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Abstract

Graphene as a 2 dimensional material with an unique conical band structure
and high carrier velocities holds enormous potential for nanoelectronics. Under-
standing the electronic band structure of graphene and its relation to the electronic
transport properties is the starting point for optimising the performance of graphene
devices and their technological application. The description of electronic transport
in graphene, widely used by the graphene research community, is based on semi-
classical Drude model. This model treats graphene like a system with a single type
of carriers: holes or electrons, depending on the position of the Fermi level. It well
describes the measurements at high charge carrier concentrations (n 2> 102cm=2),
in the so called metalic regime. However it does not explain the experimental obser-
vations in the vicinity of charge neutrality point, particularly: the finite maximum of
longitudinal resistance p,, and the zero transversal resistance p,, at charge neutra-
lity point and also the magnetoresistance of graphene. In this master thesis [ propose
the extension of the Drude model for the system with two types of charge carriers.
Within the semiclassical framework I describe the graphene’s carrier density in the
vicinity of charge neutrality point, taking into account thermal equilibrium at room
temperature and fluctuations of the electric potential. I explain the origin of these
potential variations and their influence on the modelled resistivities of graphene.
The important part of these thesis is the comparison of the predictions from the
model with the experimental observations. For that purpose I fabricated graphene
devices and measured electronic transport with and without magnetic field. In the
final part I show that although the proposed model is very simple, it reproduces well
the measurements and can serve as a tool for sample characterisation.
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Chapter 1

Introduction: electronic
transport in graphene

Graphene, a monolayer of carbon atoms, is a truly 2-dimensional structure sta-
ble under ambient conditions. It was firstly obtained by micromechanical cleavage
of graphite in 2004 [1| and, since then activated an enormous research interest as
it showed outstanding mechanical, structural and electronic properties. The most
important graphene properties originates from its very unusual electronic structure.
While in standard conductors charge carriers are described by quantum mechanics
as the electron waves obeying the Schrédinger effective-mass equation, graphene
electrons move according to the laws of relativistic quantum physics - the mass-free
Dirac equation. In the following chapter I present the electronic band structure and
its relation to the extraordinary electronic transport features in graphene. Later on
I describe the scattering mechanisms and the influence of environment, like presence
of substrate or adsorbtion of molecules, on electronic performance of graphene de-
vices. The detailed understanding of the influence from surrounding is crucial in
characterisation of the initial state of the device, to which the experimental part of
this thesis is dedicated.

1.1 The electronic band structure

Graphene is a planar sheet of carbon atoms arranged in hexagonal rings, which
form a honey-comb lattice (see Fig. 1.1). One can also describe it as a system of
connected benzene rings stripped out from their hydrogen atoms. In terms of Mole-
cular Orbital Theory its atomic structure is characterised by two types of C-C bonds
(0,7), constructed from the four valence orbitals of carbon atom (2s, 2p,, 2p,, 2p.),
where a z direction is perpendicular to the sheet of graphene. Each carbon atom
bonds to the 3 carbon neighbours via in-plane o-bonds formed from sp? hybridized
orbitals (orbitals formed from one s-orbital and two p-orbitals), while the fourth,
remaining p.-orbital give rise to a highly delocalised m-orbital and its electron is
free to move. The bonding 7- and antibonding 7*-orbitals form the wide electronic
valence and conduction bands.

Graphene has two identical carbon atoms in each unit cell and thus two equi-
valent atom sublattices: A and B (indicated by different colours in Fig. 1.1). This
gives rise to an extra degree of freedom, pseudospin, absent in conventional two-
dimensional (2D) systems, and leads to the exceptional electronic properties [2].
Electrons in graphene have to be described by the relativistic Dirac equation and



Figure 1.1: A hexagonal lat-
tice of graphene. Different colours
of carbon atoms indicate the two
identical sublattices, labeled A
and B. The grey area marks an
unit cell, do_c describes the dis-
tance between neighbouring car-
bons.

Figure 1.2: The band structure
of graphene. The zoomed region
— present the linear shape of conduc-
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their wave function poses additional phase shift of 7w, known as Berry’s phase [3].
The projection of the pseudospin on the direction of the momentum defines the
chirality of the electron. As a consequence of the high lattice symmetry the band
structure for graphene at low energies has the linear conical shape (Fig. 1.2). This
is a remarkable difference from the usual parabolic energy-momentum relation in
conventional semiconductors. In graphene the conduction and valence band touch
each other in one point at 6 corners of the two-dimensional hexagonal Brillouin zone
and create the zero band gap. Due to symmetry only two out of six points, (k, k'),
are essentially different, while the rest four are equivalent to them. This leads to
the so called walley degeneracy. The residual point, where the conduction and the
valence band touches, is called the Dirac point.

The dispersion relation E(k) in the vicinity of Dirac points (k, k') fulfil the
following equation:

E(k) = thopy /k2 + k2. (1.1)

where a + sign corresponds to the conduction band and a — sign to the valence band.
The group velocity around the Dirac point (the Fermi velocity) is vp = 1 x 10%m/s.
The described conical electronic band-structure has a direct correspondence to the
electronic transport measurements, which are described in the following sections.



1.2 Transport measurements in graphene

The standard way to modify electronic properties of a material is by exploring
the electric field effect. There, by applying an external voltage, one can vary the
carrier concentration in the material and therefore its resistance. The basic graphene
device resembles a field-effect transistor (FET) and is schematically drawn in Fig.
1.3(a). In it graphene is deposited on a silicon dioxide (SiO;) layer, with a heavily
doped silicon substrate and then a gate electrode (back-gate) beneath. Applying a
gate voltage creates the potential drop across the SiO, insulating layer. Like in the
case of capacitor the gate voltage induces the surface charge density, according to
the equation:

€06V,

where ¢, is the permittivity of free space (g = 8.854 X 10712 F'/m), ¢, is the relative
permittivity of SiO, (the literature value is €, = 3.9), ¢ is the thickness of SiO, layer
(in our case t = 300 nm) and e is the electron charge (e = 1.602 x 10~ C). After
substituting the values we find the proportionality coefficient o between induced
charge carriers and the applied gate voltage: a = 7.2 x 10*° em =2V ~!. Additionally,
the Fig. 1.3(a) presents the scheme for two types of resistivity measurements: one,
when we measure the voltage drop between parallel contacts, V.., to determine the
longitudinal resistivity p,. (also refered as a graphene resistivity), the other one,
when we measure voltage drop between opposite contacts, V,,, to determine the
transversal resistivity p,, (also referred as Hall resistivity) at non-zero magnetic
field. The thick black arrows mark how the current is sent while the bottom elec-
trode (back-gate) is connected to the voltage source so that both resistivities can be
measured as a function of gate voltage.

With changing the gate voltage we modify the charge carrier density in the
graphene (graphene acts as a second parallel plate of capacitor) and therefore we
can tune its Fermi level. In neutral graphene the Fermi level lays at the Dirac point.
Because it is a single point in the band structure, it generates zero density of states.
This means that there are no states to occupy and hence there are no carriers, which
could contribute to the electronic transport (at the Dirac point carrier concentration
vanishes, n = 0). As a result, for the Fermi level at the Dirac point graphene exhibit
a large resistivity (~ 6k€2). The Dirac point separates the region of conduction by
electrons (when the Fermi level lies within the conduction band) from the region
where transport is governed by holes (when Fermi level lies within the valence band).
When, with the back-gate voltage, we shift the Fermi level away from the Dirac
point (into hole or electron conduction regime) the resistance decreases with the
increase of gate voltage. This is related to the increase of carrier concentration, which
contributes to the transport. The described behaviour of the graphene resistance at
different gate voltages and its schematic relation to the position of Fermi level in
the band structure is presented in Fig. 1.3(b).

The Dirac voltage Vpirqc is identified as a gate voltage for which the maximum
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Figure 1.3: Structure and geometry of basic graphene device (a). The thick black
arrows mark the current path, while the connections between the contacts V,, and V,
indicate measuring scheme for longitudinal resistivity p;; and transversal resistivity pgy
(also referred as Hall resistivity) respectively. In (b) a typical graphene resistivity pgs
dependence as a function of gate voltage V; is presented. Maximum of resistivity occurs
when Fermi level lies at the Dirac point, for which in principle charge carrier concentration
n = 0. Away from the Dirac point p,, decreases rapidly, as |V, — Vpirac| increases.

of longitudinal resistivity p,, occurs. In neutral graphene Vp;... = 0 V, but for
doped graphene it is shifted from the zero voltage, depending on the doping level.
Dopants shift the Fermi level out from the Dirac neutrality point and hence the
maximum of the resistance occurs not at V, = 0 V, but at the gate voltage which
compensates the charges of dopants. In neutral graphene the charge carrier density
at various gate voltages can be calculated from Eq. 1.2, however for doped graphene
we have to take into account that the charge carrier density induced by the gate
voltage is different from the actual charge carrier density in graphene. The equation
Eq. 1.2 needs to be shifted by the voltage corresponding to the charge of dopants
already present in graphene. Here, the Dirac voltage Vp;.qc serves as an offset value.
In doped graphene the charge carrier density as a function of gate voltage can be
obtained from the relation:

n = O[(‘/g — VDirac) (13)

The symmetrical shape of the energy dispersion relation E(k) for the conduction
and valence band implies equal group velocities for electrons and for holes vp. In
ideal graphene (no defects or impurities) or in graphene with isotropic scattering (e.g.
white-noise disorder or phonons), when scattering mechanisms affect the carriers
(electrons or holes) with the same strength, no matter of their charge sign, the drift
velocity of carriers vy (the average velocity that a carrier attains due to an electric
field, vgrifr = p;E) is the same for electrons and for holes. As a consequence the
electron mobility u. is equal to the hole mobility .

This can be directly verified experimentally by measuring the electrical condu-
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ctivity (which is the inverse of the electrical resistivity o = 1/p) as a function of
gate voltage.

o(Vy) = ni(Vy)eu; (1.4)

where n;(V,) is the concentration of carriers of type i (i = electrons, holes), cal-
culated from Eq. 1.3. An example of conductivity measurements is presented in
Fig. 1.4). There, away from the Dirac point we can see a linear dependence of the
conductivity from the gate voltage. The slope of the linear fit for holes («) and
for electrons () is different, here |ctg(3)/ctg(a)| = 0.6. The ratio between mobili-
ties of electrons and holes is not universal and depends on the quality of graphene.
Reported values scatter between 0.5 + 1, see [23].

Figure 1.4: Graphene conductivity mea-
sured as a function of gate voltage. The red
lines represent the linear fit of the conducti-
vity in the hole and in the electron conduc-
tion regime. The observed difference in the
slope of the linear fits indicates that in this
sample e # pp. Adapted from [1].
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Mobility reflects the strength of scattering mechanisms, which includes the in-
trinsic scattering (like scattering on phonons) and extrinsic (scattering on defects,
impurities or adsorbates). The last one is directly related to the sample purity and
can be increased with technological improvement. Mobility is determined from the
electrical measurements of resistivity in the high carrier density regime (so called
metallic regime), where induced charges don’t change the resistivity essentially, ac-
cording to the formula:

(1.5)

where ¢ = electrons, holes, as before.

The values of the reported mobilities in graphene at room temperature show
large scattering (from 1000 up to 70 000 ¢m?/V's, when deposited on SiO, [4],
and exceed 200 000cm?/V's for suspended graphene [5]). This value is higher com-
pared to the value of mobility for the fastest present inorganic semiconductors (InSb,
78 000 cm?/V's [6]) or semiconducting carbon nanotubes ( 1-10%cm?/V's, [7]). As
the high mobility of carriers is a desired property in electronic technology, naturally
comes the questions about the factors limiting its value: scattering mechanisms,
intrinsic limits and about the reason for large scattering in the values of the ob-
tained mobilities. Scattering on phonons, which is inevitably present at finite tem-
perature measurements, in graphene is extremely weak and mobilities higher than



200 000 ¢cm?/V s are predicted, when the extrinsic disorder is eliminated [8]. It was
confirmed experimentally for suspended graphene [5] .

1.2.1 Finite minimum conductivity

Despite the zero carrier density at the Dirac point, graphene exhibits a finite
minimum conductivity. This is counterintuitive, as conductivity is expected to va-
nish when the Fermi energy (Er) approaches the Dirac point. Theoretical analysis
however proved that the finite conductivity is a characteristic property of Dirac chi-
ral fermions in two dimensional systems. In the limit of zero temperature, at zero
charge carrier density and without any scattering the conductivity is predicted to
be of the order of €2/h [9] (the units conversion is: h/e? = 25.8k). Most theories
suggest that o,,;, = 4e*/hm, which is about 7 times smaller than the typical values
observed experimentally. The experimental values are presented in Fig. 1.5 and
most of the data cluster around o,,;, = 4€%/h.

Figure 1.5: Minimum conducti-
vity of graphene for different sam-
2 o 0 ples at low temperatures. All pre-
o sented graphene devices exhibit ap-
@ proximately the same conductivity
= O 'e) . . .
3 o 0 at the neutrality point (open cir-
5'% TH=--- Z %}__Q.COC_) ______ o - cles) with most data clustering around
° o 4€2 /h. Adapted from [10].
n—a—
0 \ \ |
0 4,000 8,000 12,000
p(cm2\-1s71)

This discrepancy can be understood when we realise that the nominally undoped
and ungated graphene device with the Dirac point as a single point, is an idealised
description, sometimes called intrinsic graphene. This intrinsic graphene, with no
free carriers at Dirac point is an abstract model, because the slightest amount of
the structural disorder, doping or external potential fluctuations will induce carriers
in the system. In fact, in all experiments we study so called extrinsic graphene,
where there is no point of vanishing charge carrier density (n=0). Instead, mini-
mum conductivity occurs at charge neutrality point (the point where the density of
induced electrons in the conduction band is equal to the density of induced holes in
the valence band), abbreviated later to CNP.



The carriers at minimum conductivity point can be induced by several mecha-
nisms:

1. by structural corrugations (non-flatness), which shift locally the position of
the Dirac point across the graphene sheet;

2. by the presence of charge impurities, which modify locally chemical potential
(electron-hole puddles);

3. by molecular doping (exposing the system to charge transferring molecules);
4. by applying an external gate voltage Vj;
5. by thermal fluctuations (highly reduced at few Kelvin measurements);

6. by other disorder effects (crystal defects etc.);

A brief analysis of these mechanisms will be presented in the following sections.

1.3 Graphene corrugations - broadening of the Dirac
point

From the theoretical point of view, graphene appears to be a strictly two-
dimensional (2D) material. On the other hand, according to predictions from ther-
modynamics, perfect two-dimensional crystals are unstable and cannot exist in the
free state. Thermal fluctuations in their crystal lattices should lead to the atom
displacements, which are comparable to the interatomic distances at any finite tem-
perature. The crystal cannot keep its crystalline long-range order and hence will
segregate into islands or decompose ([11], [12]). Although the theory does not al-
low perfect crystals in 2D space to exist, it does not forbid that for nearly perfect
2D crystals in three-dimensional (3D) space [13]. The rippling of the 2D struc-
ture, as one of the ways to extend 2-dimensionality, may neutralise the thermal
and quantum fluctuations on which it is exposed. The stability of graphene single
layer, when deposited on a substrate, is explained through the presence of a larger
three-dimensional bulk structure beneath. There, a graphene film accommodates to
the substrate by conforming its roughness, what produces microscopic corrugations

(ripples) [14].

Fig. 1.6 presents height histograms of graphene on SiO, substrate and of a pure
SiO,. The graphene sheet is approximately 40% smoother than the oxide surface.
This stems from the fact that the graphene sheet does have a finite intrinsic stiff-
ness, which prevents it from conforming completely the morphology of the substrate
(closely following the sharp orientation changes of the SiOy costs graphene more
energy) [15]. From above argument it is also clear, why bilayer graphene deposited
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s Silicon Oxidel Figure 1.6: Height histograms ac-
= Graphene quired for graphene on SiQOy and for
005l bare SiOy (blue and red squares, re-
spectively). The histograms are well-
described by the Gaussian distribu-
tions (black lines) with standard de-
viations of 1.9 and 3.1 A for graphene
on SiOs and for bare SiOg, respec-

tively. Adapted from [15].
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on a substrate shows less corrugations than a single layered. The upper graphene
layer has to conform to the second carbon layer beneath, which is much smoother
than SiO,. Similar argument holds for graphite, where due to 3-dimensional nature
of the crystal, no stabilizing ripples are necessary.

It turns out however that graphene is stable enough to exist also without a
substrate. This occurs in so called suspended graphene (graphene freely hanging in
air, supported by a microfabricated metallic scaffold). There graphene extends its
2 dimensional nature by undergoing some internal rippling. The schematic drawing
of the graphene structure of the ideally flat sheet and of the sheet with rippling is
presented in Fig. 1.7(a) and (b). The presence of corrugations in the third dimension
was confirmed by transmission electron microscopy (TEM), where it was found that
the surface normal varies by several degrees and that out-of-plane deformations reach
1 nm [16].

This 3D morphology of the graphene sheet is important for transport properties.
When the angle between orbitals varies, also the overlap between orbitals changes
locally. The reciprocal space for corrugated sheet has slightly different relative
orientations depending on the morphology (see Fig. 1.7(c) and (d)). As a result,
the position of the Dirac point is not arbitrary for the whole graphene sheet. This,
on average, causes the broadening of the density of states, so that the Dirac point is
no longer a single point. It also implies that even if the Fermi level crosses the Dirac
point at one particular region of graphene, it will lay above or below the Dirac point
for regions where its position is slightly different due to rippling and will produce
states available for carriers.
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Figure 1.7: Microscopically corrugated graphene. An ideally flat graphene crystal in a
real space (a) (a perspective view). Corrugations in suspended graphene (b) (displayed
roughness imitates quantitatively the roughness found experimentally). The reciprocal
space for a flat sheet (c) is a set of rods (red) directed perpendicular to the reciprocal lattice
of graphene (black hexagon). The reciprocal space for the corrugated sheet (d) consists of
a set of rods perpendicular to the plane of the reciprocal hexagonal lattice. A superposition
of the diffracting beams from locally flat areas effectively turns the rods into cone-shaped
volumes. As a result, the diffraction spots become broader with an increase of the tilt
angle and with an increase of the distance from the tilt axis. From a theoretical point of
view, this broadening is completely unexpected, revealing that graphene sheets are not flat
within the submicrometre area of the electron beam. This broadening could be described
by full widths at half maxima (FWHM) of spot-intensity and measure as a function of the
tilt angle for monolayer, bilayer and graphite. The measured broadening is notably weaker
in bilayer samples (also suspended) and completely disappears for multilayer graphene
(included as a reference). Adapted from [16].



1.4 Formation of hole-electron puddles

Structural corrugations in graphene is not the only factor which changes lo-
cally the relative position of the Dirac point with respect to the Fermi level across
graphene and gives rise to the finite carrier density (n # 0). Even more significant is
the shift of the Fermi level due to chemical potential variations induced by charged
impurities above and below the graphene layer. The silicon dioxide SiO,, so far the
only used substrate for graphene devices, due to the possibility to identify single
layer graphene flakes basing on the difference in optical contrast [17|, has a surface
roughness 0.3nm and about 50 x 10'? ¢m =2 ionised impurities. Charge impurities as
well as described later charge transfering adsorbates, modify electrostatic potential
and lead to the local shift of the Fermi level. As a result the electrostatic gating
does not occur homogeneously within the graphene sheet and at charge neutrality
point (the Dirac voltage) the system splits into hole-rich and electron-rich puddles.
The presence of puddles was confirmed with the use of scannable single-electron
transistor (SET) at 0.3 K, [18], which allowed to map the local density of states and
the carrier density landscape in the vicinity of the charge neutrality point (CNP).

=
(L)

¥{pm)
Counts (arb. uni

—f0n

My (1077 em-—2)

Figure 1.8: Spatial density fluctuations and electron/hole puddles at Dirac neutrality
point. (a) Colour map of the spatial density variations in the graphene flake extracted
from surface potential measurements. The blue regions correspond to hole-rich and the
red regions to electron-rich puddles. The black contour marks the zero density contour.
(b) presents histogram of the density distribution of (a). From the fit of the gaussian
distribution, the density fluctuations are of the order of Anaop 7—0.3x = £3.9 x 109¢m =2,
Adapted from [18].

The 2D map of the carrier density of graphene deposited on SiOy at CNP is
shown on Fig. 1.8. We can see there regions with excessive number of holes (blue)
and regions with excessive number of electrons (red) of the size up to few hun-
dreds of nanometeres, non-homogeneously distributed in graphene sheet. Scan of
potential variation of the bare SiO,, in Fig. 1.9, exhibit non-homogeneous poten-
tial fluctuations similar in size to the size of puddles. This confirms that charge
impurities in SiO, affects the carrier density in graphene and induce carriers at
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Figure 1.9: Potential variations of the SiO substrate. (a) Colour map of the spatial fluctuations
in the surface potential in the vicinity of graphene flake. (b) Histogram of the potential fluctuation
distribution in (a). The variance from the Gaussian fit is approximately equal to 50 mV. Lower
resolution than in the scan of graphene surface is due to the bigger scanning distance (150nm)
between surface and the tip comparing to the 50nm - distance for surface with graphene. A
gaussian fit to the potential distribution yields a variance of 50mV. Adapted from [18].

the Dirac voltage. The induced fluctuations in the carrier density are smaller
(Angp r—03x = £3.9 x 10%cm 2 from Gaussian fit in Fig. 1.8(b)) than the density
of charge impurities in SiO, (50 x 10'? ¢m~2), which means that impurities induce
just a partial charge in graphene.

1.5 Short range and long range scattering mecha-
nisms in graphene

Impurities not only induce variation of the crystal potential but they are ad-
ditional source of scattering. Among them we distinguish neutral impurities and
charged impurities. Neutral impurities (arising from defects or dislocations in the
carbon lattice) produce short range potential and so called short-range scattering.
Theoretically considered neutral impurities of concentration n,, which produce ra-
dially symmetric potential of a typical radious size R ~ d¢_c, where do_¢c = 1.422 A
is an interatomic distance, result in rather small additional contribution to the resi-
stivity, dp ~ (h/4€*) n, d%_.. This contribution to resistivity is constant, indepen-
dently of the induced carrier concentration [19].

The situation is different for charged impurities, which act as dopants and pro-
duce long range Coulomb potential and lead to so called long-range scattering. They
can appear in the system as a result of gate doping or as a result of molecular doping
(adsorption of charge transferring molecules), intentional or due to fabrication pro-
cedure. Around the defect site the opposite charge carriers nucleate, screening the
defect potential. Hence, concentration of n; charge impurities leads to the change in
the electronic density of the order of n;. The difference between the conductivities

11



for short- and long-type scatterers are presented in Fig. 1.10.
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Figure 1.10: Conductivities in ideal graphene, at T=0K, for randomly distributed scat-
terers versus the carrier concentration induced by gate voltage n. (a) presents the de-
pendence upon short-range scatterers and (b) upon screened Coulomb scatterers. Short
range scatterers produce sub-linear relation of the conductivity, while Coulomb scatterers
produce linear one. Adapted from [20].

In view of Boltzmann theory (applicable because carriers in graphene are weakly
interacting), the conductivity for graphene is given by:

e 2Ep<T>

Th TR

where < 7 > is the energy averaged finite temperature scattering time. The Coulomb
scattering time is proportional to the charge impurities concentration 7¢ o< \/n;,
while the short-range scattering time is inversely proportional 7, o< 1/ V/Tp- From
that it is clear that long-range scattering dominates at the low charge carrier con-
centration n (the scattering time is small), while the short-range scattering may
play an important role at high densities n (we can assume that concentration of
neutral impurities n, is constant, irrespective of the gate voltage). The competition
between these two types of scatterers determine the conductivity of graphene in dif-
ferent charge concentration regimes n. The crossover between these two mechanisms
occurs when two scattering potentials are equivalent, that is: n;V;? = n, V2.

The theoretical calculations of conductivity versus gate induced carrier concen-
tration n for different ratios between short and long range scatterers concentration
are presented in Fig. 1.11. For small n,/n; ratio, the conductivity is linear in n, as
it is seen in most experiments (compare with Fig. 1.4), while for large n,/n; ratio,
in high carrier concentrations (for n > n;) the conductivity shows sublinear depen-
dence |21, 22]. This effect is especially pronounced for very high mobility samples.
Such high quality samples presumably have a small charge impurity concentration
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n; and therefore neutral defects there play a more dominant role (see Fig. 1.11). In
the presence of both the long-ranged charged impurity and the short-ranged neutral
impurity, the total scattering time becomes 1/7o10 = 1/7 + 1/7,, where 7; (7;,) is
the scattering time due to charged Coulomb (short ranged) impurities. While the
shift of the Dirac voltage Vpi.«. away from zero-gate voltage serves as an indication
of charge impurity concentration n; (more precisely, it corresponds to the difference
between positive and negative charge impurities - to the number of non-compensated
charges), the presence of sublinearity may serve as an indication of the number of
neutral scaterrers and the sample quality.

120p 7 —] Figure 1.11: Graphene conductivity
- | calculated in the presence of both short
and long range scatterers. The sublinear
conductivity at high density is likely to
be seen in samples with a small Coulomb
impurity density n; and at high mobility.
Adapted from [22]

The change from sub-linear conductivity to linear one under increase of charge
impurities n; was experimentally verified in [23]. In that experiment the authors
studied the conductivity under exposure to the potassium flux (Fig. 1.12(a)). Potas-
sium acts as an n-dopant (electron donor). The measurements were done at tem-
perature T = 20 K in ultrahigh vacuum (UHV). With the increase of doping time,
we observe not only shift of the charge neutrality point (CNP), but also the change
of the conductivity from sub-linear to linear gate-dependence. Fig. 1.12(b) presents
the changes of mobility under exposure and the ratio between hole and electron
mobilities.

On potassium doping:

1. the mobility decreases;

2. the dependence of the conductivity o versus gate voltage becomes more linear;
3. the asymmetry between the mobilities of holes and electrons increases;

4. the charge neutrality point Vp;,... shifts to negative gate voltages;

5. the minimum conductivity o,,;, decreases;
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These experimental results can be easily understood in the view of the described
scattering mechanisms. The change from sub-linear to linear curve shape of the con-
ductivity, when the time of doping increases (Fig. 1.12), is related to the decrease
of the ratio n,/n; between density of neutral impurities (constant in the system)
and charge impurities (increased with the doping). The decrease of the mobility
is the consequence of the increase of the charge impurity scatterers, which induce
a screening potential and localise carriers, decreasing their velocity. For uncorre-
lated scatterers, the mobility depends inversely on the density of charged impurities,
1/p o< n;, which is observed in Fig. 1.12(b). The asymmetry between the electron
and hole mobility is the consequence of the different scattering strength for elec-
trons and for holes. With doping we increase the disorder in the system (increase
potential variations), which also leads to the formation of hole-electron puddles and
decrease the minimum conductivity value o,,;,. The experimental findings as well as
theoretical predictions clarifies the dominant role of the charge impurity scattering
(Coulomb scattering) in electronic transport and helps to describe the initial state
of the device (we can roughly estimate the type and concentrations of impurities).

1.6 Initial molecular doping

All graphene devices are subjected to the adsorbates from the environment and
contamination introduced during the device preparation. The adsorbed molecules
can act as an electron acceptor (causing p-doping of graphene) or as an electron
donor (causing n-doping of graphene). One clear evidence of the initial doping of
the system is the fact that the charge neutrality points (CNP) is often shifted with

a) b)
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Doping time LS
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Figure 1.12: Potassium doping of graphene. (a) Conductivity vs gate voltage at different
doping stages. (b) Inverse of electron mobility 1/u. and hole mobility 1/uy, versus doping
time. Inset: The ratio of the electron to hole mobility: pe to pp versus doping time.
Adapted from [23].
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respect to the zero-gate voltage. In this section I describe two most important doping
mechanisms, which determine initial electronic performance of graphene device: p—
doping from water molecules (always present in ambient environment) and n—doping
from metal contacts.

All theoretical calculations predict that water molecule in contact with graphene
behaves as an electron acceptor |24]. However, a strong dipole moment of water
favours the binding between the HyO molecules and formation of water clusters
rather than adsorption of individual molecules on graphene. This hydrophobic cha-
racter of graphene implies that water molecules will always adsorb to graphene in
clusters. The adsorption energy of the water clusters on graphene is defined as:
E. = (Bauster + Egrapn) — Eiotar, Where Eqyge, is isolated cluster, Egqpp i8
the energy of a perfect graphene layer, and E},,; is the total energy of the cluster-
graphene system. The highest adsorption energy is found for clusters build from 5
water molecules. A corresponding charge transfer per molecule is 0.002¢ [25]. This
leads to the shift of the CNP to positive gate-voltages. The water as well as other
residual contaminations left after device preparation can be removed by annealing
in vacuum. As a result, the Dirac neutrality point shifts back towards the zero gate
voltage.

As a puzzle for a while was the origin of the shift of the CNP to negative voltages
in vacuum after annealing. Desorption of water and some residues of polymer should
bring the CNP back to zero, as we remove p-dopants. However, recent studies
reveal that contacting metals on graphene act as an electron donors (n-dopants)
[26]. Titanium (Ti) is of particular interest because it is commonly used as an
adhesion layer for gold (Au). At the interface between two materials, a key factor
in determining how electrons will transfer is the work function, ¢, which is the
minimum energy needed to remove an electron from a material. For two materials
in contact, the material having higher work function acts generally as an acceptor
of electrons. When we compare the graphene work function, ¢, ~ 4.5eV, with the
work function of Ti, ¢p; >~ 4.3eV/, we notice that ¢4 > ¢7; and we expect the donor
behaviour of Ti. This was confirmed in |26], where the authors studied the influence
of Ti-coverage on conductivity and observed the shift of the Dirac voltage (identified
as a voltage at minimum conductivity) to negative values (Fig. 1.13).

Like in the case of doping with potassium [23], we observe similar changes in
electronic transport, as listed on page 13, namely: the decrease of mobility, the
disappearance of sub-linear shape of the conductivity ¢ under doping, the shift of the
charge neutrality point to negative values, the decrease of the minimum conductivity
Omin- All these effects arises from increase of charge transferring impurities and
related to them Coulomb scattering.

To sum up, the mechanism of molecular doping can occur unintentionally, as an
effect of fabrication procedure and environment (doping by contamination left during
the device preparation, due to presence of water, of Ti-contacts, of a substrate).
The detailed description of initial quality of the device and the role of unavoidable
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Figure 1.13: Conductivity as a function
of gate voltage V, for increasing Ti-coverage
in graphene. The Dirac point, identified

sok No Ti (0 ML) O ] .
: 0.0038 ML by the minimum in the conductivity curves,
g 15k shifts towards negative voltages with the in-
- 1 /o crease of the Ti-coverage, indicating that
Ib_l = EE Zva‘;g \ the Ti acts aa a donor (n-type doping).
0.5} L

The inset displays the dependence of the

0.00 0.02
Treoverage MU | Dirac voltage Vp as a function of Ti co-

| | |
-100  -50 0 50 100  verage (scale is expressed in terms of full

Vg [V] monolayer coverage, ML) . The initial slope
of the Vp vs Ti coverage data has a value
of —4602.4V /M L, which reflects the doping
efficiency. Adapted from [26].

dopants is necessary for understanding of electronic transport in graphene.

1.7 Hall effect: determination of charge carrier con-
centration

An optimal technique for detection of changes in charge carrier density is the
Hall effect measurements. The Hall effect produces a potential difference (the Hall
voltage) across an electrical conductor, transverse to an electric current path at
magnetic field perpendicular to the current due to the Lorentz force. From the mea-
surements of transversal resistance I2,,, also called Hall resistance, under magnetic
field B, we readily obtain the Hall coefficient through the relation R,, = RgyB
(for B=1T R,, and Ry are identical). The charge neutrality point for R,, occurs
for the voltage where R,, = 0. The measurements of the Hall coefficient Ry, by the
use of relation:

Ry = —. (1.6)

gives information about the total carrier concentration in the system.

Experimental results in [27] show that under exposure to the mixture of NOy
and N,O4 (both act as acceptors) the charge neutrality point shifts to positive values
(Fig. 1.14 (a)), the difference in resistivity between maximums of R,, decreases and
they occur at larger voltage distances. These changes can be easier distinguished
on the plot of inverse resistance 1/R,, (Fig. 1.14 (b), where A; marks the shift
of charge neutrality point, and A, is the half of the voltage distance between R,,
maximum and minimum).

Away from the Dirac point, 1/Ry is linear with the gate voltage, according to
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Figure 1.14: Transversal resistance R, as a function of gate voltage Vj; under increase
of doping with mixture of gases: NO2/N2Oy (p-doping) (a). Measurements were done at
B—=1T, where R,y = Rp. The solid lines are the experimental results, with the brown curve
corresponding to the highest concentration of adsorbates, and the red curve corresponding
to almost zero doping. (b) presents 1/R,, for initial (red curve, calculated from red curve
of Ryy in (a)) and doped (blue curve, calculated from blue curve of R, in (a)) graphene
samples. Adapted from [27].

Eq. 1.6. From the slope of the linear fit we can extract exact value of coefficient «
which describes proportionality between the induced charge carriers and the applied
gate voltage according to the Eq. 1.2. Close to the Dirac point we observe the
divergence of 1/Ry, which is related to the vanishing density of carriers.

From above we can conclude that under exposure to charge transfering molecules
the Hall coefficient Ry exhibits two characteristic features:

1. the charge neutrality point shifts to positive (in case of p-doping) or to negative
(for n-doping) gate voltages;

2. the transition regions between two maximums of Ry becomes wider, and si-
multaneously the maximums becomes lower with the increase of doping.

These features give also indication of the initial sample quality.

1.8 Positive magnetoresistance in graphene

Another feature of graphene is the magnetoresistance - the change of graphene
longitudinal resistance R,, under magnetic field. Away from the charge neutra-
lity point the graphene longitudinal resistance R, is almost independent from the
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magnetic field. However, closer to the Dirac point the positive magnetoresistance
(increase of resistance with increase of the field) is stronger, reaching its maximum
at charge neutrality point (CNP) (Fig. 1.15).

Figure 1.15: Longitudinal
resistance R, as a function
of magnetic field B at diffe-
rent gate voltages V. Adapted
from [28].

1.8.1 Classical origins of magnetoresistance

Within the Drude model, which is used to describe ideal graphene, a two-
dimensional conductor with an one carrier type exhibits no longitudinal magnetore-
sistivity, because the voltage drop occurs simultaneously along the current path.
However, a conductor with electrons and holes may exhibit large longitudinal mag-
netoresistivity, due to the development of different components of drift velocity per-
pendicular to the current. The increase of magnetoresistivity while approaching the
Dirac point is a strong indication that two types of carriers contribute to the trans-
port. Fig. 1.16(a) presents the change of maximum resistivity (R, at CNP) under
magnetic field for different temperatures. With the increase of the temperature the
magnetoresistivity effect increases (the difference between resistivity at zero mag-
netic field and at B=8T increases with temperature, from ~ 0.25 to ~ 0.65h/e?).
With the increase of temperature also the saturation of resistivity starts from lager
magnetic fields.

In all measured temperatures, at low magnetic fields R,, shows positive magne-
toresistance (Fig. 1.16(b)) of the similar size. This supports the idea that disorder
effects which are weakly temperature dependent, like electron-hole puddles, domi-
nate in building up two-charge type carrier system in the vicinity of CNP. The
detailed description of the possible origins of positive magnetoresistance at room

18



Figure 1.16: Longitudinal re-
sistivity pzz at charge neutra-

lity point as a function of mag-
netic field B at various tempera-
tures (a). The zoomed-in region
for low fields is presented in (b).
Adapted from [29].

temperature within a classical approach to model this effect will be extended in the
chapter 2.

1.8.2 Magnetoresistance due to quantum localisation effects

Another effect, which plays a role in building up a magnetoresistance is weak lo-
calisation and anti-localisation. These are purely quantum mechanical effects which
arise at low temperatures. When the Fermi wavelength is comparable or longer
than the mean free path of electron (kpl < 1) electrons remain coherent over long
distances. As the quantum interference and the coherent scattering occur, the clas-
sical (Drude) expression for resistivity has to be modified with weak localisation
corrections. These corrections are usually due to the positive interference between
two paths of electron along closed loops, traversed in opposite directions (Fig. 1.17).
As the two paths are identical, the phase of the waves is the same and at the point
of intercept the interference is constructive. This increases the probability of the
electron to stay in the intercept region (to be weakly localised) and increase the
overall electrical resistance. This interference is suppressed for paths longer than
the dephasing length (the length over which the coherence is destroyed). Interfe-
rence effects can be also suppressed by magnetic fields that break down time reversal
symmetry and adds a random relative phase to the electron wavefunction. Hence in
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most metals the resistivity decreases when a small magnetic field is applied (negative
magnetoresistance).

In graphene the charge carriers are chiral and their wavefunction has an addi-
tional (Berry) phase, which arises due to the zero effective carrier mass near the Dirac
points [30]. This leads to the opposite effect than in metals: to anti-localisation and
decrease of resistance. Applying magnetic field randomises the phase and suppress
the anti-localisation effect, which leads to the increase of resistivity in magnetic
fields (positive magnetoresistance).

The graphene’s band structure has two valleys (k, k'), with an opposite chirality.
Anti-localisation occurs due to scattering within the valley (intra-valley scattering).
On the other hand, localisation effects occur for electron scattered between the val-
leys (inter-valley scattering) as the quantum interference there is suppressed. Inter-
valley scattering can happen on sharp defects, which are able to change strongly the
momentum of the electron (for example edges of the sample). In |31] was shown
that graphene, depending on experimental conditions, can demonstrate both lo-
calisation and anti-localisation effects. These findings are presented in Fig. 1.18,
where conductivity difference vs magnetic field was recorded at three different carrier
concentrations. Negative values of do,,/dB correspond to negative magnetocon-
ductivity (positive magnetoresistivity) while positive values correspond to positive
magnetoconductivity (negative magnetoresistivity). According to [31] this quantum
interference effects can survive up to 1" ~ 200 K.

Figure 1.17: The trajectories of an elec-
tron scattered by impurities that give rise
to quantum interference. In graphene this
type of interferenca, due to additional phase
in electrons wavefunction (Berry phase),
gives rise to anti-localisation. The interfe-
rence is suppressed for paths longer than
the dephasing length. After [31].

In the experiment, I focus on graphene properties in diffusion transport regime
at room temperature. Presented further theoretical analysis as well as experimental
results were done at room temperature for device of few um wide, where the features
of ballistic transport as well as the quantum interference effects disappear.
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Figure 1.18: Resistivity as a function of the carrier density, with three points for which
magnetoconductance was studied (a). Insets: a scheme of the device. (b) First derivative of
conductivity vs magnetic field at T=14 K. With increasing electron density (moving from
region III to region I in (a)) do,,/dB changes its sign from positive to negative (the dashed
green line indicates zero level). This sign-change corresponds to change from positive mag-
netoconductivity (negative magnetoresistivity) to negative magnetoconductivity (positive

magnetoresistiity) and is the evidence for localisation and anti-localisation. Adapted from
[31].

The presented in this chapter features of graphene: its conical bandstructure
and rippling together with its interactions with environment: doping by substrate
and adsorbed molecules, have direct consequences for electronic transport measure-
ments and description of the initial graphene quality. Many of these features are
interdependent (for example the electric potential variations imposed by a substrate
can be possibly compensated by adsorbed molecules) therefore it is not trivial to
give simple relation between different quantities (like the relation between mobility
and gate voltage in graphene device). In the next section I will focus on mecha-
nisms, which stimulate the occurrence of both types of carriers, electrons and holes,
in the vicinity of Dirac point: thermal equilibrium excitations and fluctuations of
electric potential, which leads to spatial fluctuations of the doping level (formation
of electron-hole puddles).

21



22



Chapter 2

Transport in one vs two
charge carrier system.
Magnetoresistance.

The analysis of the electronic band structure of ideal graphene suggests that
its conductivity is carried by only one-type of carriers, either electrons or holes
depending on the location of the Fermi level. This idealised picture has to be
extended for the finite temperature measurements, where thermal equilibrium leads
to the population of states above the Fermi level. In this chapter I analyse the density
of states and the carrier concentration in graphene at room temperature without
and with additionally fluctuating potential. The effect of fluctuating potential is
induced by the substrate and adsorbed charge transfering molecules (dopants) and
leads to the formation of hole-electron puddles. . Both effects (thermal equilibrium
and variation of potential) leads to the coexistence of holes and electrons in the
vicinity of charge neutrality point (CNT). Therefore, the one-type carrier description
(Drude model) needs to be extended. Semiclassical analysis of transport in the two
type carrier system is here presented and expressions for resistances versus gate
voltage and magnetic field are derived. The resistivities calculated for graphene
carrier densities (at room temperature and with fluctuating potential) exhibit finite
maximum of longitudinal resistance p,, and zero transversal resistance pg, at CNT
and magnetoresistance which agrees with experimental observations. In the end of
the chapter the influence of parameters from the model on the resistance maximum
and width of the curve between deflection points is analysed.

2.1 Carriers in ideal graphene at room tempera-
ture.

In an undoped graphene layer in thermal equilibrium, there are mobile electrons
in the conduction band and holes in the valence band, similar to the thermally
excited holes and electrons in an intrinsic bulk semiconductor. As the conductivity
of graphene depends on number of carriers available in the vicinity of Fermi level,
we need to find the density of such intrinsic carriers in two-dimensional (2D) system.
Taking linear energy dispersion relation (Eq. 1.1), the 2D density of states (DOS)
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is as follows:

~1dN  1dN dk  g.9.|E|
P B) = O T VAR dE ~ 2n () (2.1)

where V is the 2D volume of graphene, N is the number of available states in the
Fermi sphere, the prefactors g, = 2, g, = 2 take into account the spin and valley
degeneracy. In thermal equilibrium the density of carriers is calculated as a product
of the DOS and the probability distribution function (as the carriers undergo fermion
statistics, we use Fermi-Dirac distribution frp(E) = (e:xp(%) +1)7!, where pu is
the chemical potential. The chemical potential of a system of electrons is also called
the Fermi level and later on this name will be used). In undoped system (Er = 0),
we calculate the number of conducting electrons (n) as follows:

n(T) = / " e, u(B)p(E)E (2.2)

where frp o(E) = (exp(Ek;?F) +1)"h

The density of conducting holes (denoted as p) is calculated from similar formula,

(frp, p=1—frp, n= (exp(E,fB}E) +1)71) as follows:

p(T) = / fop, o(E)pl(E)dE (2.3)

The density of states and the Fermi distribution, which contribute to these integrals
are schematically presented in Fig. 2.1.

E(k) fFD(E) Figure 2.1: A scheme of the bands oc-

cupation and the corresponding Fermi dis-
tribution for Er = 0 at finite tempera-
tures. Indicated in blue valence band is

fully occupied, while the conduction band
is empty. However, thermal equilibrium al-
lows to occupy upper and lower states ac-
cording to the Fermi-Dirac distribution (red

colour indicates the non-zero population for
electrons, while blue for holes).

Taking Fermi velocity of carriers in graphene (vp = 10°m/s), at room tempera-
ture (kg1 = 26meV) and integrating the formulas for n and p, we get:

(kgT)? 10, -2
=p=——"282x10 2.4
n=np 671072 X cm (2.4)

From above we can see that at finite temperature the ideal graphene is not a purely
one-type carrier system and that even when the Fermi level lies exactly at Dirac
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points, there are still carriers of both type present in the system (compare with
[32]).

When we apply an external electric field, the Fermi level is shifted, and the
density of one type carrier dominates over the other (see Fig. 2.2). Fig. 2.3 presents

fio (E) Figure 2.2: Scheme of bands occupa-
tion and corresponding Fermi distribution
for Er > 0 at finite temperatures. Indi-
cated in blue valence band is fully occupied,
------ - but there is a considerable number of elec-
tron states in conduction band. Shift of the
Fermi level up increases population of elec-
trons in conduction band (red colour), while
decreasing the number of holes.

E(k)

Ee.....

the concentrations of electrons and holes at room temperature. When Ep # 0
one carrier type dominates over the other (separation into majority and minority
carriers). For sufficiently large shift of the Fermi level from zero (Dirac point),
the density of minority carriers in graphene is negligible and the system can be
considered as one-type charge carrier.

" Figure 2.3: The charge car-

—n rier concentration for different
5l — P position of the Fermi level at
: : room temperature. The green
Al A ............................... ............................................................. curve indicates concentration of
"Z ' . holes, the blue - concentration
% 3 of electrons.
=
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In the experiment we control the number of induced charge carriers by applying
the gate voltage. Both the Fermi level and the gate voltage have a direct corre-
spondence to the charge carrier density. The charge carrier density n is a function
of the Fermi level through Eq. 2.2 and Eq. 2.2, while it is a function of gate volt-
age through Eq. 1.2. Taking into account the fact, that the gate voltage induces
the difference between positively and negatively charged carriers (p —n = aVj), we

25



can find (numerically) the dependence of the shift of the Fermi level from the gate
voltage. The conversion from the position of the Fermi level to the gate voltages

02, Figure 2.4: Shift of Fermi
045l ‘ , / level in graphene due to gate

voltage at room temperature.
01+

0.05-

E, [eV]

-0.051

0.1

-0.151

- i i i i i
-40 -30 =20 -10 0 10 20 30 40

based on corresponding charge carrier densities will be used further on for calcula-
tions of the resistivities. Presented here semi-classical description of carrier density
in ideal graphene shows that the carrier density vanishes for 7' — 0K. Therefore
this approach doesn’t explain the occurrence of minimum conductivity, which is also
present at liquid helium temperatures. However, it serves as a good indication that
with the increase of temperature the voltage range where densities of electrons and
holes are comparable also increases. At room temperature the region of consider-
able densities of minority carriers corresponds to the gate voltages V;, € (—5V,5V),
giving the argument that the transport cannot be described there by only one-type
of carriers model (Drude description).

2.2 Carriers in graphene with electron and hole pud-
dles.

A suggestion that in the vicinity of the Dirac point graphene system behaves
like a two-type charge carrier system has several reasons. Firstly we have to include
the finite temperature broadening of the energy levels in the band structure (in
room temperature, broadening of the states is around 30mV). This allows for a
coexistence of electrons and holes due to thermal fluctuations and disorder in the
vicinity of the Dirac point. Secondly, graphene is affected by charge impurities,
especially these originating from rough SiO, substrate. Charge impurities shift
locally the Fermi level, creating hole-rich and electron-rich puddles (described in
section 1.4). Additionally the rippling of graphene effectively broadens Dirac point
(described in section 1.3). All this effects can explain observations of non-zero
minimum conductivity at Dirac point (where in principle the density of states should
vanish).
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In transport measurements we are averaging the contribution of charge carriers
in different parts of graphene (from different electron- and hole-rich puddles). With
an increase of the gate voltage above CNP hole puddles "dry" out and as a result
we turn to the pure electron conduction, as it is presented in Fig. 2.5). Similarly,
when we decrease the gate voltage below CNP we "dry" out electron puddles up
to pure hole conduction state. The detailed description of holes and puddles is
unattainable, as it depends on topography of graphene, its substrate, molecular
dopants, etc. However, for a sufficiently large system, we can average its influence
using the Gaussian distribution with position of the Fermi level as its argument and
with the standard deviation o, as follows.

inf
| p
n = n(T, Er = b) - exp(——)db 2.5
— / (T, B =) exp(—3) 25)
inf
! / (T, Ep = b) - exp(—)db (2.6)
=— =) -exp(—— :
D 5o P4, Ly p 2%
—inf

where b represents the shift of the Fermi level from zero (from the Dirac point),
p(T, Er) is defined in Eq. 2.3, n(7T, Er) is defined in Eq. 2.2. In numerical calcula-
tions, due to practical reasons, integration range is cut off at 30, which accounts
99.7% of the set.

Figure 2.5: Mechanism of drying pud-
dles when the external voltage is applied.

At the zero gate voltage, indicated by red
line in (a), we can see local variations of the

potential and corresponding occupation of
the band structure. The total charge from
electron-rich puddles is compensated by the
charge from hole-rich puddles. An applica-

tion of external voltage (b) shifts the Fermi
level and dries out the puddles. One type
of carriers start to dominate over the other.

We can distinguish majority and minority

Position (um)

type of carriers.

The concentration of charge carriers at room temperature for ideal graphene and
graphene with additional effect of homogeneously distributed, symmetric puddles (of
the Gaussian distribution with 0 = 20meV’) are presented in Fig. 2.6. We notice
that away from the Dirac point the concentrations of n and p with puddles converge
to the concentrations of n and p for ideal graphene. This is because at large carrier
densities the small local changes in number of carriers become negligible. On the
other hand, close to the Dirac point, we can see that the carriers density for holes
and for electrons is comparable and cannot be neglected. At the zero Fermi level
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Figure 2.6: Charge carrier concentration for ideal graphene (blue and dark green) and
ideal graphene with puddles, modelled by the Gaussian distribution of the Fermi level (red
and light green) at room temperature. The standard deviation of Fermi level is taken
o = 20meV.

the carrier density for model with puddles o = 20meV is n = p = 9.6 x 10*%cm 2
and it is higher than for ideal graphene, where n = p = 8.2 x 10%cm 2. The carrier
density at the Dirac point increases with the increase of the Gaussian broadening,
which is illustrated in Fig. 2.7.

Figure 2.7: The charge car-
rier concentration at the Dirac
point for different size of pud-
dles (different width of the
Gaussian distribution o).
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In the literature there are also other methods exploring the influence of potential
variations on carrier densities in graphene to calculate the carrier density, e.g. self-
consistent random phase approximation |34|, constant puddle-depth model [35]. The
description presented here is the most simple one addressing this question.

2.3 Resistivity in one vs two charge type carrier sys-
tem. Magnetoresistance.

For generality I describe transport in a two carrier-type system, because the
model for a one-type carrier system (Drude model), can be readily obtained from
the general formulas by setting the density of minor carriers to zero.

Let us consider system with the two type of charge carriers: electrons and holes.
In classical picture an application of a net electrostatic force Fg = qF results in a
charge carrier drift. The drift velocity v, of charge ¢ caused by the net force F e
satisfies the relation: Fy = qug/p, where vg = p,E. Moving charges in magnetic
field non-parallel to their motion path experience the Lorentz force: Fr, = q(vgx B).

Let us consider an ambipolar conductor set in a magnetic field B, as indicated
in Fig. 2.8. When one applies the voltage drop along the = direction, electrons and
holes start to drift in opposite directions along the same axis. As magnetic field is
perpendicular to their motion, the Lorentz force will deflected the motion of carriers
to the same side of the material (Lorentz force is pointed to the same direction for
holes and for electrons, because they are moving in the opposite direction). As a
result, charges accumulate on one face of the material, leaving equal and opposite
charges on the other face. When the density of carriers as well as their mobilities are
equal, there is no potential drop across the conductor (negative electrons compensate
positive holes). On the other hand when the density of different carriers or their
mobilities differ, we have an asymmetric distribution of the charge density across
the material. It establishes an electric field F, that opposes further migration of
charges, so that a steady electrical potential (Hall potential) builds up.

For a charge ¢ in a magnetic field (in our experiment we consider magnetic field
with just z component B = (0,0, B)), which travels in z and y direction as presented
in Fig. 2.8, the equation of motion can be derived in the following way:

qvq
Hq

where F; = qF is the electric force in the system. In case of holes, for which ¢ = e,
where ¢ is the elementary charge (e = 1.602 x 107! C), we obtain the following:

= Fnet,q =Fq, + Fy, (27)

EVhy

" — e(Ey + vpyB)
Hh

% = Q(Ey — Uth)
Hh
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(for holes their velocity and mobility keep index ’h’). In case of electrons, for which
q = —e, we have to take into account that they are moving in the opposite to holes
direction, hence we obtain:

EVey

m” = e(E; — vy D)
GUey — e(Ey + Uech)
He

(for electrons their velocity and mobility keep index ’e’).

Rewriting equations for velocities in matrix forms we get for electrons and holes

respectively:
1 //LeB UEI _ E$
(e ") L) = e[ &
1 _,uhB (4 Ez
. pu— 2.9
(“hB 1 ) L’hy] . {Ey] (29)
After algebraic inversion, the expresions for the velocities look as follows:
Vex | _ _—Me ) 1 —/LeB ) Ex
Vey N 1+ (,U/eB)2 [I/eB 1 Ey
Vhe| _ __Mn (L mBY B
Uhy 1+ (upB)? \—unB 1 E,

The build in potential prevents the carriers from the further migration so that in
the y-direction there is no net current, therefore: J, = Jy, + Joy, = epvp, —enve, = 0,
where as p we denoted the concentration of holes an as n concentration of electrons.
From that we obtain: pvp, = nve,. On the other hand the current flowing along -
direction is non-zero and consists of two components J, = Jy; + Jor = €pUpy + ENVey.
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Comparing the last expression with the definition of conductivity J = o E, we find
the respective hole and electron conductivities:

N PR 1 —unB
= 2.10
o=t (s 1) (210

. ENfle 1 e B
e = T————— 2.11
7¢ T 14 (1.B)? <_:ueB 1 ) (211)

The total conductivity of a two-charge-type system is the sum of the conductivities
of each type (for carriers which are not coupled) 6 = . + d. In experiment, we
measure resistivities rather than conductivities, therefore we convert the equations
using the tensor relation: p = 6~ !. Further analysis is held for equal mobilities
of both charge type carriers: p. = pp = p, as this is the case in graphene. After

inverting the total tensor of conductivity we obtain:

1+ (uB)? ( p+n —Bu(p—n))
epl(p+n)?+ (uB)*(p — n)?] \Bulp —n) p+n

Putting the longitudinal resistivity p,, and the transversal resistivity p,, explicitly,
we get:

p=

(p+n)- (1+ (uB)*)
ep[(p+n)* + (uB)*(p — n)?]
 p-n)- 1+ uB)Y)

el(p+n)*+ (uB)*(p — n)?
From the last formula we can extract the Hall coefficient Ry, as pyy = Ry - B. On

the contrary to the one charge type carrier model, in the two type model Ry turns
out to be field dependent:

(2.12)

Txr —

Pzy = (2.13)

b (=p) (1+uB))
T el(p+ )2 + (uB)2(p — n)?]

This description should be replaced by a much easier one, when we consider ideal
graphene sheet at absolute zero temperature. With the external gate voltage V, we
can shift the Fermi level of the system, switching from the one charge type transport,
either electron or hole, to another (Drude system). In such a case, equations for
resistivity (2.12), (2.13) should be reduced by inserting appropriate form of the
carrier concentration. This leads us to the Drude model of graphene resistivity:

when V; > Vpirae p =0, n=a(Vy — Vbirac)
1 B

Pow = ——, pPay = — = RyB (2.14)
eun en
when va < VDirae n = 07 b= a(VDirac - V;;)
1 B
Pez = ——, Py = — = RuyB (2.15)
epp ep
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The experiment provides us with p,, pzy. Applying the above formulas, we can
obtain the mobility and the carrier concentration, as follows:

1

eNPgg

B

€Pzy

M:

n =

A short analysis of formulas of Drude model for the one-type of carriers system (Eq.
2.14 and Eq. 2.15) gives the following remarks:

1. the mobility diverges at Dirac point (n — 0),

2. the graphene resistivity p., doesn’t depend on magnetic field.

The simple Drude description (with one-type of carriers) doesn’t explain ob-
served at room temperature magnetoresistance (pz. = pz.(B), in Fig. 1.15).

As presented in the previous sections, at room temperature in extrinsic graphene
the transport around the Dirac point cannot be explained just by one type of carrier
system, as the concentrations of both holes and electrons is of comparable level. The
situation is different away from the Dirac point (in the so called metallic regime),
where the number of minority carriers is orders of magnitude smaller and system
can be considered as one-type only. In that range Drude model can be used for
description of charge transport.

2.4 Resistivity in ideal graphene and graphene with
puddles.

In this section I analyse the properties of derived expressions of resistivities
and their behaviour at different parameters range. I compare the resistivities of
ideal graphene and of graphene with puddles at room temperature using 2-type-
carrier description (Eq. 2.12 and Eq. 2.13). The free parameters in the model
are: mobility p and broadening of the puddles o. 1 assume that the mobility is
constant and doesn’t depend on charge carriers concentration. This is just rough
approximation, because different scattering mechanisms dominate at different charge
concentrations and it is not trivial issue how they modify the value of mobility.
The value for mobility is taken in correspondence with the experimental findings in
metallic regime (there the typical values range from 2000 to 20 000cm?/V's).

The longitudinal resistivity p,, as a function of magnetic field at different gate
voltages is presented in Fig. 2.9. We can recognise there positive magnetoresistance
effects (the increase of resistance with the increase of magnetic field), which is most
pronounced in the vicinity of CNT. Away from it, in metallic regime, p,, is constant
like in the predictions from the Drude model.
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Figure 2.9: Longitudinal resistivity ps, in ideal graphene as a function of magnetic field
and gate voltage, at room temperature (a). The same data, but projected on (B, puz)
are presented in (b). The voltage sequence (from top curve to bottom) is -1, -2, -3, -4
V. The curves are calculated according to the formula in Eq. 2.12 with constant mobility
@ = 6000cm?/Vs.

The transverse resistivity p,, for ideal graphene at room temperature is pre-
sented in Fig. 2.10. From definition it is proportional to the Hall coefficient Ry and
inversely proportional to the difference in number of charge carriers (n —p). As pyy
at the Dirac point crosses zero, the number of electrons and holes is equal in the
system. The resistivity doesn’t diverge at the Dirac point, due to the presence of
finite carrier concentration (n # 0).

The influence from puddles can be seen in Fig. 2.11 where I present comparison
between the resistivity in ideal graphene and in graphene with puddles. The puddles
broaden the curve of resistivities and lower their maximum value, but qualitatively
the shape of the curve remain the same.

Now, let us analyse the influence of the mobility x on the modelled resistivity
pzz. For simplicity, I set the broadening to zero, o = 0 eV'. The computed curves for
different p presents Fig.2.12. We can observe that the larger mobility, the smaller
maximum of resistivity puq.maz-

In our model the mobility is constant and independent from the broadening.
However, in real systems mobility is also influenced by the potential fluctuations,
simply described by o. Reducing these fluctuations means increasing mobility. The
relation between mobility and potential fluctuations is not trivial and is not covered
by this model, where both p and o enters as a free, independent parameters.
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Figure 2.10: Transversal resistivity psy in ideal graphene as a function of magnetic field
and gate voltage, at room temperature (a). The same data, but projected on (B, puy)
space are presented in (b). The magnetic field sequence (from the top blue curve to the
red bottom is -1, -0.72, -0.42, 0 T). The curves are calculated according to the Eq. 2.13,
with constant mobility p = 6000cm?/V s.
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Figure 2.11: Comparison of the resistivities: p, in (a) and pgy in (b) of ideal graphene
(blue curves) and of graphene with puddles (green curves). The curves are calculated ac-
cording to the Eq. 2.12 and 2.13 (at B=1T), with the constant mobility, u = 6000cm?/V s.
The Gaussian broadening of puddles is o = 50meV.
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Figure 2.12: Resistivity p, in
ideal graphene vs gate voltage at
different mobilities. With the in-
crease of the mobility the resisti-

vity pick goes down.
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The broadening o, which represents all kind fluctuations of the electric potential
(due to the substrate, adsorbed molecules etc.) can serve as an indication of the
quality of the graphene flake. In the model, the value of the broadening have direct
relation to the distance between deflection points Age s points Of the resistivity pg, vs
gate voltage. We calculate Age i points as a voltage difference between maximum and
minimum of numerical first derivative of resistance dp,,/dV,. The resistivity p,, and
its differential versus gate voltage Vj, with the clear maximum and minimum are
plotted in Fig. 2.13. The distance between deflection points Age i points can be easily
obtained from experimental measurements of p,,. The relation between Agetipoints
and o in the model, plotted in Fig. 2.14, can be used to determine the value of free
parameter o.

The dependence of both: the mobility and the broadening on the maximum of
resistivity pgz.maz presents Fig. 2.15. The smaller is the broadening o, the higher is
the maximum of resistivity p,, while it decreses with the rise of mobility. This indi-
cates competing influence between p and o on the value of the resistivity maximum.
The dependence of both: mobility and broadening on the the distance between de-
flection points is plotted in Fig. 2.16. Suprisingly Agefipoints doesn’t change with
the change of mobility, as one may expect looking at Fig. 2.12, where the increase
of mobility flattens the shape of p,,. The relation between o and Age s points from
Fig. 2.14 holds for all mobility values. Therefore it can be determined independently
from the fitting procedure for p.
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Figure 2.13: Resistivity py, and its differential (Aps,/AV,) versus gate voltage V.
The red points indicate position of maximum and minimum of the differential resistivity
curve and corresponding deflection points of the resistivity curve. The distance between
deflection points Age i points is marked with an double arrow. The curves are calculated
for ¢ = 50meV, u = 7000 cm?/V s.
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Figure 2.15: Maximum of re-
sistivity pg. as a function of the
puddles broadening o and the mo-
bility. With increasing the mobi-
lity the resistivity pick goes down.
With the increase of the puddles
broadening the resistivity pick also
goes down.

Figure 2.16: Distance be-
tween deflection points of pg.
as a function of broadening
o and mobility p.  The dis-
tance between deflection points
doesn’t change with the increase
of mobility and depends only on
broadening o.
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Chapter 3

Device preparation and
measurement setup

The aim of this thesis was to investigate the magnetoresistance and Hall effect
in graphene. In this chapter I present the procedure of device preparation, pointing
out the problems I encountered during it. At the beginning I give a brief descrip-
tion of different types of graphite, used to obtain graphene flakes. The deposition
technique - micromechanical cleavage of graphite on SiO, - produces not only sin-
gle layer graphene flakes but also multilayered ones. Therefore, the crucial step
is a verification of the number of layers of deposited flakes. The rough mapping
and selection of suspicious flakes is done with the use of optical microscope. The
suspected monolayer graphenes are confirmed by atomic force microscopy (AFM),
where we can determine the number of layers and geometrical shape of the flake.
Later on I present the procedure of contacts deposition and structuring the flake by
oxygen plasma etching. The shaping of graphene with plasma etching leaves lots of
contamination possibly from burned carbon. Therefore I applied additional cleaning
procedure: annealing under Ar/H, gas flow. With AFM I investigate the surface
rouhness of graphene and of SiO, at different stages of device preparation. In the
last section I present the measurement setup and measurement scheme for device
characterisation.

3.1 Deposition of Kish graphite

The first and still the most common method of graphene deposition on a Si/SiO,
wafer is mechanical exfoliation. In there we mechanically rub off one layer from the
bulk graphite. For this purpose we can use one of the graphites available com-
mercially: natural graphite, Highly Oriented Pyrolitic Graphite (HOPG) and Kish
graphite. Natural graphite is available in form of amorphous powder with graphitic
flakes usually small in size (typically less than 0.1 mm). It contains many defects,
dislocations and chemical impurities such as Fe, Ni, Mn, Cu (typically few ug per
1g of graphite, after [37]), which can affect charge transport. A better choice for
studies of graphene is HOPG. HOPG is prepared by the pyrolisis of hydrocarbons at
temperatures above 2000°C. The resulting pyrolitic carbon is subsequently heated
to improve crystalline order. HOPG has a very high crystal quality, high chemical
purity and is sold in large solid pieces of typical size 10mm x10mm. The third type,
Kish graphite, was firstly obtained during steelmaking procedure. It is a by-product,
skimmed from the sides of carbon-rich molten iron feed. After an on site recycling
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of iron, what is left is a mixture of graphite and slag. Further many purification
steps lead to the final high quality graphite (with almost none metal impurities,
<0.5 mug/g, after [37]). It has a form of graphitic flakes which are much larger in
size than the natural graphite flakes (typically around 1mm). As in our group we
aim at graphene with the highest quality (the least of possible impurities correspond
to better electronic performance) we use HOPG or Kish graphite. In this thesis, all
presented measurements are for samples out of Kish graphite.

Before deposition of graphene, we firstly prepare golden markers on the SiO, /Si(n++)
substrate and the back gate electrode (also made of gold). These markers serve for
the determination of the flake’s coordinates and are alignment points for electron
beam lithography. After deposition of markers the wafer is put into reactive ion
plasma etcher and exposed to oxygen plasma for 5 min. at power 100W to re-
move all organic contaminants from the wafer (especially residues of PMMA left
after preparation of markers). Deposition of graphene on silicon dioxide substrate
is done by mechanical exfoliation, using the scotch tape (for details see [28]). This
deposition technique produces not only single layer graphene flakes but also mul-
tilayered ones. Therefore, we use optical microscopy to select the candidates for
graphene single layer. Remarkably, with a proper choice of SiO, thickness [17],
a single layer of graphene resting on a SiO/Si(n+-+) substrate can be visible.
The contrast difference is calculated to be larger for 300nm layer of SiO, than for
500nm (contrast C' is defined as the relative difference in reflected light intensity
R, from substrate without graphene (Rgi0,) and with graphene (Rg.qpn.), by for-
mula: C' = (Rsio, — Rgraph)/ Rgraph- It gives C=0.05 for 300nm SiOy and C= 0.04
for 500nm SiO, [36]). Because of that in our experiments we use the wafers with
SiOs thickness 300nm. Optical microscopy enables to select the potential monolayer
candidates, while presence of gold markers enables for its precise location. Having
the precise positions of the flake, we can easily find it back under Atomic Force
Microscope (AFM), with which we can determine the layer thickness in order to
confirm wheather the flake is a single layer graphene. For that we use AFM Digital
Instrument Nanoscope IVa in tapping mode, with maximum scan window: 15.7 pm.
All pictures were taken at resolution: 512x512. The distance between graphene
planes in bulk graphite is 0.335 nm, but when a single layer is deposited on SiO,
one may expect increase of its step height due to the presence of water layer, im-
mediately caught by a highly hygroscopic silica just before graphene exfoliation.
Various groups report the stepheight between graphene and SiO, ranging from 0.35
to 1.6 nm. This scattering of the reported values may also (as it was shown by [39])
originate from improper choice of measurement parameters of AFM (especially cru-
cial is the choice of free amplitude of tapping cantilever, which may lead to increase
of stepheight value of as much as 1 nm). The most reliable AFM measurements
of graphene thickness can be obtained from folded regions, where investigated layer
folds back onto itself. There we can measure a stepheight of two graphene layers
on top of each other. However such folded regions are not always available. An
example of the stepheight analysis is presented in Fig. 3.1.

The AFM imaging is used not only for a determination of the graphene flake
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Figure 3.1: Stepheight measurements of graphene in tapping mode AFM. The height
is recorded along the thick black line (a). The first step is addressed to the single layer
(labelled SL), the second to the double layer (DL) and the third to the single layer. We
claim that the bottom layer is single by reference to the additional folded layer below the
black rectangular (marked with an arrow). The step height between SiO5 and the graphene
is 0.8nm, while the step height at graphene bottom layer is 0.38nm.

thickness but also to measure its shape coordinates with respect to markers. These
coordinates enable to align the metal contacts in the lithography step, with accuracy
below 100nm.

The size of graphene flakes obtained from Kish graphite are much larger (up to
tens of um in size) comparing to the one obtained from HOPG. However, the larger
the size, the bigger the tendency for the flake to fold during the device preparation.
The flake can fold while spinning the polymer resist (the spreading polymer can drag
the folded parts further with adhesion forces), when immersing in acetone or during
ultrasonication. An example of this effect is presented in Fig. 3.2, where the flakes
rolled up after dipping in acetone. A tendency of graphene to fold can be explained
by many factors (strength of adhesion after deposition, the substrate local roughness,
the shape of individual graphite flake, the type of terminating atoms) which are
beyond the control of deposition technique. As the folding occurs irregularly, for
safety, we tried to avoid any extra cleaning procedures before placing the metal
contacts on the device.

3.2 Preparation of the device

For magnetoresistance and Hall effect studies in graphene we need to contact
the flake in the double Hall bar geometry, so that we could measure the longitudinal
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resistivity p,, and transversal resistivity p,, at the same flake, see Fig. 3.3(a). The
measured resistance R, is converted to the 2-dimensional resistivity p,, using the
concept of a sheet (square) resistance. In a regular 3-dimensional conductor, the
resistance can be written as

I L
R: _— = _—
P4~ Py

where p is the resistivity, A is the cross-sectional area and L is the length of resistor.
The cross-sectional area can be split into the width W and the sheet thickness ¢.
By grouping the resistivity with the thickness, the resistance can be written as:
p L L

R= ST = P (3.1)
where pg is the sheet (square) resistance. The units of sheet resistance are ohms
or more precisely "ohms per square" (£2/0). Further on I skip the subscript "s" as
whenever talking about resistivity p,, in graphene, I will always refer to the sheet
resistivity. From above it is clear that for quantitative measurements, one needs to
determine the scaling factor L/W. In Hall bar geometry however, the current path is
ambiguous because the current can go not only through the central graphene channel
but also through the side contacts (as they have lower resistivity), see Fig. 3.3(a).
To suppress this effect, one etches the graphene channel, so that the current cannot
easily reach the side contacts and its path becomes well defined, see Fig. 3.3(b).

In the following subsections I firstly present the fabrication of metal contacts
and later on the etching procedure, with the use of electron beam lithography.

3.2.1 Deposition of gold contacts

The crucial procedure in fabrication of graphene device is preparation of the
contacts to the flake. For that we use electron beam lithography (EBL), which
enables us to design the individual contact pattern for any shape of the flake at any
place of the wafer. The primary advantage of electron beam lithography over optical
lithography is that it makes the fabrication of nanometer features possible.

The presented below fabrication procedure follows the standard recipe used in
our group. Firstly, the sample have to be covered with an electron-beam resist. In
our case we use polymethylmethacrylate (PMMA) which is an ultra-high resolution
(down to 20nm) positive resist commonly used for nanolithography. Before deposi-
tion of polymer, we bake the sample for approximately 5 min. in the oven at 170° to
remove water from the SiO, surface and improve adhesion of PMMA. Next, we spin
the PMMA (with molecular weight 950k, 2% dissolved in anisole) at the 4000 rate
per minute (rpm) for 60 seconds. This produces approximately 70 nm thick resist
layer. We briefly check the homogeneity of the spun polymer layer under the optical
microscope. In some rare cases polymer may not stick to some areas of the wafer.
If these parts are important for the device preparation, we remove the PMMA in
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Figure 3.2: Folding of graphene under acetone treatment. The optical image before
immersing sample in acetone (a) and after (b). To make the comparison easier, the same
areas and flakes carry the same numbers on both pictures, (a) and (b).

Figure 3.3: A Hall bar geometry of graphene device with the indicated voltage drop for
pzz measurements. In (a) the current goes not only through the middle channel but also
through the side contacts (as they have lower resistivity), which leads to ambiguity of the
current path and choice of scaling factor W/L for graphene square resistance. To suppress
this effect, we can etch the graphene channel, so that the current path is well defined (b).
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warm acetone and repeat the procedure. After the resist is spinocoated, we bake
the sample for 1 hour in the oven at 170° to harden the resist. This backing makes
sure that anisole, in which PMMA is dissolved, evaporates and dry PMMA is left.

The design of contacts is divided into two parts: the small and big pattern, as
we use two writing fields (300um by 300um and 2400um by 2400um). The small
pattern contacts directly graphene flake, while the big pattern connects the small
contacts with contact pads, further used for bonding.

The small contacts are exposed with the dose factor (1-1.2)x100uC'/cm? and
big contacts with the dose 2.0x100uC/em?. The beam acceleration voltage is 10kV.
The exposure of PMMA to intense electron beam causes scission of the polymer
chains. The exposed (lighter molecular weight) resist is then developed in a solvent
developer. A high dose intensify fragmentation of PMMA. However, at higher doses
the electrons can be multiply scattered and penetrate through the photoresist away
from desired exposure parts (producing so called undercut). As a result the exposed
area is much larger than the one defined by the designed pattern. This process is
to some extend desirable, as it helps in lift-off procedure, but can also merge small
contacts patterns. Due to that reason for the dose factor (1-1.2)x100uC'/cm? the
space between contacts of 500nm and more was kept for safety.

After the exposure we develop PMMA in the mixture of methyl isobutyl ketone
(MIBK) and iso-propanol (IPA) in ratio 1:3 for 60 seconds at T ~ 20°C. We use
the mixture because the alone MIBK is too strong developer, and may develop also
unexposed areas. To stop further development we rinse the sample in IPA solution
for 15-30 seconds. After development the exposed pattern can be seen under optical
microscope, so that we can verify the alignment of the contact patterns with respect
to graphene. In case of wrong alignment we can clean the resist in warm acetone,
which dissolve both the exposed and unexposed PMMA (for >10 min.). Then the
entire procedure is repeated. Omne should however keep in mind that the more
lithography steps are done, the more polymer residues are left on the graphene
surface, which may result in high resistive contacts (hundreds of k{2, comparing to
few k).

Next step is a deposition of gold contacts with the use of electron beam eva-
porator in the vacuum of p ~ 107 mbar. The electron beam heats up the target
material, which starts evaporating. As a result our sample is covered with a thin
layer of metal with desired thickness. To improve the adhesion of Gold to the silica
substrate, a thin layer of Titanium (~ 3 + 5 nm) is deposited first and then a gold
layer of set thickness is deposited afterwards. The evaporation rates and deposited
thicknesses are following: Ti: 0.15nm/s, 3nm; Au: 0.2nm/s, 35 nm. After evapo-
ration the whole front surface is covered with metal. To remove unwanted metal
parts we perform a lift-off process. We dip the sample in warm acetone (~ 45°C)
for few minutes. Acetone penetrates under the metal layer due to the height dif-
ferences between the resist and deposited materials (the film must be thin enough
to allow the solvent to penetrate underneath, that is why the thickness of resist is
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always larger than the thickness of evaporated material). The resist under the film
is removed with acetone, taking the metal film with it, and leaving behind only the
metal parts deposited directly on the substrate, see Fig. 3.4(a). In my case, some-
times the lift-off procedure didn’t remove all the metal parts between the contacts,
see Fig. 3.4(b). The reasons for that can be that the resist below the metal parts
could not have been dissolved properly or that the metal has attached so well to
the contacts that it prevented the lift-off. We can try to improve lift-off by leaving
the sample in acetone for few hours or by ultrasonication (at lowest power for few
seconds, but we risk loosing the contacts or breaking graphene apart).

a)

Figure 3.4: Optical image after the lift-off procedure for two devices: (a) with successful
lift-off and (b) with partial lift-off.

There are few improvements which can be done to ensure full lift-off. First is
reduction of the metal layer thickness (with this we don’t want to go below 30 nm,
as the thinner the contact, the easier it breaks). Second is the use of thicker resist.

3.2.2 Shaping graphene: oxygen plasma etching.

As it was mentioned, for Hall measurements we wanted to shape the flake in
the Hall bar geometry (see Fig. 3.3(b)). This can be done by the etching with
ion plasma. Like in the case of contact pattern, the pattern of etch mask is firstly
prepared in PMMA with EBL technique. The dose factor for exposed pattern was
3.5x100pC /em? with the beam acceleration voltage 30kV. After development, the
sample is placed in reactive ion etcher (RIE), where it is etched with oxygen plasma
for 20s. at the power of 40W. The sample is bombarded with oxygen ions and
graphene in polymer free windows is destroyed, leaving many carbon burns. These
contaminants spread not only in the etched window but also in some distance around
and remain there even after dissolving the polymer. These leftovers are highly
undesirable as they can act as molecular dopants and scattering centers. In the
case, when gold is placed on graphene after etching, the leftovers can lead to high
contact resistances. In our group was shown that after etching graphene with argon
(at similar RIE conditions) the layer of resist turns into some glossy state, which
cannot be dissolved with warm acetone [38]. Although the similar behaviour was

45



not observed in oxygen plasma, it gives suggestion that etching produces a lot of
contamination, also on the areas protected by the resist, which remains at the surface
after warm acetone cleaning. After etching the additional cleaning procedure to
remove the left contamination was performed. In it the sample is placed into oven
with a steady gas flow of mixture Ar/H, in ambient conditions. We anneal at the
temperature of 340°C for 3 hours. The influence of this cleaning procedure on surface
roughness was studied in details in [28].

Let us compare surface roughness of graphene, etched areas and SiO, sub-
strate with AFM at different stages of cleaning procedure. We chose three different
graphene flakes from the same sample (Fig. 3.5). The surface roughnesses of the
areas in white rectangles in Fig. 3.5 are shown in Table 3.1.

Table 3.1 : Surface roughness at different stages of sample preparation for 3 dif-
ferent regions in Fig. 3.5, white table cells correspond to Fig. 3.5(L.a, IL.a, IIL.a),
light gray to Fig. 3.5(1.b, ILb, IIL.b), and grey to Fig. 3.5(1.c, Il.c, I11.¢c).

rms graphene | etched window | SiOy
before etching 0.37 nm - 0.26 nm
0.30 nm - 0.27 nm
after etching / acetone cleaning | 1.1 nm 2.5 nm 1.04 nm
0.64 nm 3.6 nm 0.6 nm
after etching / Ar/H, cleaning | 0.36 nm 1.34 nm 0.23 nm
0.62 nm 3.1 nm 0.4 nm

For chosen devices the graphene surface roughness is slightly bigger than the
roughness of SiO,. Normally, stiff graphene layer has smaller surface roughness
than the substrate (see |28]|). This discrepancy indicates that, particularly, Kish
graphene studied here has initially a lot of structural corrugations. After etching
and removing the resist with the warm acetone, the surface roughness of all studied
areas increased. This is expected for the regions around etching windows, as etching
burns carbon (Fig. 3.5 (IL.a) and (IL.b)). However, the SiO, regions away from
etched areas (Fig. 3.5(IL.a), (IL.b), white side squares) or graphene and SiO. at
non-etched region (Fig. 3.5 (Il.c)), also show the increase in the surface roughness.
The occurrence of polymer contaminants’ texture there can be easily recognised on
AFM images (Fig. 3.5(c), middle). This texture is removed with Ar/H, annealing.
After this cleaning step the surface roughness of all studied areas decreased, but
not always to the initial value. This is because some contamination introduced by
etching remain attached even after the additional cleaning procedure. From above
it is clear that when the etching of graphene is performed, the cleaning with warm

46



10.0 nm

5.0 nm

0.0 nm

10.0 nm

5.0 nm

0.0 nm

10.0 nm

5.0 nm

0.0 nm

Figure 3.5: AFM images for 3 different graphene regions (a), (b) and (c) at different
cleaning stages. Images before etching are labelled with number I, images after etching
and acetone cleaning are labelled with number II, images after etching and cleaning in
Ar/Hjy are labelled with number III. Region (c¢) was not etched and lied in far distance
from etching areas (~1mm).
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acetone is not efficient (many adsorbates remain on graphene) and Ar/H, annealing
is quite essential.

3.3 Measurement setup

The objective of this thesis is an investigation of the charge transport properties
in graphene. For this I deposited graphene flakes on Si/SiOy wafer, etched graphene
into Hall bar shape and contacted it. Next, the sample was placed into a chip carrier.
The bottom part of the sample (the back side, covered with gold) was glued to the
metal base of chip carrier with conducting silver paint (ACHESON ELECTRODAG
1415M). The back gate and graphene contacts were bonded to the chip pins with the
aluminium bonding wires. Further on, the chip carrier with the sample was placed in
the chip holder. The holder was mounted in the vacuum can, so that I could perform
the measurements also in the vacuum, p ~2x10~%mbar. This holder is also equipped
with the heater. By heating we can remove the adsorbed water molecules as well as
some additional contamination from the graphene surface, restoring the Dirac point
toward zero gate voltages). In the experiment I heated up to 250°C. The other side
of the holder is connected to the switchbox, equipped with 16 toggles through which
we can open and close the circuit for individual contacts. In the passive state all
connections are grounded to prevent the uncontrolled charge flowing through the
device. The switchbox contains filters (Pi-filters, Ry = 1kQ, C; = 10nF'), which
reduce the picked up noise and cut out high frequency and high amplitude voltage
spikes from the network. All electric measurements are performed with current of
nano- and microampers.

A source of alternating current (AC) of sinusoidal shape is supplied by IV-
measurement box. The IV current is controlled by a lock-in amplifier (Stanford
Research Systems SR830), by sending the AC voltage to the IV-box. Lock-in am-
plifier tune the amplitude and frequency of the current generated by IV-box in the
range from several pA up to 1 mA. The IV box also detects the voltage drop be-
tween the contacts, amplifies it and sends it to lock-in amplifier, where the signal
is extracted and measured. For the best performance of the amplifier (the highest
sensitivity and low signal to noise ratio) a reference signal at the same frequency
is provided. This is done by splitting the signal from IV box into 2 channels, one
to switchbox and one to amplifier (as a reference). Amplifier records amplitude of
voltage drop at selected frequency and phase difference between detected and refer-
ence signal. Lock-in amplifier can measure both in-phase (X) and out-of-phase (Y)
components of the signal. In resistance measurements we are interested only in X
component.

In case, when the measurements didn’t show substantial phase shift (0 -+ 10°) I
performed measurements on frequency around 17Hz and time delay: 1s. I avoided
setting the exact frequency value, due to a possible interference of the signal with
other electronic equipment and an increase of the noise level. The time delay is the
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time during which amplifier integrates the received signal, and should be at least 3
times larger than the period of the signal 7. In case when the signal is out of phase
(>10°) I reduced the frequency (as this also reduces the out-of-phase Y component).
When this was the case I typically measured at frequency w= 2Hz with the time
delay t = 3s.

The switchbox is also connected to the voltage source (Kethley 6517A), which
connects the gate of our sample.

As I wanted to study the influence of magnetic field on resistance, the sample
holder was placed between poles of the electromagnet (GMW, model 5403). The
coils can be supplied with the current up to 70A, which corresponds to ~ 1.57.
In the range between 0 and 30A the dependence between the current [ in coils
and produced magnetic field B is linear, according to the relation B = 22.6 - I,
the coefficient is expressed in [mT/A], for the spacing between poles 34mm. Above
this range the linear relation no longer holds, and I used the calibration curve from
electromagnet specification.

The most important settings in the measurement setup can be controlled by
computer with the aid of LabView script (written by Dr. Mihai Popinciuc). It
involves recording the amplitude and the phase of detected signal, the gate voltage,
the current delivered to electromagnet. The scheme of the measurement setup is
presented in Fig. 3.6

sample

switch box with filters

gate voltage source
VbV

L

c

IV measurement box a

I- P

V- v+ Ut -LI-J

7 R
V-V V+

lock-in amplifier

electromaanes + I+ currentsource |[_ _ |
g I- |. formagnes

Figure 3.6: Scheme of the measurement setup.

We start electrical characterisation of the device from 2 point measurements,
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where the current is send through the contacts (a and b), filters and graphene and
the voltage drop is measured at the same circuit elements (scheme of the circuit is
presented in Fig. 3.7). The measured resistance:

Roeas = Ro + Ry + Rgraphene + Ry + Ry,

Figure 3.7: A scheme of the 2 point

measurements configuration. The mea-
sured resistance:

(7
NI

V+ /\/\ V- Rieas = Rq + Rf + Rgraphene + Ry + Rf.
L/

Rgraphene

Further we measure resistance in 3 point configuration, where the current is send
through the contact a (I4) and b (I—) and the voltage drop is measured between
the contact a (V+) and ¢ (V-), as depicted in Fig. 3.8. The measured resistance:
Rieas = Ry + Ry + Rgraphene. The single contact resistance can be isolated by
subtracting Rgrqphene- In practice, we expect the graphene resistance
Rgraphene < 10kS2, therefore even without knowing Rgraphene the 3 point measure-
ments gives a rough indication of the contact quality.

@ @ . Figure 3.8: A scheme of the
v-\L/ v+ [+ X/ 3 point measurements configura-

I- tion. The measured resistance:
Rpeas = Ra + Rf + Rgraphene~

R+R R+ R, R+ R

R graphene

Finally with the 4 point configuration we eliminate the contact resistance from
measurements. The current is send through the contact a (I+) and b (/—) and the
voltage drop is measured between ¢ (V-+) and d (V-), as depicted in Fig. 3.9. The
measured resistance is only the graphene resistance: Rycqs = Rgraphen-
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Figure 3.9: A scheme of the 4 point
measurements configuration. The mea-

sured resistance: Rpeas

= Rgraphene-
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Chapter 4

Experimental part

4.1 The influence of device preparation on contact
resistance

Graphene was obtained from Kish graphite by mechanical exfoliation on 300nm
SiOq over doped Si (n++) and connected with Ti/Au electrodes defined by electron-
beam lithography. For structuring the flake shape I used oxygen plasma etching and
explored the annealing in Ar/H, gas flow. In Chapter 3 T investigated the influence
of etching and annealing on surface roughness of graphene and SiO,. The contami-
nation after lithography/etching steps may also affect the resistance of contacts, if
one deposits the contacts afterwards. To verify this influence I studied the contact
resistances for devices prepared in 4 different ways:

1. deposition of contacts without plasma etching
2. plasma etching followed by deposition of contacts

3. plasma etching followed by Ar/H, annealing, and deposition of contacts after-
wards

4. deposition of contacts followed by plasma etching and Ar/H, annealing

The contact resistance was measured in 3-probe configuration. The obtained range
of resistance values are shown in the table 4.1, each of them was measured on one
device with 5 contacts.

Table 4.1 : Contact resistance range for different preparation strategies.

number | Preparation sequence contact resistance range k()|
1. deposition of contacts, no etching 1.5 +5
2. plasma etching = deposition of con- 130 <+ 1200
tacts
3. etching = annealing at Ar/Hy gas flow 1.8 =70
= deposition of contacts
4. deposition of contacts = etching = an- 1.2 + 15
nealing at Ar/Hy gas flow
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The measured contact resistances for not etched device ranged from 1.5 to 4.8
kQ. In the second approach (plasma etching followed by deposition of contacts)
contact resistances were two orders of magnitude higher than in the case without
etching (hundreds of k2 comparing to few kQ2). What is more the measurements
show large phase shift (~ 90°), which was frequency dependent. It was not possible
to perform 4 point measurements and determine the graphene resistance. This
behaviour can be explained by the presence of the polymer contaminants which form
an insulating layer between the metal contact and graphene, decreasing the efficiency
of current injection (increase of resistance) and raising the capacity component of
the resistance (big negative phase shift was detected). In the third approach the
etching procedure is followed by annealing in Ar/H, after which the contacts were
deposited. The contact resistances (dozens of k2) were smaller comparing with
the previous case, but larger than in the case without plasma etching. At last I
checked the contact resistances, when the contacts were deposited before etching,
then graphene was etched with oxygen plasma etching and annealed in Ar/Hy. We
can see that the obtained contact resistances are comparable with the first case (few
k). This leads to the conclusion that when structuring the flake is required, the
best strategy is to deposit contacts before the plasma etching. If the etching step
needs to be performed before the contact deposition, the etching procedure should
be always followed by annealing in Ar/H, gas flow.

The measurements presented in the following sections were obtained for devices
prepared according to the 3rd way: I firstly etched graphene with plasma etching,
then annealed it in Ar/H, and deposited the contacts afterwards.

4.2 Electrical characterisation of the device - Dirac
curve.

In the experiments I investigated two devices, the unetched one (later refered as
D2), for which I did Hall effect measurements, and the one with an etched channel
(later refered as C5), for which I investigated the resistivity versus gate voltage at
different magnetic fields. More detailed measurements were impossible to perform
because the sample was blown-up while ramping the gate voltage.

Firstly, I determined the contact resistances with 2 point and 3-point measure-
ments. Device geometry and contact resistance for investigated samples is presented
in Fig. 4.1

The scaling factor from resistance to square resistivity for unetched device (D2)
is w/l = 1.5, for etched device (C5) w/l = 1.3.
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Figure 4.1: Device geometry and contact resistances for investigated devices. Image (a)
presents the unetched sample, image (b) etched one.

4.2.1 Tracing the charge neutrality point

After the determination of the contact resistances, I measured graphene re-
sistance (4 probe configuration). The graphene resistance depends on the initial
doping of the system. The reference point is the voltage of maximum resistivity
point, Vpirqe, called Dirac point (more properly, charge neutrality point CNP). To
measure the value of initial doping I scanned the graphene resistance as a function
of gate voltage V,. With the gate we induce charge carriers, which compensate the
doping presented in the system. The number of charges induced by the gate voltage
into the system is determined according to the Eq. 1.3.

Usually, because of the initial doping, the charge neutrality point is beyond the
region of voltage sweep (Vpirae > 80V). To bring the Dirac point back towards
zero gate voltages, I heated the sample. Heating causes the desorption of water
and other molecular adsorbates. In the studied devices, I performed the heating
twice before we could observe the Dirac point in scanned voltage range (see Fig.
4.2). In every voltage sweep of graphene resistivity I recorded trace (voltage scan
from —Vj to +Vp) and re-trace (voltage scan from +V; to —Vj, where V; is the
maximum voltage in the sweep). The observed difference between curves for trace
and retrace (hysteresis) can be explained by migration of impurities in the SiOy and
water molecules (possibly trapped between graphene and substrate). After heating
the sample for 1 hour at temperature 150°C the slope of resistivity curves went up,
suggesting that the heating reduced the initial doping, but the Dirac point was still
away from the scanned range. The second heating for 1.5 hour at 250°C induceed
the shift of the Dirac point toward zero voltage. The Dirac point for D2 device:
Vbirae = 20V, while for C5: Vpjree = —6V)

The obtained resistivity curves were very broad (the distance between deflection
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Figure 4.2: Graphene resistivity as a function of gate voltage for D2 device (a) and C5
device (b). Red curve was measured in ambient conditions, at initial stage. Green curve
shows the resistivity after heating the sample for 1 hour at 150°C. Measurements were
perform in vacuum, at p ~ 2-107% mbar. The blue curve shows the resistivity after second
heating for 1.5 hour at 250°C.

points: Agefipoints 2, 100V). What is more, with the gate sweep (at the same
conditions) the Dirac point shift dramatically towards positive voltages (AVpirqe is
up to 70V for 27 sequential voltage sweeps under the same measuring conditions).
These suggest the high scattering of the carriers and big influence of the substrate on
the electronic transport. The shift of the Dirac point with respect to the number of
the voltage sweep, at the same conditions (vacuum, p ~ 2-107% mbar) is presented
in Fig. 4.3

We have to note that for C5 device annealing moved the Dirac point to negative
voltages (Vpirae = —6V'). This suggest that the number of donors prevail over
the number of acceptors in graphene. The electron doping in this system can be
explained by the presence of Ti contact layer, as it was described in Sec. 1.6.

The resistivity p,, is very flat and broad. Typically we expect the bell-shape
curve with a very sharp peak, (reaching values ~ 6k€) and decreasing below 1%€2 for
voltage difference V;, — Vpjrac > 20V) and small distance between deflection points
of few volts (Agefipoints < 10V). In current experiment the maximum of the curves
was much lower: pgz mae = 0.67k$ for D2, prp mes = 3.2kQ for C5, and curves were
broad (Agefipoints 2 100V) indicating poor sample quality.

From the measurements of the Dirac curve, one can calculate mobilities using
the equations 1.5 and 1.3 of the Drude model. The obtained values are presented
in Fig. 4.4. The arrows indicate values of mobility in the metallic regime, for D2
device p = 2000cm?/V's and for C5 device p = 3400cm?/V's. Obtained mobilities
are low (typically we expect mobilities in the range: 2 000 <+ 20 000 cm?/V's). This
can be explained by contamination left after plasma etching on graphene flake, some
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Figure 4.3: Shift of the Dirac point in resistivity measurements during the sequential
voltage sweep at the same measurement conditions for D2 device (a) and C5 device (b).
Red curve describes the first voltage scan after second annealing, green shows the 7th scan
and blue 27th scan. In case of C5, these colours corresponds to scans of 2nd, 8th and 28th
(the next scan).

of which could not be removed even with the Ar/Hy annealing.
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Figure 4.4: Mobility of carriers as a function of gate voltage for D2 (a) and C5 (b)
device. The arrows indicate value of mobility in the metallic regime.

The minimum conductivity is calculated to be for device D2: 0, = 38.7¢%/h
and for device C5: 0,,;, = 8.26¢2/h. This value are higher than expected (we expect
o & 4¢e*/h, as in Fig. 1.5), which is another evidence of poor sample quality.
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4.2.2 Influence of magnetic field on the graphene resistivities

In this section I study the Hall effect and a change of the Dirac curve shape at
different magnetic fields. Unfortunately additional investigations were impossible
due to the damage of the sample. I managed to measure the Hall effect on an
unetched device D2 and the Dirac curves at various magnetic fields for etched device
C5.

4.2.3 Hall effect measurements

The Hall effect measurement is a very important technique to determine the
concentration of the charge carriers in the studied system. To get its value, I focused
on measuring the Hall coefficient Ry (see Eq. 1.6), from the relation with the
transversal resistance R,, = BRy. We can determine the Hall coefficient in two
ways:

1. from the slope of R,, versus magnetic field at the constant gate voltage

2. from R,, versus gate voltage at constant magnetic field

In the first approach we measure R,, versus magnetic field, for arbitrary number of
values of magnetic field, at fixed gate voltage. Then we can perform the linear fit
R, = 7 - B, and from the slope « of the linear fit we obtain Ry, as Ry = 7. The
example of measurements for 2 different gate voltages, V;, = 30V and V, = —30V,
together with linear fits presents Fig. 4.5. For V;, = —30V" (holes conduction regime)
Ry = —58.5Q/T while for V;, = 30V (electrons conduction regime) Ry = 112.1Q/T.
The asymmetry in the absolute value of the slopes of the curves originates from the
shift of the Dirac point to positive voltages (Vpiree = 20V).

This approach gives more reliable measurements especially in case when the
signal is very noisy. With the increase of the number of magnetic field points (x-
axis), we increase the number of data (y-axis) for linear regression and reduce the
measurement error. During the scan we don’t sweep the gate voltage (it is fixed
at one particular value), and therefore we reduce the effect of the Dirac point shift
due to voltage scans. In our case the shift under sweeping the gate voltage was
substantial (Fig. 4.3). The disadvantage of this method is that it is time consuming
because to record Ry for different carrier concentrations, one has to repeat the
measurements for many different gate voltage values.

In the second approach one measuresA R, versus gate voltage at constant
magnetic field. In this way we can extract the value of Ry for different charge
carrier concentrations at once (Fig. 4.6).

This approach can be less time consuming, but obtained values of Ry have
larger observational error (as we determine the Ry basing on single measurement),
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Figure 4.5: The transversal resistance R,, versus magnetic field at constant gate voltage.
Measurements were done for two gate voltages Vy; = 30V and V; = —30V. From the linear
fit we obtain Hall coefficient: Ry = 112.1Q/T for V; = 30V and Ry = —58.5Q/T for
Vg = —=30V.

R,, [0]

Figure 4.6: The transversal resistance R, versus gate voltage at constant magnetic field
(B=0.92T). From this measurement one can immediately calculated the Hall coefficient Ry
as a function of the charge concentration (as from definition R,, = Ry - B). However, the
coefficient in this case mimic the measurement noise of R,
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especially in case when the signal R,, is very noisy. To reduce this error, we can
repeat the scans for few different values of magnetic field and average the value
of Ry. However, one also has to keep in mind that sweeping the gate during the
measurements may shift the Dirac point. Therefore, before doing the averaging, it
is crucial to shift the curves to one common Dirac point.

For the purpose of verification of the model, I chose to measure R,, versus
gate voltage at constant magnetic field (the second approach). Basing on device
geometry, I assumed that R,;, = pgy. I sequentially performed voltage sweeps for
8 different values of magnetic field: £{0.92, 0.84, 0.452, 0.226} 7. Firstly I mea-
sured the signal for zero magnetic field, and subtracted it from further measured
curves to exclude background effects. Within the voltage scan range I expected to
measure two extreme values of p,,: maximum and minimum, as it was measured
in [27] (Fig. 1.14). However, similarly to the case of longitudinal resistivity, the
pzy also showed large broadening (distance between minimum and maximum is ap-
proximately 140V). In all cases the voltage scan range was too small to obtain both
minimum and maximum in one curve. Similarly to the measurements of p,, versus
gate voltage, also pg, showed the shift of the Dirac point while sweeping the gate
voltage (at the Dirac point p,, = 0). Let us assume that for observed shift of the
Dirac point the system properties like mobility and impurity concentration, did not
change considerably. Hence, we can shift the recorded curves to each other, so that
they all cross zero at one point. Arbitrarily, I fixed Dirac point at the value obtained
for the first scan (Vpiree = 51V). An example of recorded curves after corrections
of the Dirac point position are presented in Fig. 4.7. As expected, we observe axial
symmetry (along x-axis) of recorded curves for the same values but different sign of
magnetic fields.

8or Figure 4.7: Transversal re-

60 sistivity pzy as a function
40} of gate voltage at different
a0l magnetic fields (the values of
§> 0 the corresponding field are
a ol placed above each of the
recorded curves). All curves

o __ have subtracted background
60r and they are shifted to ar-
B0 S0 a0 =20 0 20 a0 e0 8o  bitrarily chosen Dirac point

vV, (at Vpirae = 51 V).

During the measurements the Dirac point shifted from 36V to 74V. From mea-
surements of p,, one can calculate the Hall coefficient (according to the formula:
R,, = Ry - B) by averaging the measurements from scans at different magnetic
fields. The obtained curve is presented in Fig. 4.8(a). From the Hall coefficient we
can determine the charge carrier concentration n independently from Eq. 1.3. The
comparison between charge carrier concentration obtained from Ry, via Eq. 1.6

60



and from Eq. 1.3 is presented in Fig.4.8(b). We observe that away from the Dirac
point both curves approach each other but they don’t merge within the voltage scan
range (at (V; — Vpirae) = —90V: An = 1.7 x 10"2em™2).
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Figure 4.8: The Hall coefficient Ry (a) and the charge carrier density n (b) as a function
of gate voltage. Ry is obtained from p,, as a function of gate voltage at different magnetic
fields. For each scan I adjusted the Dirac point to Vpjrqe = 51V. To reduce the fluctuations
from single measurement I calculated Ry as an arithmetical average over all scans. From
Ry T calculated charge carrier density (b), according to Eq. 1.6. Green line represents the
charge carrier density induced by the gate voltage, from the Eq. 1.3. Away from the Dirac
point both curves show similar slope but don’t merge within the voltage scan range.

4.2.4 Dirac curve under different magnetic fields

The longitudinal resistance p,, was measured in etched device. I sequentially
performed voltage sweeps for 8 different values of magnetic field: 4{0.92, 0.84,
0.452, 0.226} T. Similarly to the measurements of non-etched device, the Dirac curve
shifted during sweeping the gate voltage. Again let us assume that for this shift of
the Dirac point the system properties, like mobility and impurity concentration, did
not change considerably. Hence, I can shift the recorded curves to each other, so
that they all show maximum at one voltage. Arbitrarily, I fixed the Dirac point
at the value obtained for the first scan (Vpjac = 47V). An example of recorded
curves after correction of the Dirac point position is presented in Fig. 4.9. With
the decrease of magnetic field, the position of resistivity maximum p,; e, decreases
(marked by arrow), indicating positive magnetoresistance. As expected, I observed
overlap of the recorded curves for the same value but different sign of magnetic field
(curves for +0.23T and -0.23T in Fig. 4.9).

Next, I compared the experimental measurements with proposed model (de-
scribed in details in Chapter 2), trying to find the quantitative correspondence.
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Figure 4.9: Dirac curve as a function of gate voltage at different values of magnetic
field in C5 device. A black arrow marks the decrease of resistivity maximum pzz maz With
the decrease of the magnetic field (positive magnetoresistance). As expected, the red and
light blue curves overlap as they are recorded fot the same absolute value of magnetic field,
|B| = 0.23T.

4.3 Relation between obtained experimental results
and proposed theoretical model.

Proposed in Chapter 2 model includes three free parameters: mobility u, gaus-
sian broadening of puddles o and the offset in longitudinal resistivity poffser. 10
keep the quantitative relation between the model and experimental results, these
values are determined from experimental Dirac curves and are kept constant for all
simulated curves at B # 0 of particular device. As it was shown in the Chapter 2, the
broadening of the calculated curves doesn’t depend on the mobility (Fig. 2.16) and
can be directly determined from the distance between deflection points of the Dirac
curve p,,, through the calibration curve in Fig. 2.14. In presented model the value
of mobility is constant in whole range of the carrier densities. Therefore, I can deter-
mine its value from measurements in the metallic regime from Eq. 1.5, where Drude
model also holds: u = 2000cm?/V's for D2 (Fig. 4.4(a)), and u = 3400cm?/V's for
C5 (Fig. 4.4(b)). In some cases addition of offset value p,fyser Was necessary. When
it was the case, the added value was kept the same for scans of the same resistivity
type at different magnetic fields. As it was described in Chapter 1, the offset value
represents the short-range, neutral scatterers. However the relation between the
offset value and the number of neutral scattering centres is still unclear. The Dirac
point of theoretical curves is shifted to coincide with the experimental one.
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4.3.1 Comparison of the measurements with the model for
the non-etched device D2

I begin our comparison from the device D2, for which I measured Dirac curves at
zero magnetic field and Hall curves at different constant magnetic fields. I start the
calculations from determining the distance between deflection points Age 1 points, see
Fig. 4.10(a). I calculated them numerically as a minimum and maximum of the first
derivative dp,,/dV,. In our measurement only one extreme value fit into the scan
voltage range. Therefore I determined the distance between maximum deflection
point and the Dirac point, which corresponds to 0.5 - Agefipoints- For D2 device
Adefipoints = 118V, which corresponds to o = 263meV . Later on I fixed o and g
(0 = 263meV, u = 2000cm?/V's) and calculated for them the p,, from the model
(according to Eq. 2.12). Both experimental curve (green dotted line) and the one
calculated from the model (blue constant line) overlap onto each other confirming
high accuracy of predictions (Fig.4.10(c)).

Further on, I calculated transversal resistivity p,, at different magnetic fields.
The calculations were performed for the values determined from the Dirac curves
(0 = 263meV, u = 2000cm?/Vs) using the formula Eq. 2.13. The comparison
with experimental data is presented in Fig. 4.11(c). For clearness, the plots for
different magnetic field are presented separately. All the theoretical curves fit well
to the experimental measurements confirming good quantitative agreement with the
model.
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Figure 4.10: Determination of deflection point distance Agefipoints and comparison
of the Dirac curve (device D2) with the theoretical curve. (a) Numerical differential of
longitudinal resistivity Apg,/AV, with marked maximum and the Dirac point. Indicated
with an black arrow distance corresponds to the half of the deflection points distance.
(b) Longitudinal resistivity with marked deflection point (determined from (a)). The
Ade fl.points 15 directly related to the Gaussian broadening of carrier density o, which is
an input value to the model. For Agefipoints = 118V the broadening o = 263meV. (c)
Comparison between measured data (green dots) and theoretical predictions (blue line).
The calculation parameters are placed above the Figure (c). Inset represents the same
curves in larger voltage range.
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4.3.2 Comparison of the measurements with the model for
the etched device C5

Now I compare the measurements from etched device C5, for which I attained
Dirac curves at different magnetic fields. As before I started the calculations from
determining the distance between deflection points Age i points, see Fig. 4.12(a). For
C5 device Agefipoints = 94V, which corresponds to o = 233meV. I fixed o and p
and posrser (0= 233meV, p = 3400cm?/V's, porser = 5682) and calculated for them
the pg, from the model (according to Eq. 2.12). Both experimental curves (green
dotted line) and calculated from the model (blue constant line) overlap onto each
other confirming high accuracy of predictions (Fig.4.12(c)).

Further on, I calculated the resistivity p,, at different magnetic fields. The calcu-
lations were performed for the values determined from the Dirac curves (0 = 233meV,
p = 3400em?/V's, posrset = 5682), using the formula Eq. 2.12. The comparison
with experimental data is presented in Fig. 4.13(c). For clearness, the plots for
different magnetic field are presented separately.

The obtained value of broadening (¢ = 263meV for D2 device and o = 233meV
for C5 device) are very big. The best reported value for graphene on SiO, is 40 meV
[40] and is even smaller for suspended graphene (10meV, after [41]). Also the values
of minimum conductivity (o, = 38.7¢%/h for D2, 0 = 8.3¢2/h for C5) are high
comparing with the expect values from the range: 2--12¢%/h. High minimum condu-
ctivity can be related to the residual density induced by the inhomogeneous charge
distribution in the sample at CNP. Therefore the higher minimum conductivity of
device D2 comparing with device C5 also implies larger broadening of its resistivity
(the fitted broadening o was larger). All these confirms that the prepared devices
had poor quality. Although the comparison between the experimental measurements
and the proposed model is very good, one has to remember, that the equations for
Pz and py, are nonlinear and the agreement with experimental data may depend
on the particular range of values of input parameters. Therefore it is essential to
test this model for a high quality sample as a verification.
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(b) Longitudinal resistivity with marked deflection point (determined from (a)).

The

Adefl.points is directly related to the Gaussian broadening of carrier density o, which is
an input value to the model. For Agefipoints = 94V the broadening o = 233meV. (c)
Comparison between measured data (green dots) and theoretical predictions (blue line).
The calculation parameters are placed above the Figure (c).
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Chapter 5

Conclusions

The goal of this thesis was the analysis of electronic transport in graphene both
experimentally and theoretically. An important part of presented work focuses on
development of simple, semiclassical model which could explain, in quantitative
way, the graphene electronic transport, especially at the charge neutrality point.
The carrier concentration in thermal equilibrium at room temperature and with ad-
ditionally fluctuating electric potential (defined by the Gaussian distribution with
standard deviation o) was calculated. The effect of fluctuating potential originates
from the formation of hole-electron puddles induced by the substrate and adsorbed
charge transfering molecules (dopants). Both effects (thermal equilibrium and varia-
tion of potential) lead to coexistence of holes and electrons in the vicinity of charge
neutrality point. Therefore the modelled resistances versus gate voltage and mag-
netic field both in thermal equilibrium and in graphene with potential variations
qualitatively showed the same behaviour: decrease of maximum resitivity values
and broadening of the curves. It was shown here that the extension of the model
into system of two charge type carriers, even though it assumes constant mobility of
carriers in the whole carrier concentration range, explains finite maximum of longi-
tudinal resistance p,, and zero transversal resistance p,, at charge neutrality point
and magnetoresistance of graphene. The derived expressions of resistances are non-
linear functions of the charge carrier concentrations. The analysis of the influence
of parameters: o, p on the resistances maxima and its broadening (described by
the voltage distance between deflection points) showed regions of weak and strong
dependence on the value of input parameters.

To verify the proposed model I prepared graphene devices in Hall bar geometry.
To reduce the ambiguity of the current path I perform shaping of graphene with
oxygen plasma etching. With the use of AFM I investigated the surface roughness of
graphene and SiO, at different fabrication steps. It was shown here that after oxygen
plasma etching the protective PMMA layer cannot be fully removed by an ordinary
treatment with warm acetone. This concerns not only the regions of graphene and
SiOy in the etched area but also the regions far apart from the etching window
(>1mm). Performance of an additional cleaning step: the annealing in Ar/H, gas
flow, reduced the surface roughness, especially at unetched regions. Around the
etched away graphene parts, the contamination from the possibly burned carbon
appeared, which could not be removed by annealing in Ar/Hy gas flow. Plasma
etched graphene devices were prepared in different sequences of fabrication steps
to test their influence on contact resistance. The optimal steps-sequence for device
preparation, when one needs to perform plasma etching was achieved. It is to firstly
deposit contacts and then perform plasma etching. The further cleaning procedure
at the Ar/Hy gas flow is recommended, to remove the remaining contamination
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after plasma etching from the graphene surface. When the etching step needs to
be performed before contact deposition, the etching procedure should be always
followed by annealing in Ar/H, gas flow.

The presented in the thesis measurements were performed on the etched device,
where I studied the p,, as a function of gate voltage in different magnetic fields, and
on the unetched device, where I studied Hall effect. Both devices were prepared on
the same wafer and hence underwent similar fabrication procedure. Particularly, for
both studied devices, the measured resistivities as a function of gate voltage were
very broad (voltage distance between deflection points of longitudinal resistivity
Adefipoints 2, 100V). For both devices, the standard deviation of Gaussian distri-
bution of potential variations in the model was very high: o = 235meV" for etched
device, 0 = 255meV for unetched device. This can be explained by poor quality of
prepared devices. However, the comparison of the measurements with the modelled
resistivities are in a good agreement. The parameters of the model: o, p, were
obtained from the resistivity curves, independently from the fitting procedure. The
good agreement with the model confirms the quantitative accuracy of the proposed
description. However, the agreement with experimental data may depend on the
particular range of values of input parameters. Therefore it is essential to test this
model for high quality sample as a verification.
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