes were deposited on
n++-doped Si wafer terminated with a 300 nm thick SiO2 layer. Several single-layer
graphene flakes were contacted by Ti/Au electrodes (4/33 nm-thick) in the Hall bar
geometry (Fig. 9.3a) with contact resistances in the 20 to 50 kΩ range. This geometry
allowed us to perform four-terminal measurements for the GS resistivity (R) deter-
mination at different stages of the graphene fabrication as well as for measuring the
Hall effect. The Si wafer served as a back gate for electrostatic gating to manipulate
the charge carrier density and carrier type in the graphene, where the carrier density
is given by the relationship n[m−2] = Vg[V ] · 7.2 × 1014m−2V −1 and n is the carrier
density and Vg is the gate voltage.

The resistivity curve measured against Vg (Fig. 9.3a) after heat treatment and
exposure to C2H4 at high temperature show the typical graphene behaviour with the
hole- and electron conduction regimes separated by a wide region around the charge
neutrality point. The resistivity of the GS remain lower than 150 kΩ in the range
of n up to 6.5×1016m−2. The charge carrier mobility μ can be calculated using the
formula μ = 1/(neR) where e is the electron charge and R is the sheet resistivity.
However, we have to keep in mind that this formula is valid only in the metallic
regime where n can be considered uniform and the presence of electron hole puddles
does not play a role [18]; using it in the vicinity of the Dirac neutrality point can be
misleading. Due to the very broad resistivity curves that are measured in graphene
prepared by reducing GO, applying a Vg of up to 80 V proves not to be enough to
reach the metallic regime. Further increase of Vg led to damage of the contacts. To
extract the carrier mobility we can assume that the R versus Vg curve resembles the
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Figure 9.3: (a) Resistivity of the GS versus Vg. Left Inset shows the typical R of a device
fabricated from graphene mechanically cleaved from HOPG. Right Inset shows an optical im-
age of the measured GS device with Ti/Au contacts in the Hall geometry. (b) Hall resistance
versus Vg (with a linear fit). The inset shows a similar dependence determined in a device
fabricated from graphene produced by mechanical cleavage. (c) Illustration of the scaling by
overlapping the resistivity measurement of the GS (red line; top and right scales) versus a typ-
ical curve obtained on mechanically cleaved graphene (black circles; bottom and left scales).
(d) Resistivity of the GS exposed to ethylene for 90 min. versus Vg.

typical graphene resistivity behaviour in the metallic regime as well (Fig. 9.3c) but
with a scaling factor for both Vg (∼20 times) and R (∼25 times). The comparison
with the measurements on mechanically exfoliated graphene samples and using this
scaling allows us to extract a carrier mobility for the studied GS near 4 cm2V−1s−1

in the metallic regime, that is, a factor of 500 lower than in mechanically exfoliated
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graphene.

To verify these conclusions, Hall voltage measurements were performed on the
same GS devices in a perpendicular magnetic field B of up to 0.88 T at different Vg

corresponding to a range of n. From these the Hall coefficients (Rh) were extracted
(Uh/I = RhB, where Uh is the measured Hall voltage and I is the current) and plot-
ted versus Vg in Fig. 9.3b). Rh clearly changes sign around Vg = -5 V, indicating the
switching from a hole-conduction regime to an electron-conduction regime that is a
typical bipolar behaviour characteristic to graphene. In comparison, better quality
graphene with reduced resistivity was reported recently by Tung et al., [19] how-
ever the high n-doping of the obtained sheets allowed measurements in the electron
regime only. The observed fluctuations in Fig. 9.3c) are caused by the large back-
ground resistance (2 kΩ) on top of the measured Hall resistance. The comparison
of the Rh (Vg) curve with similar measurements on mechanically cleaved graphene
(Fig. 9.3b, Inset) shows again that within the range of -80 to +80 V the GS does not
reach the metallic conductance regime. Comparing the slope of the Rh (Vg) curve
to the case of the mechanically cleaved graphene (1 ΩV−1T−1) versus 400 ΩV−1T−1

extracted from the graph in the inset of Fig. 9.3b, we obtain a ratio of 1/400 that is
consistent with the 20-fold scaling of Vg and a reduced carrier mobility.

To gain insight into how the different preparation steps influence the electronic
properties, we also measured the GS at all the earlier stages of preparation: di-
rectly after the GO reduction step, GS showed R around 3 MΩ, which is an order
of magnitude lower than the resistivity of chemically reduced GO sheets reported so
far [8]. Annealing at 700oC decreases R to 600 kΩ, a value that is approximately 100
times higher than the one of mechanically cleaved graphene (Fig. 9.3b, inset) and
compares favourably to the results obtained by Li et al. [7] for thermally exfoliated,
oxide-free flakes.

All samples measured under ambient conditions before and after annealing to
700oC showed the resistivity peak (the Dirac charge neutrality point) shifted far be-
yond +80 V on the Vg scale, which corresponds to a high density of p-dopants in the
GS. The main cause of this doping are water molecules adsorbed on the graphene
surface [20, 21] and possibly organic contaminants due to the lithography steps.
Therefore, prior to performing the resistivity measurements we heated the samples
for 3 h at 250oC and 1×10−6 mbar pressure in the measurement setup. This shifted
the charge neutrality point for all the devices to the negative Vg range (-5 to -20 V),
indicative of a small intrinsic n-doping of GS. Such n-doping could be introduced by
some −COOH groups still present after the preparation procedure or by impurities
on the substrate (this hypothesis is supported by Raman measurements). However,
this increased sensitivity of sample resistivity to air exposure shows potential for
sensing applications [20].
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After C2H4 treatment (9 min exposure at 700oC) the samples stopped showing
the high p-doping when exposed to air and the charge neutrality point was situated
around +20 V. We assume that C2H4 passivated (part of) the defects in the graphene,
therefore reducing the amount of water that can be adsorbed, and protected the GS
from ambient contamination. Further C2H4 exposure (90 min at 700oC) brought
R even lower, reaching 65 kΩ (Fig. 9.3d). Using the same analysis we extracted a
carrier mobility of 12 cm2V−1s−1.

9.5 Methods

Aqueous dispersions of graphene oxide were produced using a modified Stauden-
maier’s method [10] from graphite powder. In a typical synthesis, 10 g of powdered
graphite (purum, powder≤0.2 mm; Fluka) were added to a mixture of concentrated
sulfuric acid (400 ml, 95-97 wt%) and nitric acid (200 mL, 65 wt%) while cooling
in an ice-water bath. Potassium chlorate powder (200 g, purum, >98.0%; Fluka)
was added to the mixture in small portions while stirring and cooling. The reactions
were quenched after 18 h by pouring the mixture in to double deionized water and
the oxidation product washed until a pH 6. The subphase for the film assembly was
prepared by dispersion of GO (1-10 ppm) in MilliQ water (1 L) and stirring. The
GO-ODA hybridization was achieved by injecting 50-200 μL of a 0.5 mg mL−1 CHCl3
solution of ODA (Sigma Aldrich, used as received). Depositions were carried out
by horizontally lowering the substrate at a speed of 4 mm min−1 (downstroke) and
2 mm min−1 (upstroke). The samples were reduced by lowering for 104 min in a
MilliQ water solution of NaBH4 (1 mg mL−1). Annealing was done in vacuum (base
pressure 2×10−10 mbar) at 700oC for 1 h. The C2H4 treatment was performed in
vacuum by exposure to 1×10−6 mbar of C2H4 gas (purity 99.95%; Messer Schweiz
AG) while keeping the substrate at 700oC. XPS data were collected using an X-probe
Surface Science Instrument SSX-100 equipped with a monochromatic Al Kα X-ray
source (hν = 1486.6 eV) with a 37o photoelectron take-off angle and a spot size of
600 μm. The spectrometer operated at a base pressure of 3×10−10 mbar. Evaporated
Au films supported on Si served as substrates for these measurements.

9.6 Conclusions

We have developed a straightforward method to deposit uniform single layer graphene
films on arbitrary substrates without size limitation and under ambient conditions.
The fast high-yield method allows control of graphene coverage by simple adjustment
of the applied surface pressure in a LB trough. The prepared films could sustain all
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physical and chemical treatments associated with the lithography process without
any loss of material. Additionally, among all reported chemically exfoliated graphite,
the flakes we obtain show one of the lowest resistivities at the Dirac charge neutral-
ity point (65 kΩ) and give evidence for switching from a hole-conduction regime to
an electron-conduction regime. The deposition method illustrated here could also
be applied to other types of exfoliated graphene/graphite produced without passing
through the graphite oxidation step.
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Outlook and discussion

O
ne of the main results of this thesis is a successful realization of one-dimensional
transport in truly two-dimensional material graphene.

The experiments described in Chapter 6 show the possibility of lateral confine-
ment of charge carriers in the suspended graphene nanoconstriction formed by cur-
rent annealing. The annealing allows to access lower charge carrier density closer to
the charge neutrality point; in this regime the wavelength of the electron becomes
comparable to the constriction size (while the mean free is larger than the width
of the constriction), which results in the conductance quantization. Surprisingly we
found that the steps in conductance are multiples of 2e2/h, showing that either valley
or spin degeneracy is broken. From the measurements in magnetic field we believe
that the valley degeneracy is lifted. An open question is: ”What does cause lifting of
the valley degeneracy?” From our experiments we can not exclude a process of the
edge-reconstruction from a defective rough edge in to either an armchair or zigzag
orientation induced by Joule heating. The reconstruction was observed by Jia et.al.
in transmission-electron microscope [1]. This structural transformation is mainly
attributed to the vapourization of carbon edges that reconstruct at high tempera-
tures that can be obtained during the current annealing procedure. The direction of
edge-reconstruction follows the heat flow direction: from the middle of the ribbon
to the two electrodes acting as heat sinks. However, we have to keep in mind that
the wavelength of the electrons in our ballistic nanoconstriction is much larger than
the lattice constant, which makes the experiment being rather insensitive to the exact
edge structure, i.e. electrons see the edge being ”smeared” out. In addition, the latest
observations of quantized conductance in bilayer graphene [2, 3], where the lateral
confinement is electrostatically created, also showed lifting of the valley degeneracy.
These results might point towards other mechanisms for valley mixing than presence
of crystalline edges.
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Figure 9.4: Scanning electron micrograph of a quantum dot device based on BN-graphene-BN
stack. The top BN piece is artificially colored in red. Bright dots visible on the contacts are the
underexposed polymer left after the lithography step. This can be avoided by the increasing
of the electron exposure dose. Scale bar is 1 μm (unpublished results).

Despite the fact that our experiment proved the sensitivity of electronic transport
to physical edges of graphene nanoconstriction, the process of constriction formation
via current annealing is still not well controlled. One of the main issues of the process
is an overheating of the suspended membrane, which leads to the breaking of the
graphene. While ramping up the dc-current through the suspended membrane one
monitors the resistance of it. However, an application of a dc-current also introduces
a voltage drop across the membrane resulting in a local gating of graphene. This
means that the monitored resistance does not correspond to the value at the CNP,
which makes it complicated to judge the efficiency of the annealing at the given
moment. The solution to this can be a simultaneous application of the back gate
voltage to the membrane during the annealing process, which has to be changed
gradually depending on the dc-current value. This would require a careful study of
the process of the heat distribution and current induced migration in graphene.

Therefore, one of the easiest approaches to study the lateral confinement in
graphene can be an investigation of 1D transport via electrostatically confined bi-
layer graphene. Recent experiments on suspended bilayer graphene with suspended
top and split gates showed the conductance quantization in high quality samples [2]
but these samples face similar problems during the current annealing procedure.
Thus another way to proceed is using a BN-graphene-BN stack, where the less inva-
sive boron nitrate substrate preserves the high quality of graphene and the top BN
layer can be used as both a protection layer against environment and a top gate. First
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conductance quantization in such stacks were observed by A. Goossens et al. [3] and
recently similar devices were obtained in our group as well (Fig. 9.4). Within this
progress of graphene-based quantum dots we plan to exploit the spin-confinement
phenomena in graphene under conditions of a low density of nuclear spin in 12C
atoms and weak intrinsic spin-orbit coupling.

Boron nitride crystal already proved to be one of the best substrates for graphene
devices [4, 5]. A multicomponent fractional quantum Hall effect in single layer
graphene [6] and fractional quantum Hall effect (FQHE) for filling factors ν > 6
in trilayer graphene were reported. Nevertheless, the FQHE of bilayer graphene and
symmetry breaking of the LLL in trilayer graphene are still unrevealed on BN sub-
strate, in contrast to the results obtained from the suspended membranes of the same
layer thickness [7–9]. This still keeps the question open: ”How much does the sub-
strate, even the very inert BN one, affect the graphene intrinsic properties?” and also
suggests that there is still plenty of room to study the suspended graphene devices,
especially within the studies of many-body physics in graphene. A separate subject of
a research, which puzzles the entire 2DEG community outside graphene, is the ’0.7
anomaly’. Indications for the appearance of this anomaly in single layer graphene
were already found experimentally in suspended samples [10]. The detailed investi-
gation of ’0.7 anomaly’ developing in graphene will either uncover the fundamental
physics applicable to all 2DEG or specify more unique properties in graphene.

A separate word should be said concerning the acid free method of fabricating
the suspended graphene devices prepared on a LOR, which is described in Chap-
ter 5. This technique did pave the way toward complex suspended graphene based
spintronic devices, which were recently reported by our group [11]. From private
communications we learnt that some research groups work on an implementation of
our method to the fabrication of the devices with superconducting contacts.

Graphene’s sensitivity to the environment not only allowed to detect a single
events of molecule physisorption [12], but also provided biophysicists with a bio-
compatible matrix for the selective sensitivity [13]. As an example, sodium dodecyl
benzene sulphonate functionalized graphene electrodes display high electrocatalytic
activity to H2O2 with high sensitivity, wide linear range, low detection limit [14].
Another important substance for the sensing is glucose. The glucose sensitivity was
studied using the glucose oxidase-graphene-chitosan nanocomposite film as an active
electrode [15]. This paper by Kang et.al. is the third the most cited paper since
2007 in the journal of Biosensors and Bioelectronics. The atomically thin graphene
nanopore also showed the potential for reading out the DNA sequence, base per
base. The current through the pore changes while the long DNA molecule is being
electrostatically pulled through it [16].

However, the biggest potential in biosensor application is expected from graphene
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oxide or reduced graphene oxide [17, 18]. Both materials, having large specific sur-
face area and abundant functional groups, provide an ideal substrate to study en-
zyme immobilization. The enzyme immobilization on the GO sheets could take place
readily without using any cross-linking reagents and additional surface modification.

Another interesting property of GO is photoreduction in extreme ultra violet
(EUV) light [19]. The graphene oxide area exposed to 46.9 nm coherent light shows
a 20% recovery of the sp2 carbon bonds and change in the contrast indicating the
increase in the π-conjugation. The main idea of the experiment is that the photon
energy of the light (26.4 eV) is chosen for the purpose of matching the energy of
the oxygen 2s electronic states in the GO valence band. This condition assures the
absorption of the EUV photons and enhances the efficiency of the photoreduction
process. The reduction process is catalyst-free and consists of a highly efficient dis-
sociation of epoxy and hydroxy groups due to the direct action of the EUV photons.
Since the reduced GO becomes conductive [20] this way one can perform a polymer
free lithography in EUV light, creating conductive paths in the insulating GO film.
Note, that the electronic properties of the reduced graphene oxide are worse than
those of the exfoliated graphene. A possible suggestion to improve the conductance
of the reduced GO parts in the polymer free lithography process can be the annealing
of the sample (∼700o) in the ethylene atmosphere simultaneous to the exposure, as
was shown in Ref. [20].
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Summary

G
raphene, a single atom thick sheet of carbon atoms arranged in a honeycomb
lattice, opened a new era in two dimensional systems and offered a unique pos-

sibility to investigate electronic transport of charge carriers ”mimicking” relativistic
particles. There has been a tremendous progress in the studies of 0D, 1D and 2D
electronic transport in semiconductors. This thesis combines graphene as a perfect
2D material with the fundamental research of low dimensional quantum transport
in this system. We used the exfoliated graphene in all experiments presented here,
except of the last chapter, in which the electronic properties of graphene oxide and
reduced graphene oxide were investigated.

The experimental results in the thesis start with studying the field effect properties
of the graphene devices placed on the invasive SiO2 substrate and kept in a moist
environment. We compare the changes in the resistance of graphene in different gas
vapours, where we vary either polarity of the liquids (water versus ethanol) or the
atomic weight of the molecules (water, H2O, versus heavy water, D2O). This approach
allowed us to link hysteresis of the resistance in the back gate voltage, that is often
observed in a graphene FET on a regular SiO2 substrate in ambient conditions, to
the electrochemical properties of graphene. In particular, to the charge trapping
mechanism associated with sensitivity of graphene to the local pH.

In the meanwhile, in the quest for high-mobility samples we joined the trend of
making suspended graphene devices. At that time, the commonly used technique for
the fabrication of the high mobility devices consisted of an anisotropic wet etching
of the silicon dioxide underneath the graphene. Since wet etching techniques have
essential drawbacks, like contact underetching (leading to the mechanical instability
of a device) or the acid effecting all but noble-metal contact materials, we devel-
oped a new acid free method for the fabrication of free-standing graphene devices.
This method consists of placing a polydimethylglutarimide based organic resist in
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between graphene and the oxide substrate in order to decouple graphene from the
underlaying SiO2 substrate. Followed by two lithography steps and a standard lift-
off procedure this way one can obtain mechanically stable suspended membranes
of graphene, with almost no limitations on contact materials and device geometries.
After the current annealing procedure (required for most of the suspended graphene
devices independent on the method of their fabrication) the mobilities as high as
>300,000 cm2V−1s−1 at an electron carrier density of n = 5.0 × 109 cm−2 at 77 K
were reached in our devices.

This newly developed acid free method in combination with the current annealing
technique was used for the investigation of the 1D ballistic transport in a suspended
graphene nanoconstriction. We observed the quantized conductance at integer mul-
tiples of 2e2/h in graphene at zero magnetic field for the first time. Experimentally
this was done in three independent ways: (i) via conductance approximation with a
semi-classical relation G = 4e2/h · kFW/π; (ii) transition between the lateral con-
finement and QHE state; (iii) voltage bias spectroscopy, we extracted the constriction
width, W , to be between 200 and 300 nm. In contrast to other 2DEGs, graphene has
physical edges, thus the transmission of the one dimensional mode, in particular its
degeneracy, depends on the crystallographic edge orientation (zigzag or armchair)
of a given sample. Since graphene has an additional valley degree of freedom, our
observation of conductance steps in units of 2e2/h points toward the lifted valley
degeneracy and suggests the presence of crystalline edges in the constriction.

In the suspended graphene devices the charge inhomogeneity introduced by the
substrate is minimized (due to its actual absence), therefore charge carrier densities
as low as 109 cm−2 can be achieved. This allows studying in detail the properties
of graphene in the vicinity of the charge neutrality point by means of electrical mea-
surements. Thus two chapters of the thesis are devoted to the e-e interactions in
the suspended bilayer graphene at the low carrier concentrations. We managed to
fabricate suspended membranes showing two types of behaviour.

First, the broken symmetry of states in suspended bilayer graphene induced by
magnetic fields. For the studied sample in magnetic fields B > 1 T the resistance at
the charge neutrality point starts diverging, which indicates the opening of a field-
induced gap. Both the sequence of this symmetry breaking and the linear scaling of
the gap-size with B point to Zeeman splitting as the cause of the first broken degen-
eracy, that is enhanced by the exchange interaction. Based on these observations we
attribute the insulating phase developing at the charge neutrality point (CNP) to the
quantum Hall ferromagnetism.

Second, the spontaneous gap opening with a transport gap value of 8 meV at
0.3 K. Investigation of the gap in a tilted magnetic field indicates that the resistance
at the CNP shows a weak linear decrease for increasing total magnetic field. These
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observations are in agreement with a spontaneous valley splitting at zero magnetic
field followed by splitting of the spins originating from different valleys with increas-
ing magnetic field. Both, the transport gap and B field response point towards a spin
polarized layer antiferromagnetic state as the ground state in the bilayer graphene
sample. The observed non-trivial dependence of the gap value on the normal com-
ponent of B suggests the existence of exchange mechanisms in the system.

The results section end with the description of an alternative way of scaling up
the graphene production via the reduction of graphene oxide. We demonstrate the
deposition of graphene oxide single layers by a Langmuir-Schaefer approach, fol-
lowed by further chemical reduction on the substrate of interest. The reduced films
consist of 90 % single layer graphene showing typical bipolar behavior and a mo-
bility of 12 cm2V−1s−1 in the metallic regime. Large sheet size (10 - 150 μm2) and
controllable coverage open the way to accessible large-scale deposition. The ob-
served electronic properties of the devices are still (per 2012) among the best ones
in reduced oxide studies but show rather low quality compared to samples obtained
through the Scotch tape exfoliation.
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G
rafeen, een laagje koolstof atomen van slechts een atoom dik dat is geordend
in een honingraat structuur, heeft een nieuw tijdperk geopend voor twee di-

mensionale systemen en biedt een unieke mogelijkheid tot het onderzoek naar het
elektronisch transport van ladingsdragers die relativistische deeltjes ”imiteren”. Er
is een geweldige vooruitgang geweest in de studie naar 0D, 1D en 2D elektronisch
transport in halfgeleiders. Dit proefschrift combineert grafeen als een perfect 2D
materiaal met het fundamenteel onderzoek naar laag dimensionaal kwantum trans-
port in dit systeem. We hebben mechanisch gekliefd grafeen gebruikt in alle hier
gepresenteerde experimenten, met uitzondering van het laatste hoofdstuk waar de
elektronische eigenschappen van grafeen oxide en gereduceerd grafeen zijn onder-
zocht.

De experimentele resultaten in dit proefschrift beginnen met een studie naar veld
effect eigenschappen van grafeen devices onder de invloed van het SiO2 substraat
in een vochtige omgeving. We vergelijken de verandering in de weerstand van het
grafeen wanneer blootgesteld aan verschillende gasdampen. Of de polariteit van
de damp wordt aangepast (water versus ethanol); of het atoom gewicht van de
moleculen (water, H2O, versus zwaar water, D2O). Met deze aanpak hebben we
de back gate hysterese van de weerstand, die vaak wordt waargenomen voor een
grafeen FET op SiO2 onder standaard omgevingscondities, kunnen relateren aan de
elektro-chemische eigenschappen van grafeen. In het bijzonder kunnen we de hys-
terese toeschrijven aan het ladingsval mechanisme dat wordt geassocieerd met de
gevoeligheid van grafeen voor het locale pH.

Ondertussen namen we ook deel aan de trend om vrij hangend grafeen te maken
met het doel hoge mobiliteit grafeen devices te creëren. Op dat moment was de
meest gebruikte techniek voor de fabricage van deze devices het anisotroop nat etsen
van het silicium dioxide onder het grafeen. Deze manier van etsen heeft een aantal
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significante nadelen; zo wordt er bijvoorbeeld onder de contacten door ge tst (wat
leidt tot een mechanische onstabiliteit van het device) en tast het benodigde zuur
alle contacten aan die niet van edelmetaal gemaakt zijn. Wij hebben een nieuwe, zu-
urvrije, methode ontwikkeld voor de fabricage van vrij hangende grafeen devices. Bij
deze methode wordt een organisch polymeer gebaseerd op polydimethylglutarimide
tussen het grafeen en het oxide substraat geplaatst, zodat deze van elkaar ontkop-
peld zijn. Hierop volgen twee lithografische stappen en een standaard lift-off proce-
dure zodat er een mechanisch stabiel vrij hangend grafeen membraan kan worden
gemaakt, waarbij bijna geen beperkingen aan de mogelijke contact materialen en de
geometrie van het device worden gesteld. Na een current anneal procedure (deze is,
onafhankelijk van de fabricage methode, nodig is voor de meeste hangende grafeen
devices) konden er in onze devices mobiliteiten zo hoog als >300,000 cm2V−1s−1

worden bereikt voor een ladingsdichtheid van n = 5.0× 109 cm−2 bij 77 K.

Deze nieuw ontwikkelde zuur vrije methode is, in combinatie met de current an-
neal techniek, gebruikt voor de studie naar 1D ballistisch transport in een hangende
grafeen nanoconstrictie. We hebben voor de eerste keer gekwantiseerde geleiding
waargenomen in stappen van 2e2/h zonder gebruik te maken van een magnetisch
veld. Dit is experimenteel op drie onafhankelijke manieren gedaan: (i) via een
geleidingsbenadering met een semiklassieke vergelijking G = 4e2/h · kFW/π; (ii)
door middel van de overgang tussen de laterale beperking en een QHE staat; (iii)
met spanningsspectroscopie hebben we bepaald dat de breedte W van de constrictie
tussen 200 en 300 nm ligt. In tegenstelling tot andere 2DEGs heeft grafeen fysieke
randen, dus de transmissie van een één dimensionale mode, en in het bijzonder de
ontaardheid hiervan, hangt af van de kristallografische oriëntatie (zigzag of leun-
stoel) van de randen van het specifieke monster. Omdat grafeen een valley vrijhei-
dsgraad heeft, wijst onze waarneming van de 2e2/h geleidingsstappen er op dat de
valley ontaardheid opgeheven is.

In het vrij hangende grafeen device is de door het substraat gëıntroduceerde inho-
mogeniteit in ladingsdichtheid geminimaliseerd, waardoor er ladingsdichtheden van
maar liefst 109 cm−2 kunnen worden bereikt. Dit staat de gedetailleerde studie toe
van de grafeen eigenschappen rond het ladings neutraliteits punt door middel van
elektronische metingen. Er zijn dus twee hoofdstukken van dit proefschrift gewijd
aan e-e interacties in dubbellaags grafeen bij lage ladingsdichtheid. We zijn er in
geslaagd om membramen te fabriceren die twee verschillende soorten gedrag laten
zien.

Ten eerste observeren we een gebroken symmetrie van toestanden in vrij hangend
dubbellaags grafeen die ontstaat onder invloed van een magnetisch veld. Voor het
bestudeerde monster begint de weerstand rond het ladings neutraliteits punt te di-
vergeren voor magnetische velden B > 1 T, wat duidt op het openen van een door

ë
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het veld gëınduceerde kloof. De volgorde waarin de symmetrie gebroken wordt en
de lineaire schaling met de grootte van de kloof wijzen op Zeeman splijting als de
oorzaak van de eerste gebroken ontaardheid, welke wordt versterkt door uitwissel-
ing interactie. Gebaseerd op deze observatie schrijven we de isolerende toestand die
ontstaat rond het ladings neutraliteits punt toe aan de ferromagnetische aard van de
kloof.

Het tweede soort gedrag is de spontane opening van een kloof, met een transport
kloof grootte van 8 meV bij 0.3 K. Bestudering van de kloof in een gedraaid mag-
netisch veld wijst er op dat de weerstand bij het ladings neutraliteits punt een zwakke
lineaire afname laat zien onder invloed van een toenemend totaal magnetisch veld.
Deze waarnemingen zijn in overeenstemming met het spontaan splijten van de valley
bij nul magnetisch veld, gevolgd door het splijten van spin in elk van de verschillende
valleys door het toenemende magnetisch veld. Beide de transport kloof en de reactie
op het magnetisch veld wijzen op een antiferromagnetische spin-gepolarizeerde laag
toestand als de grondtoestand in het dubbellaags monster. De niet triviale relatie
tussen de kloof grootte en de normale component van B suggereert de aanwezigheid
van uitwisselingsmechanismen in het systeem.

De resultaten sectie wordt afgesloten door de beschrijving van een alternatieve
manier om de grafeen productie op te schalen via de reductie van grafeen oxide.
We demonstreren de depositie van enkellaags grafeen oxide door middel van een
Langmuir-Schaefer aanpak, gevolgd door verdere chemische reductie van het gekozen
substraat. De gereduceerde laag bestaat voor 90% uit een enkele laag grafeen en
demonstreert een typisch bipolair gedrag met een mobiliteit van 12 cm2V−1s−1 in
het metallische regime. Een groot realiseerbaar grafeen oppervlak (10 - 150 μm2) en
een controleerbare bedekking openen de weg naar toegankelijke depositie op grote
schaal. De waargenomen elektronische eigenschappen van de devices zijn nog altijd
(ten tijde van 2012) onder de beste in studies die gebruik maken van gereduceerd
oxide, maar de kwaliteit is veel lager in vergelijking met monsters die zijn verkregen
door middel van Scotch tape exfoliatie.
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